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Abstract  
 
During non-severe fault conditions, crowbar protection is not 

activated and the rotor windings of a doubly-fed induction 

generator (DFIG) are excited by the AC/DC/AC converter. 

Meanwhile, under asymmetrical fault conditions, the electrical 

variables oscillate at twice the grid frequency in synchronous dq 

frame. In the engineering practice, notch filters are usually 

used to extract the positive and negative sequence 

components. In these cases, the dynamic response of a rotor-

side converter (RSC) and the notch filters have a large influence 

on the fault current characteristics of the DFIG. In this paper, 

the influence of the notch filters on the proportional integral (PI) 

parameters is discussed and the simplified calculation models of 

the rotor current are established. Then, the dynamic performance 

of the stator flux linkage under asymmetrical fault conditions is 

also analyzed. Based on this, the fault characteristics of the stator 

current under asymmetrical fault conditions are studied and the 

corresponding analytical expressions of the stator fault current 

are obtained. Finally, digital simulation results validate the 

analytical results. The research results are helpful to meet the 

requirements of a practical short-circuit calculation and the 

construction of a relaying protection system for the power 

grid with penetration of DFIGs. 
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Introduction  
 

Since wind energy is expected to play an important role in the 

future energy industry, wind power generation technology has 

received world-wide attention. Wind power generation based 

on the doubly-fed induction generator (DFIG) has gained 

increasing popularity due to several advantages, including smaller 

converter ratings around 30% of the generator rating, variable 

speed and four-quadrant active and reactive power operation 

capabilities, lower converter cost, and power losses compared 

with the fixed-speed induction generators or synchronous 

generators with full-sized converters [1,2]. As the power 

penetration from the DFIG-based wind turbines into the grid has 

increased steadily in recent years, the grid codes require that the 

wind power generators should not be tripped from the grid but 

stay connected during the fault conditions [3], which means that 

the wind turbines have the capability of low voltage ride through 

(LVRT) [4–6]. 

 

The operation characteristics of DFIG under LVRT conditions 

have a large influence on the fault characteristics of current [7]. 

This means that the DFIGs bring many new problems and 

challenges to the traditional relaying protection of the power 

grid. Therefore, in order to establish a solid basis for the relay 

protection study of the power grid with DFIGs, the fault current 

characteristics of the DFIG should be studied. 

 

During severe fault conditions, in order to ensure the safety of 

the DFIG, the crowbar protection [8] will be activated to short 

circuit the rotor windings and divert the surge current from the 

rotor-side converter (RSC). Up to now, the fault current 

characteristics of the DFIG under severe fault conditions have 

been discussed widely [9–11]. Whereas the crowbar protection 

will not be activated and the rotor windings are still excited by 
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the AC/DC/AC converter under non-severe fault conditions. The 

fault current characteristics of the DFIG under non-severe fault 

conditions, such as transient components and damping time 

constant, are much different from the severe fault conditions. 

 

For non-severe fault conditions, the fault current of the DFIG is 

studied based on the assumption that the excitation current will 

keep constant before and after the fault occurrence [12] or rise 

rapidly to the maximum value and then keep constant during the 

grid faults [13]. However, since the response of the AC/DC/AC 

converter is very fast and complicated during the grid faults, the 

aforementioned assumptions do not seem to work. In [14,15], the 

dynamic behavior of the fault current of the DFIG under non-

severe fault conditions has been discussed. Nevertheless, the 

research results are based on symmetric fault conditions, and 

there are no analytical expressions of the fault current under 

unbalanced fault conditions. Under unbalanced fault conditions, 

the conventional phase locked loop (PLL) techniques cannot 

present accurate phase angle estimation because the second 

harmonics produced by the negative-sequence component of the 

grid voltage will propagate through the PLL system and will be 

reflected in the extracted phase angle [16]. In the engineering 

practice, notch filters are usually used to extract the positive- and 

negative-sequence components [17,18]. This means that the 

transient behaviors of the DFIGs are changed by the notch filters 

and the research results presented in [14,15], do not agree with 

reality very well. Hence, further research works should be 

implemented to study the fault current characteristics of the 

DFIG under unbalanced fault conditions. 

 

In order to fill this gap, a theoretical analysis method for the fault 

current characteristics of the DFIG under unbalanced fault 

conditions is proposed. Section 2 introduces the DFIG equations 

in space vector notation. Section 3 analyzes the influence of the 

notch filters on the proportional integral (PI) parameters and the 

simplified calculation models of the rotor current are established. 

Section 4 analyzes the dynamic performance of the stator flux 

linkages. Based on this, the characteristics of the stator fault 

current under unbalanced fault conditions are studied in Section 
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5. Simulation results given in Section 6 validate the theoretical 

analysis results. 

 

Doubly-Fed Induction Generator (DFIG) 

Equations in Space Vector Notation  
 

The positive (dq)+ and negative (dq)− synchronous rotating 

reference frames are chosen to model the DFIG based on the 

fifth-order two-axis representation, and the model of DFIG is 

commonly known as the ―Park model‖ [19]. 

 

Using generator convention for the stator windings and motor 

convention for the rotor windings, the voltage equations and flux 

linkage equations are expressed as: 
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where u is the voltage, i is the current, R is the resistance, L is the 

inductance, and ψ is the flux linkage. The subscript d and q 

indicate the direct and quadrature axis components of the 

corresponding electrical quantity. The subscript s and r indicate 

the stator and rotor quantities, respectively. m
L  is the 

magnetizing inductance. 1
ω  is the synchronous angular velocity, 

and 2 1
ω = ω . 1 1

ω ω ω
r r
 （ ） is the rotor slip in the positive dq 

frame, and 2 2
ω ω ω

r r
 （ ）. The subscript ―+‖and ―−‖ indicate  

positive-sequence and negative-sequence components, 

respectively. The superscript ―+‖and ―−‖ indicate positive (dq)+ 

and negative (dq)− synchronous rotating reference frames, 

respectively. p d / dt  is the differential operator. Figure 1 

depicts the equivalent circuit model of the DFIG. 

 

 

 
(a) 
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Figure 1: Equivalent circuit model of the doubly-fed induction generator 

(DFIG).  

(a) Equivalent circuit model of the DFIG in the positive dq reference frame 

rotating at the synchronous speed 
1

ω ; and (b) equivalent circuit model of the 

DFIG in the negative dq reference frame rotating at the synchronous speed 
2

ω . 

 

Dynamic Behavior of the Rotor Current  
 

During the fault transient period, the measurements of the active 

and reactive power are inaccurate. Moreover, it is unreasonable 

to make the DFIG operate with a unity power factor and capture 

the maximum wind power. Therefore, a typical handling method 

is to shut down the external power control loop when a fault is 

detected [20]. Under this condition, only the operation 

characteristics  of the inner rotor current control loop are taken 

into consideration for the fault transient analysis.  

In addition, the rotation speed is considered constant for the 

following analysis. 

 

Modeling of the Rotor-Side Converter (RSC)  
 

According to the equations of Equations (2) and (4), the d-axis 

and q-axis components of the rotor flux linkages in (dq)
+
 and 

(dq)
−
 reference frames can be expressed in Equation (5) based on 

the stator flux linkages and the rotor currents: 
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r
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Meanwhile, the stator resistance is so small that it can be 

neglected. Under this condition, substituting Equation (5) and the 

first two equations of Equations (1) and (3) into the last  

two equations of Equations (1) and (3), the d-axis and q-axis 

components of the rotor voltage in (dq)
+
 and (dq)

−
 reference 

frames can be expressed: 
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where 
2σ = 1
m s r

L / L L , slip1 1 1
=

r
   , and slip2 2 2

=
r

   . 

 

It can be seen from Equation (6) that the d-axis and the q-axis 

rotor voltages in (dq)
+
 and (dq)

−
 reference frames exert an effect 

on each other. Hence, in order to decouple the coupling terms 

1 r rqr
L i


 , 1 r rdr

L i


 , 2
σω

r rqr
L i

 ,
 
and 2

σω
r rdr

L i
  in both transient 

and steady-state conditions, the d-axis and the q-axis rotor 

currents can be separately controlled using feed forward 

compensation [21]. Moreover, it can be found from (6) that the 

tracking error of the rotor current is caused by the stator current 

and stator flux. Hence, the influence the terms 
1r s m s
U L / L


  and 

2 -r s m s
U L / L  are done by the feed forward compensation and 

neglecting the derivative of the stator flux linkages. 

In addition, due to the negative components oscillating at twice 

the grid frequency (
1

2 ) in the synchronous dq frame while the 

positive components are realized as DC quantities. Therefore, notch 
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filters N(s) are usually applied to filter out the influence of the 

100-Hz frequency components, its structure is designed as: 

 
2 2

n

2 2

n n

( )
2

s
N s

s s




    
 

where 
n

  is the notch frequency which is the same as that of 

1
2 , and 

1
 is the cutoff frequency of the notch filter. 

 

Hence, under unbalanced fault conditions, the notch filters are 

applied to filter out the influence of the 100-Hz frequency 

component of the d-axis and q-axis components of the rotor 

currents in (dq)
+
 and (dq)

−
 reference frames. Moreover, the time 

delay of the pulse-width modulation (PWM) control is 

disregarded because PWM control has a speed that is markedly 

faster than that of the electromagnetic dynamic [20]. Hence, 

taking the control diagram of d-axis and q-axis component in the 

(dq)
+
 reference frame, for example, the simplified block diagram 

of the rotor current control loop of the RSC is shown in Figure 2. 

In Figure 2, 
PI1

(s)G  is the transfer function of the PI1 controller. 

The '

rd
u 


, 

'

rq
u 


, '

rd
u 


, and 

'

rq
u 


 are controlled by the errors of the 

rotor current. 

 
 (a) 

 
 (b) 

Figure 2: Simplified block diagram of the inner rotor current control loop of the 

RSC: (a) simplified control diagram of the d-axis component in (dq)+ reference 

frame; and (b) simplified control diagram of the q-axis component in 

(dq)+reference frame. RSC: rotor-side converter. 
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In Figure 2, both the rotor current references and the stator flux 

linkages influence the dynamic response characteristics of the 

rotor current. In fact, the dynamic response characteristics of the 

rotor current are essentially a function of stator voltage because 

the inputs of the stator flux linkages are determined by the 

voltage. 

 

The rotor voltage references are used to generate the PWM 

wave to control RSC switching. Hence, the rotor voltages of 

the DFIG can be expressed in Equation (8): 

 

1

1

2

2

                   

+
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Assuming that the rotor voltages can always track the references 

by space vector pulse width modulation, the rotor voltage 

references are obtained by: 
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where 
+irp

k  and 
+iri

k  are the proportional and integral constants of 

the inner controller in the (dq)
+
 reference frame, respectively. 

irp
k


 and 

iri
k


 are the proportional and integral constants of the 

inner controller in (dq)
−
 reference frame, respectively. The *

rd
i


 

and *

rq
i


 are the reference signals of the d-axis and q-axis 

components of the rotor current in (dq)
+
 reference frame , 

respectively. The 
*

rd
i

  and 
*

rq
i

  are the reference signals of the d-

axis and q-axis components of the rotor current in (dq)
−
 

reference frame, respectively. 
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Range of the Crossover Frequency and Phase Margin  
 

It can be seen from the Figure 2, the open-loop transfer function 

of the control system without time delay can be presented as: 

 
2 2

PI 2 2

k 1
( ) ( ) ( ) (k + )( )( )

2

iri n

r irp

r r n n

s
G s G s N s

s R s L s s








    
 

 

where (s)
r

G  is the transfer function of a DFIG’s motor body. 

 

Assume that the reference signals of the expected phase margin 

and expected crossover frequency are, respectively, *

cr
  and *

m
 . 

According to the control theory, the magnitude response of the 

open-loop transfer function at the crossover frequency *

cr
  

should be 0 dB; thus, the following equation can be established 

as: 

 (1) 
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The phase angle of this forward path loop gain at the cross over 

frequency *

cr
  is given, in radians, by: 
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According to Equations (11) and (12), the following controller 

parameters are found: 

 
2
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with  

 

 * * 2 * 2

cr r n cr n cr
tan arctan(σ ω R ) arctan 2εω ω (ω ω ) 2*

m r
A L     

 
and 2 2 2 2 2 * 2 2 2

cr cr cr n cr cr
( ) (2εω ω )* * * *

r n nr
B ( L ) R           . 

 

In order to ensure the ability to rapidly change the signal of the 

current loop and reduce the signal distortion, the bandwidth 
cb

  

of the closed loop system will take more than the maximum 

frequency 
cmax

  of the effective signal. Moreover, in order to 

avoid the effect of the switching harmonics, the switching 

harmonics want to exist in the high frequency band of the inner 

rotor current control loop. Hence, the switching frequency 

should be higher than cb
10 . 

 

In engineering, the desired closed-loop bandwidth of the inner 

rotor current control loop is usually takes values between 1.1 and 

1.4 times of the crossover frequency of open loop system [22]. 

Accordingly, the range of the expected crossover frequency *

cr
  in 

the closed loop system can be obtained:  

 

*

cmax cr

s

2 1
 and (1 1  1 4)

10
k k . , .

k T


     

    

(14) 

 

where cmax max
=2 60pn   and s

T  is the control period of the rotor 

inverter. p is the number of pole pairs and max
n  is the maximum 

speed of the rotor. 

 

From Equation (11), the phase margin can be obtained as shown 

in Equation (15) if the controller time constant is designed as 

=
irp iri r r

k k L R
 

 : 

 

cr

2 2

cr

2
= arctan

2

n

m

n

 
 

 
 

 

When the phase margin is higher than the value of m
  in 

Equation (15), the effect of the integrating element will drop 

steeply and steady tracking performance will be worsened. 
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Therefore, the value of 
m
  in Equation (15), is set as the 

maximum phase margin of the PI controller in the engineering 

application. Accordingly, the range of the expected phase margin 
*

m
  can be obtained: 

 

* cr

2 2

cr

2
arctan

2

*

n

m *

n

 
  

 
 

Transient Characteristics of Rotor-Side Converter 

(RSC)  

 
According to the Figure 2a, the d-axis component of the rotor 

current in (dq)+ reference frame is: 
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In order to get the maximum phase margin for the inner rotor 

current controller, substitute =
irp iri r r

k k L R
 

  into Equation (13) 

to obtain the expressions of iri
k

  as given in Equation (20): 

 
2 2 2 2 2= ( ) (2 ) ( )* * * *

iri r c n cr n cr cr n
k R


       

 
 

According to the range of the expected crossover frequency *

cr
  

in Equation (14), the range of the integral constant 
iri

k

 can be 

obtained: 
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4 1 8 06
n r iri n r

. R k . R


     
 

with 1 063
n r
R .  . 

 

According to the range of the integral constant iri
k


, substitute 

= 
irp iri r r

k k L R
 

  into Equation (10), the root locus diagram of 

the open-loop transfer function is shown in Figure 3. 

 

From Figure 3, it can be observed that the eigenvalues of the 

system are located in the left-half-plane which means that the 

control system is stable. Moreover, it can be observed that the 

range of the imaginary part for the dominant pole is between 610 

and 640. This means that the response component of the 

dominant poles of the system will be limited by the notch filters. 

Hence, 
1

(s) 1
ird

G


 . 

 

 
 

(a) 
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(b) 

 
Figure 3: Root locus diagram of the open-loop transfer function. (a) root 

locus with a changing 
cr

* ; and (b) the dominant poles of the of the open-loop 

transfer function with a changing 
*

cr
 . 

 

Accordingly, by substituting Equation (7) and =
irp iri r r

k k L R
 

  in 

the equation of Equation (19), the closed-loop transfer function to 

the disturbance of differential flux during the fault transient 

period is:

 

 

 
3 2

2 3 2 2 2

+
( )=

(R + L )[ +(2 ) + ]

n

ird

r r n iri r n iri n r

s s
G s

s s k R s s k R





 



    

 

 

 

The bode diagram of 
2

(s)
ird

G


 is shown in Figure 4. 

 

From Figure 4, it can be observed that the maximum gain of the 

closed loop transfer function to the disturbance component at 

1
   is nearly −54.9 dB, which means that the harmonic 

component in sd
p  will be greatly damped. Hence: 

 

2 2 +
= (s) 0

rd ird sd
i G p  
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Figure 4: Bode diagram of the inner current closed-loop transfer function to the 

disturbance component (such as +sd
p 

 ) during the fault transient period. 

 

Hence, during the fault transient period, the d-axis and q-axis 

component of the rotor current in (dq)
+
 reference frame are: 

 
*

rd rd

*

rq rq

i i

i i

 

 

 

 





 

rf
i  

 

 
+

+

+

+

=

=

* * * *

rd rdf rdn rdf d sdn

* * * *

rq rqf rqn rqf d sqn

i i i i K

i i i i K

   

   

   

   

   


     
 

with ( )
d m s r

K L L L  . +

+sdn
  and 

+

+sqn
  are the natural components 

of the stator flux in the (dq)
+
 reference frame, respectively. 

Likewise, the expression as shown in Equation (26) can be 

obtained:

   

=

=

* * * *

rd rd rdf rdn rdf d sdn

* * * *

rq rq rqf rqn rqf d sqn

i i i i i K

i i i i i K

     

     

     

     

    


           

(4)
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where 
sdn




  and 

sqn




  are the natural components of the stator flux 

in the (dq)
−
 reference frame, respectively. 

 

Dynamic Performance of Stator Flux Linkage  
 
According to the symmetrical component theory, if the grid 

supply is unbalanced, any three-phase quantity, e.g., voltage, 

current, or flux, denoted as a vector 
S

U  can be separated into the 

positive and negative sequence components as: 

 

1 1

S S S

j t j t

U e U e
 

  

 U  

 

where 
S

U

 and 

-S
U  are the positive- and negative-sequence 

voltage components in the stator, respectively. 

 

The notch filters N(s) are applied to filter out the influence of the 

100-Hz frequency component in the stator voltage in the (dq)
+
 

and (dq)
−
 reference frames. Meanwhile, assuming that the d-axis 

of the reference frame is aligned with the stator voltage vector 

[24] and applying Laplace transformations to them, it can be 

obtained: 

 
2 2

+ +

2 2

sq

( ) ( ) ( )+ ( ) ( )/( ) ( ) 0 

( ) ( ) ( )+ ( ) ( )/( ) ( ) 0 

sd S S n sq

sd S S n

u s N s U s U s N s s u s

u s N s U s U s N s s u s

 

 

 

   

  


  

，

，
 

 

By substituting Equations (25) and (26) into the first two 

Equations of (2) and (4), the d-axis and  

q-axis components of the stator currents can be expressed in 

Equation (29): 

 
*

+ + +

*

+ + +

*

*

( ) ( )/ [ ( )+ ( )]/

( ) ( )/ [ ( )+ ( )]/

( ) ( )/ [ ( )+ ( )]/

( ) ( )/ [ ( )+

sd m rdf s m d sdn sd s

sq m rqf s m d sqn sq s

sd m rdf s m d sdn sd s

sq m rqf s m d sqn sq

i s L i s L L K s s L

i s L i s L L K s s L

i s L i s L L K s s L

i s L i s L L K s

   



   



   

   

  

   

   

   

   

    ( )]/
s

s L









 

 

Under stable operating conditions, the stator flux linkages can be 
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obtained from the Equations (1) and Equation (3) such that 

+ 1sq s
U /


    , 

1sq s
U /

 
   , and 

+
0

sd sd

 


   . Hence, the 

expressions of the natural flux can be obtained as: 

 

+ +

1

1

           

              

sdn sd

sqn sq s

sdn sd

sqn sq s

U

U

 

 

  

 

 

 

  

  

    

  
    

 

 

In fact, the response of the inner rotor current control loop is 

much faster than the dynamic change of the stator flux linkage 

[25]. Therefore, the terms 
*

S m rdf
R L i

 , 
*

qS m r f
R L i

 , 
*

S m rdf
R L i

 , and 
*

qS m r f
R L i

  can be neglected. Moreover, the amplitude of the terms 

d 1S m s s
R L K U L


  and 

d 1S m s s
R L K U L


  are much smaller than 

1s
U


  and 

1s
U


 , respectively. Hence, the terms 

d 1S m s s
R L K U L


  and 

d 1S m s s
R L K U L


  can also be neglected. 

Based on this, substitute Equations (29) and (30) into the first 

two Equations of (1) and (3) and the voltage equations of the 

stator can be obtained as follows: 

 

+ + 1 + +

+ 1 + + 1

( ) (s)/ (s) (s)     

0 (s)/ + (s) s (s) /

sd s sd s sq sd

s sq s sd sq sn

u s R L s

R L U

   

  

    


      
 

 

2

2

( ) (s)/ (s) (s)

0 (s)/ + (s) (s)      

sd s sd s sq sd

s sq s sd sq

u s R L s

R L s

   

   

  

  

     


     
 

 

where 
sn

U  is the amplitude of the stator voltage vector under 

normal conditions and 2

s s m r
L L L L   . 

 

According to the Equations (28) and (31), taking the d-axis 

component of the stator flux in the (dq)+ reference frame, for 

example, it can be expressed as: 

 
sn 1

d+ 2 2 2 2

d1+ 11 1

( ) ( )   
( ) (s) ( )

s s S s s S

s

s s s s s

s R L U s R L U U
s N s

s R L s sD s R L

  



    
       

      

（ ）  
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where 2 2 2 2

d1+ 1
( )=[ + ] 2

s s s n n
D s s R L s s      ( / ) ( ) . Assuming the 

d1+
( )

s
D s

 is equal to 0, the closed-loop poles can be obtained such 

that:  

 

1 2 1

2

3 4
1

, s s

, n n

s R L j

s j

   


     
 

 

where 
n

  is much greater than 
s s

R / L . Hence, the 1 2,
s  is the 

dominant pole of the transfer  

function 1+
(s)

sd
D

. Meanwhile, the amplitude of 

+ 1 2
(s )

s s sd ,
s R L / sD（ ）  is so small that the influence of negative-

sequence voltage can be neglected. Therefore, the closed-loop 

transfer function represented in the form for the d-axis 

component of the stator flux in the (dq)
+
 reference frame during 

the fault transient period can be rewritten as: 

 

sn 1

+ 2 2 2 2

1

sn 1 1 1 2 2

2 2 2 2 2 2

1

1 1

1 1

( )   ( )
( ) ( )

           =  
( ) ( ) 2

s s S

sd

s s s s

d

S

s s s s n n

U s R L U
s N s

s R L s R L s

U A A s B A s B
U

s R L s s R L s s

 




      

       

  
   

           
（ + + ）

 

 

The expression for the coefficients d
A , 1

A , 2
A , 1

B , and 2
B can be 

found in Appendix A.  

 

Likewise, expression as shown in Equation (36) can be obtained: 

 
qsn 3 3 4 4

q+ 2 2 2 2 2 2

1 11 1

( )  
( ) ( ) 2

s s S

s

s s s s n n

AU s R L U A s B A s B
s

s R L s s R L s s

 
  

     
         

（ + + ） 

 

The expression for the coefficients q
A , 3

A , 4
A , 3

B , and 4
B  can 

be found in Appendix B. 

 

Since one of the damping time constants 2
=1 2 25

n
/ . ms   , 

this means that the transient period is approximately 10.0 ms, 

which can be neglected. Meanwhile, the term s s
R / L  is so small 

compared with the terms n
  and 

2

n
 . Hence, the term s s

R / Lcan 

http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=5253484&refinements%3D4291944246%26queryText%3Dclosed+loop+pole
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be neglected. Under this condition, the approximate value of the 

terms 
d

A
1

A ,
1

B , q
A ,

3
A , and 

3
B can be obtained . Accordingly, 

1 1 1
0 6 2 17  9 17

d
A A , B    ， , and 3

1 9 17
q

A A  ， , and 

3 1
6 2 17B    . Based on this, the d-axis and q-axis 

components of the stator flux in the (dq)
+
 reference frame can be 

expressed as: 

 

d+ 1 1

+ 1 1 1

sin                 

cos   

R t / L

s

R t / L

sq s

s s

s s

K e ( t )

U K e ( t )







 

     

       

 

 

with 2 2

+ 1
9 17 72 (17 )

s sn s
K U U U

 
  （ - ）  and  

 

1
arctan 6 2 17 9

s sn s
U ( U U

 
   
 

） . 

 

Likewise, the expressions of the d-axis and q-axis components of 

the stator flux linkages in the (dq)
−
 reference frame can be 

obtained: 

 

1 2

1 1 2

sin +               

+ cos +   

R t / L

sd

R t / L

sq s

s s

s s

K e ( t )

U K e ( t )



 



  

    

    

 

 

with 
1

3 17
s

K U ( )
 
   and 

2
arctan 2 2 3  （ ）. 

 

Fault Current Characteristics of the Doubly-

Fed Induction Generator (DFIG)  
 

By substituting the expression of stator flux linkages (
+sd

 , 
+sq

 , 

sd




 , and 

sq




 ) and the expression of rotor currents (

rd
i


, 

qr
i


, 

rd
i


, 

and 
qr

i

) into the equations of Equation (2), the time domain 

expressions of the d-axis and q-axis components of the stator 

current in the (dq)
+
 and (dq)

−
 reference frames can be obtained as 

follows: 
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*

1 1

1 1 1 1

+ 1 sin( t+ )                  

( ) + 1 cos( t+ )

R t / L

sd m rdf s m d s

R t / L*

sq m rqf s s m d s

s ss

s ss

i t L i L K ( L K ) e L

i t L i U L K ( L K ) e L

 

  

 

   

    


       

（）

（）
 

 
*

1 2

1 1 1 2

+ 1 sin( t )                  

( ) 1 cos( t )

R t / L

sd m rdf s m d s

R t / L*

sq m rqf s s m d s

s s

s s

i t L i L K ( L K ) e L

i t L i U L K ( L K ) e L

 

  

 

   

     


         

（）

（）

 

The coordinate transformation is applied to Equation (39), the 

positive-sequence components of three-phase stator fault 

currents can be derived as: 

 

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1

( ) cos( t+ + )+ ( 1)e sin( )

( ) cos( t+ + )+ ( 1)e sin( )

( ) cos( t+ + )+ ( 1)e sin( )

R t / L

sa a m d a s

R t / L

sb b m d b s

R t / L

sc c m d c s

s s

s s

s s

i t I K L K L

i t I K L K L

i t I K L K L



   



   



   

      


      
       

-

-

-
 

 

(41) 

where 
1 0
= 

a
  , 

1 0
= 2 3

b
/    , 

1 0
= 2 3

c
/    , and 

0
  is the 

angle between the stator voltage vector and stator current vector at 

the moment that the fault occurs. Meanwhile, 
+ 2 + 2

1 1 + 1 + 1
= ( ) +( ) ( )

m rdf m rqf s s
I L i L i U L 

 
    and  

 
+

1+ 1 + 1
γ arctan[( ) ]

m rqf s m rdf
L i U L i 

 
    . 

 

Likewise, the negative-sequence components of three-phase 

stator currents can be derived as: 

 

1 1 2 1 2 2

1 1 2 1 2 2

1 1 2 1 2 2

( ) cos( t+ + )+ ( 1)e sin( + )

( ) cos( t+ + )+ ( 1)e sin( + )

( ) cos( t+ + )+ ( 1)e sin( + )

R t / L

sa a m d a s

R t / L

sb b m d b s

R t / L

sc c m d c s

s s

s s

s s

i t I K L K L

i t I K L K L

i t I K L K L



   



   



   

      


      
       

 

 

 

where 
2 0
= 

a
  , 

2 0
= +2 3

b
/   , 

2 0
= 2 3

c
/    . Meanwhile, 

2 2

1 1 1 1
= ( ) +( ) ( )

m rdf m rqf s s
I L i L i U L 

  
    and 

1 1 1
arctan[( ) ]

m rq s m rd
L i U L i 

   
     . 
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Accordingly: 

 

+

+

+

( ) ( )+ ( )

( ) ( )+ ( )

( ) ( )+ ( )

sa sa sa

sb sb sb

sc sc sc

i t i t i t

i t i t i t

i t i t i t











 

 

 

Simulation Study  
 
Under unbalanced fault conditions, there are various control 

strategies available for the LVRT requirement of the DFIG [26–

33]. Therefore, the effect of the control strategy on the fault 

current characteristics of the DFIG must be considered. 

Heading Steady-state Reference Signals of Rotor 

Current 

 
In this paper, in order to ensure balanced heating on the three-

phase stator winding, the control target for balanced stator 

current of the DFIG is used [28]. Therefore, under stable 

operating condition: 

 

0 0
sd sq

i i 

 
 ,  

  (44) 

Moreover, in order to provide sufficient reactive current to meet 

the requirements of the grid code [6], the reactive current 

reference signal denoted by T
I  during grid fault should be: 

 

0                     >0.9

2 0 9    0.2 0.9
T

I
( . )


 

     
 

 

where all parameters are given in per unit system, and   

represents the magnitude of the positive-sequence grid voltage 

after a fault occurs. Due to the q-axis component of the stator 

current in the (dq)
−
 reference frame being zero, the q-axis 

component of the stator current in the (dq)
+
 reference frame 

under stable operating condition can be expressed as:  

 
+

+
2 0 9

sq sd
i ( . u )
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In addition, to ensure the safety of the RSC, the maximum rotor 

current
setr

I , which is within the admissible overload capability of 

the RSC, should also be provided. The typical value of 
setr

I  is  

1.2 per unit (p.u.) [29]. 

 

By substituting Equations (44) and (46) into the Equations (1)–

(4), the steady-state reference signals of the rotor current in the 

(dq)
+
 and (dq)

−
 references frame under unbalanced fault 

conditions can be expressed as follows: 

 

+* 2 2 2 2

+ set + -

+ + 1 +

-

-

- 1

           

= 2 0 9

0                                              

                                 

* *

rdf r rqf rdf rqf

rqf sd m s sd m

*

rdf

*

rqf sd m

i I i i i

i u L L . u L

i

i u L

  



  







    

  



  

- -
 

 

According to Equation (47), on condition that the control target 

for ―balanced stator current‖ is applied in the DFIG, the 

expressions of the positive- and negative-sequence components 

of the three-phase stator fault currents can be obtained. 

 

Simulation Analysis  

 
In order to validate the previous theoretical analysis results, a 

simulation model with the DFIG is built in the PSCAD/EMTDC 

software environment. Among them, the simulation model of the 

DFIG’s control system is derived from reference [17] and the 

control target for balanced stator current of the DFIG is derived 

from reference [26]. 

 

It should be noted that the improved control strategy of the GSC 

presented is adopted to limit the fluctuation of the DC-link 

voltage [31]. Additionally, the rotate speed is kept constant during 

grid faults. 

 

The details of the 10.5 kV, 50 Hz test system shown in Figure 5 

are as follows. In Figure 5, the line parameters are r(1) = r(2) = 

0.27 Ω/km and x(1) = x(2) = 0.494 Ω/km. The Zero sequence 

parameter of the line are r(0) = 0.29 Ω/km and x(0) =0.53 Ω/km. 
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The total length of line L is 25 km. The rated capacity of the T is 

2.5/2.5 MVA, the turn ratio is 0.69 kV/10.5 kV, the winding type 

is Y/D, and the leakage reactance is 0.0622 p.u. The voltage 

magnitude (L-L) of the synchronous generator G is 10.5 kV, the 

phase angle is 0°, and the internal resistance is 0.5 Ω. 

 

The parameters of the 1.5-MW rated DFIG are: 

690V
sn

U  , Z50H
n

f  , 2 3192p.u.
s r

L L .  , 2 1767p.u
m

L . , 

0 00756p.u
s

R . . , 0 00533p.u
r

R . . , 
1

7
c

   , 2p  , 

=1800r/min
max

n . 

 

 
 
Figure 5: Test system of the DFIG. 

 

For the following simulation examples, the output active power 

of the DFIG is 1.0 p.u. and the grid voltage is 1.0 p.u. before the 

fault occurs. The fault current characteristics of the DFIG are 

studied in a variety of fault conditions, including different fault 

types and fault points. Among them, the fault happens to be 5 km 

away from the DFIG in the line L at time t = 5.0 s and results in 

Phase-C  

ground fault that has been used for the simulation example. 

Under this fault condition, the positive-and negative-sequence 

components of the stator voltage are 0.57 p.u. and 0.215 p.u., 

respectively. 

 

Stator Flux Linkage  

 

Figure 6 shows the simulation results of the d-axis and q-axis 

components of the stator flux linkage (
+sd

 , 
+sq

 , 
sd




 , and 

sq




 ) 

in the (dq)
+
 and (dq)

−
 reference frames. In Figure 6, Y represents 

the flux linkage. ―pp‖ and ―nn‖ represent the positive-and negative-

sequence components, respectively. The ―-ap‖ represents the 

simulation results. Another waveform represents the theoretical 

analysis result. Notice that all values in the theoretical analysis 

DFIGT
L

G

 
f
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results and simulation results are the per-unit value (p.u.). 

 

It can be observed that there are damped fundamental frequency 

components in the q-axis and  

d-axis components of the stator flux linkage in the (dq)
+
 and 

(dq)
−
 reference frames. Meanwhile, there are no DC components 

in 
+sd

  and 
sd




 . However, there are DC components in 

+sq

  and 

sq




 , whose amplitudes are approximately proportional to the 

amplitude of positive-and negative-sequence components of the 

grid voltage, respectively. 

 

 
 
Figure 6: d-axis and q-axis components of the stator flux linkage in the 

(dq)+and (dq)− reference frames. 

 

Rotor Current and Stator Current  

 
Figure 7 shows the comparisons between the theoretical analysis 

results and simulation results of the d-axis and q-axis 

components of the rotor current in the (dq)
+
and (dq)

−
 reference 

frames. 
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Figure 7: d-axis and q-axis components of the rotor current in the (dq)+and (dq)− 

reference frames. 

 

It can be seen from Figure 7 that the differences between the 

simulation results and theoretical analysis results of the rotor 

currents are very small. When the control target for the balanced 

stator current is applied in the DFIG, there are damped 

fundamental frequency components and DC components in the 

rotor currents (
rd

i

, qr

i
 , and q-r

i ), but only damped fundamental 

frequency components in the d-axis fault component of the rotor 

current 
rd

i

 in the (dq)

−
 reference frame. Additionally, the 

amplitude of the DC component is not damped. 

 

In addition, it can be seen in Figure 7 that there is a small 

deviation from the calculated rotor currents at initial conditions 

(about 1/2 cycle after fault initiation) and the simulated rotor 

currents. This is due to the derivation of the analytical expression 

for rotor currents being based on the assumed condition that the 

voltage fluctuations during the grid fault conditions are 

neglected. In fact, when a fault occurs in the line L, there are 

oscillations in the terminal voltages of the DFIG due to the 

imbalance of the instantaneous power during the initial stage. 

This is the reason why the initial conditions of the calculated 

rotor currents are different for the simulated rotor currents. 

 

Figure 8 shows the comparisons between the theoretical analysis 

results and simulation results of the d-axis and q-axis 

components of the stator currents in the (dq)
+
 and (dq)

−
 reference 

frames. 
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Figure 9 illustrates the amplitude of the positive- and negative-

sequence fundamental frequency components of the stator 

currents ( sa1I pp
AMP  and sa1I nn

AMP ), the phase angle of positive 

sequence fundamental frequency component ( sa1I pp
PH ), and the 

damped DC component (
sa dcI

AMP ). 

 

 
 
Figure 8: d-axis and q-axis components of the stator current in the 

(dq)+ and (dq)− reference frames. 

 

It can be observed from Figure 8 and Figure 9 that there are 

damped DC components and steady-state fundamental frequency 

components in the positive-sequence components of the stator 

currents ( sd
i

  and sq
i

 ). The amplitude and phase angle of the 

positive-sequence fundamental frequency components in the 

stator currents are related to the corresponding control target of 

the DFIG and the amplitude of the positive-sequence stator 

voltage component. The amplitude of the damped DC 

component is not only related to the corresponding control target 

of the DFIG and the amplitude of the positive-sequence stator 

voltage component, but also affected by the phase angle of the 

pre-fault current and the amplitude of the negative-sequence 

stator voltage component. 
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Figure 9: The A phase current under condition of a Phase-C ground fault. 

 

The composition of the negative-sequence stator current 

components is related to the control target of the DFIG. When 

the control target for the balanced stator current is applied in the 

DFIG, there is only a damped fundamental frequency component 

and without the DC component in the negative-sequence stator 

current components (
sd

i

 and 

sq-
i ). However, there is not only the 

DC component, but also the damped fundamental frequency 

components of the negative-sequence stator current components 

in the (dq)
−
 reference frame on the condition that the ―constant 

electromagnetic torque‖ or ―balanced rotor current‖ of the 

control target is applied in the DFIG [28]. In addition, it can be 

seen from Figure 8 that the amplitude of the damped 

fundamental frequency component is only related to the 

amplitude of the negative-sequence stator voltage component. 

However, the initial phase angle of the damped fundamental 

frequency component is constant and it is independent of the 

negative-sequence stator voltage component. Moreover, the 

amplitude of the damped fundamental frequency component is 

proportional to the amplitude of the negative-sequence stator 

voltage component. 

 

In Figure 10, the simulation results of the Phase-C stator current 

on the different conditions, of the DFIG without the notch filters 

( ap1SC
I

 ) and with the notch filters ( SC ap
I

 ), and the theoretical 
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analysis results of the Phase-C stator current on the condition 

that the DFIG with the notch filters ( SC
I ), are compared. Due to 

lack of space, only the comparison of the stator current (with or 

without notch filters) has been shown in this paper. In fact, the 

AC components with frequency of 1
2  exist in the stator flux 

linkages, the rotor currents, the stator currents, and the stator 

voltages on the DFIG, which the phase angles cannot be an  

accurate estimation by the conventional PLL techniques and 

without the notch filters. 

 

 
 
Figure 10: The C phase currents under condition of a Phase-C ground fault. 

 

It can be observed form the Figure 10 that the AC components 

with frequency of 1
2  in the stator current has been eliminated 

by the notch filters and there exist the AC components with a 

frequency of 1
2  in the stator current without the notch filters. 

Moreover, the difference between the simulation result and 

theoretical analysis result of the Phase-C current is very small, 

which validate the effectiveness of the theoretical analysis. 

 

In addition, there are only damped DC components and steady-

state fundamental frequency components in the stator currents 

based on the aforementioned analysis. For the fundamental 

frequency components, there are non-linear relationships 

between the fault voltage and the fault current of the DFIG. 

Hence, on the condition that the control target for ―balanced 
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stator current‖ is applied in the DFIG, the DFIG can be 

represented by a controlled positive-sequence current source. On 

the condition that the control target for ―balanced rotor current‖ 

or ―constant electromagnetic torque‖ is applied in the DFIG, the 

DFIG can be represented by a controlled positive-sequence 

current source and a controlled negative-sequence current 

source. 

 

Conclusions  
 

The fault current characteristics of the DFIG are studied in this 

paper on condition that an unbalanced fault occurs and the rotor 

windings are excited by the AC/DC/AC converter. Under 

unbalanced fault conditions, the electrical variables oscillate at 

twice the grid frequency in the synchronous dq frame. In the 

engineering practice, notch filters are usually used to extract the 

positive and negative sequence components in the synchronous 

dq frame. Hence, the notch filters have a large influence on the 

fault current characteristics of the DFIG. In this paper, the 

dynamic performance of the stator flux linkage and the rotor 

current are analyzed. Based on this, the stator fault current 

characteristics of the DFIG under unbalanced fault conditions are 

studied. This study is of great significance for safe and stable 

operation of the power grid with penetration of DFIGs. The 

obtained conclusions can be drawn as follows: 

 

(1) The amplitude and phase angle of the stator flux linkage in 

the DFIG are changed by the notch filters. Moreover, the range 

of the PI parameters and the dynamic performance of the RSC 

are also influenced by the notch filters. 

 

(2) The transient behaviors of the DFIG are analyzed, and simple 

expressions of the DFIG transient electrical variables are 

proposed. The acquired transient characteristics provide good 

references to improve DFIG control during unbalanced grid 

faults. 

 

(3) Under unbalanced fault conditions, the stator fault current 

characteristics of the DFIG are different from those of a 

conventional synchronous generator. There is only a damped DC 
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component and steady-state fundamental frequency component 

in the stator fault current. The amplitude of the damped DC 

component of the stator fault current is related to the depth of the 

grid voltage dip and the phase angle of the pre-fault current. The 

steady-state fundamental frequency component is not only 

related to the depth of the grid voltage dip, but also affected 

by the corresponding control target of the DFIG. 

 

(4) For the fundamental frequency component, on the condition 

that the control target for ―balanced stator current‖ is applied in 

the DFIG, the DFIG can be represented by a controlled positive-

sequence current source. On the condition that the control target 

for ―balanced rotor current‖ or ―constant electromagnetic torque‖ 

is applied in the DFIG, the DFIG can be represented by a 

controlled positive-sequence current source and a controlled 

negative-sequence current source. This is helpful to meet the 

requirements of a practical short-circuit calculation and the 

construction of a relaying protection system for the power grid 

with penetration of DFIGs. 
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Abstract  
 

For many years, primary weather forecasting services (Global 

Forecast System (GFS) and the European Centre for Medium-

Range Weather Forecasts (ECMWF)) have been made available 

to the public through global Numerical Weather Prediction 

(NWP) models estimating a multitude of general weather 

variables in a variety of resolutions. Secondary services such as 

weather experts Meteomatics AG use data and improve the 

forecasts through various methods. They tailor for the specific 

needs of customers in the wind and solar power generation sector 

as well as data scientists, analysts, and meteorologists in all areas 

of business. These auxiliary services have improved performance 

and provide reliable data. However, this work extended these 

auxiliary services to so-called tertiary services in which the 

weather forecasts were further conditioned for the very niche 

application environment of mobile solar technology in solar car 

energy management. The Gridded Model Output Statistics 
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(GMOS) Global Horizontal Irradiance (GHI) model developed in 

this work utilizes historical data from various ground station 

locations in South Africa to reduce the mean forecast error of the 

GHI component. An average Root Mean Square Error (RMSE) 

improvement of 11.28% was shown across all locations and 

weather conditions. It was also shown how the incorporation of 

the GMOS model could have increased the accuracy in regard to 

the State of Charge (SoC) energy simulation of a solar car during 

the Sasol Solar Challenge 2018 and the possible range benefits 

thereof. 

 

Keywords  
 

Global Horizontal Irradiance; Weather Forecasting; State of 

Charge; Energy; Model Output Statistics; Solar Electric Car 

 

Introduction 
 

Solar technology is becoming popular for use on car roofs to 

increase the drivable range. Automotive giants such as Toyota 

(Toyota City, Japan) and Hyundai (Seoul, South Korea) are 

incorporating this technology and claim noteworthy range 

extension [1]. Cars developed for an urban specific use such as 

the Squad car from Squad Mobility (Amsterdam, Netherlands) 

and Sion from Sono Motors (München, Germany) [2] claim a 

range of over 20 km per day on solar power alone. Others, such 

as the Lightyear One (Helmond Netherlands) solar car, is 

capable of doing up to 72 km on solar power alone and 725 km 

when combined with a battery [3]. Some niche area solar car 

development is ongoing mainly in the academic environment 

among Engineering students. Here teams are challenged to 

design light-weight, single-seater solar-powered vehicles capable 

of driving on national motorways for thousands of kilometers 

over a few days without ever re-charging with grid energy [4]. 

These niche endurance challenges exploit the massive energy 

potential emitted by the sun, one of the few remaining renewable 

energy resources on our planet. The two most prominent solar 

endurance challenges are the Bridgestone World Solar Challenge 

in Australia (BWSC) and the Sasol Solar Challenge in South 

Africa (SSC). These solar-powered electric cars all have one 
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common denominator, the sun. The amount of solar irradiance 

from the sun and its availability (clouds, air quality, etc.) directly 

affects the performance of these solar-powered electric vehicles.  

 

An integral part of ensuring an accurate energy model, 

specifically solar-powered electric vehicles, is by including 

relevant weather conditions to the energy model. Knowing what 

the weather conditions might be before traveling a particular 

route will be beneficial to be able to plan such a route 

effectively. For example, a commuter might be planning to drive 

the following morning to a town 300 km away from his current 

location (the range of this solar electric vehicle is 300 km with 

good sunshine when traveling at 120 km/h). He is not aware that 

the weather forecast until 13:00 the next day predicts fully 

overcast conditions (which would force the driver to drive 

slower to conserve energy). The commuter will surely become 

frustrated when departing early while having to drive slowly 

rather than leaving after lunch and being able to drive at a good 

pace. One can then argue that if the driver had to watch the 

weather channel the previous day, they would have been able to 

make the necessary adjustments to their trip. However, when you 

have to consider the clouds, wind speed and direction, the air 

density, the solar irradiance forecast, and the variability of these 

parameters (risk in the forecasts), it quickly becomes apparent 

and somewhat necessary to make the weather forecasts more 

accurate, refined, and used in context to become more useful for 

a vehicle energy model. The solar irradiance forecast is by far 

the most influential of all the weather parameters in the context 

of solar-powered electric vehicles. 

 

The SSC is a biennial challenge where teams from around the 

globe design and build solar-powered vehicles to compete in an 

eight-day event spanning South Africa. Local and international 

solar-powered cars drive as far as they can on motorways 

between Pretoria and Cape Town. Pre-defined additional detours 

are allowed each day to maximize distance; however, the 

stopover locations for each night are fixed. The challenge aims 

to achieve the maximum distance while adhering to the event 

constraints as well as the local road and safety rules. Some teams 

make use of computer simulations to optimize their speed for 
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minimum energy usage. These simulations make use of an 

extensive mathematical model describing the aerodynamic, 

rolling resistance as well as gravitational behavior of the car 

while in motion. Most of the variables contained in these 

mathematical functions are deterministic and reasonably trivial 

to calculate, measure, or approximate [5]. Another input to these 

energy simulations is the local weather forecast and one such 

forecast variable which is of great concern, the Global 

Horizontal Irradiance (GHI). The solar panels on a solar car are 

predominantly mounted in a horizontal orientation; hence, the 

GHI is the most appropriate solar irradiance quantity to use as 

this quantifies the amount of solar radiation falling on a 

horizontal plane relative to the ground. The amount of GHI 

reaching the earth's surface is affected by various other variables. 

However, the most significant contributor is the amount of Total 

Cloud Cover (TCC). The TCC is the fraction of the sky covered 

(or hidden) by all the visible clouds [6].   

 

Two prominent databases are available which supply weather 

forecasts to the public for general use. The European Centre for 

Medium-Range Weather Forecasts Integrated Forecasting 

System (ECMWF-IFS) [7] and the Global Forecast System 

(GFS) [8] produced by the National Centers for Environmental 

Prediction. These two global databases provide a wide range of 

meteorological forecasts. Although these forecast providers offer 

reliable and readily available data, a need arose for intermediary 

(secondary) services that take data from these sources and apply 

some techniques to improve the accuracy and reliability. Many 

of these intermediary weather services exist [9] and are used by 

energy managers for solar installations, wind installations, 

meteorologists, sailors, farmers, weather enthusiasts, and many 

more. Recently, the forecasts that these secondary services 

provide has also become essential to participants of solar-

powered electric vehicle teams in events such as the BWSC in 

Australia and the SSC in South Africa. Many researchers are 

now taking this intermediary forecast data and refining even 

further (tertiary) by combining with some historical data, 

creating forecast ensembles, or applying some regression 

methods. This is in an attempt to make the forecast data even 

more useful for specialized local applications in a variety of 
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areas [10]. For this work, the focus will be placed on the raw 

forecasts provided by a secondary service, Meteomatics AG 

(experts in weather processing and forecasting, based in Gallen, 

Switzerland), who makes use of the ECMWF as a primary data 

source. 

 

An extensive forecasting technique comparison has been made 

[11], and the best forecast techniques were found to be Artificial 

Neural Network (ANN) based methods. This work, however, 

only shows results for one day ahead forecasting, and the process 

of training the ANN is relatively lengthy and intricate and 

requires seven other weather variables apart from GHI and TCC 

to train. Furthermore, the work does not apply the forecasting 

techniques to a real-world application to show how improved 

accuracy can lead to an increase in application performance. 

Other techniques such as Model Output Statistics (MOS) has 

been used since 1972 [12] for site-specific forecasts. MOS is a 

post-processing forecast method that uses data of some 

predictand (such as the GHI forecast) and relates to some 

historical statistical data of some other predictors (such as GHI 

and TCC). Gridded-MOS [12,13], or GMOS, is an extension of 

MOS which is created by a whole network of ground observation 

stations to create a forecast grid model for a larger area. The 

more ground observation stations in the grid, the better the 

GMOS model performance will be for the region.   

 

A three-year study in Germany [14] found ECMWF GHI MOS 

refined forecasts at several thousand photovoltaic plants with an 

average daily RMSE value of 24.5%. This is compared to raw 

ECMWF GHI forecasts in Germany at 36% RMSE [15]. The 

same authors showed how to create forecast confidence intervals 

and how this can be applied to forecast models. More work on 

ECMWF GHI MOS models was done at Reunion Island over one 

year during 2011, and the authors [16] showed an average RMSE 

reduction of 13%. Similarly, a general reduction in relative 

RMSE values of GHI forecasts for one-day ahead predictions 

were found to be 15.1% by researchers in the Netherlands [17]. 

They made use of raw forecasts by NWP models from the 

ECMWF as well as the GFS. In Australia [18], the ECMWF 

GHI prediction accuracy (RMSE) was found to be between 18% 
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to 45% for a one-year sample set and averaged over a five-day 

forecast horizon. A twelve month comparative study in 2013 

[19] on GHI forecasts in the US, Canada, and Europe revealed 

that the GHI forecast accuracy from NWP models could vary 

tremendously based on the geographical location. The average 

raw ECMWF predictions were seen anywhere in the range of 

20% to 65% (RMSE) and the average MOS compensated models 

were seen in the region of 15% to 44% (RMSE). The study also 

showed a significant reduction in MOS forecast bias by up to 

21% less RMSE than the raw ECMWF predictions.   

 

The improvement of the GHI forecast component is essential for 

route and speed planning, especially with cars relying heavily on 

solar power such as Lightyear One [3] and the single-seater 

prototype solar cars designed by teams competing in the BWSC 

and the SSC. Through a better understanding of the risk 

associated with the available GHI forecast, the energy manager 

of the team will be able to make better and more energy-

conscious decisions. In the current literature, there is no mention 

of how a MOS or GMOS model can benefit the teams 

participating in an SSC event in terms of energy management. 

 

This work aims to improve the State of Charge (SoC) simulation 

accuracy of an SSC solar car team by using GMOS methods in 

GHI forecasting along the route of an SSC event in South Africa. 

The mandatory event route for the SSC 2018 is shown in Figure 

1. 
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Figure 1: Sasol Solar Challenge (SSC) 2018 route. 

 

Materials and Methods  
 

Ground station measured data has been taken from strategic 

locations along the SSC route. The chosen locations were 

Pretoria (University of Pretoria), Bloemfontein (Central 

University of Technology), Port Elizabeth (Nelson Mandela 

University), and the Cape Town area (Stellenbosch University). 

The ground station data was obtained from a public data source 

provided by the Southern African Universities Radiometric 

Network (SAURAN) [20], in Stellenbosch South Africa, where 

data for 2018 to the end of 2019 was requested from this public 

source. This data source stores hourly averaged measured values 

for a variety of meteorological variables; however, only the GHI 

and TCC components were of concern for this work.  

 

SAURAN has a total of 23 ground measurement stations across 

South Africa. The limitation of a maximum allowed daily data 

point requests (as imposed by the forecast provider Meteomatics 

AG) limited the Application Program Interface (API) requests to 

four locations in South Africa only. All four cities are major 

stopover locations for the SSC event and span the entire route 

from start to finish. Forecast data was made available by 

Meteomatics AG. Their forecast data originates from the 
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ECMWF database; however, Meteomatics AG improves the 

forecast before making it available to its users. An API script 

was developed and used over two years (2018–2019) to request 

daily the GHI and TCC forecast for each of the four locations 

spanning a nine-day horizon. This data was then stored in a 

multi-dimensional matrix format (Matlab by MathWorks in 

Natick, Massachusetts, USA) with an appropriate date and 

location information stamp for identification. At the end of the 

API script, an email is sent automatically to the researcher daily 

to verify that the data was received as expected. After all the 

forecast data had been captured for the two years, the SAURAN 

ground station-based data were imported into the Matlab 

environment with some initial pre-processing of the data. The 

data before 6:00 and after 18:00 was removed each day. This 

reduced the risk of having bias results as nighttime GHI data is 

not statistically meaningful (near zero values). The forecast, as 

well as measured data for each of the four locations, were then 

analyzed and compared. 

 

To increase the local GHI forecast performance (compared to the 

raw ECMWF and the improved Meteomatics AG forecast), a 

MOS correction was applied to the data in the form of a simple 

multiplication scaling function. As the GHI forecast is available 

in a one-hour resolution from its source, it is appropriate to 

create a MOS correction function for every hour between 06:00 

and 18:00. Twelve of the months’ data were used to develop the 

MOS correction function, while the remaining twelve-month data 

was used for validation and to test the performance of the 

improved MOS based GHI local forecast model. The MOS 

correction function is deterministic and was found by using the 

expected value of the conditional probability based on the TCC. 

Clear sky and four 25% TCC incrementing categories were 

identified, which yielded five TCC categories. Equation (1) 

represents the MOS function and its conditionality on the TCC, 

forecast horizon (   ), and the hour of the day ( ). 

 

                             (1) 
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To expand this MOS function to a GMOS function, we can 

rewrite Equation (1) to include an interpolated value of the 

forecast characteristics of the two nearest of the four sites (   ) 

based on the current location of the car as a final conditionality. 

 

                               (2) 

 

Equation (2) now contains the statistically improved expected 

value of the GHI forecast based on the cloud conditions, the 

forecast horizon with the time of day as well as the location of 

the car on the route. The improved GMOS GHI is based on 

statistical knowledge of the mean error, which does not wholly 

ratify all error variation, and thus some of this error is still 

expected in the output results. For this reason, the energy 

simulation user needs to comprehend this remaining error 

variation in a simple yet useful manner. This was achieved by 

determining the improved probability or confidence interval of 

the expected GMOS GHI forecast by creating a distribution mass 

function of the remaining error variation. The desired confidence 

interval of 68% was chosen, which is one standard deviation; 

however, any value between 0% and 100% may be chosen. From 

here, upper and lower forecast confidence bounds were 

developed. These bounds further assist the user in assessing the 

risk involved with the expected value output of Equation (2). 

The GMOS error probability mass function is given by Equation 

(3). 

 

                                             (3) 

 

By applying the GMOS GHI function in Equation (2) and the 

error variation function in Equation (3) to the SoC energy 

simulation of a solar car, the user will be equipped with more 

accurate SoC results in addition to confidence intervals. This 

allows further access to the quantification of potential risks 

involved in the simulation. Indeed, the SoC error is not solely 

dependent on the accuracy of the GHI forecast. It has been 

shown [5] that with an accurate electromechanical model 

describing the energy behavior of the vehicle, about 94% of SoC 

error variation observed is due to weather forecast errors (as well 
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as deviating from the simulation speed profile) of which the GHI 

errors account for an average of 32% of this total.  

 

Results  
GHI Error Improvement  
 

Figure 2 contains the cloud cover days of the two-year sample 

set for each of the four locations based on the five identified 

TCC categories. Table 1 through 4 contains the results of the 

standard deviation (std) GHI prediction errors (Meteomatics AG) 

as well as the improved localized GMOS std prediction errors. 

All the values are shown as relative error percentages.  

 

 
 
Figure 2: Summary of the cloud conditions for the four locations. 
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Table 1: Standard Deviation Error Comparison, Pretoria. 

 
Forecast 

horizon  

Clear Sky 0% < TCC1 ≤ 25% 25% < TCC ≤ 50% 50% < TCC ≤ 75% 75% < TCC ≤ 100% 

 raw GMOS2 raw GMOS raw GMOS raw GMOS raw GMOS 

One  24.3 8.1 27.2 16.0 29.8 17.5 33.6 21.9 35.5 26.8 

Two 24.6 8.3 28.8 19.1 30.3 25.0 36.0 26.8 37.6 26.9 

Three 22.2 11.5 25.7 14.4 28.3 18.1 34.5 21.4 36.3 28.8 

Four 24.5 10.9 30.4 17.8 32.2 19.3 36.2 22.6 38.2 28.9 

Five 23.0 10.8 28.7 15.2 27.7 14.5 37.0 24.9 38.3 22.8 

Six 27.3 12.8 29.8 17.9 33.3 19.8 36.1 23.9 38.9 26.2 

Seven 31.8 10.5 25.0 12.9 23.6 13.5 34.8 20.5 36.5 22.7 

Eight 34.8 12.8 27.7 15.7 29.4 17.2 35.5 24.6 37.7 25.0 

Nine 25.5 13.0 26.5 14.6 30.1 15.0 32.5 23.8 37.4 29.1 
 

1Total Cloud Cover 2Gridded Model Output Statistics 

 
Table 2: Standard Deviation Error Comparison, Bloemfontein. 

 

Forecast horizon  Clear Sky 0% < TC1* ≤ 25% 25% < TCC ≤ 50% 50% < TCC ≤ 75% 75% < TCC ≤ 100% 

 raw GMOS2 raw GMOS raw GMOS raw GMOS raw GMOS 

One  24.5 9.3 26.7 15.6 29.9 17.4 31.4 21.6 34.4 23.7 

Two 27.1 8.7 28.5 20.3 32.1 18.2 36.3 25.8 39.7 25.4 

Three 20.0 10.2 26.9 12.3 28.8 16.9 32.7 21.8 34.2 27.1 

Four 24.3 10.9 29.0 14.5 30.5 18.8 34.7 22.6 36.8 30.0 

Five 22.7 11.5 28.8 15.0 28.8 19.4 34.5 24.9 37.7 26.3 

Six 29.4 11.2 29.5 17.6 31.8 20.9 36.7 24.1 38.3 28.9 

Seven 31.9 13.0 23.9 12.9 26.0 14.0 34.4 23.3 33.6 28.1 

Eight 30.5 11.5 27.4 15.8 33.7 16.6 35.6 23.6 38.8 29.6 

Nine 26.2 14.5 27.8 14.2 29.4 16.3 34.9 23.8 35.4 32.9 
 

1Total Cloud Cover 2Gridded Model Output Statistics 
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Table 3: Standard Deviation Error Comparison, Port Elizabeth. 

 
Forecast 

horizon  

Clear Sky 0% < TCC1 ≤ 25% 25% < TCC ≤ 50% 50% < TCC ≤ 75% 75% < TCC ≤ 100% 

 raw GMOS2 raw GMOS raw GMOS raw GMOS raw GMOS 

One  17.8 7.0 19.9 12.8 27.9 15.0 29.8 19.2 33.7 20.2 

Two 18.4 7.3 23.9 12.7 30.0 12.6 35.1 20.5 36.9 22.8 

Three 16.2 8.9 16.8 11.5 27.8 18.9 30.4 18.3 32.9 20.0 

Four 16.7 7.9 28.5 16.7 30.4 20.8 36.5 21.3 37.4 25.7 

Five 18.9 10.1 21.9 14.8 28.0 17.2 33.0 19.6 34.4 19.1 

Six 20.5 9.5 29.2 15.1 30.3 21.4 33.5 22.2 32.3 28.0 

Seven 22.0 12.8 23.1 16.8 23.6 20.0 28.1 19.2 32.4 30.0 

Eight 20.4 15.0 25.4 15.9 29.9 18.0 33.5 22.0 35.2 27.0 

Nine 21.6 15.7 20.0 15.4 28.1 20.1 32.3 22.7 34.0 31.1 
 

1Total Cloud Cover 2Gridded Model Output Statistics 

 
Table 4: Standard Deviation Error Comparison, Stellenbosch. 

 
Forecast 

horizon 

Clear Sky 0% < TCC1 ≤ 25% 25% < TCC ≤ 50% 50% < TCC ≤ 75% 75% < TCC ≤ 100% 

 raw GMOS2 raw GMOS raw GMOS raw GMOS raw GMOS 

One  24.9 10.8 27.6 14.7 26.3 15.1 33.6 21.4 30.5 27.3 

Two 27.1 11.6 29.4 12.9 31.8 15.4 37.5 26.1 32.8 33.0 

Three 21.0 12.1 27.0 13.2 29.1 17.5 33.1 22.4 34.5 24.2 

Four 24.6 9.2 28.5 17.5 32.0 22.2 35.3 23.0 38.1 30.5 

Five 23.1 13.1 20.8 17.5 25.9 10.5 36.5 18.7 38.0 23.7 

Six 30.6 14.5 30.6 15.9 35.4 18.4 35.9 26.9 38.5 34.2 

Seven 31.7 15.8 25.8 18.3 20.7 20.8 34.5 21.4 32.1 22.3 

Eight 30.5 15.9 29.0 16.8 29.9 22.7 40.1 30.1 39.8 24.0 

Nine 32.6 15.3 27.2 18.4 25.4 23.3 34.2 23.2 37.3 28.6 
 

1Total Cloud Cover 2Gridded Model Output Statistics 
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The average forecast error improvement across all sites is given 

in Figure 3. The figure contains values based on the average 

difference between the GHI and the GMOS forecast for the full 

forecast horizon, including the condition of the TCC.  

 

 
 
Figure 3: These values depict the average difference between the Meteomatics 

AG Global Horizontal Irradiance (GHI) and the Gridded Model Output 

Statistics (GMOS) GHI forecast errors for all four cites combined concerning 

the conditions of the Total Cloud Cover (TCC) and the forecast horizon. 

 

From Figure 3, it is evident that significant forecast 

improvements have been achieved with clear sky conditions, 

decreasing performance as the sky is covered with more clouds. 

An overall average improvement of 11.28% is seen regarding all 

cloud conditions across the entire time horizon. It is, however, 

interesting to note the somewhat out of trend error improvement 

of the 50% < TCC ≤ 75%, which may require further 

investigation in future work. Table 5 contains the average 

forecast performance for the four locations combined. 
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Table 5: Standard Deviation Error, Average Across All Aites. 

 

Forecast 

horizon  

Clear Sky 0% < TCC1 ≤ 25% 25% < TCC ≤ 50% 50% < TCC ≤ 75% 75% < TCC ≤ 100% 

 raw GMOS2 raw GMOS raw GMOS raw GMOS raw GMOS 

One  22.9 8.8 25.4 14.8 28.5 16.3 32.1 21.0 33.5 24.5 

Two 24.3 9.0 27.7 16.3 31.1 17.8 36.2 24.8 36.8 27.0 

Three 19.9 10.7 24.1 12.9 28.5 17.9 32.7 21.0 34.5 25.0 

Four 22.5 9.7 29.1 16.6 31.3 20.3 35.7 22.4 37.6 28.8 

Five 21.9 11.4 25.1 15.6 27.6 15.4 35.3 22.0 37.1 23.0 

Six 27.0 12.0 29.8 16.6 32.7 20.1 35.6 24.3 37.0 29.3 

Seven 29.4 13.0 24.5 15.2 23.5 17.1 33.0 21.1 33.7 25.8 

Eight 29.1 13.8 27.4 16.1 30.7 18.6 36.2 25.1 37.9 26.4 

Nine 26.5 14.6 25.4 15.7 28.3 18.7 33.5 23.4 36.0 30.4 
 

1Total Cloud Cover 2Gridded Model Output Statistics 
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Throughout Tables 1 to 4, it is noticeable that the forecast 

accuracy deteriorates gradually with an increase in TCC. This is 

mainly due to the increasing difficulty of forecasting GHI 

accurately with the accumulation of clouds [21]. No significant 

error trend was found with this data when observing the forecast 

horizon. On average, the coastal city of Port Elizabeth (Table 3) 

is seen to have the best clear sky and 0% < TCC ≤ 25% GHI 

forecast performance.    

 

The variation in GHI forecast accuracy is most likely due to site-

specific forecast model characteristics from the source, the 

amount of site-specific historical data available to the source 

forecast model when it was created or trained and the level of the 

Air Quality Index (AQI) at any specific location. The AQI is a 

function of the amount of carbon monoxide (CO), sulfur dioxide 

(SO2), nitrogen dioxide (NO2), fine particulate matter (PM2.5), 

respirable particulate matter (PM10), and ozone (O3) in the air 

[22]. It has been shown that the AQI level is a strong contributor 

to the GHI forecast accuracy of a specific location subjected to 

air pollution or haze [22-25]. The South African Air Quality 

Information Systems (SAAQIS) [26], in Pretoria South Africa, 

provided the following annual average AQI values of the four 

locations which include their immediate surroundings: Pretoria 

(92), Bloemfontein (32), Port Elizabeth (16), and Stellenbosch 

(44). A useful graphical representation of the AQI levels of 

South Africa can be seen here [27]. Although convective weather 

conditions (formation of clouds) generally decrease the GHI 

forecast accuracy (as seen in Table from 1 to 4), the GHI 

forecast model prediction will also be affected by the AQI. The 

effect of the AQI on the GHI forecast skill is most prominent 

during clear sky and near clear sky conditions. Port Elizabeth 

displays the lowest average AQI of the four locations under 

investigation. The first two columns of Table 3 (clear sky and 

0% < TCC ≤ 25%) displays the best GHI forecast skill when 

compared to the other locations. The remaining three columns 

(25% < TCC ≤ 100%) of Table 3 more closely resembles that of 

the other three locations showing that the AQI has a less 

significant effect in the presence of substantial clouds. This is 

probably due to the fact that the presence of cloud will decrease 

the forecast accuracy by larger magnitudes and with the mixture 



Advances in Energy Research: 2
nd

 Edition 

17                                                                                www.videleaf.com 

of clouds and high AQI levels, the effect on the accuracy is 

combined and a distinction between the effect of the one and the 

other becomes hard to establish. 

 

The mean forecast performance std error of the Meteomatics AG 

GHI and GMOS GHI model for the combination of the four sites 

across the whole forecast horizon is shown in Table 6 

(corresponding RMSE values are in brackets): 
 

Table 6: Mean forecast performance summary. 

 

TCC1 conditions Meteomatics AG GHI2 

std3 and (RMSE4) 

GMOS GHI model 

std and (RMSE) 

Clear sky  24.8%, (25.6%) 11.4%, (10.8%) 

0% < TCC ≤ 25% 26.5%, (26.9%) 15.5%, (15.0%) 

25% < TCC ≤ 50% 29.1%, (28.2%) 18.0%, (18.9%) 

50% < TCC ≤ 75% 34.5%, (33.4%) 22.8%, (21.7%) 

75% < TCC ≤ 100% 36.0%, (36.5%) 26.7%, (26.2%) 

Combined mean 30.2%, (29.2%) 18.9%, (18.1%) 
 

1Total Cloud Cover 2Global Horizontal Irradiance 3standard deviation 4Root 

Mean Square Error  

   

These mean forecast performance std values subsequently 

confirm the expected increasing error trend with the increase in 

cloud cover [21]. An overall (all clouds conditions and full 

forecast horizon over all four locations) mean forecast 

performance std improvement of 11.28% is observed after the 

GMOS correction model has been applied to the raw 

Meteomatics AG API data. It is noteworthy that the large 

observation set used, and relative low bias characteristics of the 

Meteomatics AG forecast [28] yielded the std error and RMSE 

values nearly identical [29].   

 

Discussion  
Energy Forecasting for a Solar Car in South Africa  
 

The solar car team from Tshwane University of Technology 

(TUT) participated in the SSC 2018 with a solar car named Sun 

Chaser III (SCIII). The team had developed an energy simulation 

platform to assist the energy manager in making informed 

decisions in regards to the speed and distance they should travel 
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each day based on the dynamics of the car, the route to be 

driven, the weather conditions, and other characteristics such as 

remaining stored battery energy. The authors [30] showed 

simulated SoC results compared to real-life recorded data during 

the SSC 2018 for SCIII for five of the eight days. The remaining 

three days’ data was not recorded due to technical difficulties. 

 

Figure 4 shows the SCIII solar car followed by its telemetry 

support vehicle responsible for recording and analyzing data 

during the SSC 2018 [30]. 

 

 
 

Figure 4: Sun Chaser III (SCIII) and its telemetry support vehicle during 

the SSC 2018 event. 

 

In 2018, these SoC simulations did not make use of the GMOS 

model described in this work. Figures 5 to 7 show how the 

GMOS model could have improved the GHI forecast accuracy 

for the same data as the authors used in [30] and how this relates 

to an improvement in the accuracy of the predicted SoC for 

SCIII during the SSC 2018. The authors referred to three specific 

days during the SSC 2018: day one, six, and eight. During these 

days, the elements (weather parameters and driving speed) 

negatively impacting on the SoC accuracy were minimal. This 

resulted in the GHI forecast accuracy to be one of the most 

significant contributors to the remaining SoC errors observed on 
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these days. Table 7 provides a summary of all five days during 

the SSC 2018 recorded by the TUT team and SCIII [30]. 

 
Table 7: Sun Chaser III results during the SSC 2018. 

 
SSC 

20181 

Day 

 

Date 

Origin and 

Destination 

Distance 

Traveled 

(km) 

Nearest Ground 

Observation 

Stations 

One 22/09/2018 Pretoria to 

Kroonstad via 

Sasolburg 

493 Pretoria and 

Bloemfontein 

Four 25/09/2018 Gariep Dam to 

Graaff-Reinet via 

Middelburg 

291 Bloemfontein and 

Port Elizabeth 

Six 27/09/2018 Port Elizabeth to 

Sedgefield via 

Kareedouw 

371 Port Elizabeth 

and Stellenbosch 

Seven 28/09/2018 Sedgefield to 

Swellendam via 

Mosselbay 

308 Port Elizabeth 

and Stellenbosch 

Eight 29/09/2018 Swellendam to 

Stellenbosch via 

Bredasdorp 

403 Port Elizabeth 

and Stellenbosch 

 

1Sasol Solar Challenge 2018 

 

 
 
Figure 5: SSC 2018 day one. 
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Figure 6: SSC 2018 day six. 

 

 
 

Figure 7: SSC 2018 day eight. 

 

The red and blue plots are the real-life recorded and simulated 

SoC behaviors during the SSC 2018 for the SCIII solar car [30]. 

The green plot is the improved GMOS GHI model simulation of 

this work. Furthermore, these figures contain the GMOS GHI std 

(one-sigma) upper and lower bounds (confidence intervals) 

based on a continuation of the most extreme expected GMOS 

GHI std error in the forecast. SoC forecast improvements are 
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observed on all three days; the first and sixth days, the GMOS 

GHI model followed suit and still over predicted, however, with 

fewer errors than the original predictions. On the last day (Figure 

7, day eight), the original model under-predicted where the 

GMOS model yet again over-predicted, however, still with less 

absolute error.  

 

Figures for the remaining two days of the SSC 2018 with valid 

data, day four and day seven, are shown in Figures 8 and 9. They 

were intentionally grouped separately from day one, six, and 

eight. The inaccuracy of the simulations of these days is 

attributed to the significant deviation from the simulation speed 

profile [30] during the SSC 2018. These two days highlight the 

effect that a gross deviation from the speed profile of the 

simulation has on the accuracy of the SoC. In fact, the speed 

deviation had such a devastating impact on the accuracy of the 

SoC results that the GMOS GHI improvement is insignificant on 

days four and seven. 

 

The amount of speed deviation (RMSE of the simulated speed 

compared to the actual speed) that brought about these 

significant errors on day four and day seven is 41.67% and 

62.32%, respectively. In contrast, the speed RMSE values for day 

one, six, and eight have a minimum of 14.46% on day six and a 

maximum of 16.56% on day eight [30]. Hence, the GMOS GHI 

model has a much more significant impact on the outcome of the 

SoC simulation accuracies for these three days. 
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Figure 8: SSC 2018 day four. 

 

 
 

Figure 9: SSC 2018 day seven. 

 

Table 8 shows the GMOS performance results for the five days 

of the Sasol Solar Challenge 2018. It contains the actual, initially 

predicted, as well as GMOS compensated SoC final values. Also, 

the RMSE values for the SoC are also shown here. 
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Table 8: GMOS Performance Results. 

 
SSC 

20181 

Day 

SoC2 

RMSE3: 

Predicted 

GHI4 

SoC RMSE: 

GMOS GHI 

Final SoC: 

Actual 

Final 

SoC: 

Predicted 

GHI 

Final 

SoC: 

GMOS5 

GHI 

One  1.62 1.40 51.04 58.06 56.51 

Four 11.62 9.65 79.89 95.20 92.21 

Six 1.02 0.75 45.22 53.85 49.21 

Seven 14.32 10.98 20.07 35.14 31.25 

Eight 2.01 1.16 10.10 6.18 13.31 
 

1Sasol Solar Challenge 2018 2State of Charge 3Root Mean Square Error 4Global 

Horizontal Irradiance 5Gridded Model Output Statistics 

 

The GMOS GHI model performance results for day four and 

seven is of no real value when characterizing the overall 

performance of the applied method. Hence, the performance 

details of these two days will be omitted in the following 

sections. 

 

Considering days one, six, and eight: the mean SoC RMSE of the 

initially predicted GHI forecast is 1.55%, in contrast with the 

improved 1.10% RMSE of the GMOS GHI. Considering the final 

SoC of each day, the GMOS GHI model had the most substantial 

impact on day six (4% SoC closer to the actual SoC) and the 

smallest impact (1% SoC closer to the actual SoC) on day eight. 

The reason for this is that day six had the lowest wind and other 

weather variable errors [30] leaving the GHI accuracy to have a 

significant impact on the SoC. Day eight, however, experienced 

significant wind forecast errors (nearly double of day six) which 

resulted in the effect of the improved GHI accuracy to be less on 

the SoC for that day. 

 

In addition to the SoC improvements, the energy simulation user 

can now also visualize the amount of statistical risk involved in a 

simulation which will aid in critical decision making regarding 

the energy expenditure of the vehicle during a Sasol Solar 

Challenge or similar event. 
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GMOS Benefits to a Solar Car Team  
 

An energy manager of a solar car team would not drain the Li-

Ion battery to less than 1% of capacity. Even with a 1% overall 

capacity remaining, it is not uncommon to see the individual 

cells which make up the battery pack differ marginally in charge 

voltage (unbalanced battery). If a cell operates below its absolute 

minimum or maximum voltage rating, the cells might be 

severely and permanently damaged. Furthermore, the cells’ 

chemical behavior becomes unstable beyond the absolute ratings, 

which might result in a fire hazard [30]. 

 

On the last day of the SSC 2018, the envisaged final SoC for 

SCIII was 6.18% (Table 8 and Figure 7), which was acceptable 

to the energy manager as it was above 1%. The energy manager 

did at that time not have any access to quantify simulation risk, 

and therefore, a 5% margin above the prediction seemed 

acceptable at the time (based on intuition).  

 

If the energy manager at that time had access to the more 

accurate less biased GMOS GHI forecast, they would have 

realized that traveling 403 km for the day (Table 7) might leave 

their battery underutilized at 13.31% SoC (Table 8 and Figure 7) 

at the end of the day. Currently, the lower and upper bound of 

the confidence interval is approximately 8% above and 8% 

below the green GMOS GHI prediction plot by 16:00. To keep 

within the interval, the energy manager might aim to drain the 

battery to 9%, which ensures the lower confidence bound is at 

1% in a worst-case situation. This means that the car 

theoretically now has access to 1.1% more SoC energy 

(assuming the GMOS GHI forecast is absolutely accurate) to 

expend while taking minimal risk in doing so. The theoretical 

1.1% was calculated by the difference between actual final SoC 

recorded and the expected final GMOS GHI prediction if the 

lower bound was at 1%.  

 

The total SoC expended to cover 403 km was 9.97% (calculated 

from Table 8). The average energy economy (ratio of SoC 

energy to distance) of SCIII on day eight of the SSC 2018 was 

0.0247% SoC per kilometer. One has to keep in mind that this 
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average energy economy is based on the average speed driven 

for that specific day. If more distance needs to be covered on the 

same day and during the same time, the average speed will need 

to be increased. In turn, the aerodynamic forces increase with a 

quadratic function [32,33] with speed, and hence, the average 

energy economy will be different at higher speeds. 

 

Furthermore, it is imperative to understand that more accurate 

forecasts do not directly constitute further distance traveled. The 

energy manager’s interpretation of an SoC simulation, as well as 

the amount of error in the forecast and the driving speed, 

determines the actual distance traveled and remaining SoC at the 

end of a day. The improved GMOS GHI accuracy simply 

reduces some of the error and risk involved when an energy 

manager interprets an SoC plot in order to guide a solar car team 

towards the most energy-conscious movements of the solar car.   

 

Considering a constant energy economy of 0.0247% SoC per 

kilometer, and having taken into account the limitations of this 

value and others mentioned, access to the theoretical 1.1% 

excess SoC might have increased the distance of SCIII an 

average of 44.4 km on the last day of the SSC 2018.  

 

MOS vs. GMOS Performance  
 

It is essential to evaluate the effectiveness of the interpolation 

between the MOS models (Equation (1) for all four locations), 

which gave birth to the GMOS model (Equation (2)). Each of the 

three useful days (day one, six, and eight) were re-simulated with 

a MOS model of the nearest ground observation station to its 

rear, as well as with a MOS model of the nearest ground 

observation station to the front of the car. This is done to 

quantify the performance effect it would have on the SoC in 

comparison with the interpolated GMOS model. Table 9 contains 

the comparative results. 
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Table 9: GMOS vs. MOS Performance Results. 

 
SSC 

2018
1 

Day 

SoC2 

RMSE3: 

MOS4 

GHI5 

(Rear 

Location) 

SoC 

RMSE: 

MOS 

GHI 

(Front 

Location) 

SoC 

RMSE: 

GMOS6 

GHI 

Final 

SoC: 

Actual 

Final 

SoC: 

MOS 

GHI 

(Rear 

Location) 

Final 

SoC: 

MOS 

GHI 

(Front 

Location) 

Final 

SoC: 

GMOS 

GHI 

One 1.49 1.52 1.40 51.04 57.11 57.68 56.51 

Six 0.88 0.87 0.75 45.22 51.01 49.82 49.21 

Eight 1.32 1.06 1.16 10.10 13.93 12.89 13.31 
 

1Sasol Solar Challenge 2018 2State of Charge 3Root Mean Square Error 4Model 

Output Statistics 5Global Horizontal Irradiance 6Gridded Model Output 

Statistics 

 

The GMOS model is a function of linear interpolation between 

two ground measurement locations (two MOS models) based on 

the current     location. The corresponding two MOS models 

are, however, conditional statistical models based on the cloud 

conditions as well as the forecast horizon, and most importantly, 

the time of day. Therefore, it is not trivial to expect a visible 

linear relationship in the performance results of the rear and front 

MOS models compared to their corresponding GMOS model. 

Throughout Table 9, it is evident that the GMOS GHI model 

does produce improved forecast performance. There is one 

exclusion, on day eight, where the front location MOS model 

outperformed the GMOS model by 0.42% SoC error. On every 

other account, the GMOS model outperformed the individual 

MOS models. 

 

Further Research Recommendations  
 

This work is currently only focused on improving the GHI 

forecast component; however, the wind velocity and air density 

forecast performance can benefit from a similar method of 

improvement. By conditioning these additional environmental 

variables, the SoC error results will improve even further, 

ensuring sharper and more robust estimations for the energy 

manager and solar car team to benefit from. Finally, the use of a 

higher resolution grid (increasing the number of ground 

measurement locations) to create the GMOS GHI model will 

further enhance the results. 
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Conclusions  
 

The improvement to the local (South African) GHI forecast has 

had a significant positive impact on the SoC energy simulations 

of the SCIII solar car during the SSC 2018. The gridded-MOS 

model was shown to be practical and useful. The GMOS model 

has shown forecast improvements for all sky conditions in South 

Africa, and the AQI was also found to have an impact on 

location based GHI forecasts. Events such as the Sasol Solar 

Challenge take place over eight days and typically span more 

than 2000 km. Having access to more accurate SoC simulations 

over these eight days could provide the team with an advantage. 

This will enable them to make more informed energy decisions 

which could result in critical choices such as including additional 

route sections (increasing distance traveled), putting them ahead 

of their nearest rivals. A secondary outcome of this work is that 

the SoC energy simulation now has some statistical confidence 

intervals which are extremely valuable especially in situations 

where simulation risk needs to be quantified for inclusion in the 

decision-making process by the team energy manager.  
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Abstract  
 

This paper proposes an innovative approach for controlling 

pollutant release in a long-distance tunnel via longitudinal 

ventilation. Enhanced by an active disturbance rejection control 

(ADRC) method, a ventilation controller is developed to regulate 

the forced air ventilation in a road tunnel. As a result, the 

pollutants (particulate matter and carbon monoxide) are reduced 

by actively regulating the air flow rate through the tunnel. The 

key contribution of this study lies in the development of an 

extended state observer that can track the system disturbance and 

provide the system with compensation via a nonlinear state 

feedback controller equipped by the ADRC. The proposed 

method enhances the disturbance attenuation capability in the 

ventilation system and keeps the pollutant concentration within 

the legitimate limit in the tunnel. In addition to providing a safe 

and clean environment for passengers, the improved tunnel 

ventilation can also achieve better energy saving as the air flow 

rate is optimized. 

 

Keywords  
 

Active Disturbance Rejection; Cascaded Control; Pollutant 

Concentration; Tunnel Ventilation 
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Introduction  

 
Longitudinal ventilation systems are widely used in long-

distance tunnels for air ventilation. Generally, moving vehicles 

in tunnels bring about air circulation from the entrance to exit. 

However, when the traffic is heavy and the meteorological 

pressure differences are low, there is a need to operate tunnel 

ventilators to keep pollutant concentrations below the relevant 

limit. Thus, there is a balance to strike between the minimal use 

of electricity for fan ventilators and high air quality in the tunnel 

because of the existence random and chaotic factors. The 

pollutants in the air are randomly ejected in the tunnel by 

incoming vehicles whilst the wind load varies in time and 

direction. Uncertainty and nonlinear factors make it difficult to 

accurately model the aerodynamics of the air and the diffusion of 

the pollutants within the tunnel. Therefore, a model-based 

control scheme cannot perform effectively in these cases. 

 

In the literature, fuzzy logic [1] is introduced to deal with the 

nonlinearity and complexity of the ventilation system, and 

applied in the actual tunnel. The results show that energy saving 

is achieved whilst improving the tunnel air quality. Fuzzy control 

has become a popular option in ventilation control schemes. In 

order to improve the performance of fuzzy logic control, many 

scholars have developed a number of technologies. Koyama et 

al. [2] used the minimum power consumption of the ventilation 

equipment as the optimization target and solved the problems 

using nonlinear programming with fuzzy control. As a result, an 

optimal scheme to determine the number of running ventilators 

was developed [2]. Chu et al. developed a fuzzy controller 

enhanced by a genetic algorithm to maintain the concentration of 

pollutants at a certain level and to minimize power consumption 

[3]. Bogdan et al. combined model prediction with fuzzy control 

[4]. By measuring traffic intensity, weather conditions and tunnel 

parameters, the predictive controller estimated fresh air 

requirements and calculated the number of required fans, while 

the fuzzy controller compared measured and admissible levels of 

pollutants and adjusted a predicted number of jet fans to keep 

pollutant levels within predefined thresholds. Alternatively, 

Euler-Rolle and Fuhrmann et al. designed a specially structured 
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non-linear observer in a feedback and feed-forward ventilation 

control system to estimate and compensate for external 

disturbances that tunnels are subjected to [5,6]. Euler-Rolle and 

Fuhrmann et al. considered the dynamic behavior of the air flow 

velocity for an emergency with fire and smoke, and then 

designed the feed-forward and feedback controller, adding an 

additional observer. This observer and the controller were 

designed separately. The observed disturbances were 

incorporated into the feed-forward control signals to enhance the 

disturbance attenuation ability of the control scheme for large 

and sudden pressure drops. Through the compensation of this 

non-linear observer, the control scheme performed better than 

the control schemes based on the fuzzy logic. In reference [7], an 

adaptive control scheme incorporating fuzzy logic proved to be 

effective in handling nonlinearity problems. 

 

Traditionally, proportion integration differentiation (PID) control 

is widely used in system operation [8,9] owing to its simplicity 

and robustness to the disturbance. However, when the systems 

suffer from complex uncertainty and nonlinearity, PID struggles 

to achieve optimal solutions. Fuzzy logic and model-free 

methods are useful to deal with nonlinearity. However, they 

usually rely on the empirical and historical information from 

previous operation. Their performance may deteriorate when 

new disturbances occur. In this case, active disturbance rejection 

control is a good option to cope with these issues. 

 

Based on the concept of active disturbance rejection control 

(ADRC) [10], a new control strategy for ventilation operation is 

proposed to cope with the model uncertainties and disturbances. 

ADRC realizes the organic fusion of the observer and the 

nonlinear controller. Applications of ADRC can be found in a 

variety of fields, including power [11–13], motion [14–16], and 

process control [17,18]. In normal ventilation operation, the 

control of pollutant concentration is the ultimate goal, and the 

control of the air flow velocity is used to exhaust the pollutants. 

In these cases, a ventilation control system is described by two 

serial-connected subsystems to control the diffusion of pollutant 

concentration and the in-tunnel air flow. The novelty of this 

study lies in that an ADRC is used to design the two cascade 
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controllers. In this way, the reference of the control variables in 

the first subsystem can be derived from the output of the second 

subsystem. The advantage of this back-stepping technique is 

gained in this study where the air flow velocity is taken into 

account as a pseudo control variable. Once determined, it is used 

as the set point by the second ADRC controller. Parameter 

uncertainties or model errors in line with these two subsystem 

models are corrected by a nonlinear controller equipped with 

ADRC. By tracking the reference, an extended state observer 

(ESO) compensates for the inaccuracies and improves the 

control performance. The configuration of the ventilation control 

system is depicted in Figure 1. It consists of a plant (a tunnel 

system), an air flow velocity controller, two pollutant 

concentration observers, and a number of measurement devices. 

 

Pollutants 

concentration 

ADRC controllers

Air flow

ADRC

 controller

Estimated air 

flow velocity

A tunnel system

Anemometers

 Limited value of 

pollutants 

concentration

Number of 

fans running

mensured pollutants 

concentration

Mensured 

airflow velocity

1 2

2m

Gas transducers  
1m

 
Figure 1: Configuration of a ventilation control system based on the 

cascade active disturbance rejection control (ADRC). 

 

This paper is structured as follows: Section 2 presents the non-

linear dynamical model of a tunnel ventilation system with some 

assumptions. Section 3 gives a brief introduction of an ADRC 

scheme. The design procedure of the cascade subsystems in 

relation to the tunnel ventilation system is given in Section 4. 

Section 5 presents simulation results by comparison with the 

existing method used in the Zhongliangshan tunnel, China. 

Finally, the key findings and contributions are summarized in 

Section 6. 
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Dynamical Model of a General Tunnel System 

with Nonlinear Method  
 

A general tunnel system is very complex and no simple model 

can be designed for it. To handle the system more easily, Kurka, 

Ferkl, Porízek, and Jul, and Ferkl and Meinsma, performed a 

functional decomposition [19,20]; therefore, the tunnel model 

comprises three main functional parts (or subsystems)—

ventilation, traffic and exhaust. 

 

Ventilation Model based on Generalized Bernoulli 

Equation  
 

Consider a one-dimensional model with lumped parameters, 

meaning the airflow velocity    does not depend on the   and   

coordinates, i.e., 
   

  
 

   

  
    For simplification purposes, 

consider the incompressible flow, meaning the density of air   is 

constant along the entire length of the tunnel and does not 

depend on time. 

 

A road tunnel can be divided into sections with constant 

geometry, cross-section area, hydraulic diameter, etc. Based on 

the assumptions stated above, the airflow velocity is constant 

within the whole section. The airflow dynamics in each section 

is described by the generalized Bernoulli equation. 

 

The generalized Bernoulli equation for incompressible and 

unsteady flow can be expressed in different ways. For this 

purpose, the following equation is used [21,22]: 

 

    
   

  
        (1) 

 

where 
   

  
 represents the acceleration of airflow,   is the length 

of the given section of the tunnel,   is the density of air,    is the 

airflow velocity, and    denotes the total pressure change in the 

given section of the tunnel. 
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The total pressure change    in the given section of the tunnel 

can be divided into pressure losses caused by air friction       , 

changes in tunnel geometry       , pressure change due to 

running jet fans     , piston effect force of vehicles       , and 

disturbance effects        caused by natural wind: 

 

                                           (2) 

The pressure drop        caused by local losses depends on a 

loss coefficient  , which represents losses due to the cross 

section changes, the shape of transition, the direction of flow, 

etc., as in Equation (3): 

 

       
 

 
              

           (3) 

 

where        mainly undergoes two types of losses caused by 

cross section changes. One kind is the contraction loss at the 

entrance      
 

 
       

 ; the other is expansion loss at the 

outlet       
 

 
        

      denotes the contraction head 

loss coefficient at the tunnel entrance, and      describes the 

expansion head loss coefficient at the outlet of the tunnel. 

 

The pressure drop        caused by friction losses depends on 

wall roughness, traffic signs on the walls, etc.        can be 

calculated as: 

 

       
 

 
   

 

  
   

    (4) 

 

where   represents the coefficient friction of the tunnel walls, 

and    is the hydraulic diameter of the tunnel. 

 

The pressure drop        caused by the piston effect of the 

vehicles represents the influence of the vehicles passing through 

the tunnel, shown by Equation (5): 

 

       
 

 
 

 

         
           |       |        ∑      

 
       (5) 

where      represents the average speed of the vehicles,      

describes the tunnel cross section area,    is the average head 
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surface area of the     vehicle type,    is the number of vehicles 

of the     type, and       defines the convoy polynomial [23]. 

 

The pressure drop      describes the effect of the     jet fans on 

the flow velocity, shown by Equation (6): 

 

                        (6) 

 

                  
     

  

     
               (7) 

 

The pressure drop        indexed by   is characterized by the 

average outlet velocity       and the factor       of each jet fan: 

 

        
     

    
                        (8) 

 

where       is the cross sectional area of the     ventilator, and 

     is the correction factor taking account of the installation 

situation for the     ventilator [5]. 

 

Additionally, the wind acting on the tunnel port affects the air 

flow in the tunnel dependent on the wind speed       by 

producing a dynamic pressure,       , which is calculated as: 

 

       
 

 
           

 

  
       

      (9) 

 

The dynamic behavior of the air flow is described by the non-

linear ordinary differential equation (Equation (3)) of first order. 

       is commonly considered as the resistance pressure.      

and        provide pressure rises for the air flow.        is 

usually uncontrollable unless traffic control is implemented in an 

emergency. Therefore, what can be controlled is     ; by 

adjusting the number of jet fans running, the velocity of air flow 

in the tunnel can be changed. 
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Exhaust Distribution  
 

Vehicles passing through a tunnel produce various types of 

poisonous gasses and small, visibility-reduced particulate matter 

(PM), especially in the case of heavy vehicles with diesel 

engines. At present, the main dilution objects of tunnel 

ventilation are carbon monoxide (CO), nitrogen oxides (NOx), 

and PM. 

 

A mass balance equation for a component with constant density 

and constant diffusion coefficient is used for exhaust 

distribution: 
       

  
    

       

  
   

        

          (10) 

 

where        is the exhaust concentration,   is the diffusion 

coefficient, and   is exhaust produced by traffic traveling in the 

tunnel. 

 

According to the paper [23],   is computed as: 

 

  
 

                           ∑         
      (11) 

 

where   is emissions of CO and NOx (m
3
/s), and particle matter 

(m
2
/s);    is the base emission factor for HGVs (heavy goods 

vehicles and buses) with diesel engines, depending on average 

speed and road gradient for the base year 2000;    is the 

influence factor for highway grade;    is the correction factor for 

average vehicle density;    is the altitude factor;     is the 

correction factor for gradient and speed;    is the number of 

each vehicle type; and    is the influence factor for vehicle gross 

masses. 

 

Assuming that       and     m, using the partial 

differential equation function package provided by MATLAB 

software, the concentration distribution of different pollutants in 

tunnels can be obtained. 
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Traffic 
 

The influence of traffic on the phenomena within a tunnel is 

dual: it produces pollution and, on the other hand, reduces 

concentration of pollutants by the piston effect. The 

characteristics of traffic flow are described by Greenshield’s 

macroscopic stream model as follows: 

 

                                              (12) 

 

where          is the vehicle density (vehicles/kilometer); 

           is the jam density (vehicles/kilometer);          is the 

average traffic speed (kilometer/hour); and            is the free 

flow speed (kilometer/hour). 

 

The system takes as input the traffic speed         , that is, the 

average speed of vehicles per hour that enter each of the tunnel 

entrances, and computes the distributions of the vehicles          

in the tunnel. 

 

Principle of the ADRC  
 

The ADRC offers a new and inherently robust controller that 

requires very little information of the plant, as shown in Figure 

2. It is composed of a tracking differentiator (TD), an extended 

state observer, and a nonlinear PD controller. For the sake of 

simplicity, the plant described by the first-order differential 

equation of Equation (13) is used as the theme problem to 

illustrate the ADRC-based control design. 

 

{
 ̇              
   

     (13) 

 

where   is the output,   is the input signal,   is the state variable, 

  denotes external disturbances,   is the system parameter, and 

         is a multivariable function of the state, external 

disturbance, and time. 
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Figure 2: Block diagram of the ADRC. 

 

Tracking differentiator (TD) 
 

The tracking differentiator (TD) can quickly track the input 

signal without set point jump by constructing a transient profile 

that the output of the plant can reasonably follow, and generate 

an approximate differential signal of the input signal. The 

discrete equation is: 

 

{
                     

                                          
 (14) 

 

where      is the reference input signal of the ADRC.       

tracks the input signal      and       is the first-order derivative 

of      .    is the discrete control period. The dynamic 

performance of the TD can be tuned by   and  .   is the filtering 

parameter. A larger   means a better filtering effect on noise.   

determines the tracking effect. The larger the value of  , the 

faster the tracking speed and the greater the overshooting. 

Therefore, both parameters need to be designed according to the 

output profile of the TD. The optimal control function of the 

discrete time system is as follows: 

 

                           {
        | |           

            | |           
  (15) 

 

 

  {
      

    

 
               |     |             

      
     

 
   |     |             

             (16) 
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   √       |    |     (17) 

 

 

                            (18) 

 

Extended State Observer (ESO)  
 

Considering   in Equation (13) as a disturbance, a second-order 

extended state observer can be proposed as: 

 

{

                

                                                   
                                    

 (19) 

 

where       is the actual feedback signal of the state variable 

    ;       is the estimate of the state variable;      is the 

estimation error of the observer;       is the estimation of the 

total disturbance of the system; and   ,   ,    ,     are four 

adjustable parameters in the ESO. Taking        for 

instance, the smaller the value of   , the stronger the 

nonlinearity of function                . This means that the 

ESO has better resistance to system disturbances.    is the filter 

parameter of the ESO.     and     greatly affect the dynamic 

performance of the system. The estimation of state variables is 

mainly influenced by    . The estimation of system disturbance 

is mainly affected by    . The larger the values of     and    , 

the faster the convergence is estimated. However, if they are too 

large, the output of the ESO might produce an oscillating 

divergence and a high frequency noise signal. With a 

well0behaved observer,       will closely track the state variable 

of the system      , and       can estimate the total disturbances 

         accurately enough. A nonlinear combination function 

                is: 

 

                {
|    |                |    |    

       
    

   |    |    

  (20) 
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Nonlinear State Error Feedback Control Laws 

(NLSEF)  
 

According to the output of the TD and ESO, the first-order 

nonlinear state feedback control law is constructed as: 

 

{

                 

                                 
                  

(21) 

 

where      is the control variable of the ADRC.    ,    ,    are 

adjustable parameters. Their meaning is similar to the adjustable 

parameters in the ESO. 

 

The ADRC consists of TD, ESO, and NLSEF. According to 

different application specifications, these three parts can be used 

separately or in combination. 

 

Tunnel Ventilation Control System Based on 

the Active Disturbance Rejection Technique  
 

According to the basic principle of the ADRC, this paper 

presents a cascade ventilation control system consisting of the 

pollution control loop and the airflow control loop (Figure 1). 

The pollution control loop    aims to maintain the pollutant 

concentration below a specified limit. The control variable of 

airflow control loop    is the running number of jet fans. These 

two control subsystems will be introduced in the following 

subsections. 

 

Pollutant Concentration Control Subsystem Based on 

ADRC  
 

Consider the mass balance equation (Equation (9)) mentioned 

above;        is a multivariable function of both time and 

position, and is difficult to mathematically analyze with 

accuracy. Here,        does not need to be expressively known 

and can be simplified by the form: 
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  (           

   )     
          (22) 

 

(     
  

  
)     are attributed to the total disturbance of the 

system. This is clearly an ADRC problem and should be treated 

with Equation (23) taken into account as a total disturbance: 

 (             
   )  

  

  
 

  

  
 (   

 
  

  
)     

   

   
      (23) 

 

By combining various known and unknown quantities for an 

overall disturbance, a complex control problem can be converted 

into a simple one that the ADRC can solve. Since an ADRC 

controller consists of TD, ESO and NLSEF, the key calculations 

in line with these can be presented by Equations (24)–(26) 

accordingly. 

 

{
                      

                                           
    (24) 

 

where       is the upper limit of the pollutant concentration. 

      is the concentration estimation and       is the first-order 

derivative of      . 

 

{

                   

                                                             

                                        
    (25) 

 

where       is the measured pollutant concentration.         is 

the estimation of concentration.         is the total disturbance. 

 

{

                   

   
                        

         
                

        (26) 

 

where       is the control variable. 

 

Airflow Velocity Control Subsystem Based on ADRC 
 

Dynamic behavior of the flow velocity       described by the 

incompressible non-stationary Bernoulli equation (Equation (2)) 

can be rewritten by this form: 
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         (27) 

 

        can be represented by the following equation: 

 

 

{
 
 

 
                     

     
  

     
 

                    
   

  

     
 

  

     
 

                        

        (28) 

 

 

where    is the maximum airflow velocity.          is the known 

pressure drop and          refers to the uncertain part of the 

pressure drop. Similar to the calculation of       ,       , 

      , and        can be written as the equations below: 

 

 

{
  
 

  
          

 

 
 

 

         

           |       |        ∑     

 

   

         
 

 
 

 

         

                              |     |        ∑     

 

   

                        

     

 

 

{
 
 

 
          

 

 
   

 

  
   

 

         
 

 
   

 

  
    

    
  

                        

            (30) 

 

{

         
 

 
              

 

         
 

 
               

    
  

                        

     (31) 
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Let 

 
                                                              

(32) 

 

                                      (33) 

 

 

      
              (34) 

 

Therefore, Equation (24) can be rewritten by: 

 
   

  
     (      )                     (35) 

 

where        and        refer to the model errors which can be 

regarded as part of the total disturbance.     is the control 

variable. The key parameters in the ESO and NLSEF can be 

calculated by Equations (36) and (37): 

 

{

                   

                                                                       

                                        

  

(36) 
 

where    
    is the real airflow velocity measured by 

anemometers,         refers to the state variable, and         

refers to the estimate of the total disturbances. 

 

{

                   

                            

                                      

(37) 

 

where       is the value of the control variable in Equation (26), 

which is the reference for this subsystem. By tracking the 

pollutant concentration curve, the number of running jet fans 

       can be obtained, and the airflow velocity changed 

accordingly in a longitudinal ventilation tunnel. 
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Test Results 
 

In this work, a range of tests were performed to optimize the 

control algorithms and energy consumption. 

 

The Status of the Experimental Tunnel  
 

A ventilation control system based on cascaded ADRC 

controllers was tested in the simulation model of the right tube of 

the Zhongliangshan tunnel on the Chengdu–Chongqing 

expressway in China [24]. Figure 3 shows the layout and 

installation scheme of the right tube. The parameters of the right 

tube and vehicle proportion statistics of the peak hours are listed 

in Tables 1 and 2, respectively. 

 

The test results shown in this section are obtained based on 

Tables 1 and 2. If this ADRC scheme is applied to other tunnels 

or tubes, the parameters will be required to be optimized from 

measurements to obtain a better model accuracy. 

 

Chengdu

Chongqing

3103m

24 groups of jet fans 20 groups of jet fans

Emergency 

parking belt
Measuring 

point_2
Measuring 

point_1

 
Figure 3: The layout and installation scheme of the right tube of the 

Zhongliangshan tunnel. 

 

 

Table 1. The parameters of the right tube of the Zhongliangshan tunnel. 

 
Parameter Value Parameter Value Parameter Value 

  /(m) 3103      /(m2) 51.7    /(m) 6.44 

  /(kg/m3) 1.156       0.5        1 

   0.02        /(m/s) 27.5       /(m
2) 0.63 

       0.7       88   
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Table 2: Vehicle proportion statistics of the peak hours in the right tube 

of the Zhongliangshan tunnel. 

 
Vehicle 

Category 

Passenger 

Cars 

Truck Total  

Amount 

Large Small Heavy Medium  Light 

Peak traffic flow 

(veh/h) 

161 1562 257 273 48 2301 

Proportion (%) 7 68 11 12 2 100 

 

Effectiveness of the Tunnel Model  
 

The right tube of the experimental tunnel uses a number of jet 

fans to form a longitudinal ventilation system. Under these 

circumstances, the concentration of pollutants (CO, PM) 

increases from the entrance to the exit, and concentration reaches 

a maximum near the exit. Figure 4 shows that the distribution for 

CO and PM complies with this change law. These results 

confirm the effectiveness of the developed model. Moreover, the 

control result based on this model is also effective, tracking the 

corresponding changes accordingly. 

 

 
 

(a) 
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(b) 

 
Figure 4: Concentration distribution of the pollutants along the tunnel axis: 

(a) concentration distribution of CO; (b) concentration distribution of 

particulate matter (PM). 

 

The Performance ADRC on Longitudinal Ventilation 

System  
 

Among the ADRC components, the TD, ESO, and NLSEF can be 

used separately or together. In order to make full use of the ESO, 

they start to work by close monitoring CO, PM, and airflow 

velocity once the system launches. The TD and NLSEF are not 

activated until the mean concentration of CO or the maximum 

concentration of PM exceeds the upper limits. A flow chart of 

operating the system is shown in Figure 5. 

 

The scheme starts with an initialization. Next, the traffic speed is 

measured and used to define the pollutant concentration limit. 

Three important elements, namely, the exhaust concentration, 

pollutant distribution, and vehicle density, are calculated 

according to Equations (10)–(12). Then, the pollutant 

concentration and airflow velocity are estimated according to 

Equations (25) and (36). Four cases of the combination of CO 

and PM concentration are considered. In each case, the desired 

airflow is defined accordingly. If CO exceeds the upper limit and 
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PM is lower than the threshold, a desired velocity can be 

determined by CO emission control by ADRC, and then used. In 

the following step, the number of running fans is defined as per 

the desired airflow velocity. Then, the airflow speed is updated. 

This is a whole loop of the operation. 

 

 
 
Figure 5: The flow chart of the simulation system. 
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Performance Analysis of the ESO  
 

Concentration of CO, concentration of PM, and airflow velocity 

are measured every 15 minutes, and sent to their corresponding 

ESO. Figure 6 shows that ESO performance is in line with CO 

concentration in a control period. Figure 6a illustrates the 

performance of CO concentration observations. The dotted line 

(estimated value) accurately traces the solid line (actual value) at 

the value of 20 ppm. Meanwhile, Figure 6b, the total disturbance 

of the system can be observed (       ppm). The ESOs for 

PM concentration and airflow velocity have the same excellent 

performance. 

 
 (a) 

 
 (b) 

Figure 6: The results of the extended state observer (ESO) for CO 

concentration: (a) the observation    (dotted line) and the actual value    

(solid line) of CO concentration; (b) the observations    of the total 

disturbance. 
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Steady tracking performance  

 

Continuous congestion is used to test the steady tracking 

performance of the designed control system. When the average 

speed of the traffic flow drops to 35 km/h, continuous congestion 

occurs. At this time, the concentrations of CO and PM both 

exceed the upper limit. The upper limits of the CO and PM 

concentrations in a congested state are 70 ppm and 0.0075 m
−1

, 

respectively. The ADRC controller of CO concentration and PM 

concentration will give the required airflow velocity. Because 

the deviation of PM concentration from the upper limit is larger 

than the deviation of CO concentration, the required wind speed 

to dilute PM concentration is larger than that required to dilute 

CO concentration. A larger airflow velocity value than the output 

reference is selected. The ADRC controller of the air flow 

velocity will receive the required number of jet fans and then act 

on it. In order to save the power, it is sufficient that the number 

of jet fans in operation can reduce the concentration of pollutants 

to near the upper limits. Therefore, a suitable concentration of 

PM tracking curve (solid line) is designed in Figure 7a–c, which 

presents the CO concentration and air flow velocity under 

control by the proposed method. Figure 7d demonstrates the 

number of jet fans required. 

 

 
 

(a) 
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(b) 

 
 

(c) 
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(d) 

 

Figure 7: The steady tracking results of the cascaded ADRC ventilation system 

at every sample time: (a) PM concentration tracking results; (b) CO 

concentration; (c) air flow velocity; (d) the number of jet fans in operation. 
 

Dynamic Tracking Performance  

 

When the state of traffic flow develops from congestion to 

stagnation, the concentration of pollutants continues to rise. This 

process can be used to test the dynamic performance of the 

designed control system. The upper limits of the CO and PM 

concentrations in a stagnation state are 70 ppm and 0.009 m
−1

, 

respectively. Similar to the congestion state, PM pollutes the air 

more severely than CO, and is the main control target. This is 

related to the composition of vehicles in the traffic flow. As can 

be seen from Table 2, the higher the proportion of diesel heavy 

vehicles, the larger the amount of PM. Therefore, PM was the 

main dilution target. The tracking curve is designed as the solid 

line in Figure 8a. The actual PM concentration curve is shown as 

the dotted line in Figure 8a. As can be seen, the actual curve is 

able to track the reference well. The absolute error between the 

two is less than 0.00079 m
−1

. Figure 8b reflects the change in CO 

concentration, which is below the upper limit. Figure 8c,d shows 

the air speed in the tunnel and the required number of fans 

running. It can be seen that 10 fans running is needed in 

ventilation when the traffic is at standstill. 
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(a) 

 
  

(b) 
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(c) 

 
 

(d) 

 
Figure 8: The dynamic tracking results of the cascaded ADRC ventilation 

system at every sample time: (a) PM concentration tracking results; (b) CO 

concentration; (c) air flow velocity; (d) the number of jet fans in operation. 

 

Energy-Saving Performance Analysis  

 

Step control (on-off control) is usually used in ventilation 

systems [24]. Table 3 shows a comparison of the step control 

with the proposed method. It can be seen that although step 

control is simpler and easier to implement, the number of 
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running jet fans is much higher than the cascaded ADRC 

strategy proposed in this paper. Therefore, the latter can 

significantly reduce electricity consumption. 

 
Table 3: Comparison of the step control and the cascade ADRC 

ventilation control. 

 
Traffic Condition Normal Traffic  

(50–100 km/h) 

Congestion Traffic Block  

(         

       ) 

Number 

of jet 

fans  

step 

control 

zero 24 or 48 88 

Cascade 

ADRC  

zero 8 10 

 

Conclusions 
 

In this paper, a cascaded longitudinal ventilation control 

approach based on the ADRC was presented for a road tunnel. 

This control system consists of a CO and PM concentration 

control subsystem and an air flow velocity control subsystem. 

This cascade control method is designed to achieve multiple 

control objectives. In order to reduce the concentration of 

pollutants in the tunnel, the forced air flow rate in the tunnel 

needs to be dynamically controlled. Furthermore, the number of 

jet fans in operation needs to be optimized to save energy. 

Therefore, by adopting corresponding control measures for each 

link, more accurate control schemes can be obtained. 

 

Conventionally, step control is widely used in tunnel ventilation 

systems. However, this method might cause large fluctuations in 

the air flow speed over the on/off operation to jet fans, which 

leads to undesirable dramatic changes in pollutant concentration. 

By contrast, the proposed ADRC scheme can maintain the 

pollutant concentration level within a permitted range with 

minimal energy consumption. The ADRC scheme uses a state 

observer to capture the external disturbance and compensates for 

the model uncertainty at the subsystem level to improve the 

accuracy of the nonlinear control scheme. In this way, the 

pollutant concentration can be controlled close to the upper limit 

while running the minimal number of fans. The test results show 
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the effectiveness of the proposed method where the ADRC is 

used for pollutant control in a tunnel’s longitudinal ventilation in 

an efficient manner. 

 

However, the ADRC algorithms also have disadvantages. The 

control algorithms are more complex than step control. 

Moreover, they include several control parameters in the control 

loop that are determined by empirical methods based on 

historical data and trial-and-error. In further work, control 

parameters will be developed and optimized to improve the 

system performance. A data-driven method will be utilized to 

enhance the accuracy of NLSEF for nonlinear problems. 
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Abstract  
 

A microwave-assisted hydrothermal method was used to 

synthesize ZnO and TiO2 nanostructures. The experimental 

results show that the method resulted in crystalline 

monodispersed ZnO nanorods that have pointed tips with 

hexagonal crystal phase. TiO2 nanotubes were also formed with 

minimum bundles. The mechanism for the formation of the tubes 

was validated by HRTEM results. The optical properties of both 

ZnO and TiO2 nanostructures showed characteristics of strong 

quantum confinement regime. The photoluminescence spectrum 

of TiO2 nanotubes shows good improvement from previously 

reported data. 
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Introduction  
 

The fabrication of size and shape controlled nanoparticles and 

their assembly into materials still poses a challenge in the area of 

nanosciences. It is well recognized that the shape of the 

nanoparticles plays a crucial role in determining their resultant 

properties [1-5]. One of the difficulties associated with the 

synthesis of anisotropic nanoparticles is the control of growth 

through variation of the reaction parameters [6-10]. Factors such 

as concentration, temperature, pH, capping agent as well as the 

reaction time are critical parameters that influence the size and 

the morphology of the nanoparticles. Apart from these factors, 

altering a synthetic strategy can also introduce surprising results. 

Herein we report on the syntheses of ZnO and TiO2 nanoparticles 

using a microwave assisted method. Their optical and 

morphological properties are also investigated.  

 

ZnO has attracted much attention because of its outstanding 

physical properties. It is an II-VI semiconductor that has a direct 

wide band-gap of 3.37 eV and a large excitonic binding energy 

(60 meV). Because of these properties ZnO has found use in 

various technological applications including transparent 

conducting electrodes for solar cells, photocatalysis, surface 

acoustic devices, UV lasers and as chemical and biological 

sensors [11-15]. Various methods such as the sol-gel method, 

hydrothermal process, chemical vapour deposition and the 

single-source precursor method have been employed to 

synthesize different ZnO nanostructures [16-19]. Though similar 

to ZnO, TiO2 has been found to be particularly very effective in 

photocalysis and has been employed in this capacity as an active 

layer in photovoltaics as well as an electrode in photoelectrolysis 

cells where it has been known to enhance the efficiency of 

electrolytic splitting of water into hydrogen and oxygen [20]. 

TiO2 is a semiconductor with a structurally dependent band-gap 

(anatase - 3.20 eV and rutile – 3.03 eV) [21]. TiO2 has been 

prepared via several techniques such as the sol-gel, hydrothermal 

process, and pulse laser deposition [22-24].  

 

Although the sol-gel method is widely accepted for the 

preparation of both ZnO and TiO2 nanostructures, the 
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calcinations process is essential and can cause further particle 

growth, induce phase transformation and result in lower specific 

surface area. The method also results in the incorporation of 

impurities and poor crystallinity [25]. In this context, the use of 

the microwave assisted method is expected to be an alternative to 

the sol-gel technique. The most notable effect of microwave 

irradiation is the heating effect. In microwave heating, unlike in 

conventional heating, heat is generated within the material itself 

instead of heat supplied from external sources. As a result of this 

internal and volumetric heating, thermal gradients and flow of 

heat during microwave processing are quite different from those 

observed in conventional heating. This heating mechanism also 

results in the reduction of the reaction time. The optical and 

morphological properties of ZnO and TiO2 synthesized using the 

microwave-assisted method are hereby reported.  

 

Experimental  
Reagents  
 

Titania (TiO2, P25 Degussa), zinc oxide, potassium hydroxide, 

hydrogen peroxide and methanol were all purchased from 

Merck, South Africa. The potassium hydroxide (KOH) and 

hydrogen peroxide (H2O2) were diluted accordingly to obtain the 

desired concentration. 

 

Synthesis of ZnO Derived Nanostructures  
 

About 0.045 mol of ZnO powder was added to 20 ml of 30 % 

hydrogen peroxide. The solution was then placed in Teflon 

container and heated in a microwave oven with a maximum 

power of 1200 W, at a pressure of 30 bars for 15 min. The 

resultant particles were then washed several times with deionised 

water and dried in a conventional oven at 100 
○
C for 5 h. 

 

 Synthesis of the TiO2 Derived Nanostructures  
 

In a typical synthesis, 22g of TiO2 powder was added to a 200 ml 

of 18 M potassium hydroxide. The solution was then placed in 

Teflon container and heated in a microwave oven with a 

maximum power of 1200 W, at a pressure of 22 bars for 15 min. 
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The resultant particles were then washed several times with 

deionised water until the conductivity of the solution was below 

100 µS/cm and finally dried in a conventional oven at 100 
○
C for 

5 h. 

 

Structural Characterization  
 

X-ray diffraction: XRD patterns on powdered samples were 

measured on a Phillips X’Pert materials research diffractometer 

using secondary graphite monochromated Cu K radiation ( = 

1.54060 Å) at 40 kV/50 mA. Measurements were taken using a 

glancing angle of incidence detector at an angle of 2, for 2 

values over 10 – 80 in steps of 0.05 with a scan speed of 0.01 

2.s
-1

. 

 

Electron microscopy: The samples were characterized using 

field emission scanning electron microscopy (FE-SEM )(Leo, 

Zeiss), operated at 3-10 kV electron potential difference and 

equipped with a semiconductor detector that allows for detection 

of energy dispersive X-rays (EDX). The samples were prepared 

by placing a thin layer of powder on a carbon tape. The high 

resolution transmission electron microscopy (HRTEM) was 

carried out on a Joel JEM-2100 microscopy with a LAB6 

filament. The measurements were carried out at 200 kV with a 

beam spot size of 20 - 200 nm in TEM mode. The samples were 

prepared by placing a drop of particles suspended in methanol on 

a holey carbon coated copper grid. 

 

Optical Characterization  
 

Absorption spectroscopy: A Perkin Elmer Lambda 75S UV-

VIS-NIR Spectrophotometer with double grating and double 

monochromator for high absorbance measurements was used to 

carry out the optical measurements. The powders were 

suspended in methanol and placed in quartz cuvettes (1 cm, path 

length). The band-edges of the samples were determined from 

absorption spectrum by extrapolation. 

 

Emission spectroscopy: A Perkin Elmer LS55 with a xenon 

lamp (150 W) and a 152 P photo multiplier tube as a detector 
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was used to measure the photoluminescence of the particles. The 

samples were suspended in methanol and placed in quartz 

cuvettes (1-cm path length) for spectral analysis.   

 

Results and Discussions  
Morphological Properties  

 

               
Figure 1: X-ray diffractograms of (a) ZnO and (b) TiO2. 

 

The XRD patterns of the as-synthesized ZnO and TiO2 are 

shown in Figure 1(a) and (b) respectively. The diffraction peaks 

in Figure 1(a) could be indexed to a hexagonal phase ZnO 

(JCPDS 36-1451). The slight broadening of the peaks is ascribed 

to size effect. The diffraction pattern of titania depicted in Figure 

1 (b), revealed the presence of both rutile (JCPDS 88-1175) and 

anatase (JCPDS 84-1286) phase. Two broad peaks belonging to 

neither rutile nor anatase were also detected. These peaks could 

be indexed to a titanate structure, Ti4O7. The titanate structures 

containing potassium ions, KTiO2(OH), have been previously 

observed and this was attributed to the intercalation of potassium 

ions into TiO2 framework [26]. In the current study the use of 

microwave resulted in the formation of a titanate structure 

(Ti4O7) without potassium ions. This clearly shows that the 

intercalation of potassium ions is dependent on the time and 

method of processing. The crystallinity of the TiO2 sample is 

slightly poorer when compared to that of ZnO and this is 

probably due to the difference in particle size and shape. 

 

=  anatase ,          =    rutile and    * = Ti4O7 
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Figure 2: (a) SEM, (b) TEM, (c) HRTEM micrographs of ZnO and (d) sketch 

illustrating the shape of ZnO. 

 

The morphologies of ZnO and TiO2 nanostructures are depicted 

in Figure 2 and Figure 3 respectively. The SEM micrograph in 

Figure 2(a) shows rod-like nanostructures with pointed tips. The 

TEM image in Figure 2(b) confirms the morphology as that of 

pointed-tip rods. The particles have a very high aspect ratio. The 

averaged particle size was found to be 36 nm. The HRTEM 

depicted in Figure 2(c) shows a crystalline particle indicated by 

the presence of the lattice fringes with the lattice spacing (d = 

0.28 nm) that could be indexed to a (100) crystal plane of 

hexagonal ZnO. This is in agreement with the observed crystal 

phase in Figure 1(a). The sketch in Figure 2(d) shows the 

perceived geometry of the particle with the rod growth occurring 

along the (100) plane as corroborated by the HRTEM.  

 

50 nm

(a) (b)

(c)

(100)

d = 0.28 nm

(d)
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Figure 3: (a) SEM, (b) TEM, (c) HRTEM micrographs of TiO2 and (d) 

formation mechanism of TiO2 nanotubes. 

 

The SEM image of TiO2 in Figure 3(a) shows entangled 

nanotubular structures. The TEM confirms the morphology to be 

tubular rather than wires. The tubes show narrow size 

distribution with the diameters being approximately 25 nm. The 

HRTEM shown in Figure 3(c) shows a single tube with crystal 

fringes indexed to the anatase phase. The sizes of the walls of the 

tube appear to be asymmetrical. This is to be expected as various 

authors have suggested that the formation of the tubes as a mere 

rolling up of the TiO2 sheets (Fig, 3(d)) [26,27]. This growth 

mechanism is clearly supported and confirmed in this case by the 

HRTEM image in Figure 3(c). 

 

Optical Properties  
 

Zinc oxide is a direct band gap semiconductor with bulk band 

gap energy of 3.37 eV (368 nm). The optical properties are 

shown in Figure 4(a). The band-edge is a function of the 

composition, size, and shape of the nanonocrystal. The 

absorption spectrum has a band-edge at 350 nm. The band –edge 

1 00 nm

(a) (b)

(d)(c)

d = 0.35 nm

(004)

d = 0.24 nm

(101)
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is blue-shifted from bulk band-edge of 368 nm. This is indicative 

of quantum confinement of the exciton within the ZnO 

nanocrystal and this is characteristic of nanoparticles. Another 

impressive feature of semiconductor nanoparticles is their ability 

to emit light. Upon excitation with wavelength shorter or 

equivalent to the absorption onset, an electron is promoted from 

the valence band to the conduction band and upon relaxation a 

phonon of light is emitted. The emission spectrum of ZnO is 

depicted in Figure 4(a) shows a relatively narrow Gaussian 

distributed curve signifying a monodispersed particles 

population. The wavelength at maximum emission (420 nm) is 

red-shifted from the first absorption peak by a stoke shift of 

approximately 80 nm. The sharpness and the intensity of the 

peak suggest that the particles are very stable and have very few 

surface traps. The Stoke shift for the ZnO is particularly large. 

Stokes shift is well known both in the molecular spectroscopy 

and in the spectroscopy of the nanoparticles. It is known that this 

kind of shift (so-called Frank-Condon shift) is due to vibrational 

relaxation of the excited nanoparticles to the ground state [28]. 

 
Figure 4: Absorption and emission spectra of (a) ZnO and (b) TiO2. 

 

The absorption spectrum of TiO2 nanotubes in Figure 4(b) shows 

an absorption band-edge at 371 nm. This peak is blue-shifted 

from the bulk band-edge of 388 nm. Similarly to ZnO, this 

suggests strong quantum confinement of the excitons. The 

photoluminescence spectrum of TiO2 usually shows poor 

characteristics probably because the hydrothermal and sol-gel 

methods usually used to synthesize the nanostructures do not 

make use of the surface passivating ligands resulting in 

formation of surface traps as well as high bundle formation in 

the case of nanotubes [28]. The emission spectrum for TiO2 
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nanotubes depicted in Figure 3(b) shows a narrow, sharp 

Gaussian peak with high intensity. The emission maximum 

located at 400 nm is red-shifted from the absorption band-edge. 

The characteristics of the observed emission spectrum are 

indicative of minimum bundle formation as validated by the 

SEM and TEM. The use of microwave as the heating source 

compared to the conventional heating method used in 

hydrothermal processes result in short synthetic time as well as 

high energy system that can limit the formation of bundles.   

 

Conclusion  
 

Highly crystalline ZnO nanorods and TiO2 one dimensional 

structures were successfully synthesized via the microwave-

assisted hydrothermal method. The structural properties of ZnO 

indicated the predominance of a hexagonal phase and growth of 

pointed nanorods in (100) direction. A mixed crystal phase was 

detected for TiO2 with anatase, rutile and Ti4O7 present.  The 

morphology was found to be tubular with diameters of 

approximately 25 nm. The difference in crystallinity of the two 

materials is ascribed to materials different size and morphology. 

There was also less formation of bundles thought to be as a result 

of the evenly distributed heat generated by the microwave. The 

optical properties of both ZnO and TiO2 nanostructures showed 

characteristics of strong quantum confinement regime. The 

photoluminescence spectrum of TiO2 nanotubes show good 

improvement from previously reported data. 
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Abstract  
 

This paper addresses the issue of optimal sizing reliability 

applied to a fuel cell/battery hybrid system. This specific 

problem raises the global problem of strong coupling between 

hardware and control parameters. To tackle this matter, the 

proposed methodology uses nested optimization loops. 

Furthermore, to increase the optimal design relevance, a 

reliability assessment of the optimal sizing set is introduced. This 

new paradigm enables showing the early impact of the reliability 

criteria on design choices regarding energetic performance 

index. It leads to a smart design methodology permitting to avoid 

complexity and save computing time. It considerably helps 

design engineers set up the best hybridization rate and enables 

practicing tradeoffs, including reliability aspects in the early 

design stages. 
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Highway- Cycles; US06- Highway United States Test Cycle; 

VPD- Supplemental United States Test Cycle; WV- Vector of 

Power Distribution; D- Weighting Vector; LLoss- Degradation 

degree; SOE- Lifetime loss; DOD- State of Energy; CCCV- 

Depth of Discharge; CC- Constant Current Constant Voltage; 

EOL- Constant Current End-of-Life; PFC/Max/Min - Fuel cell power, 

Maximum, Minimum, (W); PBAT/Max/Min - Battery power, 

Maximum, Minimum, (W); CBAT/Max/Min - Battery capacity, 

Maximum, Minimum, (Ah); SOCBAT/Max/Min - Battery state of 

charge, Maximum, Minimum, (%);ɳFC ɳBAT- Fuel cell and Battery 

efficiency, (%);H- Hamiltonian function; Λ- Co-state, Lagrange 

multiplier; PDem- Power demand, (W); Cr , Cx- Friction and 

aerodynamic coefficients; Ρ- Air density, (kg.m
−3

); S- Front 

surface area, (m
2
); M- Vehicle mass, (kg); g- Gravity 

acceleration, (m.s
−2

); α- Slope of the road, (deg); CBAT,C , CBAT,Init- 

Current and initial battery capacity, (Wh); SOC , SOC0- Current 

and initial State Of Charge, (%);iBAT- Battery current, (A); 

SOHDOD- State of health as a function of DOD; SOHIc- State of 

health as a function of rated current; NCycle,DOD - Number of cycles 

according to a DOD level; NCycle,Ic- Number of cycles according to 

a ratted current; Crate is - Charging/discharge current, (A); α, β, γ, 

δ, ρ, σ - Fitting parameters; EBAT- Battery cumulated energy, (J or 

Wh); EBAT,Tot,Init , NCycle,Init - Total initial battery energy and 

number of cycle; TS - Simple time, (s) 

 

Introduction  
 

The automotive industry is perpetually setting their focus on the 

development of alternative energy sources to reduce oil 

dependence, greenhouse gas emissions and noise pollution. In 

this context, powertrain electrification provides the most 

promising solution and allows the transition to new mobility 

services. In most cases, it uses more than one power source in 

order to improve the vehicle efficiency and reliability. Several 

hybrid architectures are under development to power the electric 

powertrain. The hybrid electric vehicle (HEV) uses different 

storage solutions and different energy sources, mainly fuel cells, 

batteries, flywheels and ultracapacitors [1–3]. The storage device 

is the key of a successful powertrain electrification since it 
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enhances the system capability with both high power and high 

energy densities. 

 

Hybridization unfortunately increases the complexity of the 

drivetrain, involving further multiphysics and multidisciplinary 

problems with additional parameters and constraints, strong 

interaction and interdependence between the system constituents, 

new driving modes, etc. In order to deal with the full complexity 

of the system, many performance indices must be integrated [3–

6]. The project designer has to consider the most suitable 

components, their optimal size, and the related energy 

management strategy. It is, therefore, an industrial challenge to 

optimize the design of such a system. 

 

In this context, developing a suitable engineering methodology 

has received a significant amount of attention. In the literature, 

the numerous works dedicated to achieve an efficient HEV 

design can be subdivided into two categories: empirical 

approaches and computational approaches [6]. The former are 

mainly based on experience feedback using the designer’s 

expertise. They also include reasoning and direct analytic 

processes forming a sequence of design steps. These approaches 

have proved their effectiveness and performances for simple and 

conventional cases. However, facing a complexity increase 

requires using computational techniques. They use algorithmic 

processes mainly based on optimization routines. The standard 

approach provides a limited and restricted solution around an 

operating point of the typical range of the system; the rated one 

is commonly used. In order to improve its performance, several 

works have considered a wide range of operating points [7,8]. 

They generally use a systematic approach either based on a 

sequential process based on several individual optimizations or 

relying a multi-objective optimization [9–14]. Their 

performances are impacted by the trade-off between formulation 

complexity, computational time and exploration capabilities. 

 

A set of new approaches are emerging [15–18] based on 

combined and mixed methods concepts to address the increasing 

complexity of the system, by considering the major parameters 

affecting the system performances. They can be classified in 
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three categories: iterative, simultaneous and nested (bi-level) 

approaches. Regarding interaction between sizing and control 

designs, several works have demonstrated the relevance and 

performance of simultaneous and nested approaches [19,20]. 

 

Simultaneous approaches optimize both the sizing and control 

variables in the same optimization formulation, which gives rise 

to complex analytical structures and presents a challenge to 

practical resolution (formulation, computation time, type of 

problems). Conversely, nested ones maintain decomposition 

principles using dynamic coupling to ensure system optimality. 

They enable quick, practical and simple implementation. 

Moreover, a new nested methodology for complex system design 

has been suggested, able to tackle large search spaces [17]. It 

simultaneously tunes and designs the energy management and 

component sizing by optimizing the main powertrain parameters 

in conformity with the specifications. Technically, it uses two 

nested loops, combining the particle swarm optimization (PSO) 

technique’s performance [21,22] and the rapid Pontryagin 

optimal control algorithm (PMP Pontryagin’s Minimum 

Principle) [23–25]. The former permits addressing vast search 

spaces for design component parameters while the latter enables 

considering energy management behaviour. This strategy 

achieves faster convergence to the global optimal design solution 

and provides a good accuracy and robustness. 

 

For electrical vehicle (EV) applications, the reliability is a key 

constraint. Most of design processes integrate reliability 

assessments in the post-design phase, i.e., during the control 

scheme’s synthesis [3,26–28]. At this late step, it becomes 

difficult to eliminate all risk of unfeasibility. Practical remedies 

to this issue include either the development of optimal control 

together with degraded modes monitoring [27–31] or the use of 

an oversized system. None of these solutions provides a really 

efficient solution and ensures the system reliability in real-time 

operating conditions. In recent works [27,28], degraded modes 

of the power management system have been introduced to 

optimize fuel cell/battery hybrid system availability and 

reliability. These studies have shown that the battery degradation 

and its lifetime reduction highly depends on the considered 
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sizing. Consequently, to increase the optimal design relevance 

and match to industrial challenges, a reliability assessment 

process has to be introduced at the same level as the design 

approach. This new paradigm enables showing the early impact 

of the reliability criteria on design choices regarding energetic 

performance index. 

 

To put this notion to the test, the present work considers a fuel 

cell hybrid vehicle (FCHV) which is one of the attractive HEV 

architectures. It combines the most appropriate technologies for 

vehicles nowadays, a hydrogen fuel cell PEMFC (proton 

exchange membrane fuel cell) with a Li-ion battery. The fuel cell 

is controlled to ensure the required energy supply, whereas the 

transient power requirement and braking energy are provided by 

the battery. Subsequently, the battery operates under harsh and 

severe conditions and its durability has to be closely considered 

[1,3]. Hence, a battery reliability assessment is considered. The 

battery is modelled according to Wöhler damage representation. 

The battery state of health (SOH) is represented by a linear trend 

extrapolation which can be easily integrated into the 

optimization approach and respect computation time constraints. 

It constitutes a major advance compared with the current 

standard approaches which commonly introduce reliability 

constraints once the whole system is designed [32,33]. The latter 

leads to complex implementations based on extensive tests and, 

thus, expensive and time-consuming processes. Conversely, the 

suggested approach is based on a linear trend extrapolation of 

battery SOH enabling to study in the early steps of design how 

the reliability aspect may impact the hybrid power system sizing. 

Additionally, the present study also aims at finding new 

recommendations regarding the cost functions and the 

constraints of the design optimization approach. 

 

The rest of this paper is organized as follows. Section 2 presents 

the proposed optimal design approach, the studied use case (fuel 

cell/battery hybrid system) and its related requirements. Section 

3 introduces the extrapolation of lifetime modelling of the 

system under study and the proposed battery reliability 

assessment. This is followed by a detailed description of the 

reliability process integration in the next section. Section 5 gives 
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the simulation results and discussion. Finally, the last section 

provides the conclusion and perspectives. 

 

Optimization Sizing Approach  
Principle of Sizing Approach  
 

The optimal design aims at setting the value of the key 

parameters influencing system design based on one or more 

performance indices. Considering the interdependence between 

sizing and control parameters, the combined methodology is 

appropriate. The proposed approach is built on nested 

optimizations as presented in Figure 1. This global methodology 

is detailed in [17]. 

 

 
 
Figure 1: Overview of the suggested design optimization. 
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It relies on a two-level optimization scheme; the external loop 

permits to optimize the architecture sizing which means that it 

enables to define the optimal powertrain parameters with respect 

to the hybrid architecture specifications. PSO technique use 

permits to address large design space while leading to a simple 

and time-saving calculation implementation [21,22]. 

 

The control tuning parameters is considered; by introducing an 

energy consumption criterion in the internal loop (Figure 1), 

enabling to optimize the consumption of the designed 

architecture according to the total driving cycle. For this issue, 

the PMP based optimal control is introduced with the ability to 

compute and optimize a single trajectory of the cost function 

called the Hamilton function. This leads to reduced 

computational time and accelerates the convergence, even for 

large design space exploration, which is a key figure for the 

proposed approach [23–25]. 

 

Unlike conventional methodologies, the new proposed paradigm 

allows to maximize the space design exploration for more 

potential design candidates, and offering the best trade-off 

between computing time and optimal design. 

 

In summary, the proposed approach uses two nested 

optimization loops: the external one searches the main optimal 

parameters of the architecture sizing according to the 

specifications (constraints and criteria) defined by the expert 

user, while the internal loop makes the external criterion using 

the energy management optimization. This internal loop 

evaluates the energetic performance of each tested architecture 

sizing, which provides the cost function of the external loop. 

Figure 2 illustrates the workflow involved for the proposed 

design approach. 
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Figure 2: Workflow implementing the proposed nested optimization approach. 

 

Use Case  
 

The selected system is a parallel hybrid fuel cell/battery source 

including a DC/DC converter for each source. It offers a high 

freedom degrees that is relevant and suited for optimal design 

(sizing and energy management) [34]. Figure 3 illustrates the 

functional diagram of this architecture, with the fuel cell as the 

main energy source and the battery as the auxiliary power 

source. The vehicle specifications considered are related to a city 

car, similar to a Renault ZOE. 
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Figure 3: Parallel hybrid power source architecture. 

 

The FCEV demand power is computed according to the 

longitudinal dynamics equation of the vehicle considering the 

vehicle speed V and forces due to vehicle acceleration, drag and 

friction, and road slope, as follows: 
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where PDem is power demand, Cr and Cx are the friction and 

aerodynamic coefficients, respectively,  is the air density, S is 

the front surface area, M is vehicle mass, g is gravity 

acceleration and α is slope of the road. 

 

In order to consider the randomness feature of real driving cycle 

(stochastic characteristic), different road conditions are discussed 

including WLTC, US Highway and US 06. 
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System Reliability Approach 
 

This study concerns the reliability assessment of fuel cell/battery 

hybrid power source. This powertrain configuration aims at 

letting the fuel cell provide the main energy autonomy and the 

battery provide transient power demand. The focus is made on 

battery storage device, which is mainly impacted by durability 

concerns in a typical automotive application [26]. It is 

considered that the fuel cell, whose performance depends mainly 

on membrane behaviour (gas pressure and velocity, thermal and 

water management, etc.) is well managed and operates under low 

dynamics conditions, which is a positive factor for its lifetime 

[35]. Battery degradation leads to capacity loss and internal 

resistance increase, which limit the energy availability and the 

power capability, respectively. State of health (SOH) reflects the 

battery degradation along its lifetime. This indicator enables to 

obtain an appropriate reliability impact figure which can be 

integrated into the optimization approach. The SOH equation is 

defined in Equation (2): 

 

     
      

         
                    (2) 

 

where SOH is BAT state of health, CBAT,C and CBAT,Init are the 

current and initial battery capacities, respectively. 

 

Lithium-ion battery performances decline with use and time. 

Their lifetime degradation is a complex process and subject to 

different factors and mechanisms (electrical, thermal, humidity, 

mechanical and chemical parameters). Among these, the thermal 

aspect mainly drives the aging effects [36–41]. Technically, 

various studies have shown that the main effects on battery 

expected lifetime are: the calendar aging effect and the cycling 

effect [41,42]. 

 

First, the calendar aging effect [36,37] mainly depends of the 

storage conditions as the ambient temperature and the battery 

state of charge (SOC). The SOC equation is defined in (3): 
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∫              (3) 

 

where SOC and SOC0 are, respectively, the current and initial 

state of charge. ηBAT, CBAT and iBAT are battery efficiency, 

capacity and current, respectively. 

 

Second, the cycling aging is related to several elements 

depending on battery usage [38,39,43] and energy management 

optimization (power sharing). The main stress factors are the 

number of cycles, the depth of discharge (DOD), the battery 

temperature and the average demanded power. 

 

Considering different studies in literature [38–43], usually 

battery aging and SOH are evaluated according to calendar and 

cycling extensive tests to establish physical modelling or 

empirical modelling. For example, in [4,44], the degradation 

factors of the Li-ion battery are estimated using a semi-empirical 

model according to the manufacturer’s data, by considering the 

instantaneous capacity loss evolution as a function of rated 

current. To model the battery degradation mechanism, Leng et 

al. [45] and Zou et al. [46] propose an analytical and electrical 

models, respectively. They both consider the influence of the 

operating temperature on the batteries lifetime for HEVs. Zou et 

al. [46] and Ecker et al. [47] performed a set of experiments to 

estimate the key aging factors affecting batteries lifetime. 

 

These different solutions are complex and require specific 

experiment tests, leading to an expensive and time-consuming 

process. Moreover, they do not adequately take into account 

stochastic automotive driving cycle. Accordingly they are not 

suitable for a good design approach. 

 

The major test data provided by studies in [38,39,46,47] were 

obtained using the following procedures: 

 

- For the DOD study the cycle was a CCCV (constant current 

constant voltage) charge at 1C, followed by a 30 min break 

and then a CC (constant current) discharge to the desired 

DOD at 1C and, finally, a 5 min break. The details of this 

procedure is presented in [38,39]. 
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- For the C-rate study, the cycle was a 100% DOD performed 

at a different C-rate in a continuous fashion. For more 

details, see [38,39]. 

 

Against this background, both calendar and cycling test data 

provided by studies in [38,39,46,47] are analysed to establish 

mathematical relationships between the monitored parameters 

influencing battery aging, such as temperature, SOC and rated 

current. It allows an extrapolation for reliability assessment. 

First, the SOH evolution could be modelled using the number of 

cycles and the related electrical operating conditions. It reveals 

to be a relevant metric to assess the ageing rate of a lithium-ion 

battery (Figures 4 and 5). It uses the concept of the Wohler curve 

describing the relation between stress level and the number of 

cycles to failure. This criteria has initially been introduced for 

mechanical fatigue concerns and later widely adopted in varied 

fields of application. This makes possible the estimation of the 

residual lifetime (SOH change) by identifying the remaining 

number of cycles. 

 

 
 
Figure 4: Battery lifetime data at various rated current. 
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Figure 5: Battery lifetime data at various DOD. 

 

For EV application, the end-of-life (EOL) of a battery is related 

to capacity performance and can be determined until loss of 

battery capacity reaches 20% which leads to a certain number of 

cycles [4,48,49]. The experimental data demonstrates that the 

SOH stays relatively stable and exhibits a quasi-linear behaviour 

for different operating condition until EOL is reached (Figures 4 

and 5). Thus, there is obviously a proportional relationship 

between the number of cycles and DOD level as well as the rated 

current, with the same trend as illustrated in Figures 6 and 7. The 

SOH model is thus expressed through the following equations 

and remains valid until EOL; Equation (4) is defined for a given 

rated current and Equation (5) is defined for a given DOD 

obtained from the experimental process. 
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where SOHDOD and SOHIc are state of health as a function of 

DOD and rated current, respectively. NCycle, DOD and NCycle,Ic are 

number of cycles according to a DOD level and a ratted current, 

respectively. Crate is charging/discharge current. α, β, γ, δ, ρ and σ 

are fitting parameters. 

 

The study is carried with full range variation of the SOC from 

20% to 90%, which leads to a DOD of 70%. 

 

 
 
Figure 6: A linear trend extrapolation of SOH according to DOD 

variation. 
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Figure 7: A linear trend extrapolation of SOH according to rated current 

variation. 

 

It is important to extend this degradation model developed under 

specific experimental operating conditions to real-life driving 

conditions. For this purpose, a similar principle is applied to 

describe the SOH. It assumes that the variation of the stress 

factors follows its average values until EOL is reached. In this 

framework, the idea is to link the battery’s entire lifetime to the 

energy exchanged by the battery until EOL. To cover up the 

dynamic of the operating conditions, the exchanged energy is 

weighted by a degradation degree coefficient. This is later 

deduced from the SOH test dataset. 

 

In sum, the reliability assessment is obtained by estimating the 

residual lifetime, depicted by the weighted of cumulative energy 

exchanged according to the power density of cycle. Figure 8 

shows the different steps of the proposed reliability assessment 

approach. 
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Figure 8: Reliability assessment approach. 

 

First, the total exchange energy is cumulated by simple counting 

for the considered driving cycle (WLTC) and calculated by: 

 

{
    ( )  ∑|      ( )     ( )| 

             ( )                   
            (6) 

 

where EBAT and PBAT are battery cumulated energy and power, 

respectively. EBAT,Tot,Init and NCycle,Init are total initial battery 

energy and number of cycle, respectively. TS is sample time. 

Then, a power density histogram is introduced and can be set 

according to various power levels (from 10% to 100% in 

increments of 10%). This is accomplished by counting the 

energy exchanged for each power level normalized to the 

available energy of cycle. 

 

          
(∑          )

    
           (7) 

 

This enables to identify a vector of power distribution (VPD) for 

a specific driving cycle, the WLTC one is given by: 
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Finally, each power distribution level is weighted as a result of 

the variation of dynamic operating conditions (power level/rated 

current) according to the lifetime experimental data. For this use 

case, a linear regression is considered, which can be customized 

depending on the results data (for example non-linear trend). A 

weighting vector (WV) is thus achieved and expressed as: 

 

   [ 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
  

 
 ]    (9) 

 

Finally, there remains to assess the degradation degree 

coefficient related to the total exchange energy. It symbolizes the 

degradation degree (D) of the battery calculated as follows: 

 

       (        )    (10) 

 

Total battery degradation is expressed as a percentage value for 

lifetime loss (LLoss) or consumed energy. This procedure is 

repeated until depletion, which means EOL conditions, through 

the following equation: 

 

     ( )  
          

             
   (11) 

 

The approach’s flexibility enables direct adaptation to different 

battery technologies by updating their lifetime data. It produces 

very fast results with sufficient accuracy suitable for the 

optimisation sizing approach. The following section considers 

reliability process integration to analyse its impact on the hybrid 

power system sizing based on an energy performance index. 

 

Reliability Process Integration  
 

A reliability process integration is introduced to assess the 

reliability impact on the sizing of the hybrid power system under 

the energy performance index. This process supports the 

proposed reliability assessment approach and a reliability 

assessment of the set of solutions. 

Figure 9 represents the reliability process integration using the 

following steps: 
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- Design optimization step: the proposed combined design 

approach gives a consistent set of solutions whatever the 

driving cycle. The mapping of designed solutions is 

depicted by a bowl shape surface. It shows clearly a trade-

off between component sizing and energy saving. The 

hybrid system design is mainly affected by the load average 

power and the load power dynamics. 

- Reliability assessment step: For each driving cycle, the set 

of design solutions is assessed for reliability using lifetime 

loss rate. To this end, the linear trend extrapolation of 

battery SOH is considered, as explained before. 

 

 
 
Figure 9: Reliability process integration. 

 

To improve design results, different FC dynamics have been 

introduced. It helps considerably design engineers to set up the 

best hybridization rate and enables them to practice trade-offs, 

including reliability aspects, in the early steps of the design. 

 

Results and Analysis  
 

The proposed process is evaluated by extensive simulation using 

MATLAB/SIMULINK environment (R2018a, MathWorks, 

Natick, USA). A map of different sets of solutions, for different 

driving cycles (WLTC, US 06 and US Highway), and with 

various FC dynamics (1 s, 5 s and 10 s: time required to achieve 

the rated power). 
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During the first step, the design optimization results show that 

the FC sizing is closely linked to the load power average (energy 

source) while its battery capacity is influenced by the dynamic 

behaviour depending on transient phases of driving cycle (power 

source). The FC dynamics are sett using different time 

responses. The results maps are obtained considering the 

system’s parameters in Table 1. 

 
Table 1: Methodology and vehicle parameters. 

 
Parameter Value Parameter Value 

Particles number 

and Iteration 

30, 100 Vehicle mass (kg) 1428 

Values to design PFC, CBAT Air density 

(kg·m−3) 

1.2 

Search field: PFC, 

CBAT 

1–50 kW and 1–

10 kWh 

Friction coefficient 0.012 

Fuel cell, battery 

models 

PEMFC static, Li-

Ion model 

Aerodynamic 

coefficient 

0.29 

SOCMin, SOCMax 15%, 90% Front surface area 

(m2) 

2.69 

γ, α, β 1400, −20, 1700 δ, ρ, σ 125, −1600, 

4400 

 

Figure 10 presents sizing solutions considering the reliability 

effect under WLTC and US highway using the same fuel cell 

dynamic (10 s). The aim is to see how the developed approach 

considers the variation of operating conditions (sensitivity of the 

approach). Overall, the design approach makes an appropriate 

sizing; the FC is very closely to the system autonomy by 

ensuring the load average. Conversely, battery capacity attends 

dynamic behaviour given by the energy deviation. This deviation 

impacts the battery thermal behaviour (cycling effect), which is 

directly calculated using the mathematical model presented 

previously and correlated to the dynamic driving cycle. The 

WLTC driving power presents many transitory phases 

(numerous and intense) implying a significant impact on battery 

lifetime (deep cycling). On the contrary, the US highway 

certification cycle has less impact on the battery lifetime because 

of a lower dynamic range (driving mode). Technically, the 

standard deviation of the battery exchanged energy is 

significantly different between the WLTC cycle and the US 

highway one: 1.2 kWh and 0.36 kWh, respectively. Similarly 
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this trend is reflected in the value of the lifetime loss which is in 

roughly three times larger in the WLTC mapping (Figure 10b,d), 

for example, for sizing architecture (PFC = 20 KW, CBatt = 3 

KWh), the lifetime losses are: 0.01 % for US highway and 0.032 

% for WLTC. 

 

 
 
Figure 10: Design results considering lifetime loss (KW/h or %) according to 

US Highway and WLTC driving cycle. (a) Result mapping with battery 

lifetime loss (KW/h), US Highway and FC dynamic 10 s. (b) Result mapping 

with battery lifetime loss (%), US Highway and FC dynamic 10 s. (c) Result 

mapping with battery lifetime loss (KW/h), WLTC and FC dynamic 10 s. (d) 

Result mapping with battery lifetime loss (%), WLTC and FC dynamic 10 s. 

 

In order to introduce more flexibility about hybridization rate, 

three different FC response times (1 s, 5 s, 10 s) are considered 

while using the same certification driving cycle (namely US 06) 

as illustrated in Figure 11. The surface shape of this sizing 

solution is slightly influenced by the FC dynamics. The lifetime 

loss remains relatively low according to the battery dynamic 

behaviour Figure 11b,d,f, indicating that the design approach 

makes the best trade-off towards this requirement. For example, 

for sizing architecture (PFC = 20 KW, CBatt = 3 KWh), the life 

time losses are: 0.009% for FC dynamic 1 s, 0.01% for FC 

dynamic 5 s and 0.0115% for FC dynamic 10 s 
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In sum, for the optimal zone, the results show that, to meet 

reliability constraints, the designer applies a slight oversizing of 

the battery compared to the energy constraint solution. This 

behaviour is proved by the global ramp of the mapping, which 

decreases, with the increase of the battery capacity. In addition, 

the sizing of the FC also influences the battery reliability with a 

bowl effect in accordance with the optimal FC power value. 

These results show the antagonistic behaviour of the reliability 

objective towards the energy saving one. 

 

These different effects show that the key challenge is to 

simultaneously take into account several objectives in a global 

design approach. Indeed, the fuel consumption criterion tends to 

decrease the battery sizing in order to limit the embedded mass 

while the reliability criterion leads to increase this sizing so as to 

enhance the power capability, thus reducing the battery 

degradation and its lifetime loss. These results of this approach 

enables to decide between several proposed sizes. 

 

To evaluate the representativeness of the obtained results, time 

simulation tests of the proposed powertrain are carried out using 

a standard WLTC drive cycle. With a distance of 23 km, the 

WLTC provides a specific consumption around 0.72 kg/100 km, 

considering the optimized architecture illustrated in Table 2. 

This performance is highly encouraging, since it is very close to 

the standard driving cycle of electric vehicles, which proves the 

relevance of suggested approach. 
 

Table 2: Optimization results—WLTC. 

 
Variable Value 

Fuel cell power 30 kW 

Battery power 19.5 kW 

Battery capacity 6.5 kWh 

Hydrogen consumption 0.72 kg/100 km 

Computation Time 900 s 

Battery lifetime—Number of cycles WLTC 10,000 

Battery lifetime—Total exchanged energy 4500 kWh 

 

Figure 12 presents the optimal fuel cell/battery system response 

with the key variable waveforms: the load power (PLoad), the 

relative FC power, the state of charge (SOC) and the FC 
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efficiency. Obviously, the FC is requested between 15% and 

50% of its rated power, which belongs to the best range of FC 

energy efficiency, thanks to the energetic strategy, which makes 

use of the FC in its best range. 

 

 
 

Figure 11: Design results (fuel cell power FCpower and battery capacity CBatt) 

considering lifetime loss (KW/h or %)—US 06 driving cycle under different 

FC dynamics (1 s, 5 s and 10 s). (a) Result mapping with battery lifetime loss 

(KW/h) and FC dynamic 1 s. (b) Result mapping with battery lifetime loss (%) 

and FC dynamic 1 s. (c) Result mapping with battery lifetime loss (KW/h) and 

FC dynamic 5 s. (d) Result mapping with battery lifetime loss (%) and FC 

dynamic 5 s. (e) Result mapping with battery lifetime loss (KW/h) and FC 

dynamic 10 s. (f) Result mapping with battery lifetime loss (%) and FC 

dynamic 10 s. 
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The SOC trajectory tends to follow the vehicle dynamic 

behaviour and reaches the required final condition. This 

demonstrates the effectiveness of the dichotomy technique for 

finding the proper co-state tuning value 

 

 
 

Figure 12: Testing of the optimized system on the WLTC standard cycle. 

 

Conclusions  
 

To be more suited to industrial challenges, the current study 

addresses the reliability process integration into the design 

approach based on an energetic performance index. 

 

The proposed approach considers a linear trend extrapolation of 

battery SOH based on data test analyses, in order to avoid the 

limits of conventional approaches: complexity, expensive and 

time-consuming implementation. It produces very fast results 

with sufficient accuracy suitable for the optimization sizing 

approach. This makes it possible to consider different driving 

cycles and operating conditions. 

 

The results show a correlation between energy constraint and 

reliability impact. Battery lifetime loss is influenced by the 

dynamic range, dependent on the driving cycle. Therefore, to 

meet the reliability constraint, the designer applies a battery 

oversizing compared to a solution limited to a single energy 

constraint. However, the results reflect a global trend; it should 

be considered in a relative way and not in an absolute one which 

represents the main limit of the present approach. 
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This work shows the relevance of a multi-objective approach in a 

design process because of the growing complexity of considering 

several conflicting or non-conflicting objectives. 

 

Based on this approach, future work will consider including the 

reliability effect at the same level as the energy one. This multi-

objective optimization will permit a simultaneous approach and 

enable making the best trade-offs with respect to the 

specifications. 
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Abstract 
 

Placement of heat source can play a significant role in final heat 

output, or heat source effectivity. Because of this, there is a need 

to analyze thermal fields of the heat exchange system by natural 

convection, where the description by criterion equations is 

desired, as the net heat output from tubes can be quantified. 

Based on known theoretical models, numerical methods were 

adapted to calculate the heat output with natural air flow around 

tubes, where mathematical models were used to describe the heat 

transfer more precisely. After validation of heat transfer 

coefficients, the effect of wall and heat source placement was 

studied, and the Coanda effect was also observed. The heat 

source placement also has an effect at the boundary layer, which 

can change and therefore affect the overall heat transfer process. 

The optimal wall-to-cylinder distance for an array of horizontal 

cylinders near a wall was also expressed as a function of the 

Rayleigh number and number of cylinders in the array. 
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Abbreviations  

 

A [m
2
]; [-] Area; coefficient 

B [-] Coefficient 

c, 

C 

[-] Constant; coefficient 

cp [J.kg
−1

. 

K
−1

] 

Specific heat capacity at constant pressure 

d, 

D 

[m] Cylinder diameter 

N [-] Number of cylinders in the array 

Ni [-] Ordinal number of the ith cylinder in the 

array 

Nu [-] Nusselt number (hD/k) 

Pr [-] Prandtl number (ν/α) 

Py [m] Center-to-center separation distance 

r [m]; [-] Radial coordinate; correlation coefficient 

Ra [-] Rayleigh number (Gr.Pr) 

S [-]; 

[N·m
−3

]] 

Center-to-center separation distance; 

momentum source term 

Sy [m] Center-to-center distance of ith cylinder from 

the bottom cylinder 

W [-]; [kg] Wall-to-cylinder center radius distance W = 

X/r; weight 

x [m] Coordinate 

x, 

X 

[m] Center-to-center distance of ith cylinder from 

the bottom cylinder 

θ [°] Dimensionless polar coordinate 

0 Single cylinder 

a Array 

ave Average 

conv Convection 

d Characteristic diameter 

D Characteristic length diameter 

i Individual cylinder in the array 

n Slope-constant 

w Wall 
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Introduction  
 

In last decade, bathroom panel radiators have become very 

common and are known as towel warmers. These panels are 

designed for bathrooms or kitchens and provide a space in which 

one or more towels are hung. Two types of towel warmers are 

shown in Figure 1. 

 

 
Figure 1: Bathroom panel radiator examples [1]. 

 

Many designs and many mounting methods can be found for 

these warmers. The latest trends have influenced the design 

process where in many cases the effectivity issue is lost. 

However, the effectivity of heat transfer, where the size and 

placement also play a significant role, cannot be estimated only 

from geometrical parameters; the surrounding area also has a 

significant role. It is not only the temperature and possible air 

flow, but also surrounding surfaces, parameters of the wall and 

distance to that wall. In addition, the heat transfer mechanism 

can be present in different forms, where for heating elements 

mainly the natural convection in form of buoyancy induced heat 

flow is present. Investigations of the buoyancy-induced heat 

flow around a heated cylinder can be categorized into three 
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groups: (1) theoretical; (2) experimental; (3) computational 

(CFD) [2,3]. 

 

Theoretical solutions for natural convection, partially for laminar 

flow around a horizontally placed cylinder, are often less 

accurate than those for flat plates, due to the formation of a wake 

at the top of the cylinder, which affects the whole heat transfer 

process [4,5]. 

 

The first experiments in this field were focused on developing 

correlations between the effective heat transfer rate, uplift forces 

and properties of the surrounding fluid. Dimensionless 

quantities, the Nusselt (Nu) and Rayleigh (Ra) number, were 

used not only to simplify this correlating relationship, but also to 

quantify the two aforementioned problem characteristics [6,7]. 

Therefore, an array of cylinders, as for example in Figure 2, that 

represents a heating source, should be described by using these 

criterial equations by using the geometrical parameters shown 

here. 

 
Figure 2: Schematic drawing of heating element with cylinder array. 
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Natural Convection from Cylindrical Surfaces  
 

Natural convection as flow can also be classified in relation to 

boundary conditions, or whether the flow is bound to a surface or 

not [4]. Where the bounding surface is absent, boundary free 

flow may occur, e.g., in the form of a plume or as buoyant jet 

flow. A plume is mostly formed where fluid flow is rising from a 

submerged heated object [4,5,8]. This process and flow changes 

can be best observed via local Nusselt number. Corcione [9] 

obtained the average Nusselt number for the i-th cylinder in the 

vertical array by correlating the Rayleigh number Ra with the 

cylinder location relative to the center of bottom cylinder x/H. 

Corcione [8] also obtained average Nusselt number of the whole 

tube-array Nua by correlating the Rayleigh number Ra, and the 

cylinder-spacing S/D, with a number (N) of cylinders in the 

array. In his simulation results, Corcione [9] did not detect the 

optimum heat transfer rates, which were found experimentally 

by the previous researchers at a given optimal values of tube 

spacing. He attributed this finding to the accidentally occurring 

disturbance which arises in the experiments, where this error 

cannot be accounted for exactly in his numerical simulation. The 

results are shown in Table 1. 

 

Ashjaee and Yousefi [10] studied laminar natural convection 

from five aluminum horizontal isothermal cylinders of 10 mm 

diameter arranged in vertical arrays by carrying out experiments 

using a Mach-Zehnder interferometer. This experimental study 

covered the vertical cylinder vertical spacing range from 2 to 5 

cylinder diameters (center-to-center) for vertical arrays. The 

Rayleigh number based on the cylinder diameter ranged between 

1 × 10
3
 and 3 × 10

3
 in air. The authors obtained the average 

Nusselt number for the vertical array by correlating experimental 

data to the Ra and Py/d. The results are shown in Table 1. 
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Table 1: Average Nusselt numbers. 

 

 
 

For small Rayleigh numbers, it is necessary to consider the 

boundary layer that forms around the cylinder [11]. Although 

there are several studies on this subject, the scope of analytical, 

numerical and experimental data is wide. This range limitation in 

analytical and numerical methods exists because of used 

simplified boundary layer equations, boundary assumptions, and 

domain size solutions [11,12]. A detailed review of this problem 

can be found. For example, in Boetcher [5,12] there are a lot of 

discrepancies in experimental data for Prandtl number in the 

range of 0.6 to 0.8. 

 

Another aspect that has to be considered, and for this study this 

is crucial, is the wall to cylinder distance. The placement of heat 

source and the distance to wall can affect simple free convection 

to change into coupled convection with conduction, but where 

conduction is unwanted. This process was described for example 

by Durst et al. [6] and also by Lacroix and Joyeux [7]. The main 

objective of this study is to examine under which conditions a 

simple cylinder or an array representing heating element and the 

main heat transfer process will become influenced by a wall. In 

this study, we present experimentally obtained data and a 

numerical model applied for this particular problem regarding the 

heating element’s distance to the wall. 

 

Numerical Simulation  
 

Flow velocities for natural convection are much smaller than 

velocities of forced convection. Thus, the convection transfer 

rates are also much smaller and more affected by various 

parameters. 
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In heating systems involving multimode heat transfer, natural 

convection forms the largest resistance to the process of heat 

transfer and therefore as a limitation has an important role in the 

process of design and later in performance of the system. In 

contrast, when it is desired to minimize heat transfer or to 

minimize operating costs, natural convection is preferred as the 

main heat transfer mechanism. In order to evaluate the buoyancy 

flow around the heated horizontal cylinders, a 2D computational 

model has been created using the FLUENT simulation software 

package. Figure 3 shows the basic drawing of the problem 

geometry. The intent of this effort is to model heating element 

cylinders in terms of convective heat transfer and to create 

correlating equations for the whole tube-array. The approach 

taken for these models is a non-linear approximation for an array 

divided into four S/D ranges and was detailed by Kapjor [11], 

where the result is average Nusselt number for the whole 

cylinder array in relation to the changing tube-spacing parameter 

S/D for a different bulk of cylinders in linear array. This is 

expressed as follows: 

. . . .exp s
Dzv d

s

T S
TTS DNu Nu A B

D T C E





  
  
     
  

  
  

 

 

where A, B, C and E are coefficients for different S/D ranges 

described in Table 2. 
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Figure 3: Schematic drawing of experimental geometry. 

 

Table 2: Coefficients of non-linear approximation by Kapjor [5]. 

 
Coefficients A B C E 

Range 

1.05 < S/D < 5 −0.14 3.11 0.68 8.80 

5 < S/D < 15 −2.45 9.13 0.36 6.18 

15 < S/D < 25 −0.06 2.98 0.41 22.8 

25 < S/D < 35 0.03 39,815.35 0.10 4.38 

 

The boundary layer and induced natural flow from heated 

horizontal cylinder starts to develop at the bottom, with 

increasing thickness along the surface, where a rising heat plume 

is formed at the top. We can assume that the local Nusselt 

number is higher at the bottom, and lower at the top of the 

cylinder if the flow remains laminar. However, the opposite is 

true in the case of a cold horizontal cylinder in warm medium, 

where the boundary layer and flow start to develop at the top of 
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the cylinder and descending plume is formed at the bottom 

[13,14]. 

 

To quantify this phenomenon, a numerical model was set up, 

where the first step was creation of finite-volume mesh for each 

proposed geometrical configuration. For the best result and 

description of the effect of heat transfer problem, with possible 

wall restriction and its impact on heat transfer from the 

horizontal cylindrical surface, different geometrical ratios were 

selected, varying from 1.1 to 20.0. Because the description of the 

buoyancy-induced flow at each wall-to-cylinder distance 

requires an updated geometry and computational grid, parametric 

geometry files were used in conjunction with the aforementioned 

computational model. As a result, to simplify the creation of 

these geometry and mesh files, the modelling process started 

from the basic setup presented in Figure 4, where the geometry 

for each selected wall-to-cylinder distance is constructed 

parametrically. To simplify the mesh creation procedure and to 

obtain a computational mesh that is as simple as possible, the 

rectangular geometry has areas with uniform regions. Figure 4 

also displays one example of how the pre-processing geometry 

was divided. Because of this, the simplification was also done by 

use of a cylindrical polar mesh in the proximity for each 

cylinder, and Cartesian mesh was used across the remainder of 

the integration domain. The integration domain is extended 

between rectangular boundaries or from the vertical wall up to 

rectangular boundary in defined distance from tube array, which 

is later represented as an imaginary boundary, or outer edge [13]. 

 

We used the discretization technique, developed by Launder and 

Massey [14], where the cylindrical polar grids and the Cartesian 

grid, independent one of another, overlap with no attempt at 

node-matching [7]. Connection between them is provided only 

by a row of false nodes [13], one for each overlapping mesh, 

located at their intersection, as shown in Figure 4. 
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Figure 4: Created mesh for numerical analysis. 

 

The numerical solution of heat transfer was advanced, with 

boundary conditions obtained from experiments. Single cylinder 

or cylinder array was placed in isothermal environmental 

chamber with thermocouples installed in the cylinder and in the 

wall. The scheme is shown in Figure 5. 

 
 
Figure 5: Schematic diagram of the data acquisition system. 
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Measured data were used as boundary conditions and to adjust 

the simulation according to real conditions. In the first step, the 

result of the numerical solution was the temperature distribution 

around one cylinder. Here, in Figure 6, as an example, the results 

of the numerical simulation made under steady state condition 

(T∞ = 20 °C, Ts = 40 °C) are given. In the process of natural 

convection, the boundary layer around the cylinder is very 

important and the temperature isotherms in the area around the 

cylinder surface are closer. 

 

 
 
Figure 6: The temperature distribution around single horizontal cylinder 

without wall restriction. 

 

The fine mesh discretization scheme specifically used in the 

present study enabled us to solve the heat transfer process with 

the use of the numerical code and obtain the local and average 

Nusselt numbers for a single cylinder. The simulation focused on 

the heat transfer process at Rayleigh numbers of 10
3
 and 10

4
, 

where the present data are compared with the benchmark data by 

Saitoh [15], as shown in Table 3, where the results of Wang [16], 

Kuehn and Goldstein [17] are also reported. 
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Table 3: Present solution in comparison with solutions of Saitoh et al. and with 

the results of Wang et al., Kuehn and Goldstein. 

 
Ra  Nu(θ)       Nu 

  θ = 0° 30° 60° 90° 120° 150° 180°  

103 Present 

study 

3.808 3.753 3.625 3.392 2.878 1.988 1.216 3.027 

 Saitoh et al. 3.813 3.772 3.640 3.374 2.866 1.975 1.218 3.024 

 Wang et al. 3.860 3.820 3.700 3.450 2.930 1.980 1.200 3.060 

 Kuehn and 

Goldstein 

3.890 3.850 3.720 3.450 2.930 2.010 1.220 3.090 

104 Present 

study 

5.976 5.922 5.746 5.429 4.767 3.319 1.527 4.826 

 Saitoh et al. 5.995 5.935 5.750 5.410 4.764 3.308 1.534 4.826 

 Wang et al. 6.030 5.980 5.800 5.560 4.870 3.320 1.500 4.860 

 Kuehn and 

Goldstein 

6.240 6.190 6.010 5.640 4.820 3.140 1.460 4.940 

 

These results confirmed the proposed numerical solution, where 

the difference between present solution and solutions made by 

other researchers was around 3%. This proposed model was later 

used to examine wall impact at heat transfer from the cylindrical 

surface. The heat flow is influenced by near placed walls, where 

the uplift forces are attached to the boundary. This is known as 

the Coanda Effect, which is named in honor of Henri Coanda, a 

Romanian aircraft engineer [18,19]. The Coanda Effect occurs 

mainly in situations where flowing fluid comes very close to a 

parallel surface [20]. When this phenomenon occurs, the airflow 

itself is affected by the parallel surface, changes the expected 

route and flows along the surface, i.e., air clings to surfaces as it 

flows. The Coanda Effect is created by a pressure change at 

parallel surfaces, which allows the airflow to cling to the surface 

[21,22]. A significant role is played by the placement of 

cylindrical surface, heat source, or distance to the wall, which we 

have examined. Another aspect has to be mentioned. This is the 

practical use of this effect, where it is possible to guide the flow 

from the heat source with added surfaces or constructional 

features of the heat source. 

 

Results  
 

To observe the impact of the wall on the heat transfer process, 

we observed the most significant parameter, the Nusselt number. 
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For prediction, we used the prepared model in the previous 

chapter. The results are illustrated in Figure 7. The Nusselt 

number in cases without a wall is similar throughout the circle, 

with symmetrical attributes. For larger distances to the wall, 

according to the X/r ratio, the Nusselt number, and the flow are 

quite steady, without any unexpected exceptions. However, as 

the wall distance decreases, the steady symmetric flow loses its 

stability, yielding an asymmetric flow, which can be observed in 

the changing Nusselt number. The rising plume, shown in Figure 

8, with decreasing wall distance, can still be observed but is no 

longer symmetric with respect to the central axis. Thus, with 

decreasing wall distance we can see the developing of the well-

known Coanda effect, which induces a withdrawal of the thermal 

plume towards the wall, depending on the initial conditions, as is 

mentioned in [18]. 

 

 
 
Figure 7: Local Nusselt number distribution along of the cylinder at 

different positions. 

 

The proposed model with applied boundary conditions from 

experiments was used for predicting a heat transfer mechanism 

from a cylindrical array. As shown in Figure 8, in general, heated 

lighter fluid goes upward between the hot surface of the 

cylinders and the imaginary boundary at one side, and between 

the hot surface of the cylinders and the vertical wall until the 

cylinders get closer to the vertical wall at the other side. For the 

cases when the cylinder is a far from the vertical wall, the fluid 
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moves straightforwardly, vertically upward. This is also 

mentioned by the authors in [22]. As seen in the figures, where 

the cylinders are closer to the vertical wall, the fluid moves 

vertically upward in contact with the vertical wall. 

 

As shown in Figure 8, for Ra = 3.5 × 10
4
, when the cylinder 

moves closer to the wall, isotherms at the wall are lightly 

squeezed. When W is smaller than 1.6, the plume moves from 

the top of the cylinder, as shown Figure 7 for the θ = 210° to the 

side, or it is not formed. 

 

 
 
Figure 8: Temperature around single horizontal cylinder (Ra = 3.5 × 104) 

with wall on the left side for different W = X/r. 

 

For an array of cylinders, which represent the whole heating 

element, the numerical model was expanded. Results were 

compared to other studies in Figure 9. Figure 10 shows the 

numerical obtained, averaged Nusselt number of the array of 

cylinders (Nua) as a function of wall-to-cylinder distance. 

Numerical results show that the average Nusselt number Nua of 

the array increases when the cylinder keeps moving closer to the 

wall, but not in the same way as is the case with a single cylinder 

near a wall, as was investigated before. The main reason for this 

divergence is the center-to-center distance between each 

cylinder. As mentioned in the previous section and in [10], the 

Nusselt number of the downstream cylinders increases for 

increasing separation distance. This phenomenon also occurs in 
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the case of one side wall, as shown in Figure 10, where the 

average Nusselt number has different characteristics with respect 

to the distance S/D = from 2 to 10 for all investigated distances 

W. 

 
Figure 9: Comparison of numerical local Nusselt numbers around the single 

horizontal. cylinder for Ra = 103 and Ra = 104. 

 

 
 

Figure 10: Variation of average Nusselt number of an array of five horizontal 

cylinders in one vertical line at different wall-to-cylinder distances at Ra = 3.5 × 

104. 

 

When the wall distance is decreased, the steady symmetric flow 

of 5 cylinders loses its stability earlier than a single cylinder, as 

shown in Figure 11 by temperature fields. Comparing the 

temperature fields of single cylinder near a wall, the rising plume 

is markedly asymmetric at all W distances. The Coanda effect is 

considerably higher as in the case with a single cylinder, which 
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leads to earlier deflection of the thermal plume over the cylinder 

array. 

 

The optimal wall distance of an array of horizontal cylinders 

depends on the number of cylinders in the array, S/D value, and 

Rayleigh number. The optimal wall spacing and the maximum 

average Nusselt numbers for the different array of horizontal 

cylinders (N = 2 to 5), different S/D values (S/D = 2 to 10) and 

tree Rayleigh numbers (Ra = 1.5 × 10
4
, 2.9 × 10

4
 and 3.5 × 10

4
) 

are shown in Figure 15. 

 

The values from Figure 12 show that there is a strong 

dependence on the S/D parameter for an array of horizontal 

cylinders near a wall. The optimal wall-to-cylinder distance 

Wa,opt changes significantly when the cylinder spacing is S/D = 4. 

Thus, the optimal average Nusselt number is achieved markedly 

at highest Wa,opt as a result of other S/D spacing. 

 

 
 
Figure 11: Confined temperature contours about array of 5 isothermal cylinders 

(Ra = 3.5 × 104) with wall on the left side for different W = X/r. 

 



Advances in Energy Research: 2
nd

 Edition 

18                                                                                www.videleaf.com 

 
 

Figure 12: Variation of the Wa,opt versus S/D at Ra = 1.5 × 104 (a), and variation 

of the Nua,opt versus S/D at Ra = 1.5 × 104 and Ra = 3.5 × 104 (b), for different 

values of N. 

 

The optimal wall-to-cylinder distance Wa,opt for an array of 

horizontal cylinders near a wall was also expressed as a function 

of the Rayleigh number and number of cylinders in the array by 

the following algebraic relations in Table 4. 

 
Table 4: Optimal wall to cylinder distance. 
 

 
 

Discussion  
 

Heat transfer from the oriented heat exchange areas of 

cylindrical surfaces is a complex process with many variables 

and different boundary conditions. A lot of research has been 

done in this area, with the aim of finding the relationship 

between heat output and boundary conditions. The relationship 

between heat transfer rate and character of flow around the 

cylinder is described by a criterion equation. This work focused 

on heat source placement and placement effect on average and 

local Nusselt number of the single horizontal cylinder in the free 

air, which were obtained from the experiment and from 

numerical simulation. Initially, the adjustment of the criterion 
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equation was done according to previous work [11] and new 

measurements. These results were compared to validate the 

proposed numerical model, and wall influence was studied. 

Consequently, heat transfer was analyzed using CFD with 

different boundary conditions to visualize the results. Nusselt 

number, which describes the nature of heat transfer, was 

observed at various Rayleigh numbers. It can be seen that 

Nusselt number decreases with θ from the bottom surface. This 

was also observed in [4] and [17], as is compared in Table 3. The 

flow forms a symmetrical plume around the tube. When the wall 

is present, because heating elements are installed near the wall, 

the plume loses symmetry. The Nusselt number, which describes 

the nature of heat transfer, changes, as is shown in Figure 10. 

Overall, heat transfer is affected with decreasing wall to cylinder 

distance, which was also reported by [4]. The decrease of 

Nusselt number, where the boundary layer thickness is 

increasing, which was mentioned by [4,18], causes a drop in heat 

transfer. The rising plume, shown in Figure 11, with decreasing 

wall distance, can still be observed but is no longer symmetric 

with respect to the central axis. Thus, with decreasing wall 

distance we can see the development of the well-known Coanda 

effect, which induces a withdrawal of the thermal plume towards 

the wall, depending on the initial conditions, as is mentioned in 

[17]. The results obtained from numerical simulation show that 

the Nusselt number increase with decreasing wall distance up to 

the point where the rate of heat transfer from the cylinder is at its 

maximum. However, at any distance to the wall and for any 

center to center distance, heat transfer at the bottom of cylinder 

remains approximately the same, which was also mentioned in 

[23], and is minimally influenced by surrounding space, as is 

also mentioned in [24] 

 

Conclusions  
 

Distance to wall plays a significant role, and in the case of a 

single cylinder, the Coanda effect strongly affects the heat 

transfer rate. Even at higher distances, the flow tends to stick to 

the nearest surface. For a cylinder array, the Nusselt number of 

the downstream cylinders increases with increasing distance 

from the wall. This phenomenon also occurs in the case with one 
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side wall. When the wall distance is decreased, the steady 

symmetric flow loses its stability earlier than for the single 

cylinder. Comparing the temperature fields of a single cylinder 

near a wall, the rising plume is markedly asymmetric at all 

distances. The Coanda effect is considerably stronger for an 

array, as is the case with a single cylinder, which leads to earlier 

deflection of the thermal plume over the cylinder array. The 

optimal wall-to-cylinder distance Wa,opt for an array of horizontal 

cylinders near a wall was expressed as a function of the Rayleigh 

number and number of cylinders in the array by the algebraic 

relations. For some ranges, this distance can even be described in 

the form of linear equations, as is presented in this work. 
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Abstract  
 

The purpose of this work is to discuss the tulip contact behavior 

during mechanical and electrical simulations in a Finite Element 

Method (FEM) environment using ANSYS and COMSOL 

software. During the simulations, the full contact movement was 

analyzed. During the contact movement, the individual behavior 

of the contact components was taken into consideration. The 

motion simulation was carried out at different velocities and 

forces acting on the contact. The obtained results were compared 

to each other and discussed. Relatively, the angles of the contact 

surfaces to each other were also changed, which meant that we 

could conduct a more in-depth analysis. The other approach of 

simulation research was a field analysis of physical phenomena 

occurring in the tulip contact. This analysis was performed in 

COMSOL Multiphysics. Parametric analysis allowed an 

observation of the electric field in the tulip contact at different 

contact distances with respect to each other. This work is 

important in terms of the cost effectiveness for design 
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procedures concerning tulip contacts and fault avoidance, which 

both result from mechanical and electrical conditions throughout 

contact exploitation and optimization of the working conditions 

for the tulip contact. 

 

Keywords  
 

Tulip Contact; Electrical Contacts; FEM; Simulation; 

Mechanical Analysis; Electrical Parameters 

 

Introduction  
 

Digital calculation methods such as the Finite Element Method 

(FEM) allow many calculations to be performed in parallel. This 

can significantly accelerate the whole design process of the 

chosen components. Digital techniques are also used in 

designing structures of electrical apparatuses. Using CAD 

software, it is possible to design devices from a single element to 

whole complex assemblies [1,2]. Simulations of such structures 

are also possible in a further stage, as part of a project using 

specialized software [3,4]. These can be employed in order to 

simulate the movement of elements relative to each other, 

exclude collisions, and end by observing the drafted system in 

conditions simulating a natural work environment [5,6]. 

 

The contacts of electrical apparatuses belong to the most loaded 

elements of current circuits [7,8]. Therefore, they should be 

designed, constructed, and operated in such a way that the 

permissible limitations of their technical parameters, resulting 

from relevant regulations and standards, are not exceeded [9]. 

The parameters of the electrical apparatus connecting process 

strictly depend on the parameters and kinematic, dynamic, and 

structural properties of the mechanism that is responsible for the 

movement of the electrical contact. The tasks of this mechanism 

include reliable movement of the set of movable contacts in an 

intended manner and maintaining contact pressure in their 

contact state [10]. The mechanical part of the switching contacts 

is required to reliably maintain the contact state, regardless of the 

rated parameters of the apparatus. The temperature of the entire 

structure must be maintained at a level that allows stable 
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working conditions, which are also specified in the relevant 

standards. The mechanism should be resistant to the 

phenomenon of contact clogging when connecting, operating, 

and exposed to fault currents, as well as when conducting 

analysis under short circuit conditions [11]. This is directly 

related to the working temperature of the contacts and the 

phenomenon of contact bounce. It is also important to minimize 

contact expenditure while switching on currents. A number of 

forces act on the contacts during the bonding process [12,13]. 

These can be divided according to the source of origin. If there 

were no difference in electrical potential between the contacts, 

the current would not flow while the contacts touched, and 

therefore, the associated forces would not appear. 

 

The combination of two types of analyzes—motion analysis and 

analysis of the electric field distribution—gives the image closest 

to the real environment of the system in which tulip contact is 

usually employed. This allows the entire contact to be designed 

in the most optimal way. The optimization applies to both the 

design time and the costs and quantity of the prototype 

construction. Therefore, our team executed a number of 

simulations in order to prove that proper simulations can aid the 

design process of electrical contacts, fault detection, and 

optimization [14]. 

 

This work is novel as it focuses on an analysis of the operation 

of the fixed contact. Nevertheless, movable contact analysis was 

also taken into consideration and executed whilst discussing the 

simulation results. The following points highlight the impact of 

this work: 

 

 The ability to observe the behavior, operation, forces, and 

energy of all lamellas of the stationary (fixed) contact; 

 Observation of the influence of the eccentricity of the 

movable contact mounting on the possibility of switching 

on; 

 Mechanical analysis of the contact as for a real physical 

system; 

 Determination of electrical parameter values during the 

switching operation; 
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 Contact development in other extinguishing environments 

(future work on the procured model). 

 

State of the Art  

 
The rapidly growing demand for electrical devices (the main 

elements are the contact system and the extinguishing chamber) 

consisting of high-quality electrical components has led to a new 

approach to designing switches. The main goal of designing and 

constructing electrical devices is to create solutions that can 

significantly improve their electrical and mechanical parameters, 

size, and short-circuit resistance [15]. Modern electrical 

apparatus is built in accordance with applicable standards (e.g., 

European standards). These requirements also apply to high-

voltage circuit breakers (SF6 insulated). Despite the increasingly 

smaller sizes of the devices mentioned, they are adapted to the 

effective breaking of short-circuit currents and protection of 

other elements of the power system. Complex mechanical 

phenomena occur in the circuit-breaker during the closing and 

opening process. This affects the structural components of the 

switch (copper, tungsten, steel, and aluminum) [16]. 

 

Competing authors have mostly concentrated on only simulating 

the contact system from a single, uniform material [17–19]. In 

fact, with a small number of cuts, the stationary contact is 

massive and no overall mechanical analysis may be required 

[20]. Therefore, the analysis of phenomena can be reduced to 

only a single lamella [21]. Nevertheless, the example of a multi-

lamella contact system, consisting of a large number of elements, 

requires a different approach. The importance of mutual 

displacements of lamellas that mutually interact was observed. 

This results in a change in the total energy, torque, and 

mechanical stresses that must be taken into account. It is worth 

noting that high-current tulip contact systems are also commonly 

used in the vacuum technique. It is true that in the vacuum 

technique, multi-lamella contact systems are always closed 

without voltage (the vacuum circuit breaker is inserted into the 

distribution box on the grid). Nevertheless, the mechanical stress 

and the associated risks, including damage, failure, and 
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destruction, are very similar to the systems in the extinguishing 

environment with SF6 gas.  

 

The FEM model presented in this paper is applicable to contact 

systems in various environments and geometric configurations. 

The results enable the proper construction of complex contact 

systems for high-voltage conditions (heavy duty). The presented 

solution enables the validation of advanced analytical 

calculations, and the implementation of different, often 

complicated, geometries in relation to the simplified models of 

contacts. The model enables the determination of values for 

scientific and research calculations. 

 

Contacts in Electrical Apparatuses and Current 

Circuits  
Non-Connecting and Connecting Contacts  
 

Current circuits and contact systems allow the conductive 

operating of currents, and contact systems of electrical 

connectors are used to make connections in electrical circuits. A 

contact is a part of the current circuit in which the current flow is 

made possible by the conjunction of two conductors. Due to their 

function in the current circuit, a distinction can be made between 

connecting and non-connecting contacts [22]. Connecting 

contacts consist of movable and fixed elements, while non-

connecting contacts are only made of fixed elements. An 

example of connecting and non-connecting contacts is shown in 

Figure 1 below.  
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(a) 

 

 

 
 

(b) 

 
Figure 1: The view of exemplary contacts from families: (a) Non-connecting 

contacts (own study) and (b) connecting contacts [23]. 

 

Non-connecting contacts are fixed, and their elements cannot 

move with respect to each other. Figure 1a shows typical non-

connecting contacts used in low-voltage switchgears. The 

movable contacts are used in contact switches and enable 

switching on and off of the current in a given circuit (such a 

contact is shown in Figure 1b). These can be divided into 

normally open (closed in the forced position of the movable 

contact) and normally closed (open in this position) contacts. 
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Due to the shape of the contact surfaces, the contacts are divided 

into point, line, and surface contacts. A point contact is a contact 

in which contact takes place on a surface with a very small 

radius (through which current flows). The surface contact is 

characterized by a relatively large apparent (nominal) contact 

surface, while the actual contact surface of such a contact is a 

small percent of the apparent surface.  

 

The contacts of electrical apparatuses belong to the most loaded 

elements of current circuits. Therefore, they should be designed, 

constructed, and operated in such a way that the permissible 

limits of their technical parameters resulting from relevant 

provisions and standards are not exceeded. 

 

Tulip Contacts  
 

Tulip contacts are an example from the group of connecting 

contacts. These contacts are also classified as coronary contacts 

and are often used in medium-voltage switchgears [23].  

 

Construction of a Tulip Contact Used in Finite 

Element Method Analysis  
 

The tulip contact which was used was patented under the number 

US 2012/0129374 A1/B2. The view of the tulip contact on 

which the three-dimensional modeling was based is shown in 

Figure 2 and Figure 3 below.  

 
 

(a) 
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(b) 
Figure 2: Structural view of the tulip contact: (a) 1—movable part of the 

contact, 2—inner crown lamellas, 3—outer crown lamellas, and 4—lamella 

seating, and (b) detailed view of tulip contact lamellas [24]. 

 

 
Figure 3: Longitudinal section of a closed tulip contact [24]. 

 

3D modeling was carried out in SolidWorks software. This 

software provides the ability to perfectly map the elements that 

were selected for simulation. Figure 4 was derived based on the 

materials proposed by the manufacturers of electrical apparatus 

and engineering experience. Three-dimensional models were 

mapped, which were used for further simulations in the ANSYS 

FEM software. 

 



Advances in Energy Research: 2
nd

 Edition 

10                                                                                www.videleaf.com 

 
 

(a) 

 
 

 
(b) 

 

Figure 4: 3D model of the tulip contact: (a) View of a designed tulip contact 

model and (b) view of the lamellas in the tulip contact model. 

 

The movable contact element during the simulation of contact 

motion in the ANSYS software was assigned the physical and 

mechanical properties of a copper alloy. The same properties 

were also assigned to all lamellas. However, both fastening 

crowns (large crowns and small crowns) were defined as steel. 

Each electrical contact must be designed to meet electrical 

conditions in the open position and electro-mechanical 
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conditions while closing and opening. All of the material data 

used in the simulation are described in Table 1. 

 
Table 1: Table of the material data used in the procured model. 

 

Engineering Data Copper Steel Unit 

Density 8300 7850 (kg/m3) 

Young’s Modulus 1.10 × 1011 2.00 × 1011 (Pa) 

Poisson’s Ratio 0.34 0.3  

Bulk Modulus 1.15 × 1011 1.67 × 1011 (Pa) 

Shear Modulus 4.10 × 1010 7.69 × 1011 (Pa) 

 

Physical Properties of Tulip Contact Systems  
Insulation Strength of Contact Systems  
 

The insulation strength mainly depends on the distribution of the 

electric field and the medium between the contacts. The layout 

of the contact and the materials used directly affect the electric 

field distribution. The electric medium should be air, gases, gas 

mixtures, and various types of oils. 
 

Air is the most common gas dielectric used in practical high-

voltage insulation systems. Its dielectric strength depends on 

many parameters. The most important are the construction of the 

insulation system and the electric field distribution, depending 

on the spark gap, type and course of voltage over time, air 

density, temperature, and humidity. 
 

Sulfur hexafluoride has a number of properties that make it great 

as dielectric fluid. It is a very good insulating medium. It has a 

2.5 times higher puncture strength than air, and at a pressure 

above three bar, its puncture strength is higher than that of 

mineral oil. Due to the high electron affinity of fluorine, the use 

of SF6 increases the initial voltage of partial discharges. It is a 

very good extinguishing medium. For SF6, the high electron 

affinity of fluorine combined with the abundance of fluorine on 

each discharge path ensures a strong interaction with high-

energy electrons. This makes SF6 almost 100 times more 

efficient at extinguishing than air. SF6 is an inert and non-

flammable gas. Only temperatures of 500 °C or electrical 

discharge can initiate dissociation and possible reactions. 
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Fortunately, in the absence of other compounds, the dissociation 

products of SF6 naturally combine with each other to regenerate 

SF6. SF6 is characterized by its unique ability to self-regenerate 

among dielectric fluids. Sulfur hexafluoride is an excellent heat 

carrier. The thermal conductivity coefficient of SF6 is higher 

than that of air. Moreover, it grows with an increasing pressure. 

However, for sufficiently high pressures or flows, the SF6 heat 

transfer coefficient is better than that of mineral oil. SF6 is a non-

toxic gas. This increases its attractiveness from the point of view 

of health and safety.  
 

In practice, there is usually a channel mechanism for the 

development of discharge, because the electrode spacing usually 

ranges from 1 to 2 cm, which, at the atmospheric pressure and 

temperatures encountered in practice, is the border separating the 

two discharge mechanisms: Townsend and channel mechanisms.  
 

Practical systems should usually be treated as blade systems, 

because the ratio of the distance to the dimensions of the 

electrodes is generally large and even avoiding sharp edges does 

not eliminate the unevenness of the electric field distribution. 

The dependence of the blade system strength on the electrode 

distance is shown in Figure 5 below. 

 

 
 (a)                                                                 (b) 

 

Figure 5: View of a blade-type insulation system: (a) Blade with insulation 

distance A and (b) dependence of voltage Uo, Us, and Up on the distance 

between the electrodes for the blade system, where Uo—initial voltage, Us—

shearing voltage, and Up—jump voltage. 
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During the flow of electric current, electromagnetic forces occur 

in the contact system. These forces largely depend on the ratio 

between the radius of the external contact-R and the radius of the 

narrowing r, as well as on the position of the tangent point in 

relation to the entire system. As the number of contact points 

increases, the electrodynamic forces acting on the contacts 

decreases. The increasing distance between the contact points 

also lowers the force value. The solution used in the tulip contact 

is therefore a perfect example of dividing the contact points and 

providing a gap between them to counteract the electrodynamic 

force. When no current flows through the contact system, forces 

are still present in the process of closing and opening the 

movable contact. Along with the driving force closing and 

opening the movable contact, resistance forces occur. They result 

from movement of the movable contact surface against the 

stationary contact surface. The value of the resistance force 

depends on the contact material, the shape of the contacting 

elements, and the number of lamellas. An electrical apparatus 

installed in the power grid should cause the least losses, i.e., its 

contact resistance should be as low as possible. This requires the 

closed contact force to be maintained at a sufficiently high value. 

On the other hand, it is expected that the value of the resistance 

force when closing the contacts is low and as close as possible to 

that while opening the contact layout. 

 

Continuous, Variable and Short-Circuit Current 

Carrying Capacity  

 
In the process of designing and testing current apparatus, the 

only aim is to determine the current carrying capacity. The 

current carrying capacity in the process of electrical apparatus 

construction is a set value and also a design assumption. 

However, during the testing of existing switching devices, the 

heat dissipation capability at rated and short-circuit currents must 

be checked. The load capacity of the cables largely depends on 

the intensity of heat dissipation from the heated body. Due to the 

conditions of heat dissipation from apparatus currents and 

switchgears, the following main calculation cases can be 

distinguished: 
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 Unprotected current circuits placed in air or an SF6 

environment, where heat is mainly released into the 

environment through radiation and lifting; 

 Homogeneous current paths, surrounded by a layer of solid 

insulation, where all forms of heat transfer are significant; 

 Heterogeneous current circuits, in which, in a steady state, 

an important role in heat transfer is carried out by axial heat 

flow. 

 

In electric apparatuses and current circuits, the elements in which 

the resistance changes show the greatest heat gain. Such a 

change is usually observed at the contact points or narrowing of 

the current circuit. Figure 6 shows the heating of the current 

circuit from the point of electrical contact. 

 
 

 (a)                                                             (b) 

 

Figure 6: Heating of the current circuit with a single point contact: (a) Contact 

model and (b) temperature distribution along the current path, where ῠ—

maximum temperature present at the contact point. 

 

The heating constant of a given current circuit or contact system 

should also be determined. Several calculation methods can be 

employed for determining the characteristics. Below are some of 

the basic mathematical relationships used to determine the 

characteristics and the temperature waveforms as a function of 

time. The current circuit heating characteristic is shown in Figure 

7. 
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Figure 7: Typical characteristic of current circuit heating. 

 

Current circuits can be subjected to continuous, occasional, and 

intermittent current loads. In all cases, the heating of the current 

circuits begins with the value of the ambient temperature. The 

temporary and intermittent loads last for too short a period of 

time to determine the temperature rise. The interrupted load is a 

variable load with repeated periods and interruptions in a current 

flow. During load breaks, the conductor does not cool down to 

the ambient temperature because the no-current periods are too 

short compared to the value of time constant T. 

 

Motion Simulations of the Tulip Contact 

System  

 
Simulation studies were focused on by examining the dynamics 

of movement and physical phenomena in the tulip contact 

system. The analysis of the contact operation in the form of 

simulations was carried out in the ANSYS software. During the 

simulation, forces and times prevailing in existing tulip contacts 

were used. This resulted in obtaining values that are as close as 

possible to engineering experimental data. Several simulations 

were carried out relative to reference values. Both the forces 

arising from the release from constraints and the closing velocity 

of the contact were changed. 
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Environment for Simulation Research  
 

ANSYS software was the tool used to perform motion analysis. 

The program used the Explicit Dynamics module, which is used 

to study the movement of fast-changing and short-lived events. 

The module analyzes phenomena and forces with non-linear 

characteristics. The internal structure of materials is analyzed 

during the interactions between elements and surface effects of 

motion dynamics. The tool used to perform the electrical 

analysis was COMSOL Multiphysics version. One of the 

calculation modules employed was the AC/DC module, which is 

used to simulate the electric, magnetic, and electromagnetic 

fields for static and low-frequency applications. 

 

Discretization of the Procured Model  
 

Extracting elements in area V, in which the solution is searched 

for, is a very important stage in creating the FEM calculation 

model. The method of discretization depends on the geometry of 

the area, physical properties, and certain general premises 

regarding the results of the solution, as well as the expected 

efficiency of calculations. 

 

The method of discretizing the area determines the number of 

unknowns and the size and shape of the elements, and this 

affects the accuracy of the task solution. In order to obtain the 

required accuracy of the solution sought, the elements used 

should be small enough that the approximated functions inside 

them can be rough by means of polynomials. However, reducing 

the elements leads to an increase in the number of values of the 

nodal value function sought, and this simultaneously results in a 

longer calculation time. Most often, an uneven division into 

elements is used. While predicting where the function changes 

rapidly allows the element mesh to be compacted, where the 

function changes slowly, the element mesh should be diluted. 

 

The accuracy of the solution primarily depends on the accuracy 

of the approximation of physical quantities inside the element 

using interpolation functions, hereinafter referred to as shape 

functions. With the correct mapping of the physical quantities of 
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the element, reducing the areas of the elements (increasing their 

number) causes the nodal values of the sought function, which 

are an approximate solution of the task. The mesh process of the 

procured model is shown in Figure 8. 

 

 
 

(a)                                                                (b) 

 
Figure 8: Meshing procedure of tulip contact system elements: (a) Tulip 

contact and (b) lamella with different rates of mesh during the discretization 

process. 

 

Analysis of the Tulip Contact Motion Dynamics—

Variant I  
 

The figures below show the mechanical stresses resulting from 

the motion analysis performed. By means of color spots, the 

force values are graphically represented, which can be read from 

the scale on the left side of each drawing. Graphical presentation 

of the results significantly speeds up the analysis of the results 

and facilitates the work. Figure 9 shows the entire tested tulip 

contact from two calculation views. Each of them 

unambiguously showed the highest loads in this type of tested 

structure. Thee mechanical loads appear in small movable 

elements, i.e., small and large lamellas and crown fixing of these 

lamellas. It should be remembered that in commercially 

produced contacts, each lamella is pressed towards the contact 

axis by springs surrounding the entire tulip or through direct 

spring pads that press against a single frame. In the analyzed 

contact, such elements were replaced by pressing forces applied 
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in appropriate places, allowing the system to be released from 

such constraints. 

 

 
  

(a)                                                       (b) 

 

Figure 9: View of the tulip contact analyzed in ANSYS: (a) View of the direct 

values of contact deformation and (b) the safety factor. 

 

In a further part of the analysis, individual elements of the tested 

system were discussed. In Figure 10, the discretization grid 

(mesh) and results of deformation analysis can be seen for 

lamellas. The mesh was compacted with fragments, requiring 

more detailed analysis. The views of the lamellas show that the 

places where they are attached in the crowns are exposed to high 

overload. In these places, deformation of the material occurs 

very often. The ANSYS program showed red loose dots in the 

output. In this way, it represents the crumbled lamella or crown 

material. Chips of this type occur as a result of two elements 

hitting each other with significant force. During further work on 

a given lamella, the connection between the lamella and the 

crown should be rebuilt by reducing friction and optimizing the 

distribution of forces and movement of the element. 
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(a)                                                                 (b) 

Figure 10: View of the lamellas used in the tulip contact: (a) Small (external) 

lamella in the deformation value view and (b) large (internal) lamella in the 

deformation view. 

 

Crowns were the next element observed to be more susceptible 

to deformation. Figure 11 shows that the crowns carry high 

mechanical loads through them. It should be remembered that 

the crowns rest on the lamellas, which, in turn, are hit by the 

moving part of the contact. In a later phase of movement, the 

lamellas deviate from the contact axis and, being fixed in the 

lower part, exert torque on the crown. This causes the force of 

the crown to become deformed. In the small crown, the principle 

of movement and the type of forces are the same, but the 

direction of the slat deflection is the opposite, due to its setting. 

When considering the construction of the crown, it should be 

remembered that it must support the lamellas longitudinally in 

relation to the contact axis and prevent them from deflecting 

sideways. 
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(a) (b) 

 

Figure 11: Crown analysis: (a) View of the lamella fastening crowns and (b) 

view of the movable part of the contact. 

 

Results of Motion Dynamics—Variant I  
 

All of the above-mentioned results were read from colored scales 

next to the elements of the tulip contact system. These were also 

presented graphically as the course of the functions of force, 

moment, and energy. Color maps of forces marked on the 

contact elements facilitate quick analyses of the tested value. An 

hourglass effect can be seen in Figure 12. In order to analyze all 

of the movement, it is significant to refer to the graphs below 

Figures 13 and 14. In the first graph—Figure 15—the course of 

kinetic energy, internal energy, and the hourglass effect 

(Hourglass Energy) is shown. It can be noticed that from the first 

moment of time, the input has the highest kinetic energy. This 

proves that the moving part of the contact was activated at the 

beginning of the simulation. With the flow of time in the motion 

analysis, it can be clearly seen that the kinetic energy value is 

decreasing. This is the moving part of the contact that moves 

downwards. As a result, the distance between the elements 

decreases. In accordance with the formula for kinetic energy, its 

value decreases. In the same diagram, the course of the internal 

energy of the system can be viewed. This energy increases as the 

simulation runs, reaching the maximum values just after the 

movable contact hits all of the lamellas. The red line in the same 

figure shows the hourglass effect. This is a false deformation of 
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the finite element mesh resulting from the stimulation of the 

freedom degrees of zero energy. It usually manifests itself in a 

cluster of zigzag lines or shapes in which the individual elements 

have strongly deformed edges.  

 

 
 
Figure 12: View showing the hourglass effect. 

 

 
(a) 

 
(b) 

Figure 13: Diagrams of the tulip contact motion analysis: (a) Energy 

summary—normal operation and (b) energy summary—contact destruction. 
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Figure 14: Graphs produced from the analysis of the motion of the tulip 

contact, energy consumption, and energy conservation. 

 

 
(a) 

 

 

 
(b) 

 

Figure 15: Graphs produced from the analysis of the motion of a tulip contact, 

presenting a summary of moments: (a) Normal operation and (b) contact 

destruction. 

 

Therefore, the red line in Figure 15a  runs below the value of the 

internal energy of the contact until the collision of the movable 

part and the small lamellas. This proves that this effect is of 



Advances in Energy Research: 2
nd

 Edition 

23                                                                                www.videleaf.com 

negligible value. However, after hitting the small lamellas, this 

value increases and reaches its maximum as soon as the motion 

of the moving part is finished and the small lamellas stop keying. 

During the impact, the small lamellas detach from the axis of the 

system, and thanks to the pressing forces, they hit the external 

part of the contact and begin to press on its surface. De-keying 

and keying cause compressive stresses in the rear parts of the 

lamellas, which, for a given discretization grid, result in the 

effect of glass-gluing. To prevent this effect in subsequent 

iterations, the discretization mesh should be increased locally. 

This will directly contribute to increasing the density of 

calculations and reduce the phenomenon of false deformation of 

the material. The next step was to increase the pressure of the 

lamella. This can reduce the angle of the throw and the keying 

itself. 

 

The graph in Figure 15b shows the values of two parameters: 

The total energy and work. It can be seen that energy and work 

follow the same course. This means that the calculations are 

consistent with real conditions. With the passage of motion time 

analysis, a decrease in the value of both energies can be noticed, 

which is caused by the movement of the contact. After moving 

the movable part of the contact to a lower position, there is still a 

moment of vibration on the small blades. The energy and work 

drop to low values. Note that the error value increased at the end 

of the move. Nevertheless, it was still significantly below the 

assumed error limit. 

 

The main torque and energy impulse runs along the axis of the 

tulip contact. It can be noticed that the greatest moment exists at 

the time of the maximum velocity and force of the moving part 

of the contact. Then, this value decreases as the elements collide 

with each other. The moment value then returns to its original 

value. This is due to the fact that the movement of the cylindrical 

part of the contact is negative in relation to the main reference 

system. The lamellas, on the other hand, deviate in positive 

directions. At the time of reading the lamellas, an increase in the 

moment was noticed, which also, after a while, began to stretch 

across the frictional forces and stresses inside the elements. 
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Analysis of the Tulip Contact Motion Dynamics—

Variant II  
 

The second variant revolved around an analysis of the nearly 

exact contact system, but the radius of the lamellas with the 

moving part of the contact was modified. Figure 16 shows the 

difference in the radius of the lamellas and therefore, the change 

in contact parts’ geometry. 

 

Figures 16 and 17 show the modified lamellas. Figure 17 

additionally shows the results of the analysis. Two fundamental 

differences were noted. In the upper part of the lamella, the force 

distribution, namely the yellow line representing the value 10, 

has a completely different course. The movable parts of the 

contact strike the lamellas at different angles in both cases. In the 

first case, when the lamella radius is greater, the point of impact 

is closer to the edge of the internal contact axis. This translates 

into a lower deflection force of the lamella from the moving 

contact compared to the second case. The reduction of the 

generating radius in the second case increased the friction during 

the impact, which implied the creation of higher force values in 

the entire lamella. The yellow lines of force values reflect how 

the direct impact is distributed to the stresses inside the material. 

It was observed that a larger radius also translated into greater 

forces in the upper part of the lamella. The stress distribution in 

the middle is identical in both cases. However, the lower part of 

the lamellas, which was fixed in the crown, shows considerable 

damage in the reduced radius version. The greater recoil force of 

the lamellas resulted in greater stresses of the lamellas in relation 

to the crown, and thus deformation of the material. 
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(a)                                                                          (b) 

 

Figure 16: Lamella views: (a) First variant and (b) second variant. 

 

 
 

(a)                                                    (b) 
 

Figure 17: View of small lamellas: (a) Old lamellar radius R6—Variant I and 

(b) new lamellar radius R4—Variant II. 

 

Figure 18 shows large lamellas with the same modification as 

described above. In these lamellas, it is harder to notice 

significant deformations than for smaller lamellas. This is due to 

the fact that the total length of the lamella is greater compared to 
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the small lamellar, which was translated into greater plasticity of 

the entire element. 

 

 
  

(a)                                                          (b) 

 
Figure 18: View of large lamellas: (a) Old lamellar radius R5—Variant I and 

(b) new lamellar radius R3—Variant II. 

 

The results show a comparison of the values of the first analysis 

and the analysis performed after the modification of the lamella. 

Figure 18 shows the velocity of deflection of the lamella in each 

plane, and the values are expressed in cm/s. It was noticed that 

the velocity values of the lamellas after modifying their contact 

part with the moving contact were lower. Comparative charts of 

the velocity in a given plane before and after the modification 

clearly show the impact of changing the structure of the contact 

surface and impact on the behavior of the lamella. It turns out 

that after the modification, the lamellas move slower, with 

smaller oscillations, and with slower velocities in each of the 

planes. 

 

The energy and torque values presented in Figure 19 show the 

values of the above-mentioned parameters in relation to the 

system with rebuilt lamellas. The above diagram should be read 
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in combination with Figures 13a and 15a. Then, it can be seen 

that the energy values in the second analysis were much higher. 

It was also noted that a much lower hourglass effect was 

achieved. Additionally, the energy values reached higher values, 

whilst their shape and form remained unchanged. Figures 19 and 

20 are presented below. 

 

 
 

 (a) 

 

 
 

(b) 
 

Figure 19: View of the small lamellas’ oscillations before and after 

modification in each plane: (a) Variant I and (b) Variant II. 
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(a) 

 

 
 

(b) 

 

Figure 20: Tulip contact motion analysis charts: (a) Sum of energy—Variant 

II, and (b) torque value—Variant II. 

 

Defects Study in Motion Dynamics Analysis  
 

During the preparation of the dynamic motion analysis, a number 

of simulations were performed. In the initial phase of developing 

the tested model, the execution of a three-dimensional 

representation in the SolidWorks environment was conducted 

and the model was prepared in the ANSYS software. In the 

course of releasing parameters from constraints, replacing forces, 

assigning contacts, and determining the friction area, their 

coefficients’ influence of various weak and weakened points on 

the correct operation of the system was observed. These types of 

observations, despite the fact that they resulted from complete 
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randomness, uncovered significant assets. Thanks to such 

analyzes, which type of failure of a single element may affect the 

operation and generate faults and aging correlated with certain 

parameters of the apparatus was observed. 

 

Figure 21 shows the damaged crown of the small lamellas. This 

damage occurred as a result of several factors. One of them was 

the wrong kind of contact between the moving part of the 

lamellas and the large crown. This resulted in too much torque 

exerting pressure on the crown and thus in its deformation while 

deflecting the lamellas from the axis of the camera. In real 

conditions, this type of case may occur when the contact is not 

maintained. This can result in jamming of the moving parts on 

the contact parts. Another reason was the insufficient forces 

pressing the lamellas against the contact axis. These forces were 

due to the release of the constraints against the springs 

surrounding the contact. As a result, when the movable part hit 

the lamellas, the crowns were significantly deformed. In extreme 

situations, the lamellas tear the crown apart and fall outside their 

area and the contact is completely destroyed. Such a situation is 

shown in Figures 22 and 23. 

 

 
 

Figure 21: Deformation of small lamellas. 
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(a)                                                    (b) 

 

Figure 22: Deformation of the crowns: (a) Outer crown and (b) inner crown. 

 

 
 

Figure 23: Destruction of the entire contact system. 

 

Electrical Simulations of the Tulip Contact 

System  
Electric Field Distribution in a Tulip Contact System  
 

The first considered case concerns the contact in the open 

position (NO). The ground potential V was equal to 0 V and was 

assigned to all lamellas and both crowns. The movable part of 

the contact was assigned a potential of V equal to 110 kV. The 
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color maps below show the distribution of the potential and the 

electric field. Thanks to these values, the points that will first 

form the opening of the plasma channel and the burning of the 

electric arc were observed. This information is extremely 

important when designing a contact system. 

 

Figure 24a above shows the electric potential distribution around 

a contact. It is worth noting that a given distribution is 

symmetrical along the ―z‖ axis. Such data provide information 

about evenly distributed potential, which translates into 

switching parameters. Each of the contact elements at the same 

level, with the same distance from the movable part of the 

contact, are at the same voltage level. During the operation of the 

tulip contact, this will cause an even distribution of the electric 

field, which will have a direct impact on the formation of sheaf 

and partial discharge phenomena. Uniformity of the field 

distribution ensures greater switching properties and a longer 

exploitation time for the contact system. 

 

 
 

(a) (b) 

 

Figure 24: Electric potential distribution: (a) Potential distribution around the 

tulip contact (V/V) and (b) plane showing the calculated values. 

 

Considering the field phenomena further, it should be mentioned 

how the results will be presented. Figure 24b above shows the 

plane inside the computational cuboid. The plane creates an 

intersection through the model and represents the distribution of 

the studied value over the plane. The location of a given surface 

is freely defined. 
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Figures 25 and 26 present the distribution of the electric field 

with the exact space between the large lamellas and the moving 

part of the contact. In line with the assumptions, it was noticed 

that the greatest electric field gradient occurred between 

elements with different potential and close to each other 

considering sharp edges of the elements. It was observed that the 

field distribution between the right and left side of the contact 

was symmetrical. This proves the central axial location of the 

elements in relation to each other. Maintaining the alignment 

brings not only mechanical benefits, but also visibility during the 

movement of the contact and electric potential in both open and 

closed positions. A uniform field distribution in the open 

position of the electrical apparatus results in the appearance of 

partial discharges. Thanks to this, it is known which sites of the 

contact will be constantly exposed to this type of discharge and 

consequently, to the appearance of a temperature source and 

slow burning of the surface in a given place. However, from the 

moment of starting the contact closing procedure, the field 

gradient begins to increase rapidly until the formation of a 

plasma channel, ignition of the electric arc, and the collision of 

lamellas. The uniformity of the electric field also produces an 

even distribution of electrodynamic forces, in accordance with 

the Biot–Savart and Ampere standard laws.  
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Figure 25: Electric field intensity distribution of large lamellas (V/m). 

 

The movement of the moving part of the contact towards the 

lamellas causes a greater intensity of the electric field. If any of 

the lamellas have a different distance or angle than the others in 

relation to the working part of the contact, this would cause 

electrodynamic forces to appear in the contact lamellas at 

different times. This would translate into a resultant force 

different from zero acting transversely to the direction of 

movement of the working part. The appearance of this type of 

force can cause the moving part to deflect by several degrees. 

Small lamellas may hit at the wrong angle, and the appearance of 

electrodynamic forces may thus differ in time for distinct 

lamellas. Repeated connections with this type of fault will lead 

to destruction of the contact. 

 

The electric field in switching systems can be managed in a 

number of ways. One of them is the use of field diffusing 

materials. Another way is to use contact elements with an 

appropriate geometry, so that the field gradient is highest in the 

right places. 
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Figure 26: Electric field intensity distribution of large lamellas (V/m). 

 

Parametric Analysis of the Electric Field  
 

The further part of the electrical analysis was carried out in 

several steps determining the position of the movable part of the 

contact in relation to the lamellas. In this approach, the natural 

work of the tulip contact was studied. During each position, the 

field distribution between two large lamellas and between 

several small lamellas was tested. The analysis was conducted as 

follows. A line was drawn between the lamellas, indicating 

between which elements the measurements were made. The 

positions of both lines are shown in Figure 27 below. The 

obtained results are presented graphically on the charts in 

Figures 28–30. The results of individual analyzes were compared 

and discussed. 



Advances in Energy Research: 2
nd

 Edition 

35                                                                                www.videleaf.com 

 
 

(a) 

 

 
 

(b) 

 

Figure 27: View of the measurement lines: (a) Small lamellas and (b) large 

lamellas. 

 

 
 

Figure 28: Results of the electric field distribution along the measurement lines. 
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Figure 29: Results of the electric field distribution along the measurement lines 

for small lamellas. 

 

 
 

Figure 30: Results of the electric field distribution along the measurement lines 

for large lamellas. 

 

Figure 27 shows the distribution of the field along the 

measurement lines. According to the legend, the blue line 

represents the distribution of the electric field. It was noticed that 

the distribution character was repeatable and symmetrical in 

relation to the adjacent lamellas. This proves the uniformity of 

the field distribution on the individual contact elements at the 

same distance from the movable part of the contact. The moving 

part is a hollow cylinder with chamfered edges. The purpose of 

chamfering is not only to reduce the friction and obtain an 

appropriate angle between the connecting surfaces, but also to 

reduce the sharp edges and limit the electric field gradient. This 

leads to an even distribution and an increase in the dielectric 

strength of the system. There were also differences in potential 

between the edges of the same lamella. However, this does not 
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indicate an actual difference in potential at the edge of the 

element, but highlights how to measure a given parameter. The 

measurement line is a chord between several elements. 

Therefore, the normal distance on both sides of the lamella to the 

chord is different, as observed in potential differences. 

 

In Figures 29 and 30, the field distribution can be observed with 

the moving part displaced by 5 mm towards the lamellas. Figure 

30 represents the distribution of the electric field, along the 

measurement line placed next to the large lamellas. A decrease 

in the intensity value can be observed. This is due to the 

proximity of the moving element and the reduction of the field 

distribution gradient. There was also a reduction in the difference 

between the value on the left side of the chart and on the right 

side. The lower difference is also due to the more uniform field. 

The same applies to the measuring line next to the small lamellas 

which were presented in Figure 29 above. 

 

Validation of the Procured Simulations  
 

The validation was carried out on a tulip contact made in the 

short-circuit laboratory of the Warsaw University of Technology. 

It was not a construction like in the presented simulations. 

Nevertheless, it exactly reflects the nature of physical 

phenomena witnessed in simulations. 

 

In practical solutions, the inner surface of the contact point 

differs significantly from a completely flat one. Depending on 

the solution, the active part may only be located in the closest 

vicinity of the pressure spring. In other words, there may be 

distinct grooves to prevent welding of the contacts. To determine 

the initial spacing between the contacts, it is suggested that a 

limiting ring is used (Figure 31). The upward movement of the 

contact should also be blocked in the first moment after hitting 

the movable contact—a bumper is used for this purpose. 
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Figure 31: Tulip contact: 1—impactor; 2—movable contact with an arcing tip; 

3—limiting ring; 4—compression spring guide; 5—compression spring; 6—

pins; 7—flexible connection; 8—body of fixed contact. 

 

The operation of a high-voltage tulip contact in a dynamic 

system was analyzed on the test stand, taking into account the 

welding currents. The tests were carried out with the use of a 

short-circuit system. The laboratory stand is presented in Figure 

32 below. 

 

 



Advances in Energy Research: 2
nd

 Edition 

39                                                                                www.videleaf.com 

\ 

 
(a) 

 

 
 

(b) 

Figure 32: Laboratory setup for simulation validation: (a) Laboratory stand and 

(b) short-circuit system in the Short Circuit Laboratory, Electrical Faculty, 

Warsaw University of Technology. 

 

On the oscillograms shown in Figure 33, the following negative 

phenomena occurring in the contacts during closing were 

observed. First of all, a bounce phenomenon was observed on the 

graph showing the puss—the point of contact of the contacts—
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Figure 33a. It is visible in the form of oscillations. It is a 

disadvantageous phenomenon because it causes the formation of 

an electric arc, which in turn deteriorates the electrical properties 

by gradual burning of the contacts. In order to prevent this 

phenomenon, the contact pressure force should be changed. 

 

 
 

(a) 

 

 
 

(b) 

 

Figure 33: Exemplary laboratory results of the tested tulip contact system: v—

speed, a—acceleration, s—path, and puss—characteristic that indicated contact 

between system elements. (a) With bounce and (b) without bounce. 

 

Another disadvantageous phenomenon is the friction force 

between the contact elements. It is perfectly visible, also in the 

form of oscillations in the course of acceleration and speed. The 

last observed phenomenon is the welding of contacts. Welding 

the contacts together leads to the necessity to increase the value 

of the force needed to open the contacts. In this case, there is 

also the possibility of an electric arc appearing between the 
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contacts. On the basis of the tests performed and the recorded 

velocity waveforms, it was possible to determine the speed of the 

contacts’ convergence. Full validation was executed in the 

Warsaw University of Technology Laboratory. 

 

Figure 34 shows the characteristics of the movable contact 

velocity for two cases: Without bounce and with movable 

contact bounce. Characteristics derived from the simulation were 

compared to those which had been captured during laboratory 

tests. 

 

 
 

(a) 

 

 
 

(b) 
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(c) 

 

 
 

(d) 

 

Figure 34: Juxtaposition of characteristics derived from the simulation in 

comparison to those captured during laboratory tests. Ansys characteristics (a) 

without movable contact bounce and (b) with movable contact bounce. 

Laboratory test characteristics (c) without movable contact bounce and (d) 

with movable contact bounce. 

 

Summary  

 
Each described case of analysis should be considered 

individually, remembering that a contact is a system of many 

elements cooperating with each other. By improving one factor, 

the optimal values of the other may deteriorate. When defining 

the project, which is the design of the switching system, it is 

essential to define the conditions, purpose, and natural working 

environment of a given electrical apparatus. In the considered 

cases, the change in the geometry of the contact surface and the 



Advances in Energy Research: 2
nd

 Edition 

43                                                                                www.videleaf.com 

contact angle of the elements with each other affected the work 

of the entire contact system. This started from the forces required 

to close the system, through the vibration speeds of the lamellas 

after closing the contacts, to damage and contact destruction by 

fault usage. The damage described showed examples of faults 

that can occur in tulip contacts.  
 

The field distribution simulation studies show the symmetry of 

the charge distribution with respect to the axis of the tulip 

contact. Due to the observation of such regularity, several 

approximations were made in a further analysis. The described 

cases should be treated as homogeneous movement of the 

apparatus. Performing such an observation allows the influence 

of the electric field on individual elements to be observed. 
 

Conclusions  
 

The procured simulations have shown that the tulip contact is a 

complex structure and its design for given electrical parameters 

is the sum of compromises between the individual component 

values of the entire operating system. The combination of two 

types of analyzes—motion analysis and analysis of the electric 

field distribution—gives the image most similar to the real 

operating environment of the system. This allows the entire 

contact to be designed in the most optimal way. Optimization 

concerns both the design work time and the cost and quantity of 

prototyping. The advantage of simulation analysis is not only the 

speed of the obtained result, but also the possibility of a very 

quick modification, either in the model or the set parameters. 

The obtained results confirm the operation and maintenance 

documents (DTR) regarding the proper servicing and diagnosis 

of switching devices. The issue of analyzing the operation of a 

tulip contact has certainly not been exhausted. 
 

The tulip contact is a very well-designed contact system for 

switching high-intensity currents and high voltages. Due to the 

large connection area resulting from many individual elements, 

the system allows the application of high closing forces, which 

translates into velocity of the operation. A very good electric 

field distribution promotes the dielectric properties of the system 

and improves its electrical parameters. Undoubtedly, numerical 
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analyzes help to select materials and parameters for the system 

operation very quickly. The tulip contact is a construction that is 

still used in the professional power industry. It is modified 

according to current needs. These elements work in an 

environment of chambers filled with both air and technical gases, 

such as SF6. The gases allow the operating voltage of the system 

and the rated and fault currents to be increased thanks to the 

higher heat dissipation coefficient. 
 

Unfortunately, the current computing environments do not allow 

analyzes to be carried out as one analysis—analysis of the 

movement of connections with the applied potentials and 

material permeabilities. This would reproduce the working 

environment of the contacts. The official response from ANSYS 

says that it is currently not possible to combine Explicit 

Dynamics’ high-speed analysis module with ANSYS 

MAXWELL’s field analysis. The procured model of the tulip 

contact system is complex and as the validation results showed, 

it can be used for a cost effective method of testing and 

designing such systems. 
 

Figure 34 clearly showed the significant convergence of results 

derived from simulations and those captured during laboratory 

tests. Therefore, the design modifications and further work 

projects can already be implemented using the proposed 

simulation. It has been demonstrated that the derived simulation 

is useful for the rapid changing of modules used in the analysis 

of the dynamics of tulip contact elements’ movement. 
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Abstract  
 

The paper presents the medium temperature monitoring 

system based on digital proportional-integral-derivative 

(PID) control. For industrial thermometers with a complex 

structure used for measuring the temperature of the fluid 

under high pressure, the accuracy of the first-order model 

is inadequate. A second-order differential equation was 

applied to describe a dynamic response of a temperature 

sensor placed in a heavy thermowell (industrial 

thermometer). The quality of the water temperature control 

system in the tank was assessed when measuring the water 

temperature with a jacketed thermocouple and a 

thermometer in an industrial casing. A thermometer of a 

new design with a small time constant was also used to 

measure temperature. The quality of water temperature 

control in the hot water storage tank was evaluated using a 

classic industrial thermometer and a new design 

thermometer. In both cases there was a K-type sheathed 

thermocouple inside the thermowell. Reductions in the 

time constant of the new thermometer are achieved by 

means of a steel casing with a small diameter hole inside 

which the thermocouple is precisely fitted. The time 

constants of the thermometers were determined 

experimentally with a jump in water temperature. A digital 

controller was designed to maintain the preset temperature 

in an electrically heated hot water tank. The function of the 

regulator was to adjust the power of the electrical heater to 

maintain a constant temperature of the liquid in the tank. 

 

Keywords  
 

Temperature Measurement, Fast Response Thermometer, 

Time Constant, Liquid Temperature Regulation, Hot Water 

Storage Tank 
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Nomenclature  
 

A – area, m
2
 

c – specific heat, J/(kgK) 

d – diameter, m 

e – the difference between the referred and measured values, 

h – heat transfer coefficient, W/(m
2
K) 

H – height, m 

k – thermal conductivity, W/(mK) 

Kd –the derivative gain of the PID controller, 

Ki – the integral gain of the PID controller, 

Kp – the proportional gain of the PID controller, 

m – mass, kg, 

m  – mass flow rate, kg/s, 

inq  – heat flux at the inner surface of the tank wall, 

outq  – heat flux at the outer surface of the insulation, 

Q  – heat flow rate, W 

t – time, s 

T – temperature, C 

Tenv – environment temperature, 

Tisol,out – the temperature of the outer surface of the insulation,  

Tw,out – water temperature at the tank,  

Twall,in – the temperature of the inner surface of the tank wall, 

Twall,out – the temperature of the outer surface of the tank wall,  

u – controller output, 

u  – the average value of the controller output, 

U – overall heat transfer coefficient, W/(m
2
K) 

V – volume, m
3
 

V  – volumetric flow rate, m
3
/s 

d – differentiation time, s. 

i – integration time, s 

 

Greek Symbols  
 

 – thickness, m 

 – density, kg/m
3
 

 – time constant, s 
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Subscript 
 

eh – elliptical head 

el – electric heater 

env – environment 

icap – insulation cap 

in – inner, inlet 

isol – insulation 

loss – losses 

m – metal 

out – outer, outlet 

t – thermometer 

w – water 

 

Introduction  
 

Temperature measurement is the largest segment of all industrial 

measurements and can often have the most significant impact on 

process efficiency, energy consumption, and product quality. 

 

High temperature, pressure, and process vibrations make robust 

temperature measurement devices essential for industrial 

applications. Besides, high accuracy, repeatability, and stability 

of temperature measurement are essential to ensure effective 

process control. A small measurement error can cause numerous 

disturbances or be very costly, so temperature measurements 

must be accurate and reliable. For this reason, every measuring 

system must be carefully designed and also subjected to rigorous 

control to meet process requirements. 

 

Although many types of temperature sensors can be used, 

resistance temperature sensors and thermoelectric sensors are 

most commonly used in the industry [1]. The accuracy of 

thermocouples is influenced by several factors, including the 

type of thermocouple, its application range, measuring range, 

material purity, junction degradation, and manufacturing process 

[2]. Temperature sensors are very rarely introduced directly into 

the process line [3]. Most often, they are installed in an 

additional housing [4] to isolate them from potentially harmful 

process conditions such as flow stress, high pressure, and 
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corrosive chemicals. These housings allow the sensor to be 

quickly and easily removed from the system for calibration or 

replacement without stopping the entire process [1-3]. However, 

when using a thermowell, the response time increases 

significantly due to the increased thermal mass of the unit [5]. 

The dynamic response time of the sensor can be important when 

the process temperature changes quickly, and fast inputs to the 

control system are needed [6]. The basic steps to reduce the 

reaction time are to reduce the mass of the housing while 

maintaining adequate mechanical strength to withstand the 

process pressures and flow forces. Additionally, the reaction 

time is improved by using a spring-loaded sensor and filling the 

space in the well with a thermally conductive fluid, thermally 

conductive ceramic, or thermally conductive sand. The 

characteristics of the measured medium is also a factor 

influencing the reaction time, especially concerning its velocity 

and density. 

 

The paper [7] presents a technique of measurement of the 

transient temperature of a fluid flowing under high pressure. The 

temperature inside the thermometer with the sensor in the form 

of the solid cylinder is measured at its axis to determine the 

temperature of the fluid. Based on the measured transient 

temperature in the axis of the cylinder, the inverse problem of 

heat conduction is solved, and the fluid temperature is 

determined. Examples of applications of the method developed 

in [7] are presented in the paper [8]. Safe and high-performance 

operation of power units requires, among other things, 

monitoring of thermal, flow, and strength parameters of steam 

power boilers working under high pressure, at high temperatures, 

and additionally under load changing in time [9]. It is reasonable 

to monitor thermal, and pressure stresses in thick-walled 

components of power boilers, such as steam drums, injection 

chambers of superheated steam spray attemperators, superheater 

headers during start-up, shutdown and load change of boilers, to 

protect critical pressure elements [10]. Monitoring should cover 

not only pressure elements, such as those mentioned above 

which are subject to circular-symmetric temperature distribution 

or single-phase or two-phase medium, but also thick-walled 

pressure elements in steam pipelines, such as the main steam 
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gate or T and Y-junction. The basis is a correctly determined 

time-space temperature and stress distribution over the entire 

cross-section of the thick-walled pressure element and a 

measurement of the medium flowing temperature. The effective 

method of control of thermal and pressure stresses uses the 

solution of the inverse heat conduction problem [10]. It is 

convenient to use in practice since it is based on measuring 

temperature changes on an external, easily accessible surface 

without drilling holes in the walls of structural elements [9]. The 

paper [9] shows that the measurement of transient steam 

temperature using an industrial thermometer has a substantial 

error. In the case of injection of water into the steam stream  in a 

steam cooler (attemporator), the dynamic measurement error 

reached even 80K. Due to the long delay and damping of 

temporary steam temperature changes, the cascade PID system 

for temperature control does not work properly. Such large 

dynamic inaccuracies in determining the steam temperature also 

cause large errors in indirect determination of thermal stresses 

[10]. 

 

Instruments for measuring the transient temperature of the fluid 

were also subject to patents. Baerts and van Gerwen proposed 

the use of the proportional-integral-derivative (PID) controller 

equation [11] to decrease the dynamic error in gas temperature 

measurement in the engine outlet. Dietmann and Wienand [12] 

designed a new thermometer shell for measuring gas temperature 

between 40C and 1000°C. The tip of the temperature sensor 

was filled with a ceramic mass having a high thermal 

conductivity ranging from 0.5 to 3 W/(m·K) [12]. The 

thermometer is appropriate for high-temperature measurements, 

but because of the thin casing, the thermometer is unsuitable for 

the high-pressure fluid at high velocity. At high fluid velocities, 

the large bending moments act on the thermometer casing which 

can damage them.  

 

The subject of the paper by Monroe et al. [13] are studies of 

temperature behaviour along the adiabatic section of a tubular 

oscillating heat pipe under operation for varying heat inputs. The 

temperature changes were controlled with the use of T-type 

thermoelectric sensors located either inside and along the heat 



Advances in Energy Research: 2
nd

 Edition 

7                                                                                www.videleaf.com 

pipe wall in the region between the evaporator and condenser. 

The measurements were used to evaluate the influence of 

thermal capacity of walls, the temperature gradient of external 

walls and internal fluid adsorption. Internal, single-phase heat 

transfer coefficient was estimated and the effective thermal 

conductivity of the projector was determined. It was found that 

heat conduction through pipe walls constitutes from 2 to 10% of 

the overall heat transfer coefficient, and significantly decreases 

with the increase in liquid advection at higher values of heat 

flow rates. 

 

Optical fiber sensors are widely used in medical monitoring, 

military engineering, power systems, etc. for accurate 

measurement and prediction of temperature and magnetic field 

intensity. The paper [14] presents researches on micro-structured 

optical fiber as a high-sensitivity sensor with a temperature 

sensitivity of nanometer scale and magnetic field of picometer 

scale. 

 

Seo et al. [15] proposed a flexible-detachable dual-output sensor 

for fluid temperature and moving dynamics based on the 

structural design of thermoelectric materials that detect changes 

in temperature and moving dynamics of water in high resolutions 

(< 0.19 K and < 0.03 cm/s). The authors conducted theoretical 

analysis and simulations of the  structural  design  of  

thermoelectric  materials  (SDTM) modules' operation, the 

outcomes of which were compared with the results of 

experimental research. 

 

Due to the great variety of processes in the industry as well as 

the different dimensions of the elements whose temperature is 

measured, various temperature measurement procedures are 

developed. The paper [16] proposes a method of measuring 

temperature on the inner surface of a microchannel based on the 

solution of the inverse problem of heat conduction. Due to the 

large dimensions of the thermocouple, it is not possible to place 

it inside the microchannel to measure the temperature of its inner 

surface. Therefore, the temperature of the easily accessible 

external surface of the duct is measured, and then the 

temperature and heat transfer coefficient on the internal surface 
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of the duct is determined from the solution of the inverse 

problem. 

 

A different approach to the determination of the heat transfer 

coefficient on the external surface of a mini-channel is presented 

in the paper [17]. Infrared thermography was used to avoid the 

insertion of large temperature sensors into the mini-channel, to 

determine the temperature distribution on its external surface. 

Then a recovery of the heat transfer coefficient over the mini-

channel outer surface and the internal boundary conditions were 

achieved with the measured temperature distributions and the 

inverse approach. 

 

Modeling of heat transfer processes in dynamic scraped surface 

heat exchangers is a very complex problem. The processes in 

these types of heat exchangers comprise the complex dynamics 

of the flow of viscous, multi-phase temperature-dependent 

fluids. Analytical methods to study the mechanisms of liquid and 

heat transfer in dynamic scraped surface heat exchangers are 

limited. To fully characterize the physical phenomena occurring 

inside the chamber, it is necessary to install an array of 

temperature and pressure sensors. The paper [18] presents the 

results of experimental research and CFD modeling of such 

exchangers.  

 

The analysis of factors influencing the process of fuel 

combustion in bubbling fluidized beds is the subject of the paper 

[19]. The thermographic camera measurements of temperature 

distribution in the fluidized bed were used to estimate the 

influence of key parameters of the process such as fluidization 

velocity, particle size, and pressure drop over the air distributor 

plate on the lateral mixing of bulk solids in bubbling fluidized 

beds. Utilising the measured pressure drop over the bed, the 

sampled temperature field, and the finite volume method, the 

energy conservation equation was discretized at the pixel level. 

Next, the calculated effective heat transfer coefficient was used 

to determine the solid dispersion coefficient and solids 

volumetric fraction in the bed. 
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Under steady-state conditions, when the liquid temperature is 

constant, the temperature is measured with high accuracy 

because there is no damping or delay of the thermometer 

indications in relation to the medium temperature. When the 

temperature of a fluid change rapidly, there are significant 

differences between the actual temperature of the fluid and the 

measured temperature. The reason for this is the time needed to 

transfer the heat to a temperature sensor in a solid casing. The 

PID (Proportional-Integral-Derivative) is the most commonly 

used controller in the industry and has been the dominant control 

technique for process control for many decades [18-19].  

 

The literature review shows that there are no fast response 

thermometers suitable for high-pressure fluid temperature 

measurement. The use of massive industrial thermometers in 

PID control systems results in the faulty operation of these 

systems, which may cause overheating of the pressure elements 

and too high thermal stress and, consequently, decrease the 

lifetime of these elements.  

 

In the digital PID controller, different mathematical models of 

thermometers were used to control the fluid temperature. 

Temperature sensors with a simple structure, such as a sheathed 

thermocouple, can be treated as inertial objects of the first order. 

Experimental tests were carried out to determine the time 

constants used in mathematical models for the thermometers 

investigated. One time constant is needed for the first order 

thermometer model and two time constants for the second-order 

model.  

 

In this work, a digital PID control was developed to maintain a 

constant temperature in the domestic hot water tank. An electric 

heater warms the water in the tank that is thermally insulated on 

the external surface. A lumped capacity mathematical model of a 

hot water tank was developed, taking into account heat losses on 

the outer surface of the container. A second-order ordinary 

differential equation with two time constants describes the 

temporal changes of the temperature indicated by the 

thermometer. The time constants of the thermometer were pre-

determined experimentally. The second-order equation for the 
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thermometer was replaced by a system of two ordinary first-

order differential equations to increase the accuracy of the 

numerical temperature determination of the thermometer. Thus, 

the time variations of the water and thermometer temperatures 

are described by a system of three first-order ordinary 

differential equations. The initial problem for the system of 

ordinary differential equations was solved by the Runge-Kutta 

method of the fourth-order. 

 

The task of the digital PID controller is to maintain the set 

temperature in the tank. It was shown that the new design 

thermometer, characterized by low inertia, contributes to faster 

achievement of the set temperature in the tank. 

 

The use of a fast response thermometer reduces the electricity 

consumption for maintaining constant water temperature in the 

tank. Over one month and longer, these savings are noticeable. A 

digital PID control system has been developed, which operates 

on-line without large financial outlays. An important new 

element in this system is the use of a second-order inertial model 

to describe the dynamics of a complex thermometer. The second-

order inertial model takes into account the delay of the 

thermometer reading in relation to changes in liquid temperature. 

 

The main aim of the article was to compare the PID temperature 

control system using an industrial thermometer and a fast 

response thermometer developed by the authors. Ultimately, the 

low inertia thermometer will be used in temperature control 

systems for steam or gas with high temperature and pressure 

flowing at high velocity. Currently, massive thermometers are 

used [9-10], which prevent proper operation of the cascade PID 

regulation used to maintain the set temperature of superheated 

steam. 

 

The novelty of the article is a numerical model of the 

thermometer tank system, which allows simulating the operation 

of the PID control system. Simulations carried out with the use 

of a digital PID controller show that in the case of an object with 

a very high thermal inertia, the influence of the thermometer's 

inertia on the quality of control is not great. Much better effects 
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of PID controller operation can be obtained, e.g., in case of large 

steam superheaters in power boilers, because superheater's time 

constant is shorter and differences between industrial and new 

thermometer inertia are much bigger [9-10]. 

 

Mathematical Model of the Thermometer and 

Water Storage Tank  
 

PID control systems are also widely used in the energy sector 

and many other industries. The operation of PID systems in 

temperature control of high pressure and temperature fluids is 

often faulty due to the high inertia of thermometers. The novelty 

of the paper is to develop a dynamic mathematical model of the 

system to analyze the operation of a PID control system with a 

conventional industrial thermometer and a newly designed low 

inertia thermometer. The digital PID control of temperature in 

the hot water tank will be shown. The heat storage tank is 

depicted in Figure 1. 

 

 
 

Figure 1: Hot water storage tank; Heh – the height of tank elliptical head, Hc – 

the height of cylindrical part of the container, Hisol – the height of tank thermal 

insulation, dout – outer diameter of the water storage tank, disol – outer diameter 

of thermal insulation, Vw – tank capacity, 
strV – water volume flow rate, m3/s. 
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The following assumptions were made in the construction of a 

mathematical model of a hot water tank with thermometers: 

 

 the temperature of the water in the tank is uniform 

and depends only on time, 

 the time-dependent temperature of the water and steel 

wall of the tank are identical, 

 the tank was modelled as a body with lumped thermal 

capacity at the temperature Tw,out(t) (Figure 1), 

 the heat transfer coefficients on the inner surface of 

the tank and the outer surface of the insulation are 

constant, 

 an industrial thermometer, as well as a fast response 

thermometer, were modeled as inertial objects of the 

second order. 

 

The energy conservation equation for the hot water tank has the 

following form 

 

  ,

, ,

w out

w w w m m str w w w in str w w w out el loss

dT
V c m c V c T V c T Q Q

dt
        (1) 

 

where w – denotes water density, kg/m
3
, cw – water specific 

isobaric heat capacity, J/(kgK), mm – the mass of the storage 

tank, kg, cm – stainless steel specific heat capacity, J/(kgK), Tw,in 

– inlet water temperature, C, Tw,out – outlet and storage tank 

water temperature, C, elQ – heat flow rate transferred from an 

electric heater to water, W, lossQ – heat losses to the 

environment, W. 

 

By converting the last equation for the time derivative of the 

water temperature, one obtains 

 

  
 

 
,

, ,

w out str w w el loss
w in w out

w w w m m w w w m m

dT V c Q Q
T T

dt V c m c V c m c



 


  

 
 

(2) 
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Equation (2) gives the rate of change of the water temperature. 

The heat flow to the environment (heat loss to the surroundings) 

is calculated as follows 

 

 ,loss in in w out envQ U A T T   (3) 

 

where Ain is the area of the storage tank inner surface, m
2
, and 

Uin is the overall heat transfer coefficient referred to the inner 

surface of the tank 

 

2 21 1 1in m in isol in

in in in out m out isol isol isol out

A A A

U h A A k A A k A h

 
   

 
 (4) 

 

The heat flux inq  at the inner surface of the tank is given by  

,w out envloss
in in

in thermal in wall isol out

T TQ T
q U T

A R R R R R


    

  
 (5) 

where 

 
2 21 1

, , ,in m in isol in
in wall isol out

in in out m out isol isol isol out

A A A
R R R R

h A A k A A k A h

 
   

 
 (6) 

 

The symbols Rin, Rwall, Risol, and Rout in Equations (5) and (6) 

denote respectively inner convective thermal resistance, the 

conductive thermal resistance of the tank wall, the conductive 

thermal resistance of the insulation, and outer convective thermal 

resistance. The thermal circuit for heat flow from hot water 

through a metal tank wall and thermal insulation to the 

environment is illustrated in Figure 2. 

 

 
 
Figure 2: The thermal circuit for heat flow from hot water through a metal tank 

wall and thermal insulation to the environment; 
inq , 

outq  – heat flux ant the 

inner surface of the tank wall and outer surface of the insulation, Tw,out – water 

temperature at the tank, Twall,in, Twall,out – the temperature of the inner and outer 

surface of the tank wall, Tisol,out – the temperature of the outer surface of the 

insulation, Tenv – environment temperature. 
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An industrial thermometer was used to control the temperature in 

the water tank. Due to its complex construction and massive 

housing, the thermometer was modeled as a second-order inertial 

object. The second-order ordinary differential equation was used 

to describe its transient behaviour 

 

 
 

 
   

2

1 2 1 2 ,2

t t

t w out

d T t dT t
T t T t

dt dt
        (7) 

 

where 1 and 2 denotes the thermometer time constants. The 

symbols Tt and Tw,out stand for the temperature indicated by the 

thermometer and water temperature, respectively. 

 

The second-order differential Equation (7) was replaced by a 

system of two first-order differential equations 

tdT
V

dt
  (8) 

  1 2
,

1 2 1 2

1
w out t

dV
T T V

dt

 

   


    (9) 

 

The set of three ordinary differential Equations (2), (8) and (9) is 

subject to the following initial conditions 

 

, 00w out t
T T


  (10) 

00t t
T T


  (11) 

0

0

t

t

dT
V

dt 

  (12) 

 

where: T0 – the initial water and thermometer temperature, V0 – 

initial value of the thermometer temperature rate.  

 

The mathematical model of the storage tank and the thermometer 

consisting of Equation (2) for the tank and two Equations (8) and 

(9) for the thermometer was solved by the Runge-Kutta fourth-

order method. For numerical solving of ordinary differential 

equations, various methods can beused, such as one-step 
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methods, for example, the explicit and implicit Euler methods 

with the firstorder of accuracy, or the RungeKutta method, and 

the multi-step methods, for instance, the Milne orAdamsMoulton 

method [20]. The Euler methods are simple and can be used for 

non-linear initialvalue problems. On the other hand, they are less 

accurate. The approximation error is proportional tothe step size. 

A good approximation is obtained with a very small step size 

leading to more considerable computation time. The Milne 

method is simple, but it is subject to an instability problem in 

certain cases.The AdamsMoulton method does not have the 

instability problem as the Milne method but requires aset of 

starting values calculated by some other technique.  The fourth-

order RungeKutta methodsare widely used in computer solutions 

to differential equations.  The classic RungeKutta methodshave 

proven themselves of substantial value and power for a broad 

range of scientific and engineeringproblems. They are easy to 

implement, explicit, very stable, fast, and self-starting. The 

fourth-orderRungeKutta method is computationally more 

efficient than the Euler and other methods because thesteps can 

be many times greater for the same accuracy. The primary 

disadvantages of RungeKuttamethods are that they require 

significantly more computer time than multi-step methods of 

comparableaccuracy [21]. 

 

The developed mathematical model of the water reservoir system 

– thermometer simulated the transient behaviour of the real 

system and was used in the digital PID control system. 

 

PID Controller  
 

PID regulators are the most commonly used regulators in 

industrial practice [22-23]. In this paper, the temperature of the 

water in the storage tank is regulated using a digital PID 

controller (Figure 3).  
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Figure 3: Block diagram of PID control system to maintain constant hot water 

temperature in the tank;  – the set temperature of the water in the tank, 

 – the temperature of the water in the tank and its outlet,  – thermometer 

temperature, 
elQ  – the power of the electric heater, D(t) – disturbances, e – the 

difference between the preset and actual measured value. 

 

The PID controller is designed to keep the temperature of the 

water in the tank constant. The electrical power of the heater u = 

elQ  is selected in successive time steps so that the difference 

between the set temperature  and the temperature of the 

thermometer , i.e., ,

set

w out te T T   was equal to zero. 

 

The PID regulator equation has the following form [21]: 

     
 1

p d

i

de t
u t u K e t e t dt

dt




 
    

 
  (13) 

 

Equation (13) can be written as 

 

     
 

0

t

p i d

de t
u t u K e t K e t dt K

dt

 
    

 
  (14) 

 

where: u(t) – the output from the controller, t – time, s, u  – 

average output from the controller, Kp – the proportional gain of 

the PID controller, e(t) – the difference between the preset and 

actual measured value, i – integration time, s, d – differential 

time, s, Ki – the integral gain of the PID controller, s
1

, Kd – the 

derivative gain of the PID controller, s. 

 

,

set

w outT

,w outT
tT

,

set

w outT

tT
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Equation (14) can be rewritten in a discrete form. The integral in 

the regulator equation is calculated approximately using the 

rectangles method, and the derivative is replaced by the 

backward finite-difference. The use of the backward difference 

results in a simple formula for calculating the uk value, without 

the need for iterative calculations. At the time point tk, the value 

of the output signal uk is 

 

1

1

k
k k

k p k i i d

i

e e
u u K e K t e K

t





 
     

 
 , k = 1, 2, …(15) 

 

where: uk = u(tk), ek = e(tk), tk = kt, k = 1,2, … 

 

Subsequently, uk1 for the time tk1 can be expressed as  

 
1

1 2
1 1

1

k
k k
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  (16) 

 

Subtracting Equation (16) from Equation (15) results in 

 

1 2
1 1

2k k k
k k p k k i k d

e e e
u u K e e K t e K

t

 
 

  
      

 
  (17) 

The transformation of Equation (17) leads to an equation used in 

further calculations 

 

1 2
1 1

2k k k
k k p k k i k d

e e e
u u K e e K t e K

t

 
 

  
      

 

,  k = 1, 2, … (18) 

 

Equation (18) is the basis for the operation of a digital PID 

controller. 

 

Determination of Time Constants of 

Thermometers used to Measure Water 

Temperature  
 

Two different thermometers that can be used to measure the 

water temperature in the tank were analysed (Figure 4). A classic 
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industrial thermometer is presented in Figure 4a. The sheathed 

thermocouple is isolated from the housing with ceramic 

cylinders. The space between the outer surface of ceramic 

cylinders and the inner surface of the housing is filled with a 

bulk porous material, which provides additional thermal 

resistance. For this reason, an industrial thermometer of classic 

design has high thermal inertia characterized by a delay of the 

thermometer indications in relation to the changes of the liquid 

temperature. Due to the delayed response of the thermometer, a 

second-order mathematical model with two time constants was 

used. The thermometer shown in Figure 4b has much better 

dynamic properties, with the inner jacket thermocouple well 

attached to the inner casing. The quality of water temperature 

control in the hot water storage tank was evaluated using a 

classic industrial thermometer and a new design thermometer. In 

both cases, there was a K-type sheathed thermocouple inside the 

thermowell. Reductions in the time constant of the new 

thermometer are achieved by means of a steel casing with a 

small diameter hole inside which the thermocouple is precisely 

fitted. The diameter of the thermocouple sheath was 1 mm. The 

casing, together with the thermocouple, was treated as a solid 

steel cylinder in the axis of which time changes in temperature 

are known. The dynamic properties of the thermometer in Figure 

4b will also be represented by two time constants. 
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(a) 

 

 

 
 

(b) 

 

Figure 4: Thermometers used to measure the water temperature: (a) classic 

industrial thermometer, (b) innovative in-house design of the thermometer with 

small times constant. 

 

 
 

(a) 
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(b) 

 
Figure 5: Stepwise increase in the temperature of the fluid (a) and the 

thermometer transient response (b). 

 

For the experimental determination of the time constants 1 and 

2, Equation (7) was solved with a stepwise change in water 

temperature (Figure 5a). This solution has the following form 

 

0 1 2

, 0 2 1 1 2 1 2

1 exp expt

w out

T T t t

T T

 

     

   
         

     

 (19) 

 

A diagram of the thermometer response to unit jump (Heaviside 

function) in liquid temperature is shown in Figure 5b. A sudden 

change of the ambient temperature was realized by sudden 

insertion of the thermometer with the initial temperature T0 into 

hot water of Tw,out temperature. 

 

The temperature of the thermometer was measured in a few 

hundred points. Sampling time was 1 second. Thermometer 

temperatures Tt(ti), i = 1, 2, ..., nt measured at time points were 

approximated by Equation (19) using the least-squares method 

[24]. The values of time constants 1 and 2, at which the sum of 

squares of temperature differences between the temperature 

indicated by the thermometer and calculated using the Equation 
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(19) reaches the minimum, were determined by Levenberg-

Marquardt method 

 
2
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(20) 

 

where the measured dimensionless temperature of the 

thermometer is given by 

 

, 0
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 (21) 

 

The following time constants were obtained 

 

 industrial thermometer: 1 = 7.43 s, 2 = 57.76 s, 

 fast-response thermometer: 1 = 3.07 s, 2 = 8.256 s. 

 

The measurement data and time response of the industrial 

thermometer are shown in Figures 6a and 6b. The logarithmic 

time coordinate used in Figures 6b and 7b allows us to show the 

delay of the thermometer readings at the beginning of the 

thermometer heating after it is suddenly put in the water. The 

adopted second-order thermometer model ensures good 

compatibility with experimental data. Figures 7a and 7b illustrate 

the time response of the fast-response thermometer. To assess 

the response rate of both thermometers, the time has been 

determined, after which the dynamic error in temperature 

measurement is 1%. The dynamic error of water temperature 

measurement was calculated using the expression 

 

,
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(a) 

 

 
 

(b) 

 
Figure 6: The time response of the industrial thermometer; (a) linear time 

coordinate, (b) logarithmic time coordinate. 

 

In Figure 6a both the delay of the thermometer reading and the 

differences between the measurement data and the fit curve are 

invisible. The use of the logarithmic time-axis (Figure 6b) makes 

them visible. 
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(a) 

 

 
 

(b) 

 

Figure 7: The time response of the fast-response thermometer; (a) linear time 

coordinate, (b) logarithmic time coordinate. 

 

The time tx after which the dynamic measurement error reaches 

the required value eTx is determined from the following non-

linear algebraic equation 
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 (23) 

 

Assuming the value of dynamic temperature measurement error 

eTx = 1% from Equation (23), the required measurement time tx 

is obtained, which for an industrial thermometer is 274 s and for 

a fast-response thermometer 42 s. 

 

It is, therefore, to be expected that the digital PID control system 

will work faster and more accurately with a fast-response 

thermometer. 

 

 

 

 

Examples of Application of a Digital PID 

Controller to Maintain a Constant 

Temperature in the Water Tank 
 

The hot water tank was chosen as a test facility due to, among 

other things, a simple mathematical model describing transient 

changes in water temperature. Moreover, in the second-order 

thermometer model, which is analysed in the article, it was 

necessary to determine two time constants experimentally. These 

constants were determined for hot water for the industrial 

thermometer and fast response thermometer. The digital PID 

control system for maintaining the set temperature of water in 

the tank allowed us to use experimentally verified mathematical 

models of massive thermometers. A certain disadvantage of the 

system is its high thermal inertia due to a large amount of water 

stored in the tank. In such a tank, even thermometers with high 

thermal inertia work properly. Differences in the quality of water 

temperature control using a digital PID controller and tested 

thermometers will be more visible in devices with low thermal 

inertia, such as, e.g., steam superheaters in power boilers or 

steam or gas pipelines in which a medium with high temperature 

and pressure flows. 
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Two examples of the application of the digital PID controller 

will be presented. The first example shows a developed control 

system for changing the volume flow rate of water entering the 

storage tank. In the second case, the operation of the controller 

over a long period will be analysed. The hot water tank has 

neither been supplied with water nor taken from the storage tank. 

The electric resistance heater was switched on due to heat losses 

from water to the environment through the insulated tank wall. 

For the purpose of the control system, a mathematical model of a 

volume water heater (heat storage tank) was developed, the 

diagram of which is shown in Figure 1. The hot water tank was 

made as a cylindrical tank closed at both ends with elliptical 

bottoms. The inner diameter of the tank is din = 0.445 m, the wall 

thickness m = 0.0045 m, and the height of the cylindrical part of 

the tank Hc and the height of the elliptical head Heh are 0.818 m 

and 0.140 m respectively. The tank is entirely covered with 

0.061 m thick thermal insulation made of polyurethane foam 

with thermal conductivity kisol = 0.03 W/(m·K). An electric 

resistance heater with a nominal power of 2500 W was used to 

heat water in the tank. The temperature of water in the tank was 

controlled by an industrial thermometer and a fast response 

thermometer. 

 

Example I  
 

Water with a temperature of Tw,in = 15°C was supplied to the 

tank, which flowed at a velocity of ww = 1 m/s. After time t = 

300 s the water supply was closed. The changes in water velocity 

in the feed line is depicted in Figure 8. In the first stage, hot 

water with a temperature of 60°C was taken from the tank, and 

the water loss in the tank was continuously refilled with fresh 

water with a much lower temperature of 15°C. 

 



Advances in Energy Research: 2
nd

 Edition 

26                                                                                www.videleaf.com 

 
 

Figure 8: Water velocity in the tank feed tube. 
 

The system of differential Equations (2) and (8-9) was used to 

determine the temperature changes of the water and thermometer 

during the heater operation. The system was solved by the 

Runge-Kutta method of the 4
th
 order. The power of the electrical 

heater set by the regulator is depicted in Figure 9. The calculated 

temperature changes of the thermometers are illustrated in Figure 

10, and the water temperature in Figure 11. 

 

Figures 10a and 11a show the temperatures of thermometers and 

water for the following parameters: the proportional gain of the 

PID controller Kp = 5.0 W/K, the integral gain Ki = 1 s
1

, and the 

derivative gain Kd = 2 s, which were selected at random without 

using any algorithm to determine their optimum values. Figures 

10b and 11b show industrial and low inertia thermometer 

temperatures for another set of parameters: Kp = 1640 W/K, the 

integral gain Ki = 100 s
1

, and the derivative gain Kd = 10 s, 

whose values were determined using trial-and-error tuning. 

Trial-and-error tuning is well described by Ingham et al. [25] and 

by Sung et al. [26]. By changing the parameters of the PID 

controller, the set water temperature is reached faster. After just 

1770 seconds, the water temperature of 60°C was reached, while 

in the first case, even after 10,000 seconds, the water 

temperature was still unstable. The performance of the PID 
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regulator could be further improved by using more sophisticated 

PID regulator tuning methods such as the first or second Ziegler-

Nichols rules [27], internal model control (IMC) tuning relations, 

tuning relations based on integral error criteria or even others 

[28]. 

 

 
 
Figure 9: Electric power of the heater as a function of time. 

 

In the case of the fast response thermometer, the heater started to 

heat at full power of 2500 W after 223 s, and in the case of the 

industrial thermometer, the time to reach full power of the heater 

was longer and amounted to 268 s. The control system is more 

dynamic when using a fast response thermometer. The power of 

the heater in the adjustment system with the new thermometer 

starts to decrease after 1908 s, while for the industrial 

thermometer the time of the beginning of the power reduction 

was 2001 s. 
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(a) 

 

 
 

(b) 

 
Figure 10: Temperature variations of the industrial thermometer and fast 

response thermometer obtained for the following PID controller settings: (a) Kp 

= 5.0 W/K, the integral gain Ki = 1 s1, and the derivative gain Kd = 2 s, (b) Kp 

= 1640 W/K, the integral gain Ki = 100 s1, and the derivative gain Kd = 10 s. 

 

Better dynamic properties of the fast response thermometer can 

be seen in Figure 11. When the water temperature drops, the new 

thermometer shows a lower temperature, both when the water is 

cooled down during the cold water supply to the tank and when 

the electrical power is switched off after 1908 s. It can be seen 

that if the water temperature is over-regulated above the 60°C set 

point, the thermometer temperature drops very slowly. After a 

time of 1908 s for a new thermometer, the heater is completely 
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switched off, and the drop in the tank water temperature is only 

caused by heat loss to the environment. 

 

 
 

(a) 

 
 

(b) 

 
Figure 11: Changes in water temperature in the water volume heater obtained 

for the following PID controller settings: (a) Kp = 5.0 W/K, the integral gain Ki 

= 1 s1, and the derivative gain Kd = 2 s, (b) Kp = 1640 W/K, the integral gain 

Ki = 100 s1, and the derivative gain Kd = 10 s. 
 

As a result of supplying cold water at a temperature of 15°C to 

the tank, the temperature of the water was quickly reduced to 
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around 54°C (Figure 11). After 300 seconds, the cold water 

supply to the tank has ended.  

 

Example II  
 

In the second case, it was assumed that no water is taken from 

the tank. The PID controller settings were as follows: the 

proportional gain Kp = 5.0 W/K, the integral gain Ki = 1.0 s
1

, 

and the derivative gain Kd = 2.0 s. There is a loss of heat to the 

environment, which is calculated using Equation (3). The overall 

heat transfer coefficient of a multi-layer insulated wall Uin given 

by Equation (4) is related to the internal surface of the tank. Such 

a situation causes the digital PID controller to switch on the 

heater as soon as the water temperature decreases slightly and 

switches off after exceeding the set temperature equal 60°C. This 

process is accompanied by the oscillating temperature changes of 

both types of industrial thermometers (Figure 12) and the water 

temperature in the tank (Figure 13). As can be seen from Figures 

12 and 13, the lower amplitude medium temperature oscillations 

occur when a modern low inertia thermometer with a smaller 

time constant is used for temperature measuring. 

 

 
 

Figure 12: Temperature variations of the low inertia and industrial 

thermometer as a function of time. 
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Figure 13: Temperature variations of the water temperature for low inertia and 

industrial thermometer as a function of time. 

 

The range of temperature changes indicated by an industrial 

thermometer (Figures 12 and 13) is higher than that of a fast 

response thermometer. Such behaviour of thermometers is due to 

the larger 1 and 2 time constants for the industrial thermometer 

compared to the fast response thermometer. The lower 

amplitudes for both thermometers are identical because the 

minimum heater power that the regulator can set is 0, i.e., the 

regulator cannot set the negative power of the heaters. 

 

Although the differences in water temperature oscillations for the 

fast response and conventional thermometer are marginal, this 

results in noticeable differences in the electricity used to heat it.  

Figure 14 illustrates the changes in heater power over time.  
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Figure 14: Electric heater power oscillations during PID control process. 

 

Figure 14 illustrates that differences in the power consumed to 

heat water with new and conventional thermometer are 

noticeable. The calculated monthly energy consumption for 

maintaining a constant tank water temperature was 27.86 kWh 

when a thermometer with the small time constant was used in the 

PID control system and 43.16 kWh when an industrial 

thermometer was applied. The use of an industrial thermometer 

with a high time constant will contribute to the increase of 

electric energy consumption in domestic hot water production. 

 

Conclusions  
 

A digital PID control system for maintaining the prescribed 

temperature in the domestic hot water tank is presented. A 

conventional thermometer and a special design fast response 

thermometer were used to measure water temperature. The 

digital PID system works correctly, even if the initial water 

temperature is significantly different from the set one. A 

numerical-mathematical model of the system consisting of a hot 

water tank and thermometer was developed. The thermometers 

were modeled as inertial objects of 2
nd

 order, thanks to which the 

delay of thermometer indications could be taken into account. A 
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control system in which a low inertia thermometer is used to 

measure the water temperature works faster compared to a 

system in which the water temperature is measured with a 

conventional thermometer. By using a thermometer with a small 

time constant, significant savings in hot water preparation costs 

are achieved. An additional aim of the study was to carry out 

tests using massive thermometers, which are used to measure the 

temperature of a liquid under high pressure and flowing at high 

velocity. Due to the large heat capacity of the hot water storage 

tank, the water temperature changes are slow, so there are no 

significant differences in the operation of the industrial 

thermometer and the one proposed in this article. In the case of 

objects with smaller time constants such as boiler steam 

superheaters or other heat exchangers, the quality of liquid 

temperature control at the exchanger outlet with the proposed 

digital PID controller will be much higher. This is due to lower 

thermal inertia of the mentioned heat exchangers. 
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Abstract  
 

A methanol steam reformer converts methanol and steam into a 

hydrogen-rich mixture through an endothermic reaction. The 

methanol reformer is divided into a reaction section and a heat 

supply section that transfers thermal energy from 200 to 300 °C. 

This study presents the behavior of the methanol steam 

reforming reaction using the latent heat of the steam. A 

numerical analysis was separately conducted for two different 

regimes assuming constant heat flux conditions. A methanol 

steam reformer is an annulus structure that has a phase change 

heat transfer from an outer tube to an inner tube. Different from 

the steam zone temperature in the tube, the latent heat of steam 

condensation decreases, and there is a gradual between-wall 

temperature decrease along the longitudinal direction. Since the 

latent heat of steam condensation is very sensitive to the 

requested heat from the reformer, it is necessary to consider a 

refined design of a methanol reformer to obtain a large enough 

amount of heat by steam condensation. 

 

Keywords  
 

Computational Analysis; High-Pressure Methanol Steam 

Reformer; Phase Change Heat Transfer; High Pressure Steam 

Condensation; Hydrogen Production 

 

Introduction  
 

The exhaust gases from hydrocarbon fuel exacerbate global 

warming, which has triggered an economy based on hydrogen. 
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Since global warming can be reduced with highly efficient 

power plants, new types of power plants have also been 

introduced in the world. Hydrogen energy has the advantage of 

having a high energy density, low pollutants emission, and fuel 

flexibility via various sources. 

 

As of yet, the mass production of hydrogen is done by a 

chemical reaction requiring hydrocarbons. Hydrocarbon-based 

fuel-producing methods are the steam reforming process, partial 

oxidation process, and autothermal reforming process. Among 

them, the steam reforming process is not only economical but 

also relatively high efficient. The methanol reformer is known 

for its high energy density per volume, safety, and long-term 

durability through proper maintenance [1,2]. Various 

applications are examined such that the methanol reformer is 

applied to the fuel cell vehicle in the Necar 3 (1997) and Necar 5 

(2000). Another application of methanol reformers is a portable 

fuel cell as a micro-reformer that is used for laptop computers 

and military robots. Different from the above, the methanol 

reformer is also used for a high-temperature stationary 

PEMFC(Proton Exchange Membrane Fuel Cell), which is known 

to be more tolerable to CO poisoning [3]. 

 

The methanol reformer is also applied to an air independent 

power propulsion system for submarines [4]. Since methanol is 

safer than hydrogen, it is very attractive to satisfy the 

requirements of military operations. Prior to methanol reformers, 

metal hydride was used to store hydrogen for fuel cells. 

Compared with metal hydride, methanol reformers have longer 

durability and a larger capacity of energy storage. Since the 

methanol is reformed for submarines, the operating pressures are 

very high. Even though the high pressure prevents a highly 

efficient conversion operation, it is necessary to work the 

reformer at that pressure to conceal the submarine from an 

external signature. 

 

Several studies have been done in the field of the methanol 

steam reforming reaction. Amphlett et al. performed experiments 

on methanol conversion and reported that methanol conversion 

increased as the molar number of water vapor increased [5]. 
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Reiyu Chein et al. conducted a numerical study on the steam 

reforming reaction and identified the mole fractions of methanol, 

hydrogen, and carbon monoxide in the reforming process [6]. 

This confirms the validity of numerical analysis for the methanol 

steam reforming reaction. Additionally, Ataallah et al. developed 

a three-dimensional model using CFD to study some parameters 

and features that affect the performance of a methanol steam 

reformer in a linear reactor with a straight channel [7]. They 

reported that the performance of the methanol steam reforming 

reaction at constant inlet mass flow rates and velocities varies 

with the channel dimensions and operating conditions. Shuji et 

al. investigated the behavior of catalyst materials, sheet paper 

containing SiC fibers, catalyst powders, and catalyst pellets, 

under different space velocities (SV) in the methanol steam 

reforming reaction [8]. 

 

On the other hand, Ji et al. reported on the steam reforming of 

methanol using phase change heat transfer [9,10]. Since the 

methanol steam reforming temperature ranges from 200 to 300 

°C, they had to select an appropriate phase change medium for 

the temperature range. The phase change medium of their 

methanol steam reformer was deionized water, and the 

temperature and pressure of the phase change process were 

determined by the operating condition of the methanol steam 

reforming process. This idea is novel, and they experimentally 

evaluated the performance of the methanol reformer; however, 

the operating mechanism still needs to be examined. They also 

show that the high-pressure operation of the methanol steam 

reforming reaction produces a high concentration of carbon 

monoxide. They also pointed out that the concentration of carbon 

monoxide can be significantly reduced with the increasing SM 

(Steam to Methanol) ratio [11]. 

 

In particular, since the reaction mechanism comprises important 

parameters, the reaction kinetics are widely studied and reported 

[1–8]. However, most of the methanol steam reforming 

processes in literature are heated by the combustion of fuel or 

hot gases. There are scarce reports about the methanol reforming 

process with phase change heat transfer. Additionally, since the 

phase change of water around 200 to 300 °C requires very high 
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vapor pressure, it is very difficult to find an experimental or 

numerical study of the methanol steam reforming process with 

phase change heat transfer. 

 

In this study, a computational analysis was performed to 

investigate the behavior of a high-pressure methanol steam 

reforming process with phase change heat transfer. The water 

vapor condensation and the methanol steam reforming reaction 

take place in a hollow tube. Since the temperature of the phase 

change medium in the radial direction is varied and in the 

longitudinal direction as well, the methanol steam reforming 

reaction is closely linked to those temperature distributions. The 

computational sections are divided into two different regimes: 

one for phase change heat transfer and the other for the methanol 

steam reforming process. 

 

Simulation Model  
 

The methanol steam reforming process with phase change heat 

transfer is conducted in annulus tubes that layer two different 

sizes of tubes in the same center. The methanol and the steam 

flow into the inner tube, and superheated steam flows into the 

outer tube. The flow arrangement is a parallel flow. The 

methanol steam reformer has two compartments, which require 

two different analysis schemes. One is dominated by a two-phase 

flow, and the other is dominated by the methanol steam 

reforming process in porous media. Figure 1 shows the 

geometric information of the computational analysis. There is a 

methanol steam reforming zone inside of the hollow tube, and 

heat is supplied from the outer tube to the reaction zone by the 

phase change of the steam. The flow direction of the reformer 

zone and phase change zone is parallel. The total height of the 

tube is 700 mm, and the thickness between the inner shell and 

outer shell is 2.1 mm. Since heat is transferred from the outer 

shell to the inner shell, it is observed that the outer surface of the 

inner shell has condensed vapors on it. The other conditions are 

summarized in Table 1.  
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Figure 1: Geometry of methanol steam reformer for numerical 

computation. 

 

Table 1: Geometric and operating parameters of numerical computation. 

 
Parameters Dimension Unit Expression 

T1 280 °C Inlet temperature 

Ts 279.9616 °C Saturation temperature 

P1 64.1646 bar Inlet pressure of steam condensation 

zone 

P2 30 bar Inlet pressure of reaction zone 

L 70 mm Total length 
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Lt 2.1082 mm Tube thickness 

r1 2.9464 mm Inlet radius of heat source zone 

r2 10.5918 mm Inlet radius of reaction zone 

R 15.6459 mm Total radius 

 8055 kg/m3 Density of solid tube 

Cp 480 J/kgK Specific heat of solid tube 

k 15.1 W/mK Thermal conductivity of solid tube 

 

Since the vapor flow goes down by gravity, water vapor 

condenses on the inner surface of the outer tube. When the 

temperature of the water vapor meets a vapor saturation state, 

water droplets cover the outer tube, which act as heat transfer 

resistance. 

 

Reaction Kinetics  
 

The reaction kinetics of the methanol steam reforming process 

have been widely investigated. The following three processes are 

known to be the main reactions of the methanol steam reforming 

reaction [10–16]. The methanol steam reforming reaction is 

described by three elementary reactions: methanol steam 

reforming reaction (SR), methanol decomposition (MD), and 

water gas shift (WGS) reaction. 

 

Methanol steam reforming reaction (SR) 

 

                           (1) 

 

Water gas-shift reaction (WGS) 

 

                         (2) 

 

Methanol decomposition reaction (MD) 

 

                             (3) 

 

The Arrhenius equation is applied to calculate the chemical 

reaction rate. The basic form of the Arrhenius equation is as 

follows: 

 

          
  

  
                                (4) 
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where Ea is the activation energy, A is the pre-exponential factor, 

and k is the reaction rate constant. The kinetics constants of the 

methanol steam reforming reaction at 200 to 300 °C are shown 

in Table 2 [14–17]. 

 
Table 2: Constants of the Arrhenius equation for methanol steam 

reforming reaction. 

 
Reaction Step A[kmol/m3s] Ea[kJ/mol] Reaction Name 

             1.43 × 109 1.22 × 108 Methanol decomposition 

reaction 

               5.115 × 107 8.77 × 107 Water–gas shift reaction 

                  2.002 × 109 9.27 × 107 Steam reforming 

reaction 

 

Governing Equations  
 

The gas mixture of the methanol and steam flows through the 

inner tube, and the steam reforming reaction is progressed. The 

governing equations are as follows:  

Continuity equation 

 

                            (5) 

 

Momentum equation 

 

                ̅   g             (6) 

 

Energy balance equation 

 

  (       )                      (7) 

 

 

    
 

 
 

  

 
                                         (8) 
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The reforming zone is filled with a catalyst. The reaction zone is 

set up to be porous media, and the catalytic reaction on the 

surface of the pellet is simulated by chemical kinetics. It is 

assumed that the porous media is charged homogenously, and 

the flow is laminar. Darcy’s law is used to determine the internal 

velocity. 

 

     
 

 
      

 

 
                           (10) 

 

Darcy’s law is represented by the sum of the inertial resistance 

and the viscous resistance. In addition, the porosity should be set 

and expressed as r in the following equation. 

 

                                    (11) 

 

The porosity (r) is the ratio of the fluid volume to the total 

volume. The effective heat transfer coefficient (keff) is 

determined by the sum of kf, the heat transfer coefficient in the 

fluid zone, and ks, the heat transfer coefficient in the solid zone. 

On the other hand, saturated steam flows into the empty space in 

the outer tube, and the condensation condition is determined by 

the steam pressure and temperature. When the steam is induced, 

the pressure is set as 64.16 bar and the saturation temperature is 

set to 279.96 °C (553.11 K). When the endothermic reaction 

takes place in the reaction zone, the heat absorption results in the 

condensation of the steam. The vapor condensation is calculated 

by the Eulerian Lee model [14]. The liquid–vapor mass transfer 

(evaporation and condensation) is governed by the vapor 

transport equation. 

 
 

  
                ⃗⃗⃗⃗    ̇    ̇       (12) 

 

Here,  ̇   and  ̇   are the rates of mass transfer due to 

evaporation and condensation, respectively. In the evaporation–

condensation problem, mass transfer from the liquid to vapor is a 

positive mass transfer, and the units of Equation (11) are in 

kg/s/m
3
. The mass transfer rate on the right hand side of 

Equation (11) is defined as follows: 
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                         ̇             
         

    
      (13) 

 

                          ̇             
         

    
  (14) 

 

Here,   and   are the phase volume fraction and density, 

respectively. coeff is a coefficient that must be tuned finely and 

can be interpreted as a relaxation time. The volume fractions 

represent the space occupied by each phase. The volume Vc of 

phase q is defined as follows. 

 

    ∫             (15) 

 

   
 
     .      (16) 

 

The effective density of q is expressed as follows. 

 

 ̂      .      (17) 

 

In the above expression,    is the physical density of phase q. In 

addition, the governing equation on q is as follows. 

 

Continuity equation 

 
 

  
(    )    (      ⃗⃗⃗⃗ )   ( ̇    ̇  )

 
        (18) 

 

Here, vq is the velocity of phase q,  ̇   characterizes the mass 

transfer from the pth to qth phase, and  ̇   characterizes the 

mass transfer from phase q to phase p. 

 

The momentum balance equation for phase q yields 

 
 

  
(       )    (      ⃗⃗⃗⃗   )           ̿         

 ( ⃗     ̇        ̇      )     
 
                   .     (19)           

 

This is the momentum balance equation for phase q where  ̿  is  

the qth phase stress–strain tensor. 
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 ̿      (         
 )        

 

 
          ̿ (20) 

 

Here,  ̿  and    are the shear and bulk viscosity of phase q;     is 

an external body force;          is a lift force;        is a virtual 

mass force;  ⃗    is an interaction force between the phases, and p 

is the pressure shared by all the phases. 

 

Lift forces act on a particle mainly due to velocity gradients in 

the primary phase flow field. The lift force will be more 

significant for larger particles, but the ANSYS Fluent
®
 model 

assumes that the particle diameter is much smaller than the inter-

particle spacing [14]. Thus, the inclusion of lift forces is not 

appropriate for closely packed particles or for very small 

particles. The lift force acting on a secondary phase p in a 

primary phase q can be calculated by the formula below. 

 

                                                  (21) 

 

The inertia of the primary-phase mass encountered by the 

accelerating particles (or droplets or bubbles) exerts a ―virtual 

mass force‖ on the particles. The virtual mass force is as follows. 

 

             
   ⃗  

  
 

   ⃗  

  
            (22) 

 

 ⃗    depends on the fiction, pressure, cohesion, and other 

effects.      is the interphase velocity, which is defined as follow.  

 

    ̇                       ̇                  .  

 

Likewise,     ̇                       ̇               

      

 

Computational Methods and Boundary Conditions  
 

Meshes are shown in Figure 2. The solver is a pressure-based 

solver, and a transient analysis was conducted. Additionally, 

axisymmetric computation was used to facilitate the analysis. 
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The condensation/evaporation model is a Eulerian Lee Model 

which is provided by ANSYS Fluent
®
. At the wall of the outer 

tube, the adiabatic condition was applied for the heat transfer, 

and wall conditions were also selected for the momentum. 

Another adiabatic condition was set up along the symmetric axis. 

At the inter-wall between the inner tube and outer tube, a 

boundary condition was set up.  

 

 
 

Figure 2: Meshes and domains for computational analysis. 

 

Generally, the inner tube and outer tubes were set up to be two 

computational domains. However, because it is very difficult to 

solve the computation of two different physics simultaneously in 

the commercial software ANSYS fluent
®
, this study separated 

the computation of those physics one by one by selecting 

coupling boundary conditions. 

 

The Eulerian Lee model requires fine tuning of the parameters, 

which is known as a frequency factor [18]. The frequency factor 

affects the condensation or evaporation mass transfer rate that is 

empirically determined. Accordingly, it is necessary to tune the 

frequency factor so that the phase change mass transfer rate is 

reasonably determined. This is a clue to tune the model so that 

the proper heat flux determines the heat transfer coefficients and 

surface temperature. 
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At first, the constant heat flux conditions were the boundary 

condition of the inner tube side of the inter-wall. The first 

domain was the steam reforming zone, and the second domain 

was the solid tube. When the methanol steam reforming reaction 

progresses through the inner tube, it is assumed that a constant 

heat flux is absorbed from the steam condensation zone. 

 

When the constant heat flux is acting on the surface of the inner 

wall, the inter-wall temperatures is Ts which is the surface 

temperature of the phase change zone, and the inner wall 

temperature is    which is the surface temperature of the steam 

reforming zone. Those notations are also found in Figure 1. The 

constant heat flux boundary conditions were set up to be 1, 2.5, 

and 5 kW. Equation 22 explains the heat transfer correlation with 

the induction of the constant heat flux from the wall. Ts, Ti, and h 

are unknowns, and h is a function of Ts. The methanol and steam 

mixture temperature through the inner tube and steam 

temperature through the outer tube were varied in the 

longitudinal direction. The heat transfer rate should be calculated 

by the log mean temperature difference (LMTD). It is assumed 

that the steam is not fully condensed throughout the outer tube. 

Then, the steam temperature of the outer tube should be 

maintained. Then, the heat transfer rate is explained as follows: 

 

   
            

    
  
  

 
  ̅                       (23) 

 

     
       

    
   
   

 
       (24) 

 
   

   
 

           

           
    ( 

  

 ̇  
 ̅)                  . (25) 

The convection heat transfer coefficient on the wall of a circular 

tube is calculated by the following equation [19]. 
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where, 
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All liquid property should be obtained from the film temperature 

Tf = (Tsat + Ts)/2, and hfg should be obtained from Tsat. Ts in 

Equation (25) is calculated by the arithmetic average of Ts in 

between the inlet and outlet. Since the average heat transfer 

coefficient  ̅  is calculated by Equations (22) and (25), a new 

temperature Ts is updated by iteration. 

 

The temperatures in Table 3 were used to determine the 

frequency factors of each heat flux case. Then, the frequency 

factor was fixed, and the phase change phenomena were 

analyzed. 
 

Table 3: Inner wall temperature and inter-wall temperature in terms of constant 

heat flux conditions. 

 
Heat Rate [kW] Ts [K] Ti [K] 

1 545.17 542.54 

2.5 534.79 527.96 

5 514.39 500.73 

 

Simulation Results and Discussion  
Phase Change Trends with Surface Heat Absorption  
 

As the heat fluxes were increased, the steam temperature 

decreased in the radial direction. Condensation was also 

observed on the surface. Figure 3 shows the steam temperature 

profile and liquid volume fraction profile in the outer tube. As 

expected, the near-wall temperature is about 7 K lower for the 1 

kW heat absorption. Then, the wall temperature further 

decreased with a higher heat absorption rate. Near the inter-wall, 

the steam temperature slope was dramatically decreased due to 

heat absorption. Then, the steam temperature in the phase change 

zone rose rapidly to 280 °C, which is the inlet temperature of the 

steam. Another aspect was the temperature profile in the radial 

direction. As shown in Figure 3, the near-wall temperature 
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gradient was quite large, and a very thin boundary layer was 

observed regardless of the absorbed heat. This is because the 

condensed liquid increases the thermal resistance of the heat 

transfer. Accordingly, the outer zone from the temperature 

boundary layer maintained its temperature at the phase change 

condition. 

 

As the heat absorption increased, the liquid volume fraction near 

the wall is almost 1.0, which implies that the surface is covered 

with a thin liquid film. The gravity force made the liquid volume 

fraction boundary layer become thicker along the channel. As 

steam flows into the outer tube, the liquid volume fraction 

steeply increased. The more heat is absorbed, the earlier the 

saturated water is observed through the tube. Then, the liquid 

volume fraction grew near the inter-wall along the longitudinal 

direction. It was also shown that most of the area in the outer 

tube was occupied by saturated steam. 

 

 
 

Figure 3: Vapor temperature and water volume fraction along flow direction 

(three different heat fluxes as well boundary conditions). 

 

The thermal boundary layer thickness was defined as 0.999 of 

the free stream temperature, and the liquid volume fraction was 

defined as 0.999 of the saturated vapor. The results are shown in 

Figure 4. The thickness of the temperature boundary layer was 

thinner than the thickness of the liquid volume fraction boundary 

layer. It shows that the mixture of steam and liquid water stayed 

on the liquid boundary layer. As observed, the concentration 

boundary layer is thicker for all the heat absorption rates, and the 

thickness increased linearly. The thickness difference between 

the boundary layer is large for the 1 kW heat absorption 
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condition. As the heat absorption rate was increased, the 

thickness difference between the two boundary layers changed 

little. 

 

 
 

Figure 4: Temperature and liquid volume fraction boundary layer thickness at 

the exit of the outer tube for the three different heat absorption rates. 

 

The radial temperature profile is shown in Figure 5. The linear 

increase zone is the solid inter-wall, and a steep temperature 

increase was observed from the surface of the inter-wall to the 

steam zone. The overall steam temperature in the radial direction 

was mainly constant at the saturated condition. Another 

observation was the gradual temperature down along the 

longitudinal direction. Even though the temperature of the steam 

was maintained, the wall temperature decreased with a higher 

heat flux. One interesting feature is the steam temperature. The 

steam temperature was maintained over the various heat flux 

conditions, while the wall temperature dramatically changed 

with the higher heat flux. 
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Figure 5: Evolution of radial temperature profile in terms of the heat fluxes. 

 

The water volume fraction of the outer tube rapidly increased 

right after inducing the steam, and the water volume fraction was 

then 1 at the exit. Figure 6 shows the water volume fraction at 

the inlet and exit. As observed, the water volume fraction at the 

inlet is steeper with a higher heat absorption rate, and the water 

volume fraction at the exit is thicker with a higher amount of 

heat flux. 
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Figure 6: Water volume fraction near the wall in terms of the heat flux. 

 

The overall liquid fraction of the saturated steam along the outer 

tube is determined by the integration of the liquid mass over the 

space. Thermodynamically, the quality is the ratio of the steam 

mass to the total mass and is calculated as follows. 

 

  
  

     
         (27) 

 

       
  

     
    (28) 

 

Here, x is the quality; xf is the water mass ratio; mg is the mass of 

them steam, and mf is the mass of the water. Figure 7 shows the 

total mass ratio of condensed water in the outer tube. As shown, 

the ratio of condensed water is proportional to the heat flux to 

the steam reforming process. The ratios of the water mass to the 

total mass for each heat flux condition were 26.38%, 33.95%, 

and 40.10%. Accordingly, the volume of the liquid is relatively 

small, and the mass of the steam is not negligible. 
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Figure 7: Ratio of water mass to total mass over three different heat fluxes. 

 

The heat absorption from the phase changing steam results in a 

temperature change on the inter-wall surface. The surface 

temperature of the inner tube (Ti) is captured in Figure 8. As 

shown, the surface temperature non-linearly decreased, and the 

initial temperature was lower than the steam methanol inlet 

temperature. One reason is from heat transfer through the solid 

wall. The solid wall is acting as thermal resistance to the heat 

transfer. Another reason is the condensation of the steam from 

the inlet. As shown in Figure 4, a significant temperature drop is 

observed at the near inlet of the phase change zone. The 

temperature drop results in a lower temperature of the solid 

surface (Ti) at the inlet of the methanol steam reforming zone. 
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Figure 8: Inner wall temperature profile along the channel with 2.5 kW heat 

flux. 

 

Physical Behavior in the Methanol Steam Reforming 

Reaction  
 

The temperature profile through the inner tube was determined 

by the boundary conditions and reaction characteristics. The 

temperature trends were observed at the 2.5 kW heat flux 

boundary conditions. Due to the presence of the porous methanol 

steam reforming catalyst, the temperature profile in the radial 

direction is almost flat. The longitudinal temperature profile is 

determined by the temperature profile in Figure 8 and the 

symmetry condition. Figure 9 shows the temperature profile of 

the chemical reaction zone. The gas inlet temperature was 553 K, 

which was a higher temperature than the wall temperature. As 

observed, the initial gas temperature rapidly dropped due to the 

temperature difference between the gas temperature and the wall 

temperature. After the first hill from the higher temperature to 

the lower temperature, the temperature profiles can be seen in 

Figure 8. Then, the methanol steam mixture temperature is 

similar to the wall temperature. The mixture temperature was 

553 K at maximum and 527 K at minimum. 
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Figure 9: Temperature of chemical reaction zone (2.5 kW heat flux). 

 

Methanol steam reforming reaction consists of three reaction 

mechanism: steam reforming reaction, water gas shift reaction, 

and methanol decomposition reaction. Those three reactions are 

traced in Figure 10. As observed, the order of the steam 

reforming reaction is almost 10
3
 times greater than the other two 

reactions. Accordingly, the products of the reforming reaction 

will be mainly H2, CO2, and H2O. Another aspect is that the 

reaction rates decay along the channel. Initially, the reaction rate 

of the steam reforming reaction was quite high and steeply 

decreased along the channel. It was observed that the wall 

temperature profile affects the decay of the methanol 

decomposition rate. However, the methanol steam reforming 

reaction rate looks less affected by the wall temperature profile. 

Instead, the concentration of methanol has a more significant 

effect on the methanol steam reforming reaction. 

 

 
 

Figure 10: Contribution of elementary reaction kinetics along the tube. 

MD: methanol decomposition, SR: methanol steam reforming reaction, 

WGS: water gas shift. 



Advances in Energy Research: 2
nd

 Edition 

22                                                                                www.videleaf.com 

Because the steam reforming reaction mechanism dominates the 

overall reaction, the products are mostly H2, CO2, and H2O. 

Figure 11 shows the mole fraction evolution of the product gases 

and the decay of methanol. As observed, the concentrations of 

H2 and CO2 gradually increase along the pipe. The maximum 

mole fraction of H2 is 0.58, and CH3OH gradually decreases at 

the rear end of the reaction zone, resulting in a mole fraction of 

0.09. The mole fraction of the reactants CH3OH and H2O 

decreases as the reaction proceeds in the Z direction. Another 

aspect is the consumption rate of H2O. As observed, the H2O 

concentration decreased over a short time in the frontal regime, 

and the concentration gradually decreased. Because the hydrogen 

production is dominated by steam reforming, it was observed 

that the consumption of water corresponded to the hydrogen 

concentration. 

 

 
 
(a) Mole fraction of CH3OH 

 

 
 

 

(b) Mole fraction of CO 
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(c) Mole fraction of CO2 

 

 

 
 

 

(d) Mole fraction of H2 

 

 
 

(e) Mole fraction of H2O 

 

Figure 11: Species concentration of the methanol steam reforming 

reaction zone. 

 

Conclusions  
 

In this study, computational analysis of high pressure methanol 

steam reforming reaction with the phase change of steam at 

saturation pressure are conducted. 

 

1) High-pressure methanol reforming reaction and high-

pressure steam condensation phenomena are connected by 
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constant heat flux conditions. Therefore, two different 

physical phenomena is explained by transferred heat flux. 

2) As the heat absorption of methanol steam reforming process 

results in vapor condensation, the inter-wall temperature 

between reforming zone and phase change zone is 

decreased. 

3) Since the temperature boundary layer is thinner than the 

liquid volume fraction boundary layer, the steam liquid 

mixture stays on the liquid water layer. 

4) The non-linear solid temperature of the inner wall affects 

the kinetics of the methanol decomposition reaction, but the 

kinetics of the steam reforming reaction and water gas shift 

reaction are rarely affected by the non-linear temperature 

profile of the inner wall. 

5) Since the overall reaction takes place within narrow radius 

porous media, the negligible concentration difference is 

observed through the steam reforming zone. 
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Abstract  
 

The South African coalmining industry has a rich and long 

history and contributes significantly to the economic wellbeing 

of the country. Despite its importance in developing the 

economy, the industry is causing severe environmental 

challenges. For example, Emalahleni, a city situated in the 

Mpumalanga Province in South Africa, has been exposed for 

over a century to the continuous mining of coal. Challenges 

experienced include the sterilisation of land due to underground 

fires, water pollution, surface collapse, and acidification of 

topsoil. Previous work by the researchers formulated a 

conceptual framework aimed at addressing some of these 

challenges. In an extension of this work, the authors 

comprehensively enhance the preliminary framework on the 

strength of a set of qualitative propositions coupled with a 

parallel, exploratory survey. Interviews among various 
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stakeholders were conducted, aimed at enhancing the components 

of the framework, followed by a focus group to validate the 

associations among the components of the framework. Aspects 

reinforced by the survey findings include the role of environmental 

management accounting, tools like material-flow cost accounting 

and life-cycle costing and regulatory and accountability aspects. 

New aspects elicited from the interviews and the focus group 

include stakeholder education and training with respect to the 

value of environmental management accounting for the 

coalmining industry; adherence to risk management linked to 

environmental challenges; advanced technologies, for example, 

financial modelling; and an improved understanding of waste 

management aspects around acid mine drainage, volatile organic 

components, CO2 emissions, and post-mine closure. The novelty 

of the work lies in the approach taken to address coalmining 

challenges. Previous authors concentrated mostly on scientific 

and engineering aspects, while this research looks at it from an 

accounting perspective using environmental management 

accounting tools to address these challenges. 

 

Keywords  
 

Coalmining; Decision-Making Framework; Environmental 

Impact; Environmental Management Accounting (EMA); Life-

Cycle Costing (LCC); Material Cost Flow Accounting (MFCA); 

Parallel Exploratory Design 

 

Introduction  
 

Coal has played a significant role for the past 100 years by 

providing electricity to households and companies, thereby 

playing a major socio-economic role in South Africa as a 

developing economy. Coal deposits in South Africa are in what is 

referred to as the Karoo Super group, in a segment known as the 

Ecca subgroup [1]. It is projected that about 50% of the 

coalfields in areas such as Emalahleni, Ermelo, and Highveld 

encompass the deposits of coal that may be recovered [2]. 

Further details of these Karoo and Ecca subgroup deposits may 

be observed in [3]. 
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Numerous challenges arise from the South African coalmining 

industry, and these are unpacked under environmental challenges, 

scientific and engineering aspects, and managerial 

considerations. 

 

Environmental Challenges  
 

While coalmining contributes significantly to gross domestic 

product (GDP) [4], its operations bring about well-known 

environmental challenges and compromise plant life and animal 

and human health. For example, Emalahleni, a city located in the 

Mpumalanga Province in South Africa, has been exposed for over 

a century to the continuous mining of coal. Challenges 

experienced include the sterilisation of land due to underground 

fires, water pollution, surface collapse,  and acidification  of 

topsoil. A further problem is the rise in the contamination of 

water. For instance, water in the Middelburg Dam in 

Mpumalanga is estimated to be 40% unsuitable for human 

consumption [5]. Consequently, the critical challenge facing 

South Africa is to commission integrated and effective policies 

and frameworks to assist mining companies to make informed 

decisions about their effects on the environment. Moreover, 

resolute approaches ought to be employed to generate foreign 

capital inflows and platforms to mitigate the challenges caused 

by mining activities [5]. 

 

Scientific and Engineering Aspects  
 

While this work is concerned with the value proposition of 

environmental management accounting (EMA) in addressing 

environmental challenges of coalmining, some scientific and 

engineering aspects ought to be considered. The coalmining 

industry usually distinguishes between open pit mining and 

underground mining. Open pit mining is undertaken for coal 

deposits relatively near the surface, e.g., 20 m, while deeper 

deposits may necessitate underground mining activities [6]. Over 

90% of the mining activities in developed economies adopt open 

pit methods [6]. Naturally, underground fires can only arise from 

underground mining activities and not open pit mining. 

Plausibly, both kinds of coalmining can pollute underground 
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water, but depending on the depth of these aquifers, underground 

mining would pose a larger pollution threat to water sources. 
 

Numerous coalmining challenges can be categorised as 

belonging to either open pit mining or underground mining or 

both. Specific challenges associated with open pit coal mines are 

polluting and disturbing water flow patterns; dust production, 

generally known as a source of respirable coal mine dust 

(RCMD) owing to mining operations; acidification of surface 

soil (linked to acid mine drainage (AMD) discussed by Masindi 

et al. [7]) and sulphur content release; local land alteration; 

increased traffic owing to mine personnel setting up towns and 

other infrastructure; disposal of mine waste (for example rocks); 

and overburden before mining operations can proceed [8]. 

Challenges associated with underground coalmining overlap to a 

large extent with that of open pit mining; additional challenges 

include polluting underwater sources, subsidence leading to 

sinkholes owing to collapsed underground mine pillars [6], and 

exacerbated dust production owing to an enclosed environment. 
 

The environmental challenges posed by coalmining can also be 

twofold: pollution can occur through open pit or underground 

mining and affect water sources, soil quality [8,9], and other 

environmental elements. Further in the supply chain, pollution 

may occur through arguably the most well-known use of coal—

namely, combustion in generating energy [10], which is the most 

common use in South Africa as a developing economy. Both 

these important uses of coal lead to environmental challenges and 

affect human health—for example, air pollution in the case of 

combustion. In addition, there is a concerted effort by the human 

rights and Greenpeace movements to investigate alternative 

energy sources to replace coalmining, owing to the detrimental 

effects on the environment, especially in the Mpumalanga 

province in South Africa [11]. Apart from its uses as an energy 

source through combustion, it should be noted that coal has 

numerous other, metallurgical uses, e.g., its use in high-

temperature smelting furnaces to distil iron for use in the 

manufacturing of steel and cement for the building industry 

[12,13]. 
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Work aimed at addressing environmental challenges from a 

scientific or engineering perspective has recently appeared. A 

screening tool, called groundwater impacts from mine-water 

irrigation (GIMI) to assist with the recycling of coalmine water 

for irrigation of crops is presented by Vermeulen and Usher [14], 

together with challenges of acid mine drainage (AMD). Skousen 

et al. [15] likewise address aspects of water reclamation and water 

management practices. They recognise the importance of 

salvaging the native soil as part of land reclamation and the role to 

be played by legislation. Hirschi and Chugh [10] discuss 

strategies for coalmining waste disposal and elicit the impurities 

present in coal that ought to be dealt with at all stages of 

coalmining—before, during, and after mining. 
 

New insights into subsidence formation through underground 

mine pillar extraction or failure (collapse) and other causes are 

presented by Van der Merwe [6]. An improved method to predict the 

level of subsidence in the case of pillar extraction is presented. 

Nevertheless, the presence of large deposits of dolerite in South 

African mines compromises measures against subsidence. The 

management of overburden to be removed as the top layer before 

open pit mining may commence is addressed by Oggeri et al. [8]. 

Numerous aspects are involved herein—notably, logistical 

aspects, groundwater interaction, air pollution through harmful 

gasses escaping, and climate conditions to name but a few. 

Naturally, it is important to pay attention to the possible reuse or 

rehabilitation of the site following the removal of overburden. 
 

The sustainability of AMD in the South African context is 

addressed by Masindi et al. [7]. AMD was collected from a mine 

in Mpumalanga (largely also the case considered in the current 

research) and analysed. With respect to costing, a life cycle cost 

analysis (LCCA) was performed using life cycle assessment 

(LCA). Following the analyses, it is recommended that the South 

African coalmining industry should reduce its environmental 

footprint. It is anticipated that the EMA approach advocated in the 

current research would be useful in this regard. 
 

An analysis of the quality of soils around industrial coalmining 

sites was undertaken by Xiao et al. [9]. They discovered 

numerous toxic elements in the samples analysed and determined 

serious soil contamination in Southeast Asia, South Europe, and 
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North Africa. They also found that children would be most 

affected by these environments and call for the development and 

rolling out of control and management strategies to address these 

challenges. Their observations and remedial suggestions 

coincide with the research findings reported on in this article. 
 

It should be noted that the research in this article is largely 

abstracted away from scientific and engineering aspects around 

coalmining practices (open pit or underground) and the 

coalmining origins (mining activities per se or combustion 

afterwards) of environmental challenges. Consequently, the 

purpose of this research is to determine the factors at play in 

using EMA to address coalmining challenges through the 

creation of a decision-making framework for managing 

coalmining companies. Chief among these would be a call for 

more EMA awareness to be created in (amongst other) the 

coalmining industry. It is important to note that a feasibility study 

with respect to any proposed coalmining operation ought to be 

performed to arrive at a CO2 and environmental balance strategy. 

Should the CO2 and environmental impact of the proposed 

operations be too severe compared to the profit to be made, 

alternatives should be considered.  The use of EMA ought to 

assist with these assessments. 
 

Managerial Considerations  
 

Previous work by the researchers [16] involved a comprehensive 

literature review on coalmining challenges at a managerial level, 

together with proposed solutions, specifically for the South 

African milieu. A number of aspects emanated from such work. 

The role played by each of sustainability theory [17], stakeholder 

theory [18], and corporate social responsibility (CSR) [19] were 

unpacked. Further aspects that emerged involve the role of a 

bespoke management information system (MIS) to utilise the 

power of ICTs in complex coalmining costing and decision 

making. 
 

The need for an environmental strategy also emerged. In this 

regard, a company should continuously document and develop 

environmental performance indicators to address existing 

environmental aspects [20]. The classification of environmental 

costs with respect to pollution prevention and subsequent 
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treatment should be standard procedure, and stakeholder costing 

should be determined. The cost of addressing the environmental 

damage alluded to above—specifically, restoring plant life and 

mitigating the effect on animal and human health—should be 

determined. Waste reduction ought to mitigate the environmental 

pollution resulting from coalmining. 
 

Owing to the above, numerous regulatory aspects emerged. A 

coalmining company‘s social license to operate (SLO) has to be 

regulated. Since this work addresses environmental aspects from 

management accounting perspectives, some mention of a couple 

of aspects are in order. The South African Institute of Directors 

(IOD) brought about the King reports culminating in King IV, of 

which the goal can be described as transparency in sound 

corporate governance [21]. Aspects around carbon tax took 

centre stage. The South African carbon tax was implemented on 

1 June 2019 and is aimed at reducing emissions to meet the 

country‘s commitments under the 2015 Paris Climate Agreement 

[22]. The South African Revenue Service (SARS) published 

draft rules for consultation in March 2019 [23]. 
 

Problem Statement  
 

Challenges of the coalmining industry as elicited above have been 

researched mostly from scientific and engineering perspectives, 

and solutions to the said challenges have been proposed in the 

realm of science and engineering. These are much needed 

approaches in coalmining, but a treatment of accounting 

solutions—specifically the environmental management 

accounting (EMA) approach—has been neglected. In particular, 

a validated decision-making framework for the coalmining 

industry that embeds environmental management accounting 

aspects, including tools like material-flow cost accounting 

(MFCA) and life cycle costing (LCC), remains amiss. 
 

Materials and Methods  
 

In response to the above challenges, an environmental 

management accounting (EMA) strategy was proposed [24]. The 

adoption of EMA within companies is lagging, and most 

challenges relate to conceptual and practical challenges in 

assimilating environmental information and providing guidance on 
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an effective application thereof [25]. Coupled with EMA are 

important tools—material flow cost accounting (MFCA) and 

life-cycle costing (LCC)—which address the aspects of costing 

indicated before. EMA can lead to improved costing [26]; hence,  

it is proposed that EMA ought to be used  by managers as a 

decision-making tool for green management decisions [27]. 

Environmental cost information is often ‗hidden‘ in overhead 

accounts, leading to insufficient tracking of information 

regarding materials use, flow, and financing. This leads to 

environment-related cost information often being absent in the 

accounting records. 
 

There are some barriers to a smooth transition to EMA [25,28]. 

It has been argued that stringent government legislation may 

hamper EMA adoption. In most instances, certain strategic 

decisions can be imposed by government authorities through 

penalties or threats, moving companies to avoid declaring their 

carbon or environmental footprint [29]. Be that as it may, honest 

and regular communication among stakeholders and regulatory 

authorities remains a best practice. 
 

Following the abridged literature review above, the researchers 

developed a conceptual framework to address the said challenges 

[16]. The framework underwent a series of iterative reviews 

based on sets of qualitative propositions elicited from a deeper and 

next-level review of the coalmining literature. In line with a 

qualitative research choice, the literature is synthesised through 

the formulation of sets of propositions—essential ideas 

addressing the aim of this research, which is the construction  of 

a conceptual framework to address coalmining challenges at 

managerial level using EMA and   its associated tools and 

techniques. In constructing such a framework, this work aimed 

to elicit the components of such a framework. 
 

Through a comprehensive literature review, three sets of 

propositions were formulated and utilised to define the 

framework in Figure 1. 
 

 General propositions represent general or overarching 

propositions and are labelled  pG1,  pG2, . . . , pGi. 

 Content propositions indicate content or concepts identified. 

Content propositions are labeled pC1, pC2, . . . , pCj. 
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 Association propositions represent the associations identified 

between concepts. Associations are indicated by pA1, 

pA2, . . . , pAk. 

 
 

 
 

Figure 1: Conceptual framework embedding three sets of propositions. 
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From the next-level literature review, the following propositions 

emerged (some coinciding with earlier observations), starting 

with the general propositions in Table 1. 

 
Table 1:  List of general propositions. 

 

 General 

Proposition# 

Formulation 

pG1 Stakeholders denoting investors in the coalmining 

industry are external to the environment, while 

employees (including member unions) are internal to 

the environment. 

pG2 Like in most or all spheres in life, communication 

among stakeholders, systems, etc. is vital. 

pG3 A link between conventional, existing cost accounting 

systems and EMA is needed. 

 

 

Table 2:  List of content propositions. 

  
Content 

Proposition# 

Formulation 

pC1 A good quality and reliable management information system 

(MIS) is vital to facilitate the operations of a coalmining 

company. 

pC2 In the absence of any remedial interventions, coalmining 

practices have detrimental effects on the environment—
specifically, the pollution of surface and underground water. 

pC3 In the absence of any remedial interventions, coalmining 

practices may severely affect animal and human health. 

pC4 Health regulations ought to be put in place for the coalmining 
industry (inferred from pC3). 

pC5 Environmental management accounting (EMA) may usefully be 

employed to facilitate sustainability in the coalmining industry. 

pC6 Coalmining companies need to consider the communities where 
they want to operate through a social licence to operate (SLO) 

and negotiations. 

pC7 Material cost flow accounting (MCFA) is an important 

environmental management accounting tool to be used in EMA. 

pC8 Coalmining companies should have proper systems in place to 

determine wasteful activities and a budget allocated to mitigate 

environmental degradation. 

pC9 ISO standards play an important role in environmental 
regulations as well as the tools used in EMA aspects, e.g., MCFA 

(refer also to pC7.) 

pC10 The subdivisions of EMA—namely, monetary EMA (MEMA) 
and physical EMA (PEMA)—have important roles to play in 

addressing EMA considerations (refer also to pC5.) 

pC11 Life cycle costing (LCC) is an important tool to be used by the 
coalmining industry in material analyses. 
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Content 

Proposition# 

Formulation 

pC12 The coalmining industry ought to adhere to government 
legislation. Coupled with such legislation should be adherence to 

the Global Reporting Initiative (GRI) guidelines and King IV 

principles. 

pC13 Coalmining companies should adhere to government carbon tax 

regulations. 

pC14 An environmental strategy is vital for a coalmining company. 

pC15 Decision making is vital for a coalmining company. 

pC16 A good performance based on the aforementioned strategy and 
decision making is vital to facilitate coalmining environmental 

success. 

pC17 Coalmining companies ought to calculate correctly and attempt 

to improve on the cost of their operations (improved costing); 

hence, they ought to pay close attention to their profit margin. 

pC18 The MIS should provide information relating to savings on raw 

materials, profit margin (pC17), and decision making (pC15). 

pC19 A coalmining company ought to keep a close eye on its risk 

profile. 

 

Table 3 denotes the association propositions that emerged from 

the interplay among the entities identified. 
 

Table 3: List of association propositions. 

  
Association 

Proposition# 

Formulation 

pA1 There is an association between the purpose and 

environment (stakeholders) in terms of providing 

stakeholders with EMA information. 

pA2 There is an association between the subject field 

(PEMA and MEMA) and the environment 

(stakeholders). For instance, stakeholders will be 

provided with physical and monetary information. 

pA3 There is an association between the EMA subject 

field and tools and methodologies, e.g., MFCA. 

pA4 There is an association between the purpose and 

tools (methodologies), e.g., the flow of LCC or 

MFCA information to achieve a purpose. 

pA5 There is a flow of regulatory information between 

the regulatory environment and the stakeholder 

environment. 

pA6 The said tools or methodologies can provide 

stakeholders with information to make informed 

decisions (trivial association). 

pA7 There is an association between the regulatory 

environment and the purpose in terms of reducing 

pollution and improving on costing. 
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Having applied the propositions in Tables 1–3, the association 

propositions that emerged from the interplay among the entities 

identified are denoted in the proposition-based framework in 

Figure 1. 

 

Since the research considers the interplay between coalmining 

and EMA, thereby involving multiple stakeholders, it is 

imperative to obtain their views with respect to EMA and the 

coalmining environment.  To  this  end,  two  surveys  among  

coalmining  practitioners  were  conducted:  first, a set of 

interviews were conducted among 15 stakeholders, followed by 

a focus group made up of  12 participants. 

 

The research methodology in this work follows Saunders et al.‘s 

Research Onion [30], depicted in Figure 2. The onion‘s utility lies 

in its adaptability for most types of research methodology and can 

be used in a variety of contexts, allowing for the collection of 

rich and reliable data [31,32]. 

 

 
 

Figure 2: Saunders et al.‘s Research Onion [30]. 
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As per Figure 2, the research philosophy is interpretivist in nature, 

since the researchers interpreted the literature in terms of previous 

findings and also by interpreting the semantics expressed by 

participants in the individual interviews and those expressed in 

the context of the focus group.    The research approach followed 

is a mixed inductive approach followed by a deductive phase. 

Initially, a conceptual framework (Figure 1) was inductively 

developed from the literature, followed by a validation of the 

framework through the interviews and a focus group, thereby 

adding a deductive element. The instrument in Appendix A was 

administered to the interviewees without showing them the 

conceptual framework in Figure 1. Focus group members were 

shown the Figure 1 framework and taken through a discussion of 

each of the associations in the framework. 

 

The methodological choice was multi-method qualitative, owing 

to the use of a diagram (framework) and discussions with 

participants. The strategy used was survey-based, both with 

respect to the literature review and the two surveys (the 

interviews and focus group). Since the research was conducted 

within the space of 18 months, the time horizon is deemed as 

cross-sectional, i.e., performed within a relatively short time 

period. Finally, data collection was face-to-face via the 

interviews and the focus group. 

 

The research obtained the necessary ethical clearance from the 

Graduate School of Business Leadership (SBL) at the University 

of South Africa under the clearance certificate 

2017_SBL_DBL_011_FA. 
 

Results  
 

As indicated the survey followed a qualitative, semi-mixed 

research choice—a set of interviews followed by a focus group 

among coalmining stakeholders. The interviewees were sourced 

from coalmining personnel in the city of Emalahleni in the 

Mpumalanga province, Lephalale in the Limpopo province, and 

the greater Gauteng province in South Africa. Stratification was 

as indicated in Table 4. Each interviewee was given a participant 

information document that described the purpose of the 

interview, their rights as a participant, and the purpose of the 
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research.  Each was requested to sign an informed consent form 

before being interviewed. They were furthermore informed of 

the confidentiality of their responses as well as that they could 

withdraw from the interview at any point without giving any 

reason(s) for doing so. 

 
Table 4: Demographics of interviewees. 

 

Demographics 

Gender Male (67%) Female (33%)   

Years of work 

experience 

0–15 (60%) 16–20 (20%) 21–30 

(7%) 

≥31 

(13%) 

Managerial 

level 

Supervisory or 

operational 

(46%) 

Senior 

managerial 

(31%) 

CEO 

(23%) 

 

 

The interview guide in Appendix A was subsequently 

administered during each interview.  The questions were 

designed to elicit information as to the perceived challenges in 

the coalmining industry, information used, environmental 

impacts, their knowledge (if any) of environmental management 

accounting (EMA) and related aspects, reasons for possible non-

EMA adoption, and the processes followed in the coalmining 

industry. 

 

The findings from the interviews are presented next. As is 

evident from the content of the instrument in Appendix A, the 

research was executed at an environmental management 

accounting level and not at a scientific or mine engineering level.   

In order not to influence their responses,    the interviewees were 

not shown the conceptual framework in Figure 1. 

 

Interviews  
 

In the process of administering the instrument in Appendix A, data 

on a number of variables were collected. Table 4 shows the 

demographics of the participants who participated in the interview 

sessions. 

 

Fifteen interviews were conducted with distribution as indicated 

in Table 4. The interviews were conducted and transcribed by the 

lead author. For each of the subsections below, the question that 
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was posed to the interviewees (refer Appendix A) is indicated at 

the beginning, followed by the responses received to the question. 

 

Decision-Making Information Used by the Coalmining 

Industry Regarding Impact on the Environment  
 

The question posed was, ―What information is used in the 

coalmining industry to make decisions with regard to their impact 

on the environment?‖ 

 

A synthesis among all the interviews in response to the question 

pointed to the following information: 

 

 Environmental impact assessments (EIAs) with corresponding 

environmental management plans (EMPs); 

 Project designs, environmental-baseline research reports, and 

case studies; 

 Advice from coalmining consultants and shareholder views; 

 Environmental legislation and regulatory requirements, 

amongst other; 

 South-African National Environmental Management 

(NEMA) 1017 act of 1998, which promotes government co-

operation and legislation on environmental matters. 

 
The above findings are consistent with views expressed by Stein 

et al. [33] and Mathee [34]. Some respondents also mentioned 

aspects around measuring waste management through acid mine 

drainage (AMD) (see Section 3.1.2) and referred to information 

from non-governmental organisations (NGOs) and internal audits 

for risk, safety, governance, and analysis. 

 

In support of the above, one of the respondents remarked, 

 

―[Environmental impact assessments] EIAs including specialist 

studies and project designs are mostly used to make decisions. 

[Environmental management plans] EMPs, environmental 

legislation, regulatory requirements, engagement with mining 

consultants and research institutions, community complaints and 

NGOs, cost impact assessments, monitoring information and 

shareholder’s views to make decisions.‖ 
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Decision-Making Information Used by the Coalmining 

Industry to Identify Waste  
 

The question posed was, ―What information does the coalmining 

industry need to identify waste?‖ 

Information supplied by respondents in response to this question 

varied much, but the following could be synthesised by the 

researchers: 

 

 Definition and classification of waste in terms of the NEMA 

Waste Act, 59 of 2008; 

 Chemical analyses, waste  classification  information,  

material  characterisation,  standards,  and legal 

specifications; 

 Information on contaminated soil and polluted sources; 

 Information on sampling analyses, e.g., the volume  of  

solids  and  liquids  into  and  from plant materials. 

 
The responses coincide with research by Qian et al. [35] who 

argued that the use of EMA was facilitated by paying attention to 

waste management. 

 

Some of the responses were 

 

―Input from [the] technical survey department, classification of 

waste in the coalmining industry, [and] operational waste usually 

applies [apply] LEAN principles and market waste, that is, what 

cannot be sold.‖ 

 

―[Also, information needed are] Chemical analysis and 

classification information, coal grade classification material 

characterisation of all streams, standards and legal 

specifications, as well as sampling analysis information.‖ 

 

Coalmining Information Used to Reduce Costs Regarding 

Environmental Impact  
 

The question posed was, ―What information does the coalmining 

industry need to minimise cost with regard to their impact on the 

environment?‖ 
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Some of the participants responded as follows to the question 

posed: 

 Leading indicators and suggestive tools to proactively put 

corresponding measures in place to facilitate coalmining 

operations; 

 Quantifying liabilities; 

 Project designs aligned to environmental considerations; 

 Legal requirements to avoid legal cases; and 

 Recycling, reusing, and generating zero waste such as dry 

cooling beneficiation. 

 
Owing to the information content of the corresponding 

instrument question, the researchers observe that some of these 

aspects appeared before. The above items imply the use of MFCA 

to capture and draw the attention of decision-makers to the 

costing of waste [36]. 

 

Some of the responses received were, 

 

―Options of recycling, reusing, and generating zero waste. For 

instance, dry cooling beneficiation, waste is usually considered 

as zero cost material only when market value for waste streams 

is found, [it] is then that we qualify the processing cost involved, 

environmental variables (climate change, ecology and 

vegetation type).‖ 

 

―Spatial data, regional planning data, improved benchmark data 

and new technology solutions, accurate quantification of the 

impact and best practice guidelines. Integrated data needed from 

suppliers to understand the cost drivers, mining methods, safety 

measures and risk management training. Operational costs in 

terms of changing current operations downtime, proper planning 

and execution from production department to environmental and 

technical departments.‖ 
 

Effective Processes Employed by the Coalmining Industry to 

Facilitate Decisions with Respect to Environmental Impact 

and Cost Savings  
 

The question posed with respect to environmental impact and cost 

saving was, ―How successful are the existing processes 
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employed by the coalmining industry to make decisions on (a) 

their environmental impact, and (b) related cost savings?‖ 

 

It was clear from the responses that the participants found this 

question hard, consequently their responses were sparse. 

 

That said, some of the respondents alluded to 

 

 Uncertainty of existing measures to facilitate decisions—

existing measures appear ineffective; 

 Integration of environmental management with operational 

management; 

 Continuous improvement of water liability owing to mining 

operations; 

 Post-mine challenges regarding topsoil shortfall and liability 

backlog; 

 Related costs ought to include full LCC but does not appear 

to be effective. The related costs do not always include the 

full LCC, e.g., long-term liabilities. This is contrary to the 

assertion by [36] who opined MFCA to be a tool for EMA to 

record waste-cost information precisely; 

 Finding ways to mitigate the punitive reputational view of 

environmental impacts. If reputation impact exceeds 

revenue, adverse environmental impacts ought to be 

addressed. 

 
Many of the responses agree with Kim [37], who concludes that 

addressing environmental impacts while at the same time saving 

on cost is hard. The criticism of LCC being ineffective disagrees 

with Fakoya and Van der Poll [36], who opined that LCC and 

MFCA are effective tools for EMA. 

 

The sentiments are captured aptly by the following responses: 

 

―Water liability remains a challenge for long-term processes. 

Therefore, continuous improvement must be developed to raise 

environmental performance over time. Environmental impacts 

take a punitive reputational frame; if reputation impact is greater 

than revenue, then it is worth mitigating the environment.‖ 
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―Proper budgeting and procurement procedures should be in 

place. Topsoil shortfall and liability backlog is still an issue and 

it will affect the mine post-closure. Current processes are not 

very effective but can become environmentally sustainable if 

[coalmining companies] develop and integrate practice[s] that 

can reduce the environmental footprint (impacts) and costs.‖ 

 

―I have no facts and figures about this, no answer.‖ 

 

Determine Familiarity with EMA  

 

Interviewees were also probed with respect to their familiarity 

(or otherwise) with EMA. Specifically, the question posed was, 

―To what extent are you familiar with environmental management 

accounting (EMA)? If familiar, what are the benefits of EMA for 

the coalmining industry?‖ 

 

Of the 15 interviewees, 73% indicated they are unfamiliar with 

EMA. The rest, 27% indicated a familiarity with EMA. This 

finding agrees with Burritt [38], who observed a relative 

unfamiliarity with EMA in 2005. The situation seems to prevail 

in recent times. That said, a recent call was made by Saeidi and 

Sofian [39] for managers to familiarise themselves with the 

advantages of EMA. 

 

Two respondents said, 

 

―EMA is a new concept, and I am not familiar with it.‖ 

―Not familiar with EMA, but I assume that it relates to valuing 

the ecosystem.‖ 

 

The researchers concur that more familiarity with EMA in the 

coalmining industry is warranted. As indicated in Appendix A, a 

sub question enquires about the advantages of EMA. Naturally, 

should a respondent be unfamiliar with EMA, no answer was 

offered. Respondents who were familiar with EMA presented 

positive information, viz: 

 

 Improved knowledge of the trade-offs between economic 

development and environmental impacts; 
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 Improved decision-making abilities, and hence being 

proactive with respect to managerial decisions; 

 Improved cost–benefit analysis; 

 Protection of the environment from pollution; 

 Minimising waste, thereby improving on the LCC profile; 

 Harmonization of production and environmental 

management activities; 

 Identification of resources, activities and financial impacts of 

mining operations. One of the supporters of EMA concluded, 

 

―Some of the key benefits of [EMA for] the coalmining industry 

include better decision-making, protection of the environment 

from pollution, enables coalmining companies to minimise waste 

which impacts on the environment, improves life cycle costing.‖ 

 

The above findings concur with Bracci and Maran [40] as far as 

a proactive management style is concerned. Even though 73% of 

the interviewees were unfamiliar with EMA, those who were 

knowledgeable about it gave valuable information (refer to the 

above bulleted list). It indicates to the researchers that EMA 

awareness campaigns are much needed. 

 

Reasons for Possible Non-Implementation of EMA by the 

Coalmining Industry  

 

The question posed was, ―What are the reasons for possible non-

implementation of EMA principles and associated environmental 

management accounting tools by the coalmining industry?‖ 

 

Responses to this question were, 

 

 Excessive costs may be incurred through continuous 

environmental rehabilitation—re-evaluating associated costs 

and environmental penalties; 

 There are insufficient funds for land rehabilitation and 

related liabilities; 

 There are challenges associated with implementing EMA 

and the costing thereof; 

 Coalmining focus is on production (and larger profit) and not 

on environmental impacts; 
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 It is not (yet) legally required to adopt EMA at an 

operational level in the coalmining industry but voluntary; 

 Governance frameworks are at an infancy with respect to ISO 

standards, specifically the monitoring and reporting of 

standards; 

 There is a lack of 

o awareness, knowledge, and understanding of EMA; 

o enforcement by authorities; and 

o effective environmental strategies. 

 
Two of the interviewees reported, 

 

―My assumption is that there are existing perceptions and there 

are high costs related to implementing EMA which affect the 

bottom line.‖ 

―The ultimate focus is on production and not on the 

environmental impacts. This is mostly evident especially in the 

small coalmining companies that are not public listed companies 

or not listed on the JSE [Johannesburg Stock Exchange].‖ 

 

The above discussions disagree with Jasch [41], who demonstrated 

that EMA may be implemented in a day. That said, the above 

coincide with Kamruzzaman [42] arguing that companies focus 

more often on generating profit than mitigating their 

environmental impacts. 

 

Coalmining Processes to Follow to Mitigate Environmental 

Impact and Save Costs  

 

The last question posed to each interviewee was, ―Which 

processes ought to be followed by the coalmining industry to 

make decisions on (a) their environmental impact, and (b) related 

cost savings?‖ 

 

Responses to this question coincided with previous answers. 

Some additional responses are 

 Embark on more detailed reviews and continuous provision 

of mitigation plans from planning to inception; 

 Identify risks and environmental hazards; 

 Adopt existing legislative instruments like EIAs, EMPs, and 
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NEMA ought to be enforced; 

 Consult with environmental personnel in decision-making 

processes; 

 Improve on metallurgical and power station processes; 

 Determine the impact on communities; 

 Reduce CO2 emissions; 

 Implement MFCA and DEA processes. One of the 

participants responded, 

 
―The integration of environmental requirements from planning 

to inception of the coalmining project; implementation of 

sustainable mining operations and sustainability evaluations; 

and ongoing environmental monitoring, and proper consultation 

with environmental personnel in decision-making processes.‖ 

 

The above findings agree with the views of Garzella and 

Fiorentino [27] as well as Bagur-Femenías [43] that an EMA 

investment necessitates substantial financial seed funding. Note 

how this disagrees with Jasch [41], who claims EMA may be 

implemented in a day. It was also noted that EMA adoption is 

often due to a management, or shareholder directive. In this case 

the use of EMA could be embedded in company policies and 

operational business plans [44]. 

 

Schaltegger et al. [45] and Burritt [46] argued that environmental 

accounting systems measure quantities in physical units and 

provide processes to regulators for managing compliance. Such 

accounting processes are essential for the calculation of green 

taxes such as CO2 or volatile organic compounds (VOC) 

discharge tax, thereby having an influence on the regulatory 

aspects previously addressed. 

 

With respect to the cost saving aspect, many respondents noted 

the use of modern ICTs to assist with estimates. This coincides 

with the researchers‘ recognition of a bespoke MIS (see Section 

1). A call was also made to promote drive patriotism and to avoid 

tick-box exercises. The above was neatly captured by one of the 

respondents: 

―A dedicated environmental budget, provisions required for post 

mine-closure activities, proper procurement procedures and 
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processes including financial modelling of projects. Moving 

away from tick-box excuses, think alternative industries, value 

water quality analysis, and drive patriotism.‖ 
 

The above concludes the discussion of the first phase of the 

survey, namely the interviews with individuals. Having 

conducted the interviews, a large part of the conceptual framework 

in Figure 1 has been validated, but numerous additional aspects 

came to the fore, thereby augmenting the attributes of the entities 

(the boxes) in the framework. 

 

The enhanced entities are shown in Table 5. A comparison with the 

proposition-based framework in Figure 1 reveals numerous new 

items. Also, the risk aspect previously sparse on information has 

been populated through the interviews. 

 

The researchers note that while there are certain elements in 

Table 5 that could be deemed more important than others, 

depending on the stakeholder using the framework, the items 

have not been assigned weights. The current research adheres to a 

qualitative research choice in which items are not (necessarily) 

quantified. That said, quantification may be possible, specifically 

as future work in this area (refer Section 5). 
 

Next, the focus group session aimed at validating the 

associations among the entities in the Figure 1 framework is 

discussed. 
 

Table 5: Enhanced entities from interviews. 

 

SUBJECT FIELD 

 Auditing 

 EMA—PC5 

o PEMA—PC10 

o MEMA—pC10 

 Financial modelling 

 Environmental management 

(EM) 

 Operations management (to 

be integrated with EM 

 PURPOSE 

 Environmental—PC2 

o EIA 

o Reduce water pollution—

PC2 

o Improved health—PC3 

o Spatial and regional 

planning 

 Waste reduction—PC8 

 Decision making—PC15 

 Performance—PC16 

 Improved costing—PC17 
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o Budgeting 

o Depreciation costs 

o Operational costs 

o Pollution treatment 

costs 

o Funding for 

rehabilitation 

o Profit margin—PC17 

o NPV 

o Savings of raw 

materials—pC18 

 Future Possibilities 

   TOOLS (METHODOLOGIES) 

 Advanced technologies 

 Best practices 

 Efficient processes 

 Metallurgical and power 

stationing 

 Mining methods 

 MIS—PC1 

 MFCA—PC7 

 LCC—PC11 

 Strategy—PC14 

o Green 

 Procurement Procedures 

 Alternative Methods 

 ENVIRONMENT (STAKEHOLDERS) 

 Environmental footprint 

 SLO—PC6 

 Investors (external 

environment)—PG1 

 Employees (internal 

environment)—PG1 

o Competent staff 

o Reduced workforce 

o Drive patriotism 

 Unions—PG1 

 Efficient communication—

PG2 

 Natural environment—PC2 

(cf. above) 

REGULATORY 

 EMPs 

 Governance frameworks 

 Health regulations—PC4 

 ISO—PC9 

 EM Act/government 

legislation—PC12 

o DEA 

o Green taxes 

 GRI guidelines—PC12 

 King IV—PC12 

 

 RISK ASPECTS—PC19 

 AMD 

 Post-mine closure 

 Safety 

 Ongoing monitoring 

 VOC 
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 Carbon tax—PC13 

o CO2 emissions 

Legend: 

 AMD—acid mine drainage 

 DEA—Department of Environmental Affairs 

 EIA—environmental impact assessment 

 EM—environmental management 

 EMPs—environmental management plans 

 VOC—volatile organic components 

 

Focus Group  
 

The focus group comprised 12 participants from seven coalmining 

companies. These participants attended a series of three seminars, 

organised by the South African Coaltech company (https://coaltech. 

co.za) together with the lead researcher. The focus group was 

conducted at the grounds of the South African Council for 

Scientific and Industrial Research (CSIR) in Pretoria, Tshwane 

metropolitan. The demographics are indicated in Table 6. 

 
Table 6: Demographics for focus group. 

 
Demographics 

Gender Male (69%) Female (31%)   

Years of work 

experience 

0–15 (33%) 16–20 (9%) 21–30 

(25%) 

≥31 

(33%) 

Managerial 

level 

Supervisory or 

operational (42%) 

Senior 

managerial 

(33%) 

CEO 

(25%) 

 

 

Next, a discussion around validating the associations (pA1 to 

pA7) in the framework, together with a new association, pA8, 

that emerged from the focus group is presented. 
 

Association pA1—Purpose Serving Environment 

(Stakeholders)  

 

The first association evaluated was pA1: The underlying question 

posed was to what extent will reduced water pollution and 

improved health and costing and sound decision making benefit 

investors, coalmining employees, and the natural environment? 
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Participants P1, P3, P6, P7, P10, and P12 responded positively. 

P7 enquired whether the lead author needed any further 

responses upon which it was decided the response from the 

group was sufficient. There were no disagreements among the 

group with respect to pA1. 

 

Conclusion: The purpose as indicated would, therefore, serve the 

interests of the environment (stakeholders). Consequently, the 

validity of the said association was accepted. 

 

Association pA2—Subject Field Useful for Environment 

(Stakeholders)  
 

Association pA2 was considered next—namely, to what extent 

will EMA (including PEMA and MEMA) add value to the aspects 

indicated for the environment (stakeholders)? Of specific 

importance was to consider the scenario where a coalmining 

accounting department or executive management might not have 

the environmental management information for decision-making 

purposes. 
 

Participants P2, P3, P5, and P6 agreed that the two branches of 

EMA (PEMA and MEMA) would add value to the coalmining 

environment (stakeholders), specifically in providing executive 

management with correct decision-making information. None of 

the other participants offered any objection to this viewpoint. 
 

Conclusion: A correct EMA implementation with specialisations 

PEMA and MEMA ought to facilitate the interplay between 

stakeholders and the surrounding environment. Association pA2 

is, therefore, assumed to be intact. 
 

Association pA3—Subject Field Affecting Tools 

(Methodologies)  
 

Association pA3 was subjected to: Do the PEMA and MEMA 

divisions of EMA add value to aspects such as MFCA, LCC, and 

the green strategy? 
 

Participants P2, P3, and P12 agreed that the two branches of 

EMA would add value to the EMA tools such as ISO, LCC, and a 

green strategy. No objections were posed by any of the other 
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participants. However, further discussions elicited a reverse 

influence from tools (methodologies) to subject field, i.e., these is 

a two-way interaction between these two entities. Consequently, 

association pA3 holds but should be adjusted accordingly. 

 

Conclusion: Subject field indicators in the framework will 

provide valuable information for tools and methodologies and 

vice versa. 

 

Association pA4—Tools (Methodologies) Affecting Purpose  

 

Association pA4 considered the extent to which the tools 

(methodologies) indicted will serve the purpose of reducing 

water pollution, lead to improved heath, improved costing in 

terms of savings, higher profit margin, and better decision 

making. 

 

It should be noted that a dotted line connects tools (methodologies) 

and purpose in the framework. As indicated in the legend to the 

framework, this indicates a control that is exercised in the 

respective direction. This aspect was pointed out to the group 

before discussions commenced. 

 

Participants P6 and P1 disagreed with association pA4 and 

indicated that, in general (all industries, not only the coalmining 

industry), EMA would not serve the purpose of the entity as 

indicated.  This was an unexpected response. However, on 

probing further, it turned out the coalmining industry may well 

benefit from the above, but so long as other industries that also 

compromise the environment do not come on board, the problem 

will prevail. The responses of the two participants, therefore, had 

to be interpreted in context: although the framework is 

customised for the coalmining industry, it ought to be applicable 

to other industries. The researchers agree with P1 and P6 that the 

framework should also apply to other industries that could 

pollute the environment. Consequently, association pA4 is 

accepted. 
 

Conclusion: From the findings of the focus group, tools 

(methodologies) will serve the purpose as indicated in the 

framework. 
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Association pA5—Regulatory Aspects Determining 

Environment (Stakeholders)  

 

Association pA5 evaluated the claim that regulation exercises 

control over environmental aspects including stakeholders in the 

coalmining industry. Such regulations are intended to benefit the 

industry and not hamper operations. 

Participant P7 stated that a sensible application of regulatory 

guidelines would benefit the environment but not necessarily the 

investors. P3 proposed that there should be a provision for the 

decision-making framework in that the regulations should be 

applicable to all industries or sectors and not only the coalmining 

industry (see Section 3.2.4). P10 indicated that in principle, 

guidelines are fine, yet the South African government tends to 

turn guidelines into law, and coal mines are penalised for 

transgressions of the said guidelines, which is not correct, as 

guidelines are supposed to advise and guide coalmining 

companies in conducting their business. Therefore, guidelines 

should not be interpreted as hard-and-fast laws. There was 

consensus in the group about these aspects. 

 

Conclusion: From the discussions amongst group members, there 

was consensus that regulatory aspects can go a long way in 

controlling adverse effects on the environment, so long as these 

would be applied to all industries and not only the coalmining 

industry. Association pA5 was, therefore, accepted. 

 

Association pA6—Tools (Methodologies) May Affect the 

Environment (Stakeholders) Association  

 

pA6 addresses the effect of tools (methodologies) on the 

environment (stakeholders), with respect to the aspects addressed 

before. Of specific importance is striving for being green by the 

coalmining industry. 

 

Participants P1, P5, P6, P10, and P12 agreed that the EMA tools 

such as ISO, LCC, and a green strategy would add value to 

saving and improving the environment (stakeholders). The 

remaining participants offered no objection. It is anticipated that 

this consensus can assist the coalmining companies to achieve 
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profit while simultaneously saving the environment. 

Consequently, association pA6 is assumed to hold. 

 

Conclusion: From the findings of the focus group, the tools 

(methodologies) as indicated in the framework will add value to 

stakeholders and facilitate saving the environment. 

 

Association pA7—Regulatory Influences Purpose  

 

Association pA7 was next evaluated by the focus group. The 

association indicates that the flow of regulatory information 

would assist the purpose with respect to reducing water pollution 

and adverse environmental impacts, improve costing, and 

enhance decision making. 

 

Participant P7 agreed that the flow of regulatory information 

would facilitate the purpose as indicated. P6, however, was 

hesitant in the sense that the regulatory information would 

certainly be applicable to the coalmining industry, but regulatory 

initiatives would remain challenging if other industries continue 

to pollute and compromise the environment, as these industries 

may not be equally and strictly regulated and monitored. 

 

The group agreed that the SA coalmining industry is well 

regulated and spends funds in addressing environmental 

damages, yet it seems to be the only industry that is being 

penalized for environmental pollution. Although it is a good 

initiative to allocate funds for environmental purposes, the 

municipalities are not penalised for polluting the environment, 

and therefore, there is inconsistency in the application of 

regulations. Therefore, you― . . . cannot spend money in one area 

and expect that it will address environmental pollution in other 

areas and sectors‖. The following case was presented: Polluted 

water from Emalahleni‘s municipal sewage plant flows into the 

farms and coalmining area, and little or nothing is being done by 

law enforcement to prevent it. It appears, therefore, that the 

focus is on penalising the coalmining industry while other 

industries ―do as they wish‖. Consequently, there are 

inconsistencies in the application and enforcement of regulatory 

legislation as per the focus group. 
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Conclusion: Responses of the focus group indicate that 

regulatory guidelines ought to serve the purpose of the 

coalmining industry in feeding regulatory information into the 

purpose statement(s) of the industry. Association pA7 is, 

therefore, accepted. 

 

Next, a new association, pA8, is considered. It is not present in the 

Figure 1 framework but elicited by the researchers following the 

interviews described in Section 3.1. 

 

Association pA8—Regulatory and Risk Aspects  

 

The new association pA8 establishes regulations as mitigating 

risks in the coalmining industry. Participant P6 agreed that the 

regulations and policies would assist in the identification of risk 

and mitigation in the coalmining industry. However, as 

previously indicated, regulations ought to be consistently 

enforced on all industries in South Africa and not only to the 

coalmining industry,   as is currently the case (opinion of the 

group). P6 also indicated that the coalmining industry is being 

strictly monitored and audited yet invests large amounts of money 

on environmental aspects, and these benefits are readily evident, 

so regulations should be applied to all industries. The researchers 

note that, should coalmining companies fail to detect the 

necessary risks their risk management plans will not be effective. 

This may link to the aspect of project plans noted in the 

interview findings. 

 

Conclusion: Regulations may go a long way in assisting the 

coalmining industry in identifying, mitigating or even avoiding 

risks altogether in their day-to-day operations. 
 

From the updated entity content in Table 5, resulting from the 

interviews, and having established the associations through the 

focus group session, together with the new association pA8, the 

final decision-making framework for mitigating environmental 

impacts and facilitating cost savings in the coalmining industry is 

given in Figure 3. 
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Figure 3: Final decision-making framework for South African coalmining companies. 
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Discussion  
 
Numerous components with their respective associations were 

already addressed in the conceptual decision-making framework 

[16] as captured in Figure 1, yet many new aspects emerged as 

findings from the interviews presented in Table 5. This gives 

clear evidence as to the value of the interviews. Stratified 

sampling was performed for the interview set—supervisory or 

operational level at 46%, senior managerial level at 31%, and 

CEOs at 23%, as depicted in Table 4. A good mix among the 

executive levels of the coalmining industry was therefore 

obtained. Similarly, for the focus group, the data sets in Table 6 

report a comparable mix among coalmining executives. No 

fewer than seven coalmining companies were represented by the 

12-member focus group. The conceptual framework was 

comprehensively enhanced as is evident in the final framework in 

Figure 3, eliciting a number of important aspects for decision 

makers in the coalmining industry. 

 

A finer analysis of the framework in terms of the content of the 

entities identified follows. 

 

Subject and Purpose  
 

The use of financial modelling and environmental management 

accounting (EMA), including variants like monetary 

environmental management accounting (MEMA) and physical 

environmental management accounting (PEMA), together with 

associated tools of material flow cost accounting (MFCA) and 

life-cycle costing (LCC), should be promoted. These have the 

potential to model and monitor coalmining operations at the 

accounting level. Few of the interviewees or focus group 

members were aware of these important concepts to address 

environmental aspects and facilitate cost savings in the 

coalmining or other industries, as transpired in the focus group. 

Together with these accounting techniques, aspects of best 

practices, alternative (non-traditional) methods, and bespoke 

MIS implementations (all aimed at a greener coalmining 

industry) should be considered. 
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Environmental and Stakeholder Aspects  
 

The impact of coalmining on the environment and animal and 

human health deserves serious consideration. Of particular 

importance is the effect on underground water sources. While a 

comprehensive treatment of this problem should principally be 

addressed through scientific and engineering solutions, the 

environmental management accounting aspect should be 

considered in tandem. Cost savings is a further important 

consideration; these are embedded in the framework and would 

further be emphasised through the EMA-MEMA-PEMA tandem. 

The value of role players like coalmining staff and unions should 

clearly be acknowledged.  Documentation and mandates  of 

coalmining like a social licence to operate (SLO) should be 

standing items on the agendas of coalmining companies. 

 

Regulations  
 

Of particular importance is the adherence to (as with all 

industries) regulatory requirements. That said, legislation 

guidelines appear to be a concern for those surveyed. They often 

consider these guidelines to be punitive instead of an aid in 

finding a balance between a company‘s profit margin and 

maintaining the environment. Apart from the essence of 

coalmining—namely, to operate the industry—regulatory aspects 

are arguably the most important governing mechanism of any 

industry impacting the economy, lives, and the environment.  

Coalmining ought to take note of a number   of important 

legalities; amongst others these include health regulations, King 

IV, GRI guidelines, and carbon tax regulations. 

 

Risk Management  
 

The risk aspect not fully appreciated in the original framework 

has obtained prominence in the enhanced framework. Risk 

management goes hand in hand with a sound decision-making skill 

set also embedded in the final framework. Naturally, safety of all 

staff is non-negotiable, and environmental risks of AMD, VOC, 

and general pollution should be carefully monitored. 
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Conclusions  
 

This research originated from observing coalmining challenges 

with respect to environmental challenges and effects on human 

and animal health. Previous work in this area by the researchers 

developed the conceptual framework depicted in Figure 1, on the 

strength of a comprehensive literature review and three sets of 

propositions. This work further considered some scientific    and 

engineering challenges associated with the coalmining industry 

and reported on two sets of surveys—interviews and a focus 

group—aimed at validating the content of the framework entities 

as well as the associations among these. The conceptual 

framework already contained many of the important concepts, 

yet the content of the entities were vastly enhanced through the 

interviews, as is evident in Table 5. The focus group confirmed 

the associations among the entities and resulted in no further 

additions to the framework. 

 

Since the survey was conducted among the coalmining 

practitioners in South Africa against the backdrop of a 

developing economy, the researchers cannot claim any 

applicability on a global scale, nor that it would hold in its 

entirety in a developed economy. Some of the concepts, e.g., 

King IV, are South-African based, and their counterparts in other 

economies have not been considered. That said, much of the 

original framework stems from international research works. 

 

Through this research, the value of green industrialisation through 

EMA was illustrated, and while the final framework is aimed at 

assisting coalmining professionals in the environmental 

management accounting divisions, it is hoped that this work 

would also be of value to the scientific and engineering divisions 

of the industry. It is furthermore anticipated that more 

coalmining executives with decision-making powers would 

embark on the use of EMA in their companies. 

 

Future work in this area may be pursued along a number of 

avenues: The measuring of (amongst others) waste was identified 

as an important activity. Consequently, follow-up surveys 

involving a quantitative research choice (see layer 3 in Figure 2) 
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should be undertaken to further determine the value of the final 

framework in Figure 3. Case studies in the South African 

coalmining industry should also be undertaken to further enhance 

the framework and determine the industrial scalability thereof. 

This research was conducted at an environmental management 

accounting level; consequently, components of the framework 

abstracted away from the scientific and engineering 

technicalities (for example, the differences  between  

underground  mining  of  coal  and  open-pit  coalmining). As 

indicated in Section 1, both methods have their unique 

challenges and associated dangers for human life and effect on 

the environment. The research reported on in this article, 

therefore, considered coalmining challenges in a generic sense. 

That said, follow-up work could survey specific environmental 

management accounting differences between these two mining 

techniques as well as challenges resulting from the different uses 

of coal. 

 

The framework in Figure 3 is static in nature and does not embed 

a temporal component that shows how the coalmining industry 

should proceed over time with clear milestones and so forth.    A 

next evolution of the framework could, therefore, be the 

development of a dynamic component that addresses supply 

chain aspects of the framework. 
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Appendix A. —Interview Guide 

Participant Demographics 
 

Name and surname (optional)  

Gender 

Current Position 

Working experience (in years and months)  

Place 

Date Time 

 

(1) What information is used in the coalmining industry to make 

decisions with regard to their  impact on the environment? 

(2) What information does the coalmining industry need to 

identify waste? 

(3) What information does the coalmining industry need to 

minimise cost with regard to their impact on the environment? 

(4) How successful are the existing processes employed by the 

coalmining industry to make decisions on: 

a. their environmental impact, and 

b. related cost savings? 

(5) To what extent are you familiar with environmental 

management accounting (EMA)? 

a. If familiar, what are the benefits of EMA for the 

coalmining industry? 

(6) What are the reasons for possible non-implementation of 

EMA principles and associated environmental management 

accounting tools by the coalmining industry? 

(7) Which processes ought to be followed by the coalmining 

industry to make decisions on: 

a. their environmental impact, and related cost savings? 
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Abstract 

 
The paper proposes a general description system of the five-

phase two-level inverter. The two base methods are presented 

and discussed. The first one is based on the standard space vector 

transformation, while the other uses state vectors which enable 

the definition of the basic physical quantities of the inverter: 

current and voltage. The proposed notation system offers a 

general simplification of vector identification. It comprises a 

standardized proposal of notation and vector marking, which 

may be extremely useful for the specification of inverter states. 

The described notation system makes it possible to reach 

correlation between state and space vectors. It presents space and 

state vectors using the same digits. These properties suggest that 

the proposed notation system is a useful mathematical tool and 

may be really suitable in designing control algorithms. This 

mathematical tool was verified during simulation tests performed 

with the use of the Simulation Platform for Power Electronics 

Systems - PLECS. 
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Introduction 
 

A large number of electrical energy converters are applied in 

contemporary industry and the public area. Their performance as 

well as the level of power are continually intensely developed. 

The increasing range of novel requirements has a great influence 

on the development of inverters as well as the technology of 

power electronics components, especially power 

semiconductors. Innovative elements used in converters, e.g., 

current switching diodes and transistors can work at higher 

frequencies and lower power losses. For instance, the SiC 

(silicon carbon) transistors have better features, such as switch-

on and off times as well as a significantly higher temperature 

range. As a result, they work faster than IGBTs (insulated gate 

bipolar transistor) and make it possible to diminish the overall 

dimensions of the converter. Generally, converters have to fulfil 

specific and diversified requirements concerning supply and 

conversion methods in possibly a large power range. The 

application area of inverters is very common and large. There are 

many industrial applications where inverters have to be equipped 

with quite different features. This implies diversified converter 

circuits and various conversion methods of electrical energy. In 

alternating current (AC) electrical machine and drive 

applications, the ability of speed regulation is crucial, so the 

electrical converter has to guarantee the related adjustment of 

output voltage and frequency as fundamental. Uninterruptible 

power supplies (UPS) or distributed power generation systems 

represent a good example of another requirement. There, the 

basic requirement is to generate 50 or 60 Hz stable sinusoidal 

voltage waveforms. 

 

During the first period of power electronics evolution all 

applications were based on the three-phase supply voltage 

network. Three-phase two-level inverters became the most 

suitable devices used for electrical energy conversion. Their 
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features and performance as well as drawbacks were largely 

recognized and tested in practice [1]. For instance, these standard 

inverters were applied in AC drives on a mass scale. They 

covered the range of drive power from less than one up to 

hundreds of kW and only the demand for higher power and 

voltage limited their applications. In order to develop higher 

electric power converters, diverse types of three-level and 

multilevel inverters were designed and practically applied. The 

satisfying properties of three-level inverters resulted in them 

becoming widely applied in the power industry. They are used 

for energy conversion or to control high-power electrical 

machines in AC drives. Multilevel inverters present continually a 

good example of power electronics evolution, because they make 

it possible to overcome the aforementioned limitations and reach 

a range of converted power even up to quite a lot of MWs [2,3]. 

 

Recently, electro-mobility has become another very important 

area of development in power electronics. It seems that electric 

cars will constitute a novel lucrative application domain of 

power electronics devices. Nowadays a lot of two and multilevel 

inverters are used in AC and direct current (DC) drives in mobile 

transport, traction, buses and cars. Electric drives are also used in 

vessels’ drive systems and have become another important area 

of use. An example of a vessel servicing crew transfer from off-

shore wind farms is analyzed in [4], as using electric drives in 

vessels leads to a significant reduction in fuel consumption. 

 

Thanks to the good features of inverters one can say that in 

electric cars energy conversion does not determine a real 

problem in comparison to the limitations of electric energy 

storage [5]. Great technological progress in batteries and 

supercapacitors allows us to believe that it will be possible to 

overcome this constraint. When storing electric energy in battery 

stacks, it is easy to get multiple sections of    voltage that is the 

voltage required to supply a multilevel inverter. This fact also 

implies the use of multilevel inverters as the main energy 

converters in vehicle drives [6]. 

 

It seems that the development of two and multilevel three-phase 

converters is continually maintained, particularly in the 
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application domain. Great technological progress in 

semiconductor devices allows us to believe that it still remains a 

research area for new circuits, control algorithms and theory. 

However, a new challenge was to meet the need for a higher 

phase number than three in the power energy network and 

electric machines. This idea created another development impact 

on multiphase energy conversion. Thanks to effective research 

and technology achievements, polyphase power as well as 

polyphase motors have become available. The number of phases 

may reach four, five or even more depending on applications. 

Conversion of the three-phase to seven-phase system can be 

obtained using a power transformer. The method of such power 

conversion was presented in [7], where the authors discuss, 

among others, a problem related to modeling power transmission 

systems consisting of four phases. In power energy transmission 

a phase-order higher than three, so called HPO (High Phase 

Order) is really considered the way to increase transmission 

efficiency [8]. More phases mean more space to be occupied by 

the transmission line. The required distance between conductors 

is generally determined by the phase-to-phase voltage. So, the 

number of applied phases limits the overall dimensions of the 

space engaged. If the power system is equipped with six phase-

conductors, then the phase voltage is equal to phase-to-phase 

voltage, which gives the same distance between adjacent phases 

and the neutral point. The multiphase transmission line was 

practically applied by the New York State Electric & Gas 

Company. Two three-phase 115 kV transmission lines were 

converted to one 93 kV six-phase. The final result was 

economically satisfactory on condition that the length of the line 

was over and above 37–45 km. 

 

Multiphase evolution did not ignore electric drives and 

renewable energy systems. Drives have many promising 

advantages such as silent work and ecologic purity. Thanks to 

good electrical and mechanical properties, electric drives are able 

to replace a large number of power drives based on liquid fuel 

[9]. Multiphase systems of wind energy generation have good 

characteristics and there are applications where simplified direct 

matrix converters are used to generate electric energy [10]. 

Permanent magnet brushless motors, BLDC (brushless direct-
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current motor) and PMSM (permanent-magnet synchronous 

motor), have favorable features, so they are largely used in car 

electric drives. These contemporary electric motors are often 

created as multiphase units. It is possible to meet 5, 6, 9 or even 

11-phase motors [11]. The drives using these motors have 

favorable properties, so drives based on three-phase motors have 

slowly disappeared [12–15]. 

 

The higher phase number determines a new impact on research 

works concerning inverter circuits and control algorithms. More 

phases mean higher complexity of the converter circuit and a 

greater number of semiconductor devices. The number of vectors 

grows in the power scale in relation to the phase number. For a 

five-phase two-level inverter the number reaches      . Such 

a number of accessible vectors requires using more sophisticated 

control methods and algorithms in comparison to standard 

control algorithms used in three-phase inverters. This is the 

reason to search for good mathematical tools and converter 

models. These tools should be useful in order to facilitate the 

composition of control algorithms that are easy to implement and 

which can guarantee fast converter performance. 

 

In the literature of the subject one can find an enormous variety 

of proposals concerning converter models and their descriptions. 

Although there are many proposals relating to this, there is none 

that can be respected and accepted [16,17]. Additionally, it 

happens that the notational system is assumed accidentally or has 

no mnemonic features. 

 

This contribution presents a significant development of the 

notation system idea proposed in the paper [18] during the 

ICREPQ’14 conference, and it might be the first step of a 

general system concerning multiphase inverters. 

 

The paper presents a description system of the five-phase two-

level inverter. The notational system provides a general 

standardization and simplification of vectors. It helps to identify 

voltage states. It contains a novel handy proposal of notation and 

stamping, which is helpful for a converter description as well as 

for developing control algorithms. This system of notation 
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enables accomplishing a comparison and correlation between 

state and space vectors. It describes space and state vectors using 

the same numbers. The proposal described in the paper refers to 

the notation system designed for three-phase inverters [18]. It 

determines a significant extension of that system and was 

designed for five-phase inverters. The considerations presented 

there give on opportunity to make some generalizations and 

allow the writing of expressions circumscribing state and space 

vectors of the multiphase VSI (voltage source inverter). It is 

worth adding that the main rule of the presented system can be 

easily extended and adopted for multiphase and multilevel 

inverters. 

 

Five-Phase Two-Level Voltage Source Inverter: 

State and Space Vectors 
Five-Phase two-Level Inverter Model 
 

Figure 1 presents a simplified model of the five-phase two-level 

inverter. The model includes five two-state switches Ka, Kb, Kc, 

Kd, Ke, assigned to output phases a, b, c, d, e and connected to 

the voltage source   . The negative pole of the voltage source 

  is denoted as 0, while the positive pole as 1. Every switch can 

connect one pole of the voltage source to one phase output. 

 

Accordingly, the switching states of the power electronic 

switches are also denoted by the numbers 1 and 0. The inverter 

state consisting states of all five keys can be described using a 

set of digits abcde where a, b, c, d, e = 0, 1. Of course, the set of 

five elements where elements can be denoted by digits 0 or 1 

may have 32 variations that is: 00000, 00001,…11111. It is 

useful and wide-spread in many publications to assume that 

these variations form binary numbers (numbers of the base-2 

positional numeral system). As a result, each inverter state is 

determined by one five-digit binary number where the order of 

digits corresponds precisely to the order of phases abcde. By 

converting binary numbers to the decimal number system it is 

possible to denote all 32 inverter states by decimals: 0, 

110,…3110, respectively. Thus, the state denoted as 1610 (10000)2 

determines that the phase a is connected to the positive pole of 

the voltage source, while the phases b, c, d and e—to the 
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negative pole. That is the model example presented in Figure 1. 

The indices 10 and 2 indicate the base of the number system. 

This principle which eliminates decimal numbers may be used in 

other notation systems. 

 

 
 

Figure 1: The model of the five-phase two-level inverter with five switches. 

 

From the very beginning of the power electronics development 

the base-10 and base-2 number systems were applied to describe 

2-level inverter states, although the rule of the precisely 

controlled relation ―number-phase‖ was not always kept. The 

aforementioned discussion was cited here as this idea of a 

description might be used for other converters. The description 

method of multiphase or even multilevel inverters may be based 

on further development of this concept. 

 

State-Vector of the Five-Phase Two-Level Inverter 
 

The five-phase two-level voltage inverter can produce 32 

different switching states. The consecutive states are denoted by 

the decimal index k = 0, 1, ... 31. Each selected k-state means 

that five phase-to-phase voltages are connected to load. These 

voltages form a matrix row assembled of five elements as a 

result defining the state vector    of the VSI: 



Advances in Energy Research: 2
nd

 Edition 

9                                                                                www.videleaf.com 

     (1) 

 

Since                              , then 

the state vector Vk is determined by four successive     phase-

to-phase voltages under the condition that x and y denote the 

neighboring phases. 

 

In a five-phase two-level VSI, phase-to-phase voltages are 

designed as a potential difference between respective phase 

outputs. The switch Ka,b,c,d,e may connect the relevant phase 

output to the negative pole or positive pole of the voltage source 

UD according to the preferred vector   . 

 

The vector index k may be converted to the binary numeral 

system and written as: 

 

            (2) 

 

where:                    and              . 

 

The binary expansion of the index k permits associating directly 

the phase output potential with the relevant binary symbol, so it 

makes it possible to determine output polar voltages. They are 

referenced to the negative pole of the voltage source   : 

 

            (3) 

 

As a result, it permits defining the five-phase two-level VSI state 

vector by use of respective binary symbols of the index k. The 
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transpose of the matrix   , denoted as the vector   , presents all 

five voltages: 

 

 (4) 

 

Since the symbols                can assume only values 0 or 

1, then the output phase-to-phase voltage, independently of the 

phase number, may assume only three values: 0, +UD, −UD. 

 

However, possessing five phases it is possible to select another 

set of phase-to-phase voltages. In (4) every phase-to-phase 

voltage is determined by the neighboring phases. The row of the 

matrix is composed of five   (   )  elements, where   

          and     denote the subsequent phase. It would be 

interesting to consider the set of phase-to-phase voltages created 

according to the rule that the phase-to-phase voltage is 

determined as   (   ) . Then, the state vector could be defined 

as a matrix composed of one row of five elements: 

 

(5) 

 

The definition of the five-phase two-level VSI state vector using 

respective binary symbols of the index k is the following: 

 

   (6) 

 

Figure 2 presents selected polar and phase-to-phase voltage: 

                   . It was assumed that all phase outputs are 

connected successively, every 72⁰, for half a period to the 

positive pole of the voltage source   . Evidently, waveforms 
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and rms values of the        voltage are significantly diverse 

because they depend on the method of the definition:   (   )  or 

  (   ) . The relevant rms values are:            whereas 

          . 

 

 
 

Figure 2: Polar and phase-to-phase voltage:                    . 
 

Pentagon Connected Load of the Five-PhaseTwo-Level 

Inverter 

 

The inverter state vector    works on physical quantities and it 

does not need transformation to be applied for calculation of the 

current in the load. A model of the five-phase two-level inverter 

with a load connected in pentagon is presented in Figure 3. It is 

assumed that the load is symmetrical and every phase to phase 

load is equal to two-terminal networks: resistor R—inductance 

L—counter RMF connected in series. The inverter state is 

determined by the vector    which means that five 

corresponding phase-to-phase voltages are connected to the load. 
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Figure 3 presents the situation when the phase a is connected to 

the pole 1 (   ), while the remaining phases to the pole 0 

(   ). So, the state vector is determined as    (     ). 

 

 
 
Figure 3: The model of the five-phase two-level inverter with the pentagon 

connected load according to the state vector    (     ). 
 

If the load remains in a pentagon connection, then suitable 

phase-to-phase voltages are equal to the voltage determined in 

(4). For each vector    switched on in a time point t = tn the 

inverter model is reduced to the equivalent circuit described by 

the system of five equations. Every equation has the form: 

 

          (7) 

 

where x and y denote the adjacent phases: x ≠ y and x, y = a, b, c, 

d, e. The voltage      is determined according to (4) as      

[         ]    ,     -. 
 

Assuming that the counter       is constant in a time interval 

 〈       〉 and equals     respectively, it is easier to resolve the 

equations and obtain expressions describing currents of a load 

(8). The symbol τ represents the time constant of one load leg 

and I0xy—the existing value of the current in the time point tn. The 

expression (8) is valid in the specified time interval between the 



Advances in Energy Research: 2
nd

 Edition 

13                                                                                www.videleaf.com 

successive switching of the inverter states   ( ) and   (   ). The 

time interval is assumed to be extremely short in comparison to 

the time constant of the load circuit and the supposed period of 

the counter RMF. 

 (8) 

 

where the time constant is   
   

   
 and      initial current in the 

time point   . 
 

The expressions (7) and (8) define the dependence between 

phase-to-phase voltage and the current load using the suitable 

symbols of the vector index k binary expansion. 
 

Star Connected Load of the Five-Phase Two-Level 

Inverter 
 

Figure 4 presents the five-phase two-level inverter model with a 

load arrangement that is connected in a star. For the considered 

class of inverters, it can be assumed more than one mathematical 

definition of the five-phase two-level inverter state vector   . 

For instance, the following definition: 

           (9) 

 

is effective in view of the fact that     
     

     
     

 

     
  . 
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Figure 4: The model of the five-phase two-level inverter with the load. 
 

For any vector    switched on, in the time t = tn, the inverter 

model is reduced to an equivalent circuit consisting of four 

closed loops and presented in Figure 5. 

 

 
 

Figure 5: The circuit of the five-phase two-level inverter with the star 

connected load. 

 

If at a time point      the control system switched on the 

vector    at that time, a quadruple of phase-to-phase voltages 

was connected to the circuit. The selected vector    acts in a 

time interval  〈       〉 and it is assumed—as it was aforesaid—

that this interval is very short in relation to a time constant of the 
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circuit and a period of the interphase voltage. Then, the 

following assumptions might be acceptable: 

   (10) 

 

It means that in the time interval  〈       〉 all above voltages 

are constant. Additional assumptions result in the fact that the 

system considered in Figure 4 is not equipped with a neutral 

conductor, so the following dependencies are obligatory: 

 

                     (11) 

 

If the phase load is fully symmetrical it is profitable to assume 

the equal opportunity of resistances and inductances as well: 

                 and               
  . As a matter of fact, the mathematical model of the circuit is 

described by the system of four equations: 

 

(12) 

 

Solving the system, it is possible to acquire all analytical phase 

voltage and current waveforms. The Laplace transform is a good 

tool to accomplish that task. For any vector    the relation 

between the Laplace transform of phase and loop currents is 

evident: 

 

   (13) 

 

In order to obtain a final solution, it is necessary to introduce 

expressions describing the relations between phase and phase-to-
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phase voltages. The applicable interdependence between phase 

voltage   ( ) and phase-to-phase voltage    ( ) does not 

depend on selected vectors and remains the following: 

 

               (14) 

 

For instance, the dependence defining the phase voltage    can 

be proved by the use of the appropriate voltage vectors. This 

situation is illustrated in Figure 6. 

 
Figure 6: Mutual dependence between the phase voltage    and the 

appropriate voltage vectors:                       . 
 

Knowledge of phase voltages allows the solving of the system of 

equations and finding the successive phase currents. For 

instance, the expression describing the Laplace transform of the 

phase a current is the following: 
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                      (15) 

 

The inverse Laplace transform leads to analytical expressions 

describing phase currents. They are given as: 

 

(16) 

 

The output phase-to-phase voltage of the two-level inverter, 

independently of the phase number, may assume only three 

values:      . Solving the four-loop circuit in the way 

presented in [18] and converting (14) it is possible to write the 

generalized expression describing the phase voltages: 

                     of the five-phase two-level five-phase 

VSI as well as phase load currents                (16). They all 

can be described using binary digits of the vector index   
 (          )  binary expansion. 

 

(17) 

 

where   
 

 
 is a time constant of the phase load,    

    (      ) and      - phase x current in the time point   . 
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These expressions describe phase voltages and currents of the 

two-level five-phase voltage source inverter. Converting 

similarly Equations (4) and (14) it makes it possible to write 

expressions describing phase-to-phase voltages and the resulting 

currents. 

 

The five-phase two-level VSI has 32 states of operation 

described by vectors representing the consecutive sets of phase-

to-phase voltages. Every single set of 32 vectors has its own 

connection diagram to the supply voltage   . Some possible 

arrangements are presented in Figure 7. 

 

Figure 7 presents selected load configurations. The arrangement 

presented in 7a conforms to the vector    (     )  which means 

that only one phase a is connected to the pole 1 (+  ) while the 

remaining phases are connected to the pole 0. Assuming that all 

impedances Z are equal, the supply voltage    is divided into 

two values:       and        referenced to the neutral point N. 

This division result determines phase voltages:      and     , 

    ,     ,      respectively. Every single phase may be 

connected to the pole 1 so, there are also four similar 

arrangements which correspond to the phases. They conform to 

vectors:   (     ),   (     ),   (     ),   (     ) successive. The 

successive five vectors:    (     ),    (     ),    (     ), 

   (     ),    (     ) conform to the connection system 

presented in Figure 7c. In such a system only one phase voltage 

reaches        while the remaining phases +     . Other 

possible load configurations are presented in Figure 7b,d. They 

present the states when two or three phases are connected to the 

pole 1 (+  ). The resulting phase voltage equals        and 

      , while the remaining phases, connected to the pole 0, are 

supplied by        and        voltage, respectively. There 

are ten thinkable combinations of both load configurations 

because mathematically .
 
 
/  .

 
 
/      The arrangements 

presented in Figure 7e,f show the circuit when all phases are 

connected to the one pole of the supply voltage   . The 

corresponding vectors are    (     ),   (     ). According to the 

model presented in Figure 4 these two vectors cause that all 

phase-to-phase voltages    (       ) are equal to zero, so they do 
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not influence a passage of loop currents. These vectors are 

usually called ―zero vectors‖. 

 

These expressions together with Equations (6) and (12) describe 

the voltages and currents of the two-level five-phase voltage 

source inverter. 

 
Figure 7: A few possible arrangements of the star connected load, where: a) 

corresponds to the vector V16(10000), b) corresponds to the vector V24(11000), c) 

corresponds to the vector V30(11110), d) corresponds to the vector V28(11100), e) 

corresponds to the vector V31(11111), f) corresponds to the vector V0(00000). 
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Space Vectors of the Five-Phase Two-Level Voltage 

Source Inverter 

 
The polar voltage space vector of the two-level five-phase VSI is 

determined analogically to the way presented in previous 

sections. The definition was established as: 

 

   (18) 

where                           . 

 

   (19) 

 

Applying the Euler’s formula and introducing interdependencies 

among the angles as well as symbols ak, bk, ck, dk, ek, the space 

vector is given as follows: 

 

   (20) 

 

The Equation (20) expresses the space vector which is defined in 

symbols of the index k binary expansion. The index k is a 

decimal number discriminating the state vector   
 (          ) , where *              +  *   +. 
 

After transformation the space vector is a complex number 

which may be represented by the modulus Mk and the argument 

φk. But in the case of the five-phase inverter the situation is more 

complicated compared to the three-phase inverters. The 

expression allowing calculation of the space vector modulus is 

the following: 

 

 (21) 

where coefficients  are: 

 
21, 



Advances in Energy Research: 2
nd

 Edition 

21                                                                                www.videleaf.com 

   (22) 

 

The position of the successive vector is determined by its 

modulus Mk and the shift angle   . The angle is determined as: 

 

       (23) 

 

In order to determine correctly the shift angle, it might be 

necessary to use additionally the arctg function (24). It results in 

periodicity of trigonometrical functions and a different period of 

sine and tangent functions. 

 

 (24) 

 

It was assumed at this point that the denominator of the 

expressions (23) and (24) did not equal zero. The result of these 

two formulae is indeterminate for                  

or                 . The circumstances, where 

digits are equal to 0 or 1, denote that the state vector modulus 

reaches 0 and its shift angle is indeterminate. The relevant two 

vectors   (     ) and    (     ) are usually called ―zero vectors‖ 

and they do not influence output current. 

According to (21) and after calculations, the modulus Mk 

assumes three different results: 

 

   (25) 

 

In such a case among the 32 vectors there are three groups of 10 

active vectors each beside two nonactive zero vectors. The 

parameters: moduli Mk, coefficients   ,    and shift angles    of 
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all 30 active vectors are collected in Table 1. The moduli values 

are approximated. 

 
Table 1: The active vectors’ parameters of the two-level five-phase inverter. 

 
φk 0°  36° 72° 108° 144° 180° 216° 252° 288° 324° 

               

γ1 0  1 0 1 0 1 0 1 0 1 

γ2 1  2 1 2 1 2 1 2 1 2 

Mk  0.494UD 

            

γ1 2  1 2 1 2 1 2 1 2 1 

γ2 1  0 1 0 1 0 1 0 1 0 

Mk  1.294UD 

            

γ1 0  3 0 3 0 3 0 3 0 3 

γ2 0  3 0 3 0 3 0 3 0 3 

Mk  0.8UD 

 

Figure 8 presents the active polar space vectors of the five-phase 

inverter. They are presented on the complex plane (    )  
where α denotes the real axis and β—the imaginary one. The 

diagram presents their position. For every successive    
     (     )  where            the position of the 

corresponding three vectors is marked as one vector because 

they only differ in moduli. The modulus values of each triple are 

given in order:          (the upper one),           , 

           respectively. 

kV 9V 26V 20V 13V 22V 5V 11V 18V 21V

kV 25V 24V 28V 12V 14V 6V 7V 3V 19V 17V

kV 16V 29V 8V 30V 4V 15V 2V 23V 1V 27V
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Figure 8: Polar voltage space vectors of the two-level five-phase VSI. 

 

The voltage space vectors prove a convenient mathematical tool. 

They are a basic tool that allow the generation of the vector 

control method, the most widespread contemporary control 

method used to control AC induction or synchronous motors. In 

addition, they are very useful when studying possible control 

algorithms and strategy. The controller of the AC drive uses 

voltage space vectors in order to generate a desirable five-phase 

PWM (Pulse-Width Modulation) inverter output voltage 

supplying the motor. 

 

The next Figures present a few examples of phase and phase-to-

phase voltage waveforms obtained by using the simplest method 

of control. For illustration purposes, it was assumed that every 

leg of the inverter was switched on only once during one period 

of the referenced voltage and every phase was connected to the 

+   pole during the first half of a period while to the     pole 

during the other half. 
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Figure 9 depicts a set of polar                     and phase-

to-phase                          voltage waves. The phase-

to-phase voltage relates to the pentagon connected load. The 

control algorithm consists in successive (every    ) activation of 

the following sequence of vectors:    (     ),    (     ), 

   (     ),    (     ),    (     ),    (     ),    (     ), 

  (     ),   (     ),   (     ). The parameters of the vectors as 

well as their index binary expansion are collected in Table 2. The 

operation time of every vector corresponds to the angle    
    where       and f denotes frequency of the reference 

voltage. Using the star connection load, the same sequence of 

successively switched vectors results in the phase voltage 

waveforms presented in Figure 10. 

 
Table 2: Parameters of the vectors. Red color denotes potential      green 

color – potential 0. 

 
Vector 

Vk 

Phase 

a 

Phase 

b 

Phase 

c 

Phase 

d 

Phase 

e 

Modulus 

Mk 

Angle 

φk 

V19 1 0 0 1 1 1.294UD 288° 

V17 1 0 0 0 1 1.294UD 324° 

V25 1 1 0 0 1 1.294UD 0° 

V24 1 1 0 0 0 1.294UD 36° 

V28 1 1 1 0 0 1.294UD 72° 

V12 0 1 1 0 0 1.294UD 108° 

V14 0 1 1 1 0 1.294UD 144° 

V6 0 0 1 1 0 1.294UD 180° 

V7 0 0 1 1 1 1.294UD 216° 

V3 0 0 0 1 1 1.294UD 252° 
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Figure 9: Polar and phase-to-phase voltage waveforms: the pentagon 

connected load. Vector sequence:    ,    ,    ,    ,    ,    ,    ,   ,   ,.   . 
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Figure 10: Phase voltage waveforms: the star connected load. Vector 

sequence:    ,    ,    ,    ,    ,    ,    ,   ,   ,.   . 
 

Another example is presented in Figure 11. It demonstrates a set 

of polar and phase-to-phase voltage waveforms when the 

inverter is controlled completely dissimilarly. Phase-to-phase 

voltage waveforms relate to the pentagon connected load. The 

sequence of vectors executed by the control algorithm is the 

following:   (     ),    (     ),   (     ),    (     ),    (     ) 

   (     ),    (     ),    (     ),    (     ),    (     ). The 

control algorithm consists in successive (every     ) activation 

of the suitable vectors. So, one period of the output waveform 

(             ) needs three full rotations of the referenced 

vector. The parameters of the vectors as well as their binary 

expansion are collected in Table 3. 
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Table 3: Collected parameters of the vectors. Red color denotes potential      
green color – potential 0. 

 
Vector 

Vk 

Phase 

a 

Phase 

b 

Phase 

c 

Phase 

D 

Phase 

e 

Modulus 

Mk 

Angle 

φk 

V9 0 1 0 0 1 0.494UD 0° 

V13 0 1 1 0 1 0.494UD 108° 

V5 0 0 1 0 1 0.494UD 216° 

V21 1 0 1 0 1 0.494UD 324° 

V20 1 0 1 0 0 0.494UD 72° 

V22 1 0 1 1 0 0.494UD 180° 

V18 1 0 0 1 0 0.494UD 288° 

V26 1 1 0 1 0 0.494UD 36° 

V10 0 1 0 1 0 0.494UD 144° 

V11 0 1 0 1 1 0.494UD 252° 

 

 
 

Figure 11: Polar (11a) and phase-to-phase (11b) voltage waveforms: the 

pentagon connected load. Vector sequence:   ,    ,   ,    ,    ,    ,    ,    , 

   ,.    . 
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It is worth recognizing that this way of control guarantees higher 

phase-to-phase voltage than was obtained in the previous 

example. The fundamental harmonic of the waveform presented 

in Figure 9 did not go beyond        while the fundamental of 

the phase-to-phase voltage presented above reaches       . The 

RMS values of these voltage waveforms reach approximately 

       and         respectively. 

 

Experimental Results 
 

This mathematical tool was verified during simulation tests using 

the PLECS program. The following parameters were assumed 

for the purposes of simulation tests: voltage         , 

frequency         and load:        and          
               Figure 12 presents the main part of the 

model of the five-phase two-level inverter made in the PLECS 

program. The control signals are presented in Figure 13. 

 

 
 
Figure 12: The model of the five-phase two-level inverter made in the PLECS 

program. 
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Figure 13: The control signals used in simulations. 
 

Figure 14 presents the waveforms of phase-to-phase voltages and 

their amplitude spectra obtained as a result of the Fourier 

analysis. 
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(a) 

 
(b) 

Figure 14: The phase-to-phase voltages:    ,   ,   ,   , where: a) voltages 

waveforms and b) voltages spectra. 
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Figure 15 presents the waveforms of phase voltages and their 

amplitude spectra obtained as a result of the Fourier analysis. 

 
(a) 

 
(b) 

Figure 15: The phase voltages:   ,  ,  ,     , where: a) voltages waveforms 

and b) voltages spectra. 
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Figure 16 presents the waveforms of the phase electrical currents 

and their amplitude spectra obtained as a result of the Fourier 

analysis. 

 
(a) 

 
(b) 

Figure 16: The phase electrical currents:   ,  ,  ,      , where: a) currents 

waveforms and b) currents spectra. 
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During the simulation, important coefficients characterizing 

electrical signals such as the THD (Total Harmonic Distortion) 

and the RMS (Root Mean Square) were calculated. With selected 

load parameters, these coefficients are presented in Table 4. 

 
Table 4: Total harmonic distortion (THD) and root mean square (RMS) values 

for selected voltages and currents. 

 
Load Parameters Results 

                            
  

, - 

      
  

, - 

     
 

[%] 

     
  

, - 

      

[%] 

      

 , - 
10 Ω 5 mH 30.23 483.75 42.97 264.96 33.32 25.32 

10 Ω 10 mH 30.23 488.38 42.97 267.50 26.72 24.27 

10 Ω 20 mH 30.23 499.56 42.97 273.62 19.04 21.62 

 

Summarizing the results of the simulation tests described in this 

section, it can be stated that they confirm the correctness of the 

mathematical tool presented in the paper. In the spectral analysis 

of voltage and current waveforms it can be seen that the first 

harmonic and the third harmonic dominate. A significant 

advantage of the described control method is that the current 

third harmonics are significantly lower even using the simplest 

way of control, in particular, without the use of PWM 

modulation. In order to assess the content of higher harmonics, 

the THD coefficients for currents and voltages were also 

calculated. 

 

Conclusions 
 

In multiphase inverters the ascending number of active vectors 

causes difficulties in designing sophisticated control methods 

and algorithms. It requires accessibility to proper mathematical 

tools and inverter models which are handy for this purpose and 

provide easy implementation as well as fast performance of the 

converter. The main contribution of this paper was to present a 

very simple mathematical system of notation and formulas. The 

inverter may be defined by the use of definite state vectors or 

standard space vectors obtained with the use of the polar voltage 

transform. The paper presents a notation system of all five-phase 

two-level 32 converter states. Every state is defined by two 

vectors: state vector and polar voltage space vector. Both vectors 
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are specified by the use of the same digits resulting in binary 

expansion of the decimal vector index. The method could be 

advanced to other multiphase and multilevel inverters. This 

construction of the notation system provides an easy-to-use 

mathematical tool. It enables selection of a suitable vector 

sequence assuring the desirable voltage or current waveform. 

The discussed vector sequences were based on the imperative of 

only one switching in one phase during the whole voltage period. 

Three adequate examples were presented in Figures 9–11. This 

mathematical tool makes it easier to define state and space 

vectors as well as to calculate the available phase and phase-to-

phase voltages and the resulting load currents. 

 

This mathematical tool was verified during simulation tests using 

the PLECS program. After applying the control signals 

calculated in accordance with the proposed mathematical 

algorithm in the simulation model, similar waveforms of phase 

voltages and inter-phase voltages were obtained. Additionally, in 

experimental studies, the operation of the model with the RL 

type load was tested. The most important electrical factors such 

as the THD and the RMS were also calculated. In particular, the 

analysis of the THD coefficient shows that the harmonic content 

in voltage and current waveforms is satisfactory, especially 

taking into account the fact that PWM modulation was not used. 

In the spectral analysis of voltage and current waveforms it can 

be seen that the first harmonic and the third harmonic dominate. 

A significant advantage of the described control method is that 

the current third harmonics are significantly lower even using the 

simplest way of control, in particular, without the use of PWM 

modulation. 
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Abstract  
 

In recent decades traffic calming, especially in villages situated on 

through roads, has become an urgent issue. Various schemes are 

applied in the transition zones to reduce the inbound traffic 

speeds and thus improve the traffic safety. The studies conducted 

in several countries point to different determinants of the speed 

reduction obtained in this way. This article deals with the schemes 

including a central island horizontally deflecting one lane, 

located in transition zones to villages with 70 km/h speed 

restriction on two-lane roads (6 m carriageway width). In order 

to identify the speed reduction determinants, the speeds before 

and after chicanes were measured and the effect of the three 

criteria was investigated, characterising: the traffic management 

scheme, road design parameters, landscape elements present in 

the surroundings of the transition zone and visibility conditions. 

Based on the confirmation of logical tautology of many pre-

selected factors, one aggregate parameter was proposed for the 

assessment of the practicable level of speed reduction, combining 

the effect of the selected factors in the above-mentioned criteria. 

Statistical analysis of the obtained results confirmed a statistically 

significant relationship between both the speed reduction value 

and the speed reduction index, and the aggregate parameter 

proposed by the authors. Factors related to the surrounding 

landscape and visibility conditions were found to have the 

greatest direct effect on speed reduction. The chicanes chosen in 

the final step of the proposed design process should be enhanced 
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by additional solar-powered elements ensuring their improved 

visibility. These devices should not, however, require any 

additional energy supply and should not increase the construction 

or maintenance costs. 

 

Keywords  
 

Traffic Calming; Transition Zone; Chicane; Speed Restriction; 

Speed Reduction; Solar Cells 

 

Introduction  
 

The increase in traffic volumes observed in recent decades has 

aggravated transport-related problems in small towns and villages 

situated on roads carrying through traffic [1–4]. The ever-increasing 

traffic volumes frequently exceed the capacities of the existing 

intersections, causing problems with parking spaces in built-up 

areas [5] and increasing the frequency of road traffic incidents 

[4,6,7],   the level of noise [8–11] and the concentration of 

exhaust fumes and pollution in the immediate vicinity of roads 

[4,11,12]. High density housing with narrow fronts lining the 

through  roads, makes the expansion of the existing road system 

impossible [13]. All these factors have an adverse effect on the 

acceptance and perception of the road by both the residents and 

road users [14–18]. Dramatic accumulations of these factors can 

be encountered, especially on relatively short sections of through 

roads passing through villages (e.g., according to the data from 

Danish design guidelines [1], England  [2,19,20],  Poland  [5,21]  

and  an  article  about  design  conditions  in  Iran  [22]).  The 

first traffic safety analyses on through roads crossing rural areas 

were conducted in the 1990s in Denmark [1], Great Britain 

[2,19,20,23,24] and later in Canada [17], Germany [3],  Sweden 

[25],  Spain [26] and USA [18,27]. To prevent similar cases from 

occurring on many through roads of  lesser importance 

introduction of traffic calming schemes has been recommended 

in many countries (e.g., Austria [28], Denmark [1,29], France 

[30], Germany [3], Great Britain [2,31], Italy [32], Iran [33], 

Poland [5,21], Sweden [25], Spain [34], Switzerland [35] and 

USA [27,36–38]),  for application both in the transition zone 

(i.e., a road section where the vehicles are to slow down before 
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entering the village) and over the whole length of the road within 

the built-up area. The analyses data (according to [4]–40%, [20]–

10–15%, [24]–54%, [29]–45%, [39]–40–50%, [13]–8–71%, 

[40]–40–50%) that thanks to the use of traffic calming measures 

and various speed management strategies demonstrated that traffic 

calming measures installed helped to reduce the frequency of 

road traffic accidents by ca. 40–50%. 

 

Despite the fact that chicanes can help decrease the frequency of 

road traffic accidents, the design guidelines [3,18,41] recommend 

that, in order to obtain the desired improvement of the safety of 

traffic, the design of chicanes in the transition zones should be 

based on a thorough analysis of the traffic management 

arrangements, the installed lighting system, the most appropriate 

location, etc. On the other hand, in [23] attention is additionally 

drawn to the fact that although horizontal deflections allow to 

avoid discomfort to the drivers and passengers, which is 

unavoidable in the case of vertical deflections, when used in 

rural areas they must both ensure the reduction of the traffic 

speeds and allow safe passage of oversize heavy agricultural 

vehicles. 

 

The distances on which speed reduction should be implemented 

vary between different design guidelines and generally depend 

on the importance of the two-way through road concerned and 

on the total length of the road’s section within the village limits. 

For instance, guidelines [40] recommend an analysis of the actual 

vehicle speeds and next their possible reduction over a 600 m 

long section of the road. Still, the above-mentioned guidelines 

recommend that some balance should be maintained between the 

actual vehicle speeds, the recommended speed reductions and the 

traffic calming measures to be applied over the whole length of the 

road section within the village limits. This article deals with the 

effectiveness of a traffic calming measure installed in the 

transition zones to villages situated on two-lane single 

carriageway regional roads with a posted speed limit of 70 km/h. 

 

The concept of traffic calming has three fundamental objectives 

(Denmark [1], Germany [3], Great Britain [2,19,23,24], Poland 

[5,21], Sweden [25], USA [26,36]): to reduce vehicle speeds and 
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to improve traffic safety and living conditions of the local 

residents. Traffic calming schemes involve the use of 

psychological or physical traffic measures designed to slow 

down the traffic in order to reduce environmental impact of 

roads. They directly influence drivers’ behaviour, and thus have 

a beneficial effect on the living conditions of the local residents 

and on the safety of vulnerable road users. According to [41] 

traffic calming measures should be selected taking into account 

the existing road alignment (i.e., the lengths of straight and 

curved road sections and their parameters), importance of 

intersections situated within the village boundaries, number of 

access points to properties, local traffic volumes and vulnerable 

road users. 

 

Speed of traffic is the main factor having a direct on both the 

number of road incidents and their severity (Denmark [1,29], 

Germany [3], Great Britain [2,19,20,23,24,39,41], Poland 

[5,21,42], Sweden [25], USA [27,36,37]). From the analysis the 

conclusions from various studies (Denmark [1,29], Germany [3], 

Great Britain [2,19,20,23,24,39,41], Poland [5,21,42], Sweden 

[25], USA [27,36,37]) it appears that drivers tend to exceed speed 

limits in the transition zones to villages. Hence, any traffic 

calming scheme designed to reduce the speed of through traffic 

should involve signalling the boundaries of the built-up area and 

the applicable speed limit to the through-traffic drivers both by 

means of informative measures, such as traffic signs, and by 

dynamic measures, that is by the use of traffic calming devices. 

The specialist literature on traffic calming (Denmark [1], 

Germany [3,43], Great Britain [2,19,23,31], Poland [5,21], 13, 

Sweden [25], USA [27,36,37]) usually indicates three elements 

used in transition zones, namely warning measures (road humps, 

road markings, rumble devices), village gateways and central 

islands (i.e., road narrowing measures, including chicanes, 

pinch-points or overrun areas).  All the above-mentioned 

measures contribute to speed reduction. However, to ensure that the 

reduced speed is maintained over a longer section of the through 

road or over the whole length of the passing the village, other 

traffic calming treatments need to be employed along the whole 

section. These include physical road narrowing, horizontal 

deflection of the travel lane, small and mini roundabouts, 
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pedestrian refuges, etc. The classification of road chicanes in 

terms of the shape and arrangement of individual islands was 

given as early as in 1998 in [24]. According to the classification 

given and the terminology used in [24], in this article the authors 

focused mainly on the speed reducing effect of chicanes, i.e., the 

central islands affecting one lane, installed in the transition zones 

to villages. 

 

In projects involving retrofitting of traffic calming measures on 

existing roads, designers should take into account the 

expectations of road owner or operators in this respect. In some 

cases, the road right-of-way cannot be widened as needed to 

accommodate complicated traffic calming schemes, as it would 

require acquisition of additional stretch of land along the road, 

resulting in a major impact on the project cost. Therefore, it is 

necessary to initially assess the effectiveness of a chicane to be 

installed from the point of view of its primary objective, i.e., 

achieving speed reduction. Due to the above, the Danish [1] and 

UK [2,19] guidelines introduced categorisation of speed reduction, 

giving the principles for selection of the most appropriate traffic 

calming treatment, depending on the expected degree of speed 

reduction. Furthermore, the guidelines [19] give concrete 

relationships between speed reduction and the chicane 

parameters, i.e., the length of stagger, the width if the narrowed 

lane, initial carriageway width, free view width, etc. The 

publication [20] presents the results of the experiments carried 

out in 1990s on the test track of the Transport Research 

Laboratory TRL in Crowthome with chicanes having different 

parameters. These parameters included, for instance, travel lane 

width, varying free view width and varying height of visual 

obstructions placed at the carriageway and island edges. The 

above-mentioned experiments demonstrated that the factors 

relevant to the speed reduction included not only free view width 

but also the length of stagger, travel lane width, height of visual 

obstructions placed at the island and carriageway edges (i.e., kerb 

height, traffic signs placed on the island, safety barriers and 

traffic posts). 

 

The German guidelines [3] are related more to the geometrical 

parameters of the chosen measure and the dimensions of the 
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chicane itself. According to the design guidelines of [3] a 

correctly designed chicane, located in the central area of a village 

should feature adequate proportions between the length of 

stagger, free view width and the resulting travel lane width at a 

constant lane deflection angle of 45◦. As far as chicanes located 

in the transition zones to villages are concerned, the main 

assumption given in the guidelines [3] is based on reducing the 

traffic speed down to the built-up area speed limit of 50 km/h, 

with the specified range of travel lane width. Guidelines [3] give 

tabled geometric parameters of chicanes, depending on the 

chicane type and the shape of horizontal deflection of the lane. 

The minimum allowable island widths are also given, which, 

according to the opinion expressed in the design guidelines [3], 

play the primary role in speed reduction at a specific length of 

stagger. In [43] we can find close relationships between the 

expected speed reduction and the vehicle’s speed at the chicane, 

and the amount of horizontal deflection of the lane. According to 

these relationships a speed reduction down to 70 km/h can be 

achieved by installing a central island laterally deflecting one 

travel lane by 1 m. Deflection of the lane by 3 m can result in a 

reduction of the traffic speed down to 60 km/h and only with 

deflections by more than 3 m may speed reductions down to 

values below 50 km/h be expected. Furthermore, the length of 

road over which the achieved speed reduction is maintained is 

also assessed in [43] as being dependent on the amount of 

deflection, which confirms the previously stated thesis that 

additional traffic calming treatments must be employed to 

maintain the achieved speed reduction on the way through the 

village. 

 

The Swedish guidelines [25], in turn, besides the recommended 

stagger length,  also specify  the recommended radii of curves on 

the approach, at the exit and in the middle part of the central 

island.  In guidelines [25] the central island recommended for 

installation in village transition   zones has the shape of 

elongated converging lens, deflecting the travel lane by at least 

two metres. Similar recommendations for semi-circular central 

islands shifting only the inbound lanes to village are given in the 

Polish guidelines [5,21], except that they recommend a 

deflection of the lane by as much as ca. 5 metres. 
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A recent study has investigated the optimum geometry of different 

kinds of chicanes provided on dual carriageways and two-lane 

roads in built-up areas in terms of the expected speed reduction 

[44]. The conclusions drawn by the authors of the above-

mentioned article concern primarily the speed through the 

chicane. As regards two-lane roads, it was established that the 

greatest discipline in keeping to the travel lane and the associated 

speed reduction is achieved by staggered narrowing of the 

carriageway down to one lane width of 2.7 m,  accompanied by 

trapezoid bulb-outs,  imposing  a deflection angle of 30◦. 

Although novel and interesting, these result are, however, of 

little use as regards the subject of this article, i.e., transition 

zones to villages on two-lane through roads. This is because 

carriageways of through roads subject to 70 km/h speed limit in 

transition zones cannot be narrowed to one travel lane as it 

would considerably impair the road capacity and probably also  

the safety of traffic. Another reason why the results of research 

given in [44] cannot be used for the purposes hereof is the 

presence of a pedestrian crossing between the chicanes. The 

transition zones analysed in this article included no road 

infrastructure elements related to pedestrian traffic. 

 

Materials and Methods 
Background  
 

The problem of traffic calming basically involves limiting an 

adverse effect of vehicular traffic on the environment within 

built-up areas. It first aroused interest in the 1970s and research 

on the effectiveness of various traffic calming measures has been 

conducted since that time. The earlier research concerned 

primarily the use of these elements in built-up areas, with only a 

few studies investigating the application of traffic calming 

measures in transition zones. Table 1 shows the data such as 

parameters, locations and results of the hitherto studies on the 

application of various traffic calming measures. 

 

The analysis of the abovementioned results demonstrated 

fundamental differences between individual results and 

numerous discrepancies in the repeatability of v results in 

various countries. The comparison of the results of the studies 
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conducted on a test track, within an urban area, in transition zones 

on the entries to towns and villages by roads of different classes 

and when using chicanes     of various shapes revealed 

significant discrepancies in the compared research results. 

Furthermore, limiting the comparison of the results of the above 

studies presented in Table 1 just to the transition zones to 

villages on roads with posted speed limit of 70 km/h the authors 

have found: 

 

- the absence of an analysis of the actual conditions of the 

traffic management features used  (i.e., location of the 

upright traffic signs associated with the built-up area), 

- the absence of considering various road parameters and road 

infrastructure elements used in built-up areas, 

- the absence of an analysis of visibility of the road further 

ahead and village skyline, 

- the absence of an analysis of landscape elements in the 

surroundings of the road (approach through the open rural area, 

through the rural area with a tree line or small groves of trees, 

approach through a forest area). 

 
The above elements have been considered in the research 

described in this article. 
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Table 1: Considered parameters, area locations and results of previous one’s research. 

 
No. Considered Parameters Research Result References 

Area location of the research site: research track Transport Research Laboratory TRL 

1 lane width, free view width, visual obstruction, length of 

stagger 

speed reduction results Δv are tabulated depending on the 

size of all the parameters under consideration 

[23] 

Area location of the research site: residential road in centre city 

2 length of stagger, narrow lane width, road width, free view 

width 

speed reduction results ∆v are tabulated depending on the 

size of the parameters under consideration for each type of 

vehicle (passenger cars, HGV, buses) 

[1,3,31] 

3 12 different geometric chicanery schemes, constant lane 

width (lane width = 4 m), different widths of the chicane 

island (2.7, 3, 3.3 and 5 m) and the leading/trailing face 

angles of these islands (30°, 45° and 60°) 

(case study on a driving simulator-on dual carriageways 

and two-lane street), speed reduction results of speed v and 

speed reduction ∆v graphically summarized depends on 12 

schemes, with the road narrowing to one lane 

[44] 

4 various measures of traffic calming: raised pedestrian 

crossing, lane narrowing, speed cameras, warning signs, 

chicanes, middle islands 

(case study)—the results Δv are given depending on the 

option of the tested traffic calming measures on different 

street classes 

[26,40,45,46,47,48] 

5 horizontal deflection min. 2 m, length of stagger, the radii 

rounding the curves of the chicane 

recommended radii values are listed according to the speed 

limit on the street 

[25] 

Area location of the research site: transition zones 

6 chicanes shape, width of the available land, narrowing lane 

width, horizontal deflection 

speed reduction results Δv are tabulated depending on the 

road class 

[3] 

7 length of stagger lv, horizontal deflection tv (case study of 4 different island shapes)-Δv results 

compiled according to the quotient lv/tv 

[28] 

8 chicanes shape, horizontal deflection speed reduction results Δv are compiled depending on 

the vbefore of a given road 

[43] 

9 angle horizontal deflection and curb height at central islands 

gateways 

(case study of 12 locations of different gateways)—the 

analysis concerns: Δv, reducing the number of accidents 

and reducing driver distraction 

[39] 

10 different types of gateways: street trees, upgraded pavement 

treatments, median, lighting, signage and graphics, sculptures 

or public art 

driving simulator case study - research on the influence of 

various gateways on vbefor and vafter 

[18,49,50,51] 
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Description of the Test Sections  
 

For the purpose of the survey of vehicle speeds on two-lane roads 

the authors chose from among almost one hundred of the 

analysed entry zones only nine test sections located in the entry 

zones to the village, with a speed limit of up to 70 km/h specified 

on denote B-33 traffic sign. All sections are characterized by the 

same width of traffic road and the carriageway, the same road 

class, the same permissible speed, slight similar traffic volume 

and heave vehicle participation, the same condition of the 

pavement (capital a renovation on all sections was carried out a 

year earlier). On all the test sections the travel lanes were 3 m 

wide. 

 

A view seen by a driver approaching the village under study is 

shown in Figure 1. Six test sections included a central island 

horizontally deflecting one lane by a = 2 m (Figure 1a,b,d–g), one 

section had a central island deflecting both lanes by a = 1 m 

(Figure 1c) and the two remaining sections were used for 

comparison only, and thus did not include any chicanes (Figure 

1h,i). 

 

The analysis of the main features of the transition zones under 

study showed that on the basis of the general traffic management 

scheme trends, as described in [1,2,5,19,43,53], two 

configurations of positioning vertical signs can be identified: 

basic, classic (Figure 2) and the one used in the test sections 

(Figure 3). The first traffic management scheme, presented in 

Figure 3 relates to the transition zones where the greatest speed 

reductions were noted, with the chicanes placed between the 

traffic signs E-17 and D-42 (Figure 3a). Smaller speed reductions 

were recorded where a central island horizontally deflecting one 

lane was located before the traffic signs No. E-17 ‘city’ and No. 

D-42 ‘built-up area’ (Figure 3b). 
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 
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(g) 

 
(h) 

 
(i) 

Figure 1: View ahead seen by the driver approaching the village on the 

respective test sections in the order of reduction of the 85th percentile speed 

∆v85: (a) No. 1, open rural area, very good visibility of the village skyline and 

of nearby buildings; (b) No. 2, open rural area, view of distant village buildings 

located along the opposite lane of travel; (c) No. 3, open rural area, poor 
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visibility of the village skyline and of nearby buildings; (d) No. 4, forest terrain, 

limited visibility of dispersed buildings; (e) No. 5, rural area, along a row of 

trees, poor visibility of the village skyline; (f) No. 6, forest area, village skyline 

and buildings not visible; (g) No. 7, open rural area, good visibility of the village 

skyline in the distance; (h) No. 8, open rural area, village skyline not visible; (i) 

No. 9, open rural area, poorly visible village skyline (source of images in 

Figure 1b,h,i: Google Earth–Street View [52]). 

 

 
 
Figure 2: Traffic management scheme with 70 km/h speed limit on test sections 

with installed on-road chicanes (based on the analysis of the recommendations 

of [1,2,5,19,42,53]). 

 
(a) 

 
 

(b) 

Figure 3: Example layout of the E-17 and D-42 traffic signs: (a) on sections 

where a considerable speed reduction was recorded; (b) on the remaining test 

sections. 



Advances in Energy Research: 2
nd

 Edition 

16                                                                                www.videleaf.com 

Adopted Measurement Methodology  
 

The first step of the assessment of the effectiveness of chicanes in 

the transition zones to villages involved an analysis of the speeds 

measured on the test section before and after the chicane. In this 

part of the research, momentary free-flow and stable-flow speeds 

were measured with a special device [54] which simultaneously 

measured the traffic volume and vehicle speeds in both 

directions of traffic. 

 

This device can identify free-flow conditions in either direction 

of traffic, which enables selection of values needed for the 

purpose of the performed analysis. Due to small hourly volumes, 

comparable on all the test sections (from 150 to 340 veh/h), the 

differences in the speed distribution parameters between free-

flow and stable-flow situations were also small. Taking the 

above into consideration, further in the article the authors 

analyse the free-flow values only. 

 

Choosing Appropriate Statistical Tests  
 

Analysing the effect of various factors on the speed of travel and 

the amount of its reduction the authors performed a number of 

statistical tests. In addition to the significance test, goodness-of-

fit test and the test for equality of variances, in relation to the 

measured speeds, i.e., the standard tests (Appendices A and B), 

also performed were nonparametric tests, i.e., tests of 

independence and median tests. The chi-square (χ
2
) test of 

independence was carried out first, to verify independence of 

two tested features (not necessarily measurable). The null 

hypothesis of the chi-square test of independence was to answer 

the question whether or not the speed distributions depend on the 

place of measurement (i.e., before or after the chicane). The 

inequality χ
2
 > χα

2
 should lead to rejecting the null hypothesis 

postulating independence of the analysed features, this meaning 

that the populations of speeds measured before and after the 

chicane depended on the measurement point. Such results were 

obtained for each of the analysed chicanes (Appendix C). 
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The median test was chosen as the second test for identification of 

determinants, which is suitable for situations where one of the 

features is possibly non-measurable. It does not require 

confirmation of the distribution of population, and thus can be 

used as an alternative to the two-sample means test. In this test, 

the medians are calculated from all the results of the two 

compared samples. The result of the median test χ
2
<χα

2
 is 

positive when the number of results of the tested feature above 

the median equals the number of results below the median, i.e., 

both the compared samples come from the same population and 

variation of the speed level is not confirmed (i.e., there were no 

grounds for rejecting the null hypothesis of H0: F1(x) = F2(x)). If 

inequality χ
2
 > χα

2
 was obtained in the median test, the null 

hypothesis H0 postulating the independence of the tested features 

should be rejected, because the speed samples were found to 

depend on the measurement point and a difference in their value 

was noted (H1: F1(x) Ç F2(x)). Also in this test positive results 

were obtained, confirming the relevance of the measurement 

point, meaning change of speed through the chicane (Appendix 

D). 

 

Fundamental Assumptions Taken in the Qualitative 

Analysis Concerning Determination of the Speed 

Reduction Determinants  
 

All the obtained speed results were estimated in the ranges, as 

shown in Figure 4. On two sections, section No. 8 and section No. 

9, which did not include chicanes, speeds were measured before 

and after the road sign communicating the boundary of the 

village and the built-up area. Considering that in the transition 

zone traffic calming schemes are applied primarily to reduce the 

speed at which the vehicles enter the village, Figure 4 gives also 

the value of 85th percentile speed measured after the chicane 

v85
after. The analysis of the data presented in Figure 4 showed a 

considerable variation of the speed values despite comparable 

amounts of lateral shift on all the test sections. The noted speed 

variations were particularly scattered at chicane No. 6, which is 

approached through a long straight section (over 2 km long), 

surrounded by farm fields and rows of trees which largely hide 

the village skyline (Figure 1f). Straight approach sections of a 
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similar length surrounded by farm fields lead also to the chicanes 

No. 1 (1.5 km) and No. 4 (2 km) (Figure 1a,d). Also chicanes 

No. 5 and No. 7 are approached through straight sections of a 

similar length (Figure 1e,g). In these cases, however, the 

Approach Sections go through a patch of forest. 

 

 
 
Figure 4: Distribution of free-flow speed ranges on the test section according 
to the speed reduction value ∆v85. 

 

The analysis of the scattering of speed variations on the above-

mentioned sections showed that they are much smaller, except for 

the chicane No. 1, which indicates an existence of some other 

determinants that affect the drivers’ perception and, as 

consequence, also the village inbound speeds. The two analysed 

additional cases, i.e., approaches No. 8 and No. 9 (Figure 1h,i) 

also had opposite inbound speed values, and therefore, in this case 

we can also assume existence of additional determinants in the 

transition zone, which influence the drivers’ perception, and thus 

the vehicle speeds. 

 

The data presented in Figure 4 show that the large variation of the 

85th percentile speed reductions can be associated with various 

factors influencing the speed values before vbefore and after 

vafter the chicane. And these determinants can influence the 

vehicle speeds and the obtained reductions  ∆v  to a varying 

degree.   Also the results compiled in Figure 4 do not confirm the 

thesis put forward    in [43] (Table 1—position 6) that central 

islands shifting one lane by up to 3 m, situated on the village 

inbound lane influence the speed and the amount of its reduction to 

a similar extent in all the situations. On all the analysed sections, 

except for the section No.  3,  the horizontal deflection of the 
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travel  lane was a = 2 m, and yet both the village entry speeds 

and the amounts of speed reduction varied considerably. Also the 

results speed after the chicane vafter and speed reduction ∆v 

(Figure 4) do not confirm the thesis put forward in study [28] 

(Table 1—position 7), that ∆v = f (lv/tv), because in all sections 

tested, except No. 3, lv/tv = const, the results speed after the 

chicane vafter and speed reduction ∆v are very diverse. Similarly, 

the results presented in Figure 4 do not confirm theses formulated 

in the publications [18,39,43,49–51] (Table 1—position 8, 9, 10), 

because the road class, lane width, chicanes shape, angles, curb 

heights were the same in all tested sections, except No. 3, and 

the obtained vafter and speed reduction ∆v were very diverse 

(vafter = 64.7–87.4 km/h and ∆v = 0.6–22.8 km/h). Based on 

these observations, the authors analysed different factors noted in 

the transition zones selected in three criteria concerning: Traffic 

management scheme, road design parameters, surrounding 

landscape and visibility conditions. 

 

Genesis of the Aggregate Parameter z and ts Combined 

Effect on the Traffic Parameters  
 

The analysis of the diversity and variation of the factors noted in 

the transition zones of the analysed test sections in relation to the 

traffic control, road design parameters, surrounding landscape and 

visibility conditions indicated a need for detailed analysis of the 

effect of the respective factors on the vehicle speeds and on their 

reduction. The authors in the publication [53] presented 

preliminary considerations of factors likely to contribute to the 

speed reduction. However, further consideration of possible 

determinants allowed for the developed an innovative analytical 

approach and introduced an independent variable z to consider 

the criteria adopted in the analyses (Figure 5). The proposed 

independent variable z is actually an aggregate parameter, 

introduced by the authors of this article, to quantify the overall 

impact of the surrounding landscape on the driver’s perception, 

leading to the reduction of the village inbound speed (Figure 6). 

  

     ,  ,  ,     ,  ,          .i o i d i zw i o i j d i j zw i jz z z z z z z             (1) 
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Figure 5: Proposed scheme for determining the aggregate parameter z with a 

division to the three adopted criteria. 

 

 
 
Figure 6: Aggregate parameter zi on the i-th test section. Designations: zo i—

total value of the score for the traffic management scheme, zd i—total score for 

the road design parameters, zzw i—total score for the surrounding landscape 

and visibility conditions, zo i,j—score of a given factor j for the traffic 

management scheme, zd i,j – score of the given factor j for road design 

parameters, zzw i,j—score of the given factor j for the surrounding landscape 

and visibility conditions. 

 

The analyses assume that the qualitative indirect factors chosen 

in a given criterion will be assigned the assumed ‘quantitative 

measures’ in the binary system, which are directly related to the 

confirmation of existence of a given factor, i.e., confirmed 

logical tautology. For instance, if a given factor is confirmed in 

field, it is assigned the value 1 (i.e., logical tautology is 

confirmed). If, on the other hand, a given factor is not observed, 

then it is assigned the value 0 (i.e., logical tautology is not 

confirmed). In some cases, especially related to quantitative-

qualitative information, such as clearance distance to buildings or 

visual obstruction, it was necessary to introduce an intermediate 

quantitative measure and then the assignment of the value 0.5 is 

proposed.  If,  for example,  the village skyline  is visible while 

passing through the chicane at a distance smaller than 100 m, 
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then logical tautology is confirmed and when it is not visible the 

logical tautology is rejected. There was a need for an 

intermediate measure when the village skyline was visible from 

other distance, for example 300–500 m. 

 

The intermediate factors related to the traffic management scheme 

criterion, preliminarily chosen for the analyses, included the 

distance to the nearest residential buildings located close to the 

road edge measured along the road from the D-42 traffic sign 

designating the built-up area limit, location of pedestrian 

pavements or other road infrastructure elements in relation to the 

D-42 traffic sign and the location of the B-33 speed limit sign in 

relation to the chicane axis (Figure 7). 

 

In the criterion concerning the road design parameters also 

hourly traffic volume on both lanes and on the inbound lane alone 

were considered. The analysis demonstrated that the speeds 

measured before the chicane did not depend on the hourly traffic 

volume which, on the analysed roads, did not vary much 

(correlation factor of only R = 0.4). Whereas, the correlation 

factor between the speeds measured after the chicane and hourly 

volume of traffic was R = 0.6. The above facts indicate the 

existence of some other determinants influencing reduction of 

speed after the chicane, and therefore, the effect of the hourly 

traffic volume on the amount of speed reduction by the chicane was 

disregarded in the further analyses in the road design criterion. 

One of the main factors in the criterion relating to the road design 

parameters, in accordance with the conclusions given in [19,43] 

was the amount of the lateral deflection of the inbound lane. On 

the basis of site visits and Google Earth imagery [52] the 

qualitative factors were expanded with elementary road data 

related to curved sections, road infrastructure, accesses and 

junctions. Selected road design factors and the adopted 

engineering interpretation of their qualification measure are 

presented in Figure 8. 
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Figure 7: Factors related to the traffic management scheme chosen for the 

analyses (blue font designates qualitative factors and the black font–the adopted 

interpretation of the quantitative measure). 

 

 
 

Figure 8: Factors related to the road design parameters chosen for the analyses 

(blue font designates qualitative factors and the black font designates the adopted 

interpretation of the quantitative measure). 
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The last criterion concerning the surrounding landscape and 

visibility conditions includes, as independent variables, various 

qualitative/quantitative factors defining the space around 

chicanes and elements determining the visibility conditions. In 

the selection and description of the visibility conditions the 

authors used the results of fixation points distribution analysis in 

different driving conditions, as presented in [14] (Figure 9). 

Referring the fixation points to the more distant view of the road 

on the test section with 70 km/h speed limit (Figure 9b) the authors 

found out that the driver tends to focus the eyesight firstly on the 

road further ahead and on the existing chicane and only secondly 

on the travel lane and on the upcoming lateral deflection of the 

lane. 

 
(a) 

 
(b) 

 

Figure 9: Distribution of fixation points in different driving conditions: (a) using 

the data from [14]; (b) with 70 km/h speed limit indicated by the B-33 sign). 

 

Next, on the basis of the resulting visual attention area of the 

driver, described in [14], the authors referred it on a likewise 

basis to the analysed test sections, as displayed in Figure 10. 

Taking the above into consideration, the authors made a 
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visualisation of the central and peripheral vision areas, as 

described, for example in [17,55], the results of which are 

presented in Figure 11. The analysis of the results of this 

visualisation enabled the authors to determine what are the 

elements on which car drivers travelling at a speed of 70 km/h or 

100 km/h focus their attention, as presented in Figure 11c,d and 

Figure 12. 

 

Based on the analysis of the central field of vision area and the road 

infrastructure elements present within its limits, of the view of the 

road further ahead and the elements of the landscape surrounding 

the road at the chicane the authors proposed appropriate factors 

and assigned quantitative measures to them, also with the 

application of logical tautology, as presented in Figure 12. 

 

Summing up the above considerations, in relation to the above-

described three criteria (Figure 5), the authors chose to perform 

statistical inference associated with the determination of the 

strength of a correlation between the above-described qualitative 

variables (zo, zd, zzw), the parameters representing the speed (v, ∆v, 

w) and also the general aggregate parameter z. To this end, they 

decided that the numerical value of the aggregate parameter z 

should be determined using the scheme presented in Figures 5 

and 6. In the statistical analyses regarding parameters 

characterising speeds the authors decided to analyse all the 

estimated speed distribution parameters, measured before and 

after the chicanes and the corresponding speed reductions. 

 

 
(a) 

 



Advances in Energy Research: 2
nd

 Edition 

25                                                                                www.videleaf.com 

 
(b) 

Figure 10: Driver’s visual attention area: (a) using the data from [15]; (b) with 

a 70 km/h speed limit indicated on the B-33 sign. 

 

 
(a) 

 
(b) 

 
(c) 



Advances in Energy Research: 2
nd

 Edition 

26                                                                                www.videleaf.com 

 
(d) 

 

Figure 11: Central and peripheral vision area of a driver: (a) on the basis of the 

data from [55]; (b) at speeds up to 50 km/h: (c) at the speed of 70 km/h; (d) at 

the speed of 100 km/h. 

 

 
 

Figure 12:   Factors related to the surrounding landscape and visibility chosen 

for the analyses   (blue font designates qualitative factors and the black font 

designates the adopted interpretation of the quantitative measure). 

 

Furthermore, they decided to analyse the speed reduction index in 

relation to the 85th percentile speed w (v85) (Equation (2)) and the 

mean free-flow speed w (vav) (Equation (3)), calculated with the 

following standard equations: 
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   85 85 85 85             /    ,before after beforew v v v v      (2) 

 

                /    .before after before

av av av avw v v v v       (3) 

Results  
Outcomes of the Assessment of the Factors Associated 

with the Traffic Management Criterion  
 

For the sake of clarity, the adopted quantification measures, in 

accordance with the logical tautology, i.e., confirmation or lack of 

confirmation of a given factor (Figure 7), initially expressed in the 

binary numeral system were represented by colours (Figure 13), 

with the dark blue colour designating the measure of location 

equal to 1, confirming the presence of a given factor or the 

corresponding small distance, etc. The light blue colour 

designates the quantification measure equal to 0, i.e., lack of the 

presence of a given factor, for example a large distance, etc. The 

intermediate shade designates, for example, location of E-17 and 

D-42 signs after the chicane at a distance exceeding 100 m. In 

the case of the additional test sections, No. 8 and No. 9, which 

did not include chicanes, no weights were assigned to the traffic 

management related factors conditioned by the presence of a 

chicane (and hence the lack of colour in the chart). 

 

 
Figure 13: Outcomes of the assessment of the factors associated with the traffic 
management criterion. Designations: oj—a subsequent factor in consideration, 

Σoj—the sum of confirmed logical tautologies on the test sections in relation to 

the considered j-th factor, zo i—the sum of quantitative measures in all factors on 

the i-th test section. 
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The analysis of the values of the quantitative measures 

represented in Figure 13 demonstrated consistency of a number 

of selected factors with the speed reduction values. To be 

specific, such consistency was obtained between speed reduction 

and the factor representing: location of the B-33 sign in relation 

to the chicane axis, confirmation of the presence of buildings after 

the sign location and confirmation of the presence of buildings in 

close proximity to the road edge. A consistency between the 

greatest reduction of the 85th percentile speed ∆v85 with the 

visibility of the nearby village skyline or road infrastructure after 

the D-42 sign (Figure 13) was confirmed in only one case. 

 

For factors associated with the location of the E-17 and D-42 

signs the authors noted lack of consistency with speed reduction. 

It is likely that the view of the nearby village buildings seen after 

the E-17 and D-42 signs affects the driver’s perception, 

resulting, in consequence, in the reduction  of driving speed 

(Figure 1a). If after the E-17 and D-42 signs located at different 

distances after the chicane the village skyline or adjacent 

buildings are not visible, especially on the inbound lane side 

(Figure 1b,d,e), the traffic signs indicating the beginning of the 

built-up area do not have any mobilising effect on motorists’ 

behaviour who continue driving without slowing down. 

 

Taking the above into account, in relation to the four factors 

concerning location of the E-17 and D-42 signs the logical 

tautology was represented by colours, however no numerical 

values were assigned to them, since the distances dE-17 of the E-

17 sign location from the chicane ranged from 5 m before the 

chicane up to 120 m after the chicane, and the distance dD-42 of 

the D-42 sign ranged from 29 m to 290 m after the chicane. Such 

a high data dispersion prompted the authors to determine the 

coefficient of correlation between the above-mentioned distances 

and the speed reductions on the sections under analysis. The 

values of the correlation coefficient were respectively R = 0.4 (f (dE-

17, ∆v85)) and R = 0.2 (f (dD-42, ∆v85)), which indicated a lack of 

statistically significant relationship between the amount of speed 

reduction and the distance of the sign location from the chicane. 
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Taking the above into consideration we can conclude that the 

distance at which the E-17 and D-42 signs are located from the 

chicane, if it is not related to the visibility of buildings, has no 

significant effect on the actual vehicle speeds measured after the 

chicane. However, if the chicane is preceded by the B-33 sign 

denoting a speed limit of 70 km/h then consideration of logical 

tautology related to the close vicinity of the village buildings 

(located along the street) would not be in compliance with the 

Polish highway code [56] and the guidelines [57] and, moreover, it 

would pose problems with defining logical tautology related to 

assignment of a value to a given distance. Therefore, in the 

outcomes of the assessment of the factors related with the traffic 

management criterion no quantitative measures are assigned to 

the above-mentioned four factors (Figure 12). 

 

Summing up the above considerations we can conclude that in 

the case of chicanes located in the transition zones with the 

posted speed limit of 70 km/h the determinants effectively 

reducing the speed include: placement of the B-33 sign before 

the chicane at a distance of up to 100 m and visible close village 

buildings situated after the D-42 sign at a distance less than 100 

m. 

 

Outcomes of the Assessment of the Factors Associated 

with the Road Design Parameters Criterion  
 

The second criterion considered in identification of the 

determinants of the effectiveness of chicanes in the transition 

zones is associated with the factors defining the road design 

parameters.  In this criterion, various dependency relationships 

between road design parameters and reduction of the 85th 

percentile speed ∆v85 were confirmed. A representative 

relationship of the analysed variables was confirmed in relation to 

the amount of lateral deflection of the lane. However, the 

selected test sections included primarily central islands of 

rectangular shape horizontally deflecting one lane with the 

deflection of a = 2 m (Figure 14a). A central island horizontally 

deflecting both lanes with the deflection of a = 1 m (Figure 14b) 

was located on only one test section. 
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(a) 

 
(b) 

Figure 14: Types of road chicanes provided in village entry transition zones and 

the resulting horizontal deflection of the travel lane from the straight line a: (a) 

central island providing horizontal deflection of one lane – a = 2 m; (b) central 

island providing horizontal deflection of both lanes – a = 1 m. 

 

Another factor with a varying effect on traffic speed reduction 

was also a visible access. When an access led to a cluster of 

buildings then a greater speed reduction was noted. Still the scale 

of the reduction varied considerably, ranging from 3.5 km/h to 

22.8 km/h (Figure 15). In the case of a private accesses serving a 

single family building the speed reductions also varied but over a 

smaller range (Figure 15–∆v85 = 1.9–3 km/h). A similar varied 

effect was noted for an intersection with a side road, in which 

case the speed reduction was in the range of ∆v85 = 1.9–9.5 km/h. 

 

The analysis of the variation of the sum of quantitative measures 

representing the road design parameters zd and of the speed 

reduction amount ∆v85 revealed a probable consistency between 

the considered variables (Figure 15). The only exception in the 

analysed case is the test section No. 7 where a smaller number of 

significant road factors was noted, as compared to the other 

sections. 
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Figure 15: Outcomes of the assessment of the factors associated with the road 
design parameters criterion. Designations: oj—a subsequent factor in 

consideration, Σoj—sum of confirmed logical tautologies on the test sections in 
relation to the considered j-th factor, zd i—sum of quantitative measures in all 

factors on the i-th test section. 

 

Outcomes of the Assessment of the Factors Associated 

with the Landscape and Visibility Criterion  
 

The last criterion considered in the identification of the 

determinants of the effectiveness of chicanes in the transition 

zones are the factors related to the landscape features in the 

immediate vicinity of the entry section of the road and to 

visibility conditions. In this criterion very important 

dependencies were confirmed between the speed reduction ∆v85 

and the sum of quantitative measures zzw in particular in relation 

to the first three test sections (Figure 16). Figure 1a,b show the 

village skyline seen from a distance of 300 m by a driver 

approaching the chicane located on each of the first two test 

sections, i.e., section No. 1 and section No. 2. 
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Figure 16: Outcomes of the assessment of the factors associated with the 
landscape and visibility criterion. Designations: oj—a subsequent factor in 

consideration, Σoj—the sum of confirmed logical tautologies on the test 

sections in relation to the considered j-th factor, zzw i—the sum of quantitative 

measures in all factors on the i-th test section. 

 

Figure 17a,b depict the village skyline as seen by a driver 

passing through the chicane. In the case of section No. 1, the 

driver sees nearby buildings after the sign D-42 and a horizontal 

curve limiting the view of the road further ahead (Figure 17a) 

and this is probably the main cause of the considerable reduction 

of the free flow speed noted at this section, equal to ∆v85 = 22.8 

km/h. In the second case presented in Figure 17b the driver on 

the approach to the chicane sees the distant village skyline and 

remote buildings situated at a distance of ca. 300 m at the other 

side of the road. In this case the E-17 & D-42 signs are located 

after the chicane, which results in a much smaller reduction of 

the free-flow traffic speed (∆v85 = 9.5 km/h). Figure 17c,d, show 

the approach to the chicane on section No. 3 and the view of the 

road ahead the driver sees when going through the chicane. In 

this case, the free-flow speed reduction is ∆v85 = 7 km/h. This 

can be attributed to the lack of visibility of the village skyline 

and of nearby buildings and to the fact that the lateral deflection 

a of the lane is only 1 m. Furthermore, the traffic management 

infrastructure, namely the sign No. D-42 denoting the beginning 

of the built-up area is placed as far as 300 m after the chicane. 
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(a) 

 
(b) 

 
(c) 
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(d) 

Figure 17: View of the village skyline of village as seen by a driver 

approaching the chicane: (a) View of nearby buildings at chicane No. 1, sign E-

17 located 5 m before the chicane and sign D-42 located 30 m after the chicane; 

(b) Distant view of the village skyline near the chicane No. 2, sign E-17 located 

100 m after the chicane and sign D-42 located 150 m after the chicane; (c) Lack 

of the village skyline view on the approach to the chicane No. 3, being a central 

island deflecting both lanes; (d) Lack of the view of village buildings from the 

chicane No. 3 location, sign E-17 located 150 m after the chicane and sign D-42 

located 300 m after the chicane. 

 

On the remaining test sections (No. 4, No. 5, No. 6 and No. 7) 

the authors noted high variability between the assigned 

quantitative measures and speed reduction values. The partial 

sums of the four primary factors, represented in Figure 16 have 

similar values, yet their distribution in the analysed sections is 

very diverse, just as diverse are the speed reduction values. A 

very wide variation in the respective quantitative measures is 

also observed in the case of the two last factors represented in 

Figure 16, where visual obstructions or buildings situated close to 

the chicane were confirmed only in one case, while in the 

remaining three cases visible buildings were noted however they 

were situated at a further distance from the chicane. Still, 

comparing the sums of quantitative measures zzw with the speed 

reduction values ∆v85 on the respective test sections, we can 

detect a certain consistency in the succession of changes, as 

represented in the radar charts. 
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Outcomes of the Assessment of the Aggregate 

Parameter z and Its Overall Effect on the Traffic 

Parameters  
 

Summing up the above analyses, Figure 18 below represents the 

probable consistency between the qualitative variable z, i.e., the 

aggregate overall effect of the factors related to traffic 

management (zo), road design parameters (zd) and landscape and 

visibility conditions (zzw), and the calculated free-flow speed 

reductions ∆v85 and ∆vav on the analysed test sections with the 

applied horizontal deflection  of the lane(s). Figure 18b 

represents the consistency of the aggregate parameter z with the 

values of speed reduction indices. 

 
(a) 

 
(b) 

Figure 18: Compilation of changes in the analysed variables: (a) consistency 

of the speed reduction variations ∆v85 and ∆vav and aggregate parameter z (R = 

0.76 and R = 0.93 respectively); (b) consistency of variation of the speed 

reduction index w (v85) and w (vav) and aggregate parameter z (R = 0.80 and R 

= 0.94, respectively). 
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The analysis of variations of the analysed values exhibits the 

greatest consistency between the free-flow speed vav and the 

speed reduction index w (vav) and the proposed aggregate 

parameter z representing a combination of factors, including 

traffic management, road design parameters and the surrounding 

landscape elements and visibility conditions. 

 

Regression Analysis of the Outcomes of Assessment of 

the Combined Effect of the Selected Factors and Speed 

Distribution Parameters  
 

In the next step, the authors carried out appropriate regression 

analyses in relation to the investigated parameters. In the 

regression analyses, whether confirming or failing to confirm the 

effectiveness of the applied chicanes, the authors considered both 

the aggregate values of the respective components of qualitative 

variables (zzw, zd and zo) and the qualitative variable z 

representing the combined effect of the respective factors in the 

transition zone. In relation to the speed distribution parameters 

before and after the chicane the analysis considered both the 

free-flow 85th percentile speed v85, the average free-flow speed vav 

and the stable-flow speed vav 
pp, and also the corresponding speed 

reduction values ∆v. Along with the speed distribution 

parameters the authors considered also the speed reduction index 

w, often taken into account in traffic calming analyses and 

representing the percentage speed reduction in relation to the 

initial value (w = ∆v/vbefore). The correlation coefficient values 

are given in Tables 2 and 3. In Tables 2 and 3 bold numerals 

denote cases when the correlation coefficient R was greater than 

0.9, which according to the statistical principles given in [58,59] 

indicates a statistically significant relationship between the 

analysed variables. 
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Table 2: Coefficients of correlation R between the quantitative measures and the chosen speed distribution parameters (including 

additional sections where chicanes were not installed). 

  
 v85

before vav
before vav 

pp before v85
after vav

after vav 
pp after ∆v85 ∆vav ∆vav 

pp w (v85) w (vav) 

zzw −0.14 −0.21 −0.12 −0.63 −0.68 −0.61 0.76 0.93 0.93 0.80 0.94 

zd −0.38 −0.36 −0.29 −0.77 −0.78 −0.67 0.68 0.89 0.75 0.71 0.90 

zo −0.18 −0.31 −0.24 −0.67 −0.69 −0.71 0.76 0.81 0.90 0.79 0.82 

z −0.24 −0.31 −0.23 −0.73 −0.76 −0.69 0.77 0.94 0.90 0.81 0.95 

 

 

Table 3: Coefficients of correlation R between the quantitative measures and the chosen speed distribution parameters (excluding 

additional sections where chicanes were not installed). 

 

 v85
before vav

before vav 
pp before v85

after vav
after vav 

pp after ∆v85 ∆vav ∆vav 
pp w (v85) w (vav) 

zzw 0.39 0.42 0.64 −0.49 −0.74 −0.74 0.81 0.93 0.93 0.82 0.94 

zd 0.18 0.26 0.53 −0.64 −0.83 −0.48 0.77 0.92 0.71 0.78 0.92 

zo 0.62 0.52 0.73 −0.40 −0.56 −0.61 0.90 0.82 0.96 0.90 0.82 

z 0.40 0.42 0.68 −0.57 −0.79 −0.64 0.89 0.98 0.94 0.90 0.99 
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(a) 

 
(b) 

Figure 19: The linear regression function defining the relationships between: 
(a) free-flow speed reduction ∆v85 and the aggregate parameter z, (R = 0.89); 

(b) free-flow speed reduction index w (v85) and the aggregate parameter z (R = 

0.90). 

 

The relationships represented in Figure 19 prove the hypotheses 

previously put forward by the authors that the reduction of speed 

through the chicane depends on a number of factors characterizing 

the spatial features of the surrounding area, which jointly 

influence the drivers’ behaviour and their decision to slow down 

in the transition zone section. Referring to both foreign guidelines 

(Denmark [1], Great Britain [2,19,31,39,41], USA [27,36,37]) 

and Polish publications [5,21,42] which, depending on the 

country, give various data regarding the percentage reduction of 

speed of vehicles passing through chicanes, it can be concluded 

that the theses proposed in these materials have been confirmed 
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by  the results obtained by the authors in this research. Still, it 

must be noted that the amount of speed reduction depends on 

several external factors which were for the first time identified and 

estimated in this article. 
 

Figure 20 represents the same regression analyses carried out in 

relation to the free-flow average speed vav. The analysis of the 

data shown in Figure 20 indicates that the average free-flow 

speed vav statistically significantly depends on the combined 

magnitude of the effect of the landscape elements present within 

the transition zone, which is confirmed by the high values of the 

correlation coefficients (Tables 2 and 3). The more of various 

landscape elements are present within the transition zone to the 

village in the vicinity of the on-road chicane, the greater speed 

reduction ∆v can be expected. The above observations can 

indicate to land planners and designers the most suitable locations 

in which to design and install chicanes effectively reducing traffic 

speeds, subject to considering the maximum number of relevant 

factors. 

 
(a) 

 
(b) 

Figure 20: Linear regression function defining the relationship between: (a) the 

free-flow speed reduction ∆vav and the aggregate parameter z, (R = 0.98); (b) the 

free-flow speed reduction index w (vav) and the aggregate parameter z (R = 

0.99). 
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If there are buildings or elements of highway structures (i.e., 

visual obstructions) within the transition zone and they are 

situated close to the road edge,  then the chicane should be 

designed   at a location as close as possible to these elements. 

Furthermore, in order to obtain effective speed reduction, 

horizontal deflection of the lane by min. 2 m should be 

considered, located at a distance of up to 100 m from the visible 

nearby buildings of the village. If the transition zone is 

approached through a long straight section running through an 

open area, then for effective speed reduction, the amount of the 

horizontal deflection of the lane, should be designed taking into 

account the view of the village skyline and the distance of the 

chicane from the village buildings in view, measured along the 

road. The best results in terms of traffic speed reduction can be 

achieved at locations where the village buildings are situated 

close to the inbound lane. 
 

Discussion  
 

This article analyses seven sections of roads leading through 

villages with chicanes installed   in the transition zones. The 

analysis of the performed speed survey data represented in 

Figure 4 demonstrated a very wide and varied dispersion of 

speeds despite the fact that in almost all of the cases the analysed 

chicanes provided the same amount of the horizontal deflection of 

the carriageway lane. The comparison of the results obtained with 

speed survey data for two other sections, No. 8 and No. 9, without 

any chicanes installed, demonstrates that speed reductions were 

noted also on these sections. In view of the above, it is clear 

there must have been some other determinants resulting in speed 

reduction in these locations. 

 

In the course of the analysis the authors formulated ten-odd such 

determinants which could have an effect on the obtained speed 

reduction. Based on comprehensive analysis of factor 

assessment values obtained in the individual criteria proposed and 

of the final values of the aggregate parameters z on the test 

sections, in recapitulation we can identify the main determinants. 

For instance, in the traffic management criterion these will be the 

factors directly related to the view seen by the driver after the D-
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42 sign (Figure 13) and in the road design criterion, the factors 

related to horizontal curvature and its parameters (Figure 15). 

The greatest number of factors which obtained confirmation of 

logical tautology in the landscape and visibility criterion were 

related to the surrounding conditions in the vicinity of the road 

on the approach to the village and in the transition zone (Figure 

17). On the test sections with the greatest speed reductions 

confirmed also other factors with positive logical tautology were 

confirmed, relating to the visibility conditions and the elements 

that can be visible to the driver when approaching and passing 

through the chicane, namely the village skyline, a view of single 

buildings situated close to the road or a clear view of some road 

infrastructure elements associated with the built-up area. 

Summing up the above considerations, in the opinion of the 

authors the obtained results confirm the postulated hypotheses 

and proposals regarding the introduction of the aggregate 

parameter z, which evidently has an effect on the magnitude of 

speed reduction of vehicles which enter the village (Tables 2 and 

3 and Figures 19 and 20). 

 

Limiting the analysis to only the test sections located in open 

rural areas, we can confirm that visibility conditions have a major 

effect on drivers’ decision to reduce speed. These include the view 

of the village skyline on the approach to the transition zone, of 

nearby buildings and road infrastructure elements such as 

pedestrian pavements, accesses, junctions, visual obstructions 

e.g., bridge railings, and also the presence of horizontal 

curvature and the resulting limited view of the road ahead and its 

direct vicinity. Therefore, in choosing the location for a chicane 

to be provided as part of a traffic calming scheme, designers and 

landscape planners should, in the first place, consider the logical 

tautologies of the above given factors. The precise location of the 

chicane should also take into account the logical tautologies 

relating to the view of the village skyline, nearby buildings or 

visible elements of the road infrastructure in relation to the 

existing D-42 sign denoting the beginning of built-up area 

(Figure 21). If a confirmation of logical tautologies was obtained 

for all the above-mentioned elements, then the chicane should be 

located as close as practicable to the D-42 sign. With these 

conditions met, one can expect that the desired speed reduction 
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∆v85 = ca. 1020 km/h will be achieved within the transition zone 

with the 70 km/h speed limit signalled on the B-33 sign (Figure 4, 

Sections No. 1, No. 2 and No. 3). 

 

The analytical approach proposed by the authors for application 

by land planners and designers of traffic calming schemes in 

transition zones to villages is presented in Figure 21. In the first 

step (Figure 21–Step 1, background) consideration should be 

given to the type of terrain and landscape elements present in the 

area surrounding the road in the transition zone to the village. In 

this study the authors proposed the three following types of road 

surroundings: open rural area, rural area with groves or a tree 

row and a forest terrain. The above-mentioned landscape 

conditions in the surroundings of the road have a determining 

effect on the vehicle’s speed of approach to the transition zone, 

driver’s perception and, as a consequence, on the amount of speed 

reduction on the way through the chicane. Next, based of the 

logical tautologies confirmed during the site visits or when 

reviewing the available Google Earth or Street View imagery 

[52], the land planners should determine the value of the 

aggregate parameter z (Figure 21—Step 2—the analytical 

process regarding the conditions on the approach to the village’s 

transition zone). Further, a similar analysis should be carried out 

for the landscape elements present in the surroundings of the road 

in the vicinity of the planned chicane location (Figure 21—Step 

3—preliminary location of chicane). This should involve an 

analysis of  the road alignment along a straight section or 

horizontal curvature, assessment of the visibility of the road 

ahead and of existing locations of the vertical signs E-17 and D-

42, etc. Having initially assessed the landscape conditions in the 

surroundings of the approach to the transition zone and the 

planned chicane location, the next step should involve estimation 

of the individual factors in the three above-mentioned criteria and 

the value of the aggregate parameter z (Figure 21–Step 4–the 

assessment of the aggregate parameter z). After determining 

the aggregate parameter z we can move to the final step in 

designing a traffic calming scheme in a village transition zone 

with 70 km/h speed limit, namely to final determination of the 

chicane location and adoption of its parameters (Figure 21—Step 

5—chicane design). 
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Figure 21: Proposed design process–i.e., selection of the chicane location 

within the transition zone to the village, with 70 km/h posted speed limit. 

 

If in an open rural area there is no village skyline or nearby 

buildings in view, then a small speed reduction can also be 

expected even without a chicane on sections with horizontal 

curvature hiding the view of the road ahead, as confirmed by the 

measured vehicle speeds on the section No. 9 (Figures 4 and 1i). With 

a greater number of confirmed logical tautologies (i.e., when 

the value of the aggregate parameter z is higher than 10), 

according to the authors, chicanes resulting in horizontal 

deflection of one lane only can be considered for installation in 

the transition zones if the deflection of the lane from the straight 
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line is at least 2 m. With a smaller value of aggregate parameter z, 

in order to achieve satisfactory speed reduction, the chicane 

location should be planned closer to the existing buildings and road 

infrastructure elements and the applied lane deflection should be 

considerably larger (Figure 22). In cases when satisfactory speed 

reduction has not been achieved with chicanes already in place 

in transition zones, an additional traffic calming measure should be 

planned for installation in the vicinity of nearby village buildings. 

 

 
 
Figure 22: Semi-circular chicane horizontally deflecting one lane proposed for 

village transition zones approached through a patch of forest (based on the 

guidelines [21,24,25]). 

 

If installation of a chicane deflecting one lane only is planned in 

the transition zone to the village situated on road section going 

through a patch of forest where the driver can see neither the 

village skyline nor nearby buildings, the authors propose to locate 

the chicane as close as possible to the D-42 sign and use semi-

circular chicanes providing deflection of the lane considerably 

greater than 2 m, i.e., according to the recommendations given in 

the guidelines [21,24,25] (Figure 22). Guidelines [25] give also 

detailed recommendations regarding the size of the radius. For 

example, for the speed of 70 km/h the entry radius R1 should not 

be smaller than 100 m and the subsequent radii (R2, R3) should be 

either equal or greater than the entry radius R1. The corners of the 

chicane should be rounded and the accompanying hatched road 

markings area should end with a pointy tip. The other dimensions 

of the chicane should be accommodated within the road design 

parameters, i.e., available right-of-way width (conditioning the 

size of desired horizontal lane deflection) and national regulations 

concerning road surface markings. 
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An example of semi-circular chicane deflecting one lane, 

installed in a village transition zone in a partly forested area is 

shown in Figure 23. The effectiveness of semi-circular chicanes 

installed in transition zones to villages and the resultant further 

applications of supplementary traffic calming measures provided 

on the passage of the regional road through the village area was 

described by the authors in [60]. 

 

 
(a) 

 
(b) 

 

Figure 23: Example of semi-circular chicane horizontally deflecting one 

carriageway lane: (a) overview; (b) visible details of the semi-circular chicane 

island. 
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However, in the opinion of the authors, the process of designing 

chicanes in village transition zones should not be limited to the 

selection of the chicane location and its geometrical parameters 

but it should include proposing application of the latest 

technologies which are gaining increasingly wide use in the field 

of traffic engineering. This concerns traffic controls, including 

both upright signs and pavement markings, where solar 

technology is being introduced, resulting in considerable energy 

conservation in built-up areas and in significant improvement in 

traffic safety. The problem of the effect of LED lighting and its 

relationship with the speed and improved view of the road ahead 

has been tackled in a number of publications. For instance in 

[61] the authors described the results  of studies on the use of an 

active system for delineating the road ahead in order to enhance 

the ability of drivers to control their vehicle safely on winding 

roads. A simulator experiment compared night-time driving on a 

country road under the three following conditions: on an unlit 

road, on a road illuminated on curves by typical road lighting 

luminaires, and on a road with an active lane delineation 

application, where self-luminous road studs are turned on to 

outline the lane and road edges as the driver approaches and 

passes the curves. It was concluded that the tested LED application 

enhanced the ability of drivers to control the virtual car, as 

compared to an unlit road or road lighting. Considering that 

transition zones to villages on roads carrying through traffic 

usually are not provided with road lighting the authors have 

analysed the results of the research described in the publication 

[62]. Light conditions are essential factors in traffic safety, but 

the relationship between light conditions and vehicle speed is not 

fully understood and has rarely been examined. In the course of 

the study, the authors of [62] investigated three questions: (a) if 

vehicle speed between brighter and darker conditions in clear 

weather will be different; (b) if vehicle speeds are lower during 

rain and snow than in clear weather conditions and if so; (c) if 

the speed reduction in rainy and snowy weather conditions is 

more substantial on roads without road lighting in darkness. The 

results of the study [62] demonstrated no evidence of consistent 

patterns of speed differences with respect to lighting conditions 

(darkness, daylight, twilight or road lighting) under clear weather 

conditions and no effect of road lighting on speed reduction in 
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rainy and snowy weather. Another study described in publication 

[63] examined the effect of the light emitting diode (LED) road 

lighting of a residential road section with speed humps on speed 

reduction. The study results indicated that the LED road lighting 

that was placed directly above or in front of the hump achieved 

the highest luminance. Still, the study did not reveal any 

significant differences in vehicle speed attributable to light 

conditions per se. 

 

In the recent years solar components are increasingly being used 

in solar powered traffic signs (Figure 24).   The conditions 

prevailing on the test sections described in this article indicated 

that     it might turn out to be important to use upright signs 

equipped with light emitting diodes (LED), which according to 

the results of the research described in [64] score a better 

detection ratio than conventional upright signs. Solar LED lights 

are high capacity light sources powered with batteries self-

charging during the day. Depending on the weather conditions 

during the day, solar energy is converted to electricity by means of 

photovoltaic cells and stored in ultracapacitors capable of 

supplying impulse power according to an established program, 

both overnight and during the day. These devices are wireless, 

switched on automatically, low maintenance and eliminate the 

need to extend the lighting system serving the village centre, i.e., 

they allow to considerably lower the consumption of energy. All 

the materials used to manufacture the presented solar devices are 

recyclable, so they do not create any environmental burden and 

hence require no extra energy input. The operating temperature 

range of these devices ranges from –40 ◦C to +70 ◦C. Their usual 

warranty period is around 10–12 years, depending on the 

manufacturer. Also according to the conclusions formulated in 

guidelines [4] the D-6a sign (Figure 24b) on the approach nose of 

the central island horizontally deflecting one lane is a better 

option than using the U-5 bollard in this location (Figure 24a) 

since the D-6a sign forms a kind of a visual obstruction having an 

effect on drivers’ perception and increasing the reduction in 

vehicle speeds by additional 1–3 km/h. Still the amount of speed 

reduction depends mainly on the width of the deflected travel 

lane and the size of horizontal deflection applied. 
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Additional solar elements installed in the face of the entrance 

island, on the outer edge of the carriageway and on the guide 

posts (Figure 25) are another element related to energy 

conservation in village environments evidently contributing to 

the reduction of vehicle speeds in village transition zones. They 

are recommended by the authors for use in particular in 

transition zones situated in forest terrain. These are SolarCAP 

elements, i.e., self-contained LED lighting devices. They are not 

equipped with additional batteries, which makes them less 

expensive, and apart from contributing to conservation of energy 

they also reduce construction and maintenance costs and improve 

traffic safety owing to their better visibility, and hence a greater 

impact on drivers’ perception. They are produced from 

environmentally friendly materials and are suitable for recycling. 

Furthermore, SolarCAP devices are maintenance free for at least 

10 years from installation. They are resistant to mechanical 

damage and frost and water resistant. 

 

Their principle of operation is similar to that described above, 

i.e., during the day solar energy is converted to electricity by 

means of photovoltaic cells which is subsequently stored in 

EnergyCache ultracapacitors capable of providing impulse power 

according to an established program, both at night and at day time. 

At dusk, a Solar CAP device switches on automatically and 

emits directional light produced in LEDs. The charging time to 

full charge is ca. 1 h in harsh sun or 6–8 h under cloudy weather. 

A fully charged SolarCAP can operate continuously for over 12 

h. 

 
(a) 
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(b) 

 
(c) 

 
(d) 

 

Figure 24: Application of the latest solar technology: (a) solar panel powering the 

LED arrow on bollards U-5 and C-9; (b) solar panel illuminating LED lines on 

the striped bollards D-6a and C-9; (c) view of unilluminated signs D-6a and C-

9; (d) view of signs D-6a and C-9 illuminated with LED lights. 
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(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 

Figure 25: Recommended use of the latest solar technology: (a) SolarCAP 

mounted in the face of the island kerb–white; (b) SolarCAP Road installed in the 

outer edge of the road–yellow; (c) red LED lights used in exceptional cases on 

guide posts placed behind the outer edge of the road; (d) recommended yellow 

LED lights mounted on guide posts placed behind the outer edge of the road in a 

forest terrain; (e) proposed layout of Solar CAP and SolarCAP Road elements 

placed on a rectangular central island horizontally deflecting one lane; (f) 

proposed layout of Solar CAP and SolarCAP Road elements installed on a 

semi-circular central island horizontally deflecting one lane. 

 

Based on the conclusions from the tests carried out on the TRL 

track [24], in locations with poorer visibility conditions, for 

instance in forest terrains or in rural areas with local groves, the 

authors can recommend placement of guide posts behind the 

outer edge of the road, spaced by maximum 0.5 m from the edge 

of the road (Figure 25c,d). Such arrangements are particularly 

recommended in the case of varied topography around the 

chicane (i.e., presence of embankments or drainage ditches). 

That said, in line with the recommendations of [3], in rural areas, 

where oversize farm equipment (such as combine-harvesters) 

traffic was recorded in traffic surveys, the road shoulder should 

be additionally strengthened over up to 1 m width over the whole 

length of the lateral deflection of   the lane. Such strengthening 

can be made of (irregular) cobblestones. This measure will 

prevent deterioration of the dirt shoulder, as shown in Figure 26a. 

Surfacing the shoulder with asphalt millings is not recommended, 
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as car drivers may mistakenly take such surface for paved 

shoulder and try and use it for normal travel (Figure 26b). 

 

 
(a) 

 
(b) 

 

Figure 26: Examples of design errors over the length of the deflected lane 

section: (a) deterioration of the dirt shoulder over the length of lateral 

deflection due to the lack of strengthening; (b) asphalt millings placed on the 

dirt shoulder as an overrun area for oversize agricultural equipment along the 

horizontal carriageway deflection. 

 

Summing up the discussion conducted in reference to the 

obtained research results, the authors postulate that there is a need 

for further analyses and for confirmation of the proposed 

hypothesis on the identification of determinants of the 

effectiveness of chicanes on other roads, for example on roads 
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subject to a 50 km/h speed limit, or for use differently designed 

road chicanes in the transition zones to villages. 

 

Conclusions  

 
Recapitulating the analyses carried out under this research, it can 

be concluded that the authors have obtained a confirmation of the 

existence of the identified determinants and of their effect on speed 

reduction in the transition zones to villages on roads with a 70 

km/h speed limit indicated by the B-33 traffic signs. The 

important determinants identified in this research, which have a 

considerable effect on speed reduction are associated primarily 

with the view available to the driver on the approach to the 

village and directly in the transition zone, including: the village 

skyline, nearby clustered buildings or clearly visible elements of 

road infrastructure related to the built-up area. The size of 

provided horizontal deflection of the travel lane is another 

important factor, particularly significant with regard to 

rectangular chicanes horizontally deflecting one travel lane, 

installed on inbound lanes to villages. 
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Appendix A 

 
Table A1: Results of standard statistical tests on test sections. 

 

Test Sections Goodness-of-Fit Test 

H0: F(v) = F0(v) 

H1: F(v) ≠ F0(v) 

Significance Test u 

H0: v
before = vafter 

H1: v
before ≠ vafter 

Significance Test t 

H0: v
before = vafter 

H1: v
before > vafter 

Test for Equality of Variances F 

H0: sbefore
2= safter

2 

H1: sbefore
2>safter

2 

λ(v before) λ(v after) λα, α= 0.05 u uα, α= 0.05 t tα, α= 0.05 F Fα, α= 0.05 

No. 1 0.37 0.58 1.36 5.85 1.96 5.85 1.6 3.03 1.61 

No. 2 0.45 0.48 1.36 6.33 1.96 6.33 1.6 1.75 1.54 

No. 3 0.63 0.70 1.36 3.62 1.96 3.62 1.6 1.72 1.63 

No. 4 0.49 0.24 1.36 1.63 1.96 1.63 1.6 1.02 1.62 

No. 5 1.24 0.68 1.36 0.73 1.96 0.73 1.6 1.31 1.61 

No. 6 0.72 0.15 1.36 1.92 1.96 1.92 1.6 2.38 1.64 

No. 7 0.63 0.71 1.36 3.76 1.96 3.76 1.6 1.68 1.54 

No. 8 1.17 0.78 1.36 1.22 1.96 1.22 1.6 2.29 1.55 

No. 9 0.73 0.58 1.36 0.88 1.96 0.88 1.6 1.39 1.55 

 

Appendix B 

 
Table A2: Results of goodness-of-fit test on test sections (free speed v and vehicle flow speed v pp). 

 

Test Sections v before and v after v pp before and v pp after 

λ λα, α= 0.05 λ λα, α= 0.05 

No. 1 3.04 1.36 4.25 1.36 

No. 2 2.55 1.36 2.61 1.36 

No. 3 2.20 1.36 2.23 1.36 

No. 4 0.98 1.36 0.96 1.36 

No. 5 0.50 1.36 1.25 1.36 

No. 6 0.89 1.36 0.37 1.36 

No. 7 2.12 1.36 2.46 1.36 

No. 8 0.42 1.36 0.37 1.36 

No. 9 0.61 1.36 0.55 1.36 

 

Designations colour in the table results of goodness-of-fit test (free speed): H0: F(vbefore) = F(vafter) →λ < λα H1: F(vbefore) ≠ F(vafter) 

→λ ≥ λα. Designations colour in the table results of goodness-of-fit test (vehicle flow speed): H0: F(v pp before) = F(v pp after) → λ < λα ;H1: 

F(v pp before) ≠ F(v pp after) → λ ≥ λα. 
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Table A3: Results of goodness-of-fit test on subsequent test sections (free speed vafter and vehicle flow speed v pp after). 

 

Test Section i and i+1 vafter
i and vafter i+1 v pp after i and v pp after i+1 

λ λα, α = 0.05 λ λα, α = 0.05 

No.1 and No. 2 1.04 1.36 2.76 1.36 

No. 2 and No. 3 0.99 1.36 1.19 1.36 

No. 3 and No. 4 1.46 1.36 1.66 1.36 

No. 4 and No. 5 1.32 1.36 1.02 1.36 

No. 5 and No. 6 1.49 1.36 0.90 1.36 

No. 6 and No. 7 1.05 1.36 1.19 1.36 

No. 7 and No. 8 4.48 1.36 4.86 1.36 

No. 8 and No. 9 3.72 1.36 3.61 1.36 

 

Designations colour in the table results of goodness-of-fit test (free speed): H0: F(vafter
i) = F(vafter

i+1) →λ < λα; H1: F(vafter
i) ≠ F(vafter

i+1) 

→λ ≥ λα. Designations colour in the table results of goodness-of-fit test (vehicle flow speed): H0: F(v pp after
i) = F(v pp after

i+1) →λ < λα; H1: 

F(v pp after
i) ≠ F(v pp after

i+1) →λ ≥ λα. 

 

Appendix C 
 

Table A4: Results of test of independence on test sections (free speed v and vehicle flow speed v pp). 

 

Test Section v before and v after v pp before and v pp after 

χ2 χα
2, α= 0.05 χ2 χα

2, α= 0.05 

No. 1 25.7 3.84 28.5 3.84 

No. 2 15.6 3.84 16.8 3.84 

No. 3 9.7 3.84 14.3 3.84 

No. 4 4.3 3.84 4.2 3.84 

No. 5 1.00 3.84 7.6 3.84 

No. 6 0.98 3.84 0.8 3.84 

No. 7 3.80 3.84 6.1 3.84 

No. 8 0.04 3.84 1.1 3.84 

No. 9 0.03 3.84 0.08 3.84 

 

Designations colour in the table results of test of independence (free speed): H0: P{X = vbefore
i, Y = vafter

i} 

= P{X = vbefore
i}, P{Y = vafter

i} → χ2 < χα
2; H1: P{X = vbefore

i, Y = vafter
i} ≠ P{X = vbefore

i}, P{Y = vafter
i} → χ2 ≥ χα

2. Designations colour in 

the table results of test of independence (vehicle flow speed): H0: P{X = v pp before
i, Y = v pp after

i} = P{X = v pp before
i}, P{Y = v pp 

after
i} → χ2 < χα

2; H1: P{X = v pp before
i, Y = v pp after

i} ≠ P{X = v pp before
i}, P{Y = v pp after

i} → χ2 ≥ χα
2. 
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Table A5. Results of test of independence on subsequent test sections (free speed v after and vehicle flow speed v pp after). 

 

Test Section i and i+1 vafter
i and v after i+1 v pp after i and v pp after i+1 

χ2 χα
2, α= 0.05 χ2 χα

2, α= 0.05 

No.1 and No. 2 4.64 3.84 17.8 3.84 

No. 2 and No. 3 7.23 3.84 12.3 3.84 

No. 3 and No. 4 7.87 3.84 12.9 3.84 

No. 4 and No. 5 2.66 3.84 0.34 3.84 

No. 5 and No. 6 3.39 3.84 1.19 3.84 

No. 6 and No. 7 0.11 3.84 0.00 3.84 

No. 7 and No. 8 76.44 3.84 84.0 3.84 

No. 8 and No. 9 52.46 3.84 37.4 3.84 

Designations colour in the table results of test of independence (free speed): H0: P{X = v
after

i, Y = v
after

i+1} 

= P{X = v
after

i}, P{Y = v
after

yi+1} → χ
2
 < χα

2
; H1: P{X = v

after
i, Y = v

after
i+1} ≠ P{X = v

after
i}, P{Y = v

after
i+1} → χ

2
 ≥ χα

2
. Designations colour in the 

table results of test of independence (vehicle flow speed): H0: P{X = v 
pp after

i, Y = v 
pp after

i+1} = P{X = v 
pp after

i}, P{Y = v 
pp 

after
yi+1} → χ

2
 < χα

2
;H1: P{X = v 

pp after
i, Y = v 

pp after
i+1} ≠ P{X = v 

pp after
i}, P{Y = v 

pp after
i+1} → χ

2
 ≥ χα

2
. 

 

Appendix D 
 

Table A6. Results of median tests on test sections (free speed v and vehicle flow speed v pp). 

 

Test Section v before and v after v pp before and v pp after 

χ2 χα
2 , α = 0.05 χ2 χα

2 , α = 0.05 

No. 1 21.6 3.84 178.2 3.84 

No. 2 15.9  3.84 17.7 3.84 

No. 3 12.8 3.84 16.3 3.84 

No. 4 3.53 3.84 1.4 3.84 

No. 5 7.95 3.84 5.1 3.84 

No. 6 4.82 3.84 2.0 3.84 

No. 7 16.06 3.84 24.0 3.84 

No. 8 0.20 3.84 1.2 3.84 

No. 9 0.36 3.84 0.3 3.84 

Designations colour in the table results of median tests: H0: F1(x) = F2(x) → χ2 < χα
2; H1: F1(x) ≠ F2(x) → χ2 ≥ χα

2. 

 

Table A7: Results of median tests on subsequent test sections (free speed vafter and vehicle flow speed v pp after). 

 

Test Section i and i+1 v after i and v after i+1 v pp after i and v pp after i+1 

χ2 χα
2, α= 0.05 χ2 χα

2 , α = 0.05 

No.1 and No. 2 4.95 3.84 31.8 3.84 

No. 2 and No. 3 6.31 3.84 3.5 3.84 

No. 3 and No. 4 15.98 3.84 9.5 3.84 

No. 4 and No. 5 16.58 3.84 0.97 3.84 

No. 5 and No. 6 5.63 3.84 4.0 3.84 

No. 6 and No. 7 4.90 3.84 13.4 3.84 

No. 7 and No. 8 67.33 3.84 90.6 3.84 

No. 8 and No. 9 41.10 3.84 37.4 3.84 

Designations colour in the table results of median tests: H0: F1(x) = F2(x) → χ2 < χα
2; H1: F1(x) ≠ F2(x) → χ2 ≥ χα

2. 
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Abstract  

 
Coke production is still of great economic importance due to its 

crucial role in the steel production process. The reliability of the 
operation of coke oven batteries depends on the maintenance of 

good technical condition of their ceramic massif, which in turn 
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requires ensuring proper operation of the heating system and 

maintaining temperature stability in the heating flues. Regularly 
performed temperature measurements in heating flues due to the 

size of the battery and the dynamics of accompanying processes 

do not reflect the actual thermal state of the object at a given 

time. Corrections commonly introduced to the results of 
temperature measurements in heating flues, taking into account 

so-called reversion, significantly improve the accuracy of the 

obtained measurement results. However, still the interpretation 
of the results of temperature measurements in the coke oven 

battery heating flues does not take into account its changes 

during the coking cycle, even though they reach up to 60 K. The 
article discusses the usability of the introduction of a new, 

additional correction to the temperature measured in the heating 

flues enabling a more precise assessment of the current thermal 

state of the coke oven battery. The use of the method will allow 
for reduction of the fuel gas consumption and limitation of 

emissions resulting from its combustion and can be used as an 

effective tool for decision making. 

 

Keywords  
 

Coke Oven Battery; Heating Flues; Temperature Measurement; 

Temperature Adjustment 

 

Introduction  
 

The European Commission has maintained coking coal’s status 
as a Critical Raw Material in 2020 treated it as the raw materials 

with a high supply-risk and a high economic importance for 

European industry and value chains. Poland (Jastrzębska Spółka 

Węglowa) is the largest producer satisfying nearly 20% of the 
annual demand of the European steel industry. Increasing the 

efficiency of the coke production process by optimizing the 

thermal parameters can have positive impact both on economic 
and environmental performance as the coking process is one of 

the most important thermochemical coal processing technology. 

In general, the fundamentals of the process have not changed 
over a hundred years. It involves the diaphragm heating of 

coking coal in rectangular, ceramic chambers (furnaces) at 



Advances in Energy Research: 2nd Edition 

4                                                                                www.videleaf.com 

a temperature of ~1173–1273 K (in the center of coal charge) 

and in anaerobic conditions. The heating of the chambers is 
obtained from the exhaust gases generated in the combustion of 

coke oven gas formed during the devolatilization of the 

processed coal. In simplified terms, it can be said that a coke 

oven battery comprises of ceramic chambers arranged in series 
and separated by vertical heating flues. A general diagram of the 

cross-section of the coke oven battery is presented in Figure 1. 

 

 
 
Figure 1: Cross-section of the coke oven battery (1—heating flues, 2—coking 
chamber shaft and floor, 3—regenerators, 4—brickwork of coking chambers 
and heating walls, 5—vault and roof). 

 

Great developments in recent years have been done particularly 

aimed at minimising emissions from the cokemaking processes 
and at improving working conditions for coke oven batteries 

operators. But still the operation of heating/firing of the coke 

oven battery dominate the emissions from a coking plant. The 
smooth and undisturbed operation of the coke oven batteries is 

one of the most important process-integrated measures for 

emissions control and minimization. Automation of the coke 
production enables a coking plant to be operated at optimum 

efficiency. According to R. Remus et al. [1], one of the control 

1 2 3 4 5
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option of thermal state of coke oven battery is manual 

measurements of the temperature at the heating flues using an 
infrared pyrometer with an integral data memory. In all Polish 

coking plants, temperature measurements in the heating flues of 

coke oven batteries are performed in this way. It is a well-proven 

technical management tool for control of the thermal condition 
of a coke oven batteries in Poland and abroad. 

 

The operation of the coke oven battery requires constant 
monitoring of many operational parameters and appropriate 

response to occurring disruptions. One of the most important 

operating parameters of a coke oven battery is the temperature 
maintained in heating flues. Despite the search for various 

precise and continuous methods for controlling the coking 

process, its monitoring is based on the establishment of the 

thermal parameters selected individually for given coke oven 
furnaces [2]. Proper selection of the temperature of individual 

coke oven battery heating flues is crucial for the correct course 

of the pyrolysis process of the coal blend (with or without other 
additives, e.g., biomass, plastics, etc. [3]) used to produce coke, 

as well as the durability of its ceramic massif and the energy 

consumption of the production process. Preventing damages of 
the ceramic massif by maintaining the stable temperature allows 

for long-term, uninterrupted operation of the coke oven battery 

and ensures its reliable operation. Due to these facts, the 

operators of each coke oven battery perform mandatory, periodic 
temperature measurements in selected heating flues of each of 

its heating walls. For the PWR-63 coking battery (designed by 

Koksoprojekt, Zabrze, Poland), typically used in Polish coke 
oven plants, which consists of 78 heating walls and 30 heating 

flues on each of them, these measurements cover the monitoring 

of 156 heating flues for a single campaign (two heating flues on 

each wall). Based on the results, the amount of fuel gas supplied 
to the entire battery and its individual heating walls is adjusted. 

Temperature measurements at the bottom of the heating flues are 

performed using a digital pyrometer with internal memory. The 
results are transferred from the internal memory to the computer 

control system of the coke oven battery. Reliable interpretation 

of the results of temperature measurements, however, create 
major difficulties for battery operators, mainly due to the fact 
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that the battery is a dynamic object, characterized by high 

variability of local temperatures over time. Numerous 
measurements of the temperature in the heating flues have 

confirmed that regardless of the correct selection and 

maintenance of stable parameters of coke oven gas combustion 

(coke oven gas and air stream supply and the temperature of the 
flue gas) in all industrially operated coke oven batteries 

(regardless of the design), there is always a certain temperature 

variation, along with the height of the heating flue and in time 
[4]. First of all, this is due to the dynamics of flame spread and 

the heat transfer characteristics in the specific heating flue 

design. The intensity of diffusive gas combustion (which is the 
only one taking place in coke oven battery heating flues) 

depends mainly on the concentration of combustible components 

of fuel gas (coke oven gas) and oxygen at a specific point of the 

heating flue [5–7]. This, despite many upgrades in the design of 
heating flues, significantly improving its alignment along their 

height (changes in the spacing of air and gas inlets, different 

height of burners, use of recirculation, gradual air supply at 
different heights, etc.), is still different at each point. Computer 

simulations using computational fluid dynamics (CFD) of the 

gas combustion process inside the PWR-63 battery heating flue 
(with internal exhaust gas recirculation) have shown that 

difference of exhaust gas temperature along its height (even with 

uniformly distributed, unrealistic heat reception) can reach 

several dozen degrees, regardless of the adopted conditions for 
heating media supply (with the exception of the excess air 

coefficient, which slightly influences on this distribution) [8]. In 

addition, as noted by Huhn [9], due to the diversified density and 
humidity distribution of the coal blend in the chamber, the heat 

receiving conditions in different zones of the chamber (along the 

length and height of the coal charge) are different. These factors, 

even with mutual compensation and the significant impact of the 
accumulation of ceramic massif, cause a variation in temperature 

not only on the surface of the coking chamber, but also on the 

walls of heating flues. The measurements of the brickwork 
temperature in selected PWR-63 battery heating flues at several 

heights showed, in line with the expectations arising from the 

discussed facts, variation in temperatures reaching up to 100 K, 
both in the gas combustion phase and in the combustion cut-off 
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phase (Figure 2). Each of these phases typically takes 20 min. 

The brickwork of the coking chambers is made of silica with a 
thermal conductivity at its operating temperature (about 1373 K) 

of 1.8 W/(mK). 

 

 
 

Figure 2: The diagram of an exemplary temperature distribution along the 
height of the PWR-63 battery heating flues.     the 15th min of the combustion 
phase.     the 17th min of the combustion cut-off phase. 

 

The correct temperature measurement in coke oven battery 

heating flues and the appropriate interpretation of the obtained 
results require an unambiguous reference location where these 

measurements should be made. At domestic coking plants, this 

rule does not arise any controversy, and the place of measuring 

temperatures in heating flues is for all batteries either on the 
surface of the burner or on the surface of the brick separating the 

oblique channels (air inlet). It has to be pointed out, however, 

that the selected place of measurement of the temperature of the 
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heating flue wall does not represent either the highest 

temperature or the average value of the entire flue. 
 

There is also no controversy when interpreting the results of 

temperature measurements in heating flues, taking into account 

the correction for its periodic decrease between reversions 
(switching the direction of exhaust gas flow). As shown by tests 

carried out on the batteries of China Steel Corporation [4], 

during the combustion cut-off in a given heating flue, at each of 
its points there is almost an exponential decrease in temperature 

over time (Figure 3). This decrease for each battery and specific 

measurement location is easily determined by measuring the 
temperature in several selected heating flues of a given battery at 

one-minute intervals and averaging the obtained results. 

 

 
 

Figure 3: The exemplary temperature changes in the heating flues during the 
reverse cycle observed for PWR-63 battery. 

 

Since the temperature measurements in the heating flues are 

made over the length of the battery at different time from the 
moment the gas combustion is turned off, in order to assess the 

actual temperature in a given time, all results are reduced to the 

moment of the burners turn off, applying the suitable corrections 
discussed in previous paragraph. 

 

The current interpretation of the results of temperature 
measurements in the heating flues does not take into account its 
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changes, which occur during the coking cycle, although (as 

research has proved [2,4,9]) these changes reach up to 60 K 
(Figure 4). 

 

 
 

Figure 4: Temperature changes during the coking process on the bottom of the 
heating flues for two adjacent heating walls measured at one of the Polish coke 

oven battery [2]. 

 
The nature and magnitude of these temperature changes are 

mainly due to the fact that the heat is consumed unevenly by the 

coal charge, while the supply of the heat by the heating flues is 
relatively constant. Because each of the coking chambers during 

the measurement of temperatures in the heating flues of the 

heating walls is at a different stage of the process, a natural 

variation of the results of temperature measurements in the 
heating flues is noted, regardless of other factors such as 

temperature drop between reversions, incorrectly selected gas 

and air dosages, damages in ceramic massif, or incorrect loading 
of the chamber. In addition, each alternating sequence of 

temperature measurements in the heating flues is carried out at 

a different moment of the coking cycle occurring in each 

chamber. Thus, the observed difference from the previous 
measurement does not coincide with the difference from the next 

measurement. Hence, in order to assure a reliable assessment of 

the real temperature in individual heating flue, an unambiguous 
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way of assessing their variability during the entire coking 

process needed to be urgently developed, and it was done by 
actions discussed in this article. 

 

The Concept of a New Method for Assessing 

Temperature in Heating Flues  
 

The conventional coking process involves the heat transfer of 
the required level through ceramic of each of the coke oven 

battery heating flues to a coal charge loaded in the chamber at a 

given time. The pyrolysis process, which occurs as a result of 
the coal charge temperature increase, leads to the production 

both hot coke and volatiles-raw gas, tar and benzol (and 

sometimes even soot when the coking process is not conducted 

properly [10]). Since the heat demand for the pyrolysis process 
in the subsequent intervals of the coking cycle is diversified, 

considering its constant supply during stable battery operation, 

there are consequently observed temperature changes in the 
heating flues. 

 

Due to this fact, an attempt was made to develop a clear 

interpretation of temperature measurement results in heating 
flues by introducing an additional new correction for its 

variability during the entire coking process. It was assumed that 

if there was a correction for temperature drop between 
reversions, a similar correction could be developed for the 

progress of the pyrolysis process. 

 
In order to match the result of each measurement on a given wall 

to the same process advancement in the adjacent chamber, it was 

assumed that the temperature changes in the brickwork of 

heating flues adjacent to it could be presented for practical 
considerations as shown in Figure 5. 
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Figure 5: The scheme of heat flow in the heating flues of a coke oven battery. 

 

The energy balance of heating flues of a coke oven battery 
shown in Figure 5 was next described as shown in Equation (1): 

 
           

  
    

    
  

 
         

  
 
   
  
 
     
  

 

 
where: 

 

 ϱf(τ): flue gas density (kg/m
3
) 

 Vch: volume of heating flue (m
3
) 

 cpf: average flue gas heat capacity (J/(kg K)) 

 Tf(τ): flue gas temperature in the heating flue in time τ (K) 

 iin(τ): specific inlet enthalpy (J/kg) 

 min(τ): inlet mass (kg) 

 iout(τ): specific outlet enthalpy (J/kg) 

 mout(τ): outlet mass (kg) 

 Ic(τ): combustion enthalpy (J) 

 Qout(τ): heat flux discharged from a given heating flue in 

time (J) 
 

The inlet mass flow min does not change with time. The enthalpy 

of combustion Ic is also constant over time. Hence, the first and 
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third terms on the right side of Equation (1) are zero and this 

equation takes the form: 
 
           

  
     

      

  
  

     
  

 

 

Assuming that the functions of density and specific heat do not 
depend on time and using formula on the heat flux Qout=Aqout, it 

can be written in the form of the following differential equation: 

 

(          )    
   

  
   

     
  

 

 
where A is heat transfer area, qout means density of heat (J/m

2
). 

It follows from the above that the change in gas temperature is 

proportional to the heat given off to the outside: 
 

   ( )    
 

(          )   
     ( ) 

 

It can be stated that the problem of temperature changes 

covering each heating flue during the coking cycle lays in 
determination of the changes in the heat flux (Δqout(τ)), which is 

proportional to a certain value (C) (Equation (5)): 

 

   ( )         ( ) 

 

Heat transfer in the area of the heating wall (diaphragm) and 
coking coal charge with unidirectional flow can be described by 

the following relationships (Equations (6)–(8)): 

 

 heat flux transmitted to the wall: 

 

   
   (   )

  
|
   

   (   ( )    (   )) 

 
where: 

 

λ heat transfer coefficient of the wall material (W/(mK)), 

x linear dimension (m), 
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τ time (s), 

α heat transfer coefficient from the heating flue to the wall 
(W/(m

2
K)), 

Tfl flame temperature (K), 

Tw wall temperature (K), 

 

 heat conduction in the wall [11]: 
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where: 

 
ρ wall material density (g/m

3
), 

cp specific heat of the wall material (J/(g∙K)), 

 

 heat conduction in the coal charge [11]: 
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where: 

 

ρc density of coal charge (g/m
3
), 

cpc specific heat of coal charge (J/(gK)), 
Tc coal charge temperature (K), 

λc coal charge thermal conductivity (W/(mK)), 

Qp thermal effect of the pyrolysis process (J/m
3
), 

T1, T2 temperature range in which the coking process takes 

place (K) 

 
The solutions of the above equations allow to calculate 

temperature distributions at individual points of the coal charge 

and the heating wall, as well as changes in the analyzed heat 

fluxes during the entire coking process. Moreover, some of the 
results of calculations for exemplary pyrolysis conditions have 

already been presented by M. Sciazko et al. [12]. Average heat 

effect of the pyrolytic reaction for the overall coking period is 
exothermic and, in dependence of the coal type, ranges from −5 

to −50 kJ/kg. Thus, the proposed model can be used to analyze 
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many other pyrolytic processes because it also takes into account 

the heating rate [13]. Interesting for determining the temperature 
changes of heating flues during the entire coking process is the 

characteristics of changes in heat flux transmitted to the wall. 

Analyzing the average theoretical characteristics of these 

changes (Figure 6), it can be stated that in the initial phase of the 
coking process the heat consumption gradually increases, next it 

starts to slowly decrease and in the last phase it quickly 

decreases. Coking phases are presented in the Figure 6 by the 
ratio of time elapsed from the loading of chambers τ to the total 

time of coking τc, while changes in heat flux received by the 

wall are expressed by the ratio of these changes in a given time 
Δqout to their average value Δq

a
out. 

 

 
Figure 6: The average theoretical characteristics of changes in heat flux 

transmitted to the coking chamber wall. 

 
Based on these data, for practical purposes it was decided to 

present these parameters in the form of a fourth degree 

polynomial (Equation (9)): 
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Since the heat exchange in the considered heating flues occurs 

between two adjacent chambers (Figure 7), the total change in 
the temperature of its walls is the result of adding up 

temperature changes resulting from the passing time since the 

load of the left chamber (τ1) and right chamber (τ2) until the 

measurement moment: 
 

 
 

Figure 7: The scheme of heat flow to the chambers on both sides of the 
heating flue. 

 

Thus, taking into account the simultaneous heat exchange with 

the left and right walls, the polynomial presented in Equation (9) 
can be written in the form given in Equation (10): 
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Finally, the determination of the temperature variability in the 
heating flues during the coking process for a specific coke oven 

battery and at given operating conditions converge to the 
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determination of the value of the proportionality factor B = A × 

∆q
a
out(τ) for the proposed polynomial. Having a series of (n) 

temperature measurement results performed in heating flues (T i) 

in a specified time τ and τ + Δτ, and the ratios of time from the 

load of the chamber on the left and right side of the wall to the 

coking time adopted on the battery (τ1 /τc + τ2 /τc)i and ((τ1 + 
Δτ)/τc + (τ2 + Δτ)/τc)i, the actual parameter B can be determined 

by averaging the results of comparisons of the measured 

temperature changes on each of the representative walls 
(operating in comparable conditions) during period Δτ with the 

results of their theoretical changes (ΔTf(τ)), what is presented in 

Equations (11) and (12): 
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To establish the temperature correction for individual heating 

flues TKS(τ)i, it is enough to subtract the value of its changes 

determined for a particular flue ΔTf(τ)i from the average 
temperature change value determined for all walls (ΔT
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The Methodology of Temperature 

Measurements  
 

Taking into account the technical possibilities of assessing the 

temperature variability in the heating flues of individual heating 
walls of the coke oven battery, in the first stage it was decided to 

measure the temperature every 8 h in each seventh heating flues 

of all heating walls on two different batteries. These were the 
PWR-63 battery operating in the gravity charging system, 

consisting of 78 heating walls, and the PTU-57 battery operating 

in the stamp charging system, consisting of 58 heating walls. 
These batteries had correctly adjusted heating systems and 

worked stably. Measurements were made using a portable digital 

Cyclops 160L pyrometer equipped with an internal memory, 

from which of all measurement results were sent to a computer 
via a Universal Serial Bus (USB) interface. The time from 

charging of individual chambers adjacent to each of the heating 

walls to the moment of taking a given measurement was entered 
into the computer manually. Using the proposed method of 

temperature correction the corrected temperature of the heating 

flues was then calculated, separately for each of the heating 

walls of these batteries. 
In the second stage, in order to confirm the forecasted 

temperature variability of the heating flues depending on the 

elapsed time from charging of adjacent chambers, its 
temperature was measured every hour in one selected heating 

flue with the same pyrometer as before, for the period covering 

the entire coking cycle. Similarly, the time from charging of 
individual chambers adjacent to each of the heating walls to the 

moment of taking a given measurement was entered into the 

computer manually. Then, according to the described theoretical 

concept, the correction of the temperature variability of the 
heating flues during the entire coking cycle was added to the 

calculated average values. Thus, while in the first stage the 

introduction of the described correction was aimed at 
eliminating the influence of the time from charging of individual 

chambers adjacent to each of the heating walls to the moment of 

making a given temperature measurement, then in the second 
stage it is to forecast its height for each measurement moment, 

regardless of when it will take place. 
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Results  
 

The results of the performed temperature measurements were 
compared with and without the application of the procedure 

described in paragraph 2. These comparisons showed that 

without a new correction for the variability of the recorded 

temperature in heating flues during coking, the deviation of 
results on individual walls from the average value for the whole 

battery reached ±30 K, while with the correction the maximum 

deviation did not exceed ±10 K (Figure 8). Standard deviations 
for no corrected results were 18 K, and 6 K for corrected results. 

 
 
Figure 8: The results of temperature measurements in selected heating flues at 
one of the Polish coke oven batteries (PWR-63), without and with the use of 
correction coefficient. 

 

Taking into account the obtained results, in each case the 
deviation of the corrected temperature measurement result from 

the average value is more than 10 K it can be regarded as a 

signal on the occurrence of irregularities in the place of 
measurement and, as a result, quick regulatory actions targeted 

on the obtaining the desired temperature level can be done by 

changing the stream of coke oven gas. 

 
At the same time, to confirm the correctness of the developed 

procedure, temperature control was carried out in selected 



Advances in Energy Research: 2nd Edition 

19                                                                                www.videleaf.com 

heating flues at one of the coke batteries in hourly intervals and 

the results was compared with the results of simulations carried 
out using the new method. The simulation consisted of adding a 

fixed correction to the average temperature determined on the 

basis of actual measurement results at a given time. The 

obtained results confirmed the correctness of the proposed new 
method. Simulation curves had the same character as the real 

curves, and the temperature differences at individual measuring 

points did not exceed 5 K. Hence, it can be concluded that, 
despite possible measurement errors and simplifications 

adopted, the results obtained should be considered as highly 

satisfactory and reliable. Figure 9 shows an exemplary 
comparison of actual and simulated result obtained for a selected 

heating wall. 

 

 
 
Figure 9: The comparison of the results of the actual temperature 
measurements in the heating flues of a selected battery (PTU-57) wall with the 
simulation results obtained with the use of the developed method. 

 

The implementation of the new method of assessing the current 

temperature in the coke oven battery heating flues presented in 
the article to industrial practice will allow for more efficient 

performance of the coking process. It is estimated that thanks to 

its application, the consumption of coke oven gas used to heat 
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the coke oven battery will be reduced by approx. 2–3%. 

Although this reduction seems insignificant, given the scale of 
coke production in Poland, the environmental benefits obtained 

will be beneficial. In 2019, about 8.6 million Mg of coke was 

produced in Poland and about 2 billion m
3
 of coke oven gas was 

burned to heat all coke oven batteries. A reduction of the gas 
consumption by approx. 2–3% with a similar level of production 

would allow to reduce emissions to air associated with coke 

oven batteries firing. The minimal expected level of emission 
reduction of selected pollutants is presented in Table 1. The 

implementation of the developed method described in all coke 

oven plants in Poland will allow for achieving a real reduction in 
the emission levels of individual pollutants within the ranges 

presented below (Table 1). 

 
Table 1: Minimal expected emission reduction from coke oven battery heating 
in Poland resulting from the implementation of a new temperature assessment 
method in heating flues. 

 
Substance Expected Minimal Reduction 

(Mg/year) 

carbon monoxide (CO) 77.4 

carbon dioxide (CO2) 20,640 

nitrogen oxides (NOx) 25.8 

sulphur oxides (SOx) 19.4 

polyaromatic hydrocarbons 
(PAH) 

0.003 

hydrogen cyanide (HCN) 0.03 

PM10 1.3 

 

Summary  
 

A detailed analysis of heat transfer through the coking chamber 

wall (from the heating flues side towards the coked coal charge 
side) shows its variability during the entire coking cycle. As 

shown in the article, this variation can be described for practical 

purposes by a fourth-degree polynomial. 

 
Constant heat supply to heating flues with its variable reception 

causes that the temperature measured in the heating flues 

depends on the time of measurement. For practical purposes, it 
can be assumed that the change in temperature over time 
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correlates with the changes in heat reception by the coking 

chamber wall. Knowing the time of the load of chambers 
adjacent to each of the measured heating flues and using the 

determined variability of heat reception through the chamber 

wall it is possible to determine the expected temperature 

variation in the heating flues at the time of measurement. 
 

In order to determine the range of this variability, which may be 

different for each coke oven battery and at given operating 
condition, it is enough to compare temperature measurement 

results with the simulation results for the pre-adopted 

proportionality factor (B) after each temperature measurement. 
On this basis, a table of corrections for the variability of the 

measured temperature at the time of the measurement can be 

developed for all heating flues of the coke oven battery (as 

proved by the tests and calculations). 
 

After introducing the determined corrections, the differences in 

the temperature recorded in individual heating flues in relation 
to its average value do not exceed ±10 K, for a stable coke oven 

battery operation with a properly adjusted heating system, 

against previously noted deviations of up to ±30 K. 
 

A significant reduction of temperature deviations noted so far 

allows for faster response to emerging irregularities in the 

heating system of individual walls of the coke oven battery, 
which is especially important when its regulation is to be carried 

out. It allows to reduce the consumption of fuel gas and to limit 

the emission of inherent pollutants into the atmosphere, while 
maintaining the required quality of coke produced. The use of 

the new temperature assessment method in heating flues will 

significantly improve the operating conditions and reliability of 

coke oven batteries, primarily by improving the stabilization of 
thermal parameters of the ceramic massif, which will minimize 

its damage associated with temperature fluctuations. The new 

correction for the variability of the recorded temperature in 
heating flues also allows to predict the effects of changing the 

order of loading of coking chambers and the duration of the 

adopted coking time. Such solution can be in line with circular 
economy idea and allow more stringent standards under the 
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Industrial Emissions Directive (IED) and the best available 

techniques (BAT) for the reduction of GHG and SO2, NOx 
introduced in the European Union. 
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Abstract  
 

This research assesses the evolution of the renewable energy 
market in Romania. Attracted by a generous support scheme, 

foreign and domestic investors flocked to the market. 

Subsequently, the sector witnessed remarkable progress, 

especially in the wind power category. Romania closed in 
rapidly on the national target set by the European Union 

concerning the share of the country‘s energy consumption from 

renewable sources. However, frequent changes in the support 
scheme and in the regulations issued by public authorities led to 

chaos. The aim of the paper is to emphasize the evolution of 

renewable energy policy in Romania, to investigate the 

incentives and their effects, and to critically assess the impact of 
the changes on renewable energy producers. It highlights, by 

means of an exploratory study and several interviews with 

executives of renewable energy companies, the challenges and 
shortcomings of policymaking. The main finding is that the 

revision of the subsidy scheme and the changes in energy policy 

that followed are the major determinants for the declining 
financial performance of renewable energy producers. Some 

recommendations for improved policymaking so as to re-

establish the trust of investors and to foster the sustainable 

development of the energy sector are suggested in the final part. 

 

Keywords  
 

Renewable Energy; Energy Market; Support Scheme; Green 
Certificates, Energy Policy  

 

Introduction  
 

Inside the European Union (EU), since a complex process of 

energy reform has been initiated, some of the member states saw 
a remarkable and even spectacular increase in the development 

of renewable energy sources [1]. The use of renewable energy 

has been encouraged and supported by the EU to reduce 

greenhouse gas emissions, achieve energy policy goals of 
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sustainability, security and increased efficiency, and to reduce its 

dependency on foreign energy suppliers.  
 

According to the Europe 2020 Strategy, the EU has set three 

main objectives related to climate change and energy: to achieve 

a reduction of 20% in greenhouse gas emissions from the 1990 
level; to produce 20% of energy consumed from renewable 

sources; and to raise energy efficiency by 20% by the year 2020 

[2]. 
 

By 2018, Romania already ranked seventh among EU member 

states when considering electricity generated from renewable 
energy [3]. Among the ‗green‘ sources, hydro power is the most 

significant in the EU and in Romania, followed by wind power 

and then solar power. Other renewable energy sources for 

generating electricity include biogas, wood, waste, and 
geothermal energy [4,5]. The balanced mix of Romania‘s energy 

resources and its relative energy independence decrease the risks 

of supply shortages and contribute to a better response against 
climate change. 

 

The aim of this paper is to critically assess the evolution of the 
Romanian renewable energy policy together with the changes in 

the regulations that transformed the market, analyze the impact 

of these changes on the actors involved, and formulate 

recommendations for future policymaking. 
 

The research contributes to the present knowledge in the field in 

several ways. This paper takes a fresh look at the renewable 
energy sector in Romania, after the major changes in policy 

regulations were implemented. The situation of energy producers 

from renewable sources is analyzed from various perspectives, 

stressing the impact of the changing landscape in energy policy 
on the market in a detailed manner. Moreover, some specific 

recommendations for improved policymaking are suggested, so 

as to develop the sector sustainably. The novel character of the 
paper stems from combining the exploratory part of data 

gathering with empirical information from senior managers of 

companies actively involved in the market. 
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The paper is structured in the following sections: next, the 

literature review highlights some of the most important 
propositions regarding the development of renewable energy 

policies in several EU countries and especially in Romania, their 

main characteristics, and the incentive schemes that were 

implemented by the governments. The data, the sources, and the 
methods used for research are detailed in the next section. The 

main results of the research are presented in the fourth section. 

The investigation reveals the major challenges faced by 
renewable energy producers, together with the shortcomings of 

policymaking in this field. The concluding section pinpoints the 

contribution of this study to the existing literature and makes 
some suggestions for improving decision-making in terms of 

renewable energy policy. 

 

Literature Review  
 
As one of the key features of European integration, energy 

policy is characterized by three main policy issues: market 

deregulation, energy security and climate change. Inside the 
Energy–Climate package of the European Union, renewable 

energy is a major element for the desired move towards an 

economy running on low carbon. Apart from its own stance and 

plans directed towards tackling climate change, the EU has also 
promoted, advocated, and adhered to the Paris Agreement, which 

it ratified in October 2016. The agreement, signed in December 

2015 by almost 190 countries, was the first global, legally-
binding climate change framework. With its ambitious long-term 

goals of limiting rising global temperatures, as well as setting a 

peak for global emissions as soon as possible, the Paris 
Agreement has supplemented the EU‘s plans of reducing 

greenhouse gas emissions by a minimum of 40% by the year 

2030. 

 
To solve climate change issues in an efficient manner also needs 

consistent financing to reach the objectives on part of the 

countries. The EU is the main contributor of public finance 
inside the Paris Agreement. It has already passed the necessary 

legislation connected to the agreement. It remains firmly 

determined in its implementation, so the EU member states, 
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including Romania, have incorporated these changes into their 

own climate policies.  
 

Under the Climate Action Regulation, with its main component 

being the surface transportation, the regulations are directed 

towards the EU member states, each country having specific 
targets set for the period 2021–2030, with the role of a national 

carbon budget. Romania has already submitted its draft national 

energy and climate plan for the above period and is due to bring 
completions according to the assessment by the European 

Commission. 

 
During all the modern climate change conferences, the 

importance of carbon pricing to reduce emissions, as well as 

decarbonization through the wider use of electric vehicles, were 

highlighted. Together with higher energy efficiency and more 
energy derived from renewable sources, electric transportation is 

a critical must for a cleaner world and a revolution in 

technology. The role of electric vehicles is widely recognized for 
accelerating the transformation of the transport system and for 

greenhouse gas mitigation, in line with the provisions of the 

Paris Agreement and the Climate Package of the EU. 
 

In order to achieve a higher share of electricity from renewable 

sources in the EU, various support mechanisms were put in place 

during the years: investment support, fixed price instruments, 
fixed premium instruments, and quotas developed around 

tradable green certificates or auctions [6]. Muhammed and 

Tekbiyik-Ersoy (2020) in their overview of energy policies in 
three leading countries outside the EU, namely China, United 

States and Brazil, found evidence for a strong link between 

subsidy schemes and the development of renewable energy in 

most cases [7]. 
 

On the technical implementation side, the two main policy 

instruments for developing renewable energy consist of the feed-
in tariff system and the renewable portfolio system. As explained 

by Balibrea-Iniesta (2020), the feed-in tariffs mean a payment 

that comprises a bonus over the wholesale market price of 
electricity, while the renewable portfolio system requires that a 
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specific share of electricity producers‘ production stems from 

renewable sources [8]. A comprehensive assessment of the 
evolution of feed-in tariffs in the largest European Union 

member states was made by Jacobs, 2016 [9]. 

 

The forerunner in applying renewable energy policy instruments 
in the EU was Germany. The first feed-in law was implemented 

in 1991, leading to a market breakthrough in wind power. 

Germany was a pioneer in renewable energy, becoming the 
global leader for installed wind capacity as early as 2003 [10]. 

According to Wustenhagen and Bilharz (2006), no country was 

so successful in increasing new capacities as fast as Germany 
[11]. 

 

The growth of energy generated from renewable sources was 

backed by strong policy support, including investment subsidies, 
soft loans, and tax exemptions in its early years. Starting in 2015, 

a market premium scheme based on competitive auctions 

replaced feed-in tariffs for most installations. Only small power 
plants still benefit from a feed-in tariff. ―Energiewende‖ (energy 

transformation), the major plan to reform the energy system, has 

been at the heart of German energy policy for the last decade. It 
aims to push Germany towards an even higher energy supply 

from renewable sources and to phase out electricity derived from 

nuclear power by 2022 [12]. 

 
As Renn and Marshall (2016) underline, implementing policy in 

favor of renewable sources was not straightforward in Germany. 

The process was driven by protest, planning, market 
opportunities, political commitments, and contingent events [13]. 

In a similar vein, Raybould et al. (2020) demonstrate, for the 

particular case of the U.K., that while governmental support is 

paramount for developing renewable energy technologies, 
businesses and the wider public are also needed to transfer the 

renewable energy innovations to the market [14]. 

 
Driven by the German model of success and by its own 

commitments towards the EU, Spain also saw a spectacular rise 

in renewable energy production over the last few decades. This 
was backed by a favorable funding scheme from 1997 onwards. 
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Successive cutbacks in incentives came in the late 2000s. The 

scheme was interrupted in 2009 as a side effect of the economic 
crisis. Public aid resumed after the crisis was over, based on the 

granting of incentives, continuing Spain‘s success in wind and 

solar power installations. Most authors agreed however that the 

growth of renewable energy in Spain is heavily dependent on 
policy support [15,16]. As Martinez Alonso et al. (2016) 

demonstrate in their comprehensive overview of the Spanish 

energy policy, as soon as the government removed the financial 
incentives for renewable energy, the whole sector entered into a 

paralysis [17]. 

 
Newer EU member states, such as Poland, also adjusted their 

energy policy in order to achieve the targets set by the European 

Union in terms of energy efficiency and sustainability. After 

relying on a promotion system based on green certificates, which 
encouraged biomass as its main source of renewable energy 

generation, Poland changed its energy policy in 2016 with a 

Renewable Energy Act. This regulation introduced two new 
mechanisms for driving up renewable energy investments. One 

is an auction mechanism to substitute green certificates and the 

other consists of feed-in tariffs. The new system is aimed to 
encourage the most cost-effective technologies [18]. 

 

After joining the European Union in 2007, Romania embarked 

on a long journey of reforming and modernizing its previously 
fully state-owned energy sector. At the respective moment, 

according to Bianco et al. (2014), once Romania became a 

member state of the EU, three main points needed to be 
addressed in terms of energy policy in order for Romania to act 

as a defining participant in the regional energy market: obsolete 

power plants, development of cross-border interconnections, and 

the impact of energy policy reform [19]. 
 

Romania also had its own energy objectives, as Haar and 

Marinescu (2011) observed, apart from EU regulations—namely 
to upgrade and expand total generation capacity, infrastructure 

and international connection, to increase current energy 

efficiency and diminish energy intensity by investing in 
technological upgrading. These goals required the restructuring 
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and improvement of many categories in the energy sector, 

namely production, transport, and distribution. In order to 
comply with the intrinsic financial limitations, the country 

attracted foreign and domestic private investments [20]. 

 

Energy utilities were mostly privatized during the years 2004–
2006. The gas distribution company was split into two regional 

divisions (North and South) and both were privatized with 

foreign investors. The national electricity distribution company 
was split into eight distinct divisions. Five of these divisions 

were privatized with foreign investors from the EU member 

states. For the remaining three, the privatization process was 
postponed on an undefined term. The main electricity 

generators—for hydro power and nuclear power—remain in 

state property. The same is valid for the power grid company, 

Transelectrica. 
 

Once the targets for increased efficiency and cleaner energy 

generation were set by the EU, various authors in the literature 
started to investigate the paths of sustainable development 

through which Romania could direct itself towards meeting the 

renewable energy challenge. 
 

Dusmanescu et al. (2014) proposed an energetic mix from 

various sources to ensure the necessary technical potential for 

the year 2020 in an attempt to develop a possible outlook for the 
implementation of different renewable energy sources in 

Romania [21]. Wind power took the first place among options, 

the choice which turned out to be realistic. 
 

Cirstea et al. (2018) produced comprehensive overview research 

of the different types of renewable energy sources available in 

Romania. Their preliminary prediction for the best scenario 
regarding the sector for future decades is to develop the 

perspective of using biomass in various ways that could prove 

efficient [22]. 
 

Whereas hydro power plants were built in communist times and 

little capacity has been added, the most progress has been 
registered for wind energy. As highlighted by Dragomir et al. 
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(2016) in their account of the development of the Romanian 

wind energy sector, the country increased from just 14 MW of 
installed capacity in 2009 to around 3000 MW of installed 

capacity in 2015 [23]. 

 

As a confirmation of the country‘s outstanding evolution in the 
wind energy sector, consulting firm Ernst & Young ranked 

Romania as the 10th most attractive country included in its 

global Country Attractiveness Index ranking in 2012, branding it 
as ‗the shining star of renewable energy in Eastern Europe‘ [24]. 

 

The positive evolution of the electricity sector in Romania, as 
one of the important players in the region, is acknowledged in 

the literature [23,25,26]. Busu et al. (2019) also demonstrated by 

means of a linear correlation for several countries in the Eastern 

European region that prices may converge once the 
interconnection of electricity grids between countries is higher 

[26]. 

 
The most comprehensive overview of policymaking on this 

particular subject in the literature was produced by Zamfir et al. 

(2016), who performed a review of the public policies and 
legislation put in place to foster the evolution of renewable 

energy in Romania over a decade [25]. The authors assessed the 

main issues, measures, and results of the public energy policy in 

Romania, presenting the mechanism of green certificates, and 
highlighting the various changes in Romanian subsidy schemes 

over time. 

 
Campeanu and Pencea (2014) also assessed the main 

determinants of the development of the renewable energy market 

in Romania. They showed that at that particular moment in time, 

Romania implemented one of the most generous policies in 
comparison to other countries in the EU related to stimulating 

the production of renewable energy, but at the same time, 

negative signs were starting to appear on the horizon; 
policymakers beginning to withdraw some of the incentives and 

changing regulations in the field [27]. 
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Duhaneanu and Marin (2013) pointed out very well that several 

problems are still very challenging for renewable energy 
developers in Romania to cope with, namely bureaucracy and 

barriers concerning the connection to the network, and changes 

in energy policy related to green certificates [28]. The linkage 

between the evolution of investments in the sector leading to the 
dynamic character of the market and the interest of public 

authorities to conserve the stability of the energy market for 

different players, brought several serious bottlenecks. 
 

Various authors and independent energy consultants pinpointed 

that the battle of interests between renewable energy producers 
and traditional state-owned utilities referred mainly to the first-

mover possibility of introducing energy into the network, 

possible overloads that were generated in intervals of high 

demand and increased fluctuation of prices; a clash which led to 
disputes and heavy lobbying among policymakers [29]. 

 

Methodology of the Research  
 
The methods used for this study included an exploratory 

analysis, based on press releases, official government policy 

documents, and market insider reports, with semi-structured 

interviews with senior executives from selected companies in the 
renewable energy sector. The methodology comprises four 

stages. Firstly, the targets of the European Union in terms of 

renewable energy are briefly described. Secondly, the 
characteristics of the regulatory framework of the Romanian 

energy policy are analyzed. Thirdly, the implications of the 

changes in the support mechanism are investigated and critically 
assessed. Finally, the market situation is derived from the 

opinions expressed during the interviews by managers of 

renewable energy companies. 

 
In the first phases, major published articles, internal company 

publications, annual reports, industry analyses, and business 

reference materials from the last two decades were all 
thoroughly researched in order to provide a detailed insight into 

the workings of the energy market, with a special focus on the 

case of Romania.  
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In the last phases, 16 interviews were conducted with senior 

managers of renewable energy producers. In Romania, there are 
currently around 700 renewable energy companies actively in 

operation. The vast majority of them are very small solar or 

biomass producers with installed capacities of less than 5 MW.  

 
The research group selected for this study was based on the 

snowball sampling technique, by which participants referred the 

researcher to others with the same characteristics, consisted of 
around 25 companies. In non-probability sampling, the attempt is 

not driven towards generating a representative sample. However, 

from the managers that responded positively, four of them 
represented large producers, seven of them medium-sized 

producers and five of them small producers, so the sample had a 

balanced distribution.  

 
Of the 16 companies, 11 were under foreign ownership and 5 

under Romanian ownership. The nationality of the investors did 

not bear any significant relevance in the opinions expressed, but 
was consistent with the distribution of ownership in the sector 

nationwide. The combined market share of the producers in the 

research group totaled 27.8% of installed power in Romania, 
which was fairly consistent. The individual interviews were 

conducted on the phone, in September–October 2019, each 

lasting between 15 and 25 min. The discussions during the 

interviews were based on a list of questions that came out of the 
aim of the research. The responses of the interviewed senior 

managers were transcribed, and the data were synthesized into 

content analysis findings on the impact of the changes in 
Romanian energy policy and their outcomes. 

 

The strengths of this type of research reside in obtaining in-depth 

information about the workings of the market and the impact of 
legal measures on producers, the reasons that lead to several 

decisions taken by managers, as well as identifying latent aspects 

that are relevant for the profound understanding of the 
phenomena under investigation. The weaknesses of the 

qualitative research are that some variables are non-measurable 

with hard numbers, and these results are more difficult to 
interpret and analyze; they depend on the experience of the 
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researcher. The main limit of this type of research comes from 

the impossibility of extending the results to a larger scale.  
 

The author is aware that a certain bias may appear in the answers 

of the managers that were interviewed, but the opinions 

expressed by them were confronted and double-checked with a 
thorough reading of declarations in the press, insider reports and 

market analysis documents. Thus, data were compared across 

multiple sources and from different perspectives to ensure a 
higher degree of reliability. It also turned out that the opinions of 

the managers were fairly consistent and converged with those of 

the patron organization in the field, which reunites more than 
100 such producers of renewable energy. 

 

According to its strategy, the European Union tried to cover 20% 

of energy consumption from renewable sources until 2020, a 
concept which carried both environmental and economic 

reasoning [30], in order to reach a long-term sustainable 

development [31]. The target was set between member states of 
the EU by means of national action plans.  

 

Progress was spurred by the compulsory targets for a growing 
energy share from renewable sources as per the Directive no. 

28/2009 issued by the European Commission (EC). This move is 

in line with a general trend worldwide to replace traditional 

energy resources with renewables, by means of subsidies, market 
integration schemes, support mechanisms and various other 

incentives [32–34]. 

 
Concerning the types of energy sources, wind power registered 

the highest dynamics within the EU. In 2016, wind energy 

replaced coal, to rank second among the types of power 

generation capacity after gas. Moreover, 16.8 GW of additional 
wind power capacities were installed in 2017, making it a record 

year [35]. As a consequence of this positive development, the 

share of renewable energy in the total consumption of the EU 
almost doubled between 2004 and 2018, from 9.6% to 18.9% 

[36]. 
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EU ambitions towards covering more of the necessary energy 

from renewable sources grow even higher. In an open letter to 
the European Commission, the ministers of energy and 

environment from six EU member states called for a 100% 

renewable energy scenario to be included in long-term forecasts 

for 2050, especially 100% in the electricity sector [37. Globally, 
most of the new energy generation capacity comes from 

renewable technologies [38]. 

 
The cumulative share of renewable energy sources in Romanian 

gross electricity production currently reaches 41.3%, as depicted 

by the green slices in Figure 1 [39]. This share is higher than the 
EU average (32.2%). Thus, Romania ranks seventh in the 

European hierarchy after Austria, Sweden, Denmark, Latvia, 

Portugal and Croatia [40]. The traditional energy sources 

account for a total share of 58.7% of total electricity production 
(see the yellow slices in Figure 1).  

 

 
 

Figure 1: Romanian electricity production, 2018. 

 
Romania‘s potential to generate renewable energy comprises 

water, wind, photovoltaic, biomass, and geothermal resources. 

The highest share consists of hydro energy, while wind energy 
comes second. Romania complies with the EU national target set 
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for 2020 to ensure 24% of the country‘s energy consumption 

from renewable sources. The share already reached 23.9% in 
2018, Romania being ranked 10th out of the 27 EU member 

states when comparing these shares [40]. 

 

This success can be attributed to the incentives included in the 
late 2000s in the Romanian energy policy. The most important 

financial support mechanism for the generation of electricity 

from renewable sources has been organized in Romania based on 
quota obligations, tradable green certificates (GCs), and price 

thresholds and ceilings. Electricity producers are required to 

present a specific number (or quota) of GCs, as per Law no. 
220/2008. 

 

Suppliers who do not comply with the yearly imposed quota 

need to pay a fee that corresponds to the amount of the non-
purchased GCs. The payment is directed towards Transelectrica, 

the power grid company. Consequently, as analysts observe, the 

price of the renewable energy increases steeply. It is composed 
of the actual price of electricity plus the costs of suppliers with 

GCs acquired, plus penalties in case of non-compliance [41]. 

 
Following the austerity in the years of the financial crisis and the 

loss of competitiveness of many industrial consumers, which 

were buying electricity at high prices, with GCs included in the 

acquisition cost, the Romanian government took the first steps in 
turning against producers of renewable energy in 2013. 

Subsequently, the market for green certificates collapsed 

following the substantial decrease in the yearly compulsory 
quota of electricity generated from renewable sources compared 

to the values set out in Law no. 220/2008 [42]. 

 

The remarkable progress by investors in the wind energy sector 
during the years 2010–2012 in installing new capacities, lured by 

the attractive support scheme applied from 2011 onwards, came 

to an abrupt halt in 2015, following two years of decreasing 
enthusiasm. This change in investor attitude can be easily 

observed from the evolution depicted in Figure 2 [23]. 
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Figure 2: The evolution of wind power capacities installed in Romania. 

 

The changes in the support scheme initiated in 2013, which 
reduced the number of issued GCs was the trigger of this 

phenomenon. Once several legal revisions were adopted after the 

year 2013, the development of the renewable energy market 
almost stopped, and all the major companies that invested in 

Romania (CEZ, ENEL Green Power, Verbund, EDP 

Renewables, to name just the top four), put their future 
investment plans on hold. The impact of the changes in the 

Romanian energy policy and their outcomes are investigated in 

depth in the next section. 

 

Results and Findings  
 

As a member state of the EU, Romania has transferred the EU 

program 20/20/20 and its goals into the national Law no. 
220/2008, a law which has been approved by the Decision no. 

4938/2011 of the European Commission for state aid. 

 

According to this law and taking into account that an investment 
in electricity barely pays off, renewable energy producers obtain 

a specific number of green certificates, in accordance with the 

energy produced and delivered into the energy network. These 
are calculated separately for each type of technology employed 

(three GCs for small hydro, two GCs for wind power, six GCs 

for solar power, for each MW delivered) and they are pegged to 
the internal rate of return, as indicated in Table 1 [43]. 
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Table 1: Internal rate of return for technologies promoted by the support 
scheme. 

 
Technology Decision C (2011) 4938 

Wind power plants 10.9% 

Small hydro plants 10.2% 

Biomass co-generation 10.5% 

Photovoltaic plants 11.6% 

 

It is mandatory for grid operators to allow access for renewable 

energy generators to their grids without shutting off certain 
plants. The costs for connecting a certain plant to the grid are 

incurred by the plant operator. According to the law, plant 

operators are entitled to priority when transmitting electricity 
from renewable energy. As a principle, grid operators are 

required to extend the network if there is demand from an 

operator, in the case that an extension is necessary. Grid 

operators, plant operators, or both will need to support the cost 
of the extension, depending on the specific part which has to be 

extended [44]. 

 
Stimulated by the regulations in place, domestic and foreign 

investors have built new power plants from renewable sources 

during 2010–2017 with a cumulative installed power of around 
5000 MW. There are about 800 renewable energy producers 

registered in Romania, and their investments exceed EUR 8 

billion. [45]. Currently, these investments ensure around 20% of 

final gross electricity consumption in Romania. Moreover, 
during this period Romania transformed itself into a net energy 

exporter and the domestic wholesale price of energy decreased. 

 
Unfortunately, Law no. 220/2008 underwent 11 changes over a 

decade. The system of stimulating the production of electricity 

from renewable energy was changed successively in the primary 
and secondary legislation, starting with the year 2013. The main 

prerequisites that determined policymakers to implement these 

changes relate to the broader political economy context and the 

relations between stakeholders. On the one hand, institutional 
rigidities of public authorities are not negligible. Strong lobbying 

activity on the part of the negatively affected traditional utilities 

and their trade unions, who oppose the expansion of renewable 
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energy, put their fingerprint on decisions taken by public bodies. 

On the other hand, the dissatisfaction generated by the increase 
in electricity prices for industrial consumers (including the cost 

of GCs) led to ardent political and business debates. 

 

The major changes that have been adopted include: 
 

 The reduction in compulsory renewable energy quotas that 

benefit from the allocation of green certificates, starting with 

the year 2014; 

 The reduction in the expiry deadline of green certificates 

from 16 months to 12 months; 

 The delay in the possibility of trading green certificates. 

 

The impact of these changes on producers was complex. Most of 
the investments in renewable energy were approved by the 

National Regulatory Authority for Energy (ANRE) and 

considered the generous provisions of the initial law. By issuing 

Emergency Ordinance no. 57/2013, the Romanian government 
reduced these quotas by 30%, as a first measure. The reduction 

in acquisition quotas of green certificates generated a loss in 

their financial value. Subsequently, the support system 
comprising green certificates has become unsustainable for 

existing investments and has led to an excess of some 13 million 

GCs. Worse, as a second change, these certificates expired after 
12 months, down from 16 months in the initial plan. Moreover, 

as a third measure, the Romanian government delayed the 

trading possibility of GCs, to a specific number: one for hydro 

power plants (max. 10 MW), one for wind installations, and two 
for photovoltaic parks. While this measure was intended to 

reduce the energy bills paid by industrial and household 

consumers, it also decreased the revenues of renewable energy 
producers by approximately one third [46]. 

 

Additionally, according to the revisions of the renewable energy 

support scheme during 2013–2015, for producers of electricity 
from renewable sources, with installed capacities above 250 

MW, vs. 125 MW as initially set, an individual clearance needs 

to be obtained from the European Commission. For installed 
capacities between 125 MW and 250 MW, which have not 
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benefitted from the renewable promotion system, an 

accreditation issued by ANRE is sufficient [47]. 
 

The successive legal changes that started in 2013 had a strong 

negative impact for electricity producers from renewable 

sources, generating significant financial losses, according to the 
financial statements compiled by the Ministry of Public Finance: 

around EUR 568 million in 2014, EUR 458 million in 2015, and 

EUR 389 million in 2016 [48]. Investors saw the value of their 
assets plunging as a consequence of falling revenues after these 

legal measures have been implemented, most of which impeded 

the further development of the renewable energy market. 
 

According to local financial statements, in the year 2014 alone, 

the values of assets in the wind sector fell by EUR 337 million, 

followed by another reduction of 10% in 2015 compared to the 
year before. The situation worsened further with assets falling by 

13% in 2016 and by 10% in 2017 compared to the previous year 

[49]. 
 

Combined with falling revenues from green certificates, 

producers had to face increases in operating costs, most of them 
induced by policymakers, through measures such as: 

 

 Government Decision no. 1202/2010, by which the cost of 

water entering turbines increased by 4.2 times in a very short 

period; 

 A change in the Fiscal Code by which the pillars sustaining 

wind turbines were moved to the status of buildings and 

thereby were considered for local annual taxation; 

 An order of 2014 by which participants in the centralized 

market of bilateral contracts were obliged to make offers of 
fixed value and deliver energy at constant power, leading to 

increased costs; 

 A twenty-fold rise in the contribution to ANRE, by 

Emergency Ordinance no. 114/2018. 
 

Following the frequent legal changes that started in 2013, when 

analyzing the overcompensation of renewable energy producers 

through GCs, the threshold for the return-on-investment set at 
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aggregate level for each type of technology, although notified 

and approved by the European Commission, has drifted far apart 
from the real development of the energy market, thus becoming 

unfair [46]. 

 

The state aid was not distributed proportionately between 
renewable energy producers, due to the fact that most GCs were 

traded in the Market for Bilateral Contracts (PCBCV) and the 

Market for Bilateral Contracts Negotiated Directly (PCBCV-
ND), as can be observed from data in Table 2 [46]. These deals 

were concluded by: 

 

 Integrated companies that are both producers and suppliers 

and sign intra-group contracts; 

 Small producers with installed power below 3 MW, who sell 

the energy in a package with GCs well below the next-day-

market value (the reference market for the calculus of 

revenues from energy in the overcompensation analysis), 
and suppliers in the market (to whom they transfer thus the 

state aid received). 

 
Table 2: The situation of green certificates (GCs) and the share of deals in the 
GC market. 

 

Category 2018 2019 2020 

Issued GCs (incl. deferred) 16,012,491 16,653,295 17,000,000 

Stock of GCs 11,446,473 10,937,132 9,071,458 

Valid GCs for trading 27,258,964 27,590,427 26,071,458 

Sold GCs 16,321,832 18,518,969 19,484,199 

% traded in PCSCV 17% 24% 27% 

% traded in PCTCV 1% 2% 2% 

% traded in PCBCV 57% 59% 56% 

% traded in PCBCV -ND 25% 15% 15% 

Final stock of GCs 10,937,132 9,071,458 6,587,259 

Absorption rate 59.88% 67.12% 74.73% 

 

This mechanism led to an excessive number of GCs in the 
market (see Table 2). Consequently, due to low demand from 

suppliers, who filled in their quota of GCs from PCBCV and 

PCBCV-ND, non-integrated producers with installed power 

above 3 MW were, in effect, thrown out of the market. They 
could sell their GCs in a transparent way only in a modest share 
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of about 25%, mostly in the Spot Centralized Market (PCSCV) 

and almost none in the Future Centralized Market (PCTCV), the 
rest of GCs remaining in stock, to be traded after 2027. 

 

The financial support mechanism for new facilities producing 

electricity from renewable energy was stopped at the end of 
2016. Since 2017, there is no longer a comprehensive subsidy 

mechanism in place for renewable energy producers. The 

National Energy Strategy of Romania, issued in 2017, foresees 
no further plans for another support scheme. However, the quota 

system is still valid for plants initiated before 2017 and will be in 

place until 2031. 
 

Although the quota system is not available anymore for new 

facilities, these can still benefit from a subsidy through financing 

from the National Rural Development Program. Part of the 
European Agricultural Fund for Rural Development (EAFRD), 

this facility offers subsidies for agriculture, inside measure no. 4, 

called ―Investment in physical assets‖. This program promotes 
the use of renewable energy for the private consumption needs of 

any farm [50]. 

 
Additionally, starting with 2017 an aid mechanism has been 

passed to stimulate energy generation from less conventional 

sources, including biogas, biomass, and geothermal energy. The 

support mechanism is implemented by the Ministry of Regional 
Development, Public Administration and European Funds. Its 

objective is to raise electricity and thermal energy generation 

from such sources by 60 MW until the end of 2023. 
 

Another important update to the support scheme for renewable 

energy arrived in early 2017, stating that the conclusion of new 

bilateral contracts was not permitted anymore after August 2017. 
This was meant to prevent preferential trading and re-establish 

some balance between producers. Additionally, the new 

regulation clarified several legal uncertainties and ensured a 
stable and transparent character to the GC support mechanism. 

Thus, the recovery of deferred GCs will be performed from 

January 2018 until December 2025 in equal monthly stages, 
extending the period from the initial 2020 deadline [49]. 
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Additionally, according to law, the suspended GCs during the 

period 2013–2014 will be issued starting with January 2021. 
 

However, it is considered that in order to improve the 

predictability in the market for GCs that still remain to be 

transferred to suppliers of electricity and to foster the accuracy of 
business plans of producers who rely on the spot centralized 

market, further official clarifications and a periodic update on the 

future number of GCs to be traded is needed. 
 

Moreover, Law no. 184/2018 featured the new ―prosumer‖ 

concept, setting the legal base to stimulate the development of 
decentralized electricity production from small photovoltaic 

parks. Starting in 2019, the Administration of the Environmental 

Fund in Romania financed photovoltaic systems to a maximum 

90% of total costs, but not above EUR 4300 per household [50]. 
 

To complete the exploratory study and to obtain a multi-faceted 

view of the renewable energy market in Romania, a view 
grounded with practitioners in the field, a series of semi-

structured individual depth interviews with executives of 

renewable energy companies were conducted by the author 
during September–October 2019. 

 

Given the sensitivity of current matters in the energy market, the 

relatively well-known position of companies in the sector and 
the rather small number of executives (close to 20) who agreed 

to answer the questions, the views of interviewees were 

expressed under anonymity. They were addressed a number of 
questions of which a relevant selection were used for the purpose 

of this paper (see Appendix at the end of the paper for the 

sample questions). 

 
For a general consideration on the success of their investments 

made to date in the Romanian energy market, only about one-

third of executives declared themselves satisfied. Most 
interviewees expressed a negative opinion. They complained that 

even after planning their projects according to a very strict 

investment and financial schedule, built in accordance with the 
legal framework infrastructure of the initial years (2010–2013), 
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at present they are fighting hard to cover expenses and costs 

related to the particularities of the energy market in Romania. 
 

The vast majority of respondents considered government 

bureaucracy and regulations to be very strict and not well 

motivated in their purpose. One interviewee even acknowledged 
that the company decided to give up some projects in the county 

of Constanta, because of the very difficult manner of 

collaborating with authorities at that time. Several executives 
explained that regulations are very demanding, making it 

difficult to understand the process flow. Therefore, the 

interviewees suggested the necessity of improvements in terms 
of stability, transparency, and predictability at administrative and 

regulatory levels. They also indicated the need for modern and 

innovative regulatory methodologies to be adopted where 

possible. They stressed the fact that opinions of experts in the 
sector and participants in public debates should be incorporated 

into the plans and policies designed by authorities.  

 
A clearer commitment from policymakers towards respecting the 

deadlines and long-term planning coupled with grounded 

measures of implementation are badly needed. Some of the 
interviewees suggested a simplification of the procedures 

necessary for the deployment of power pants. Others 

recommended a leveling of the playing field in terms of policy, 

so as to recognize renewable energy as a standard component of 
the energy system. 

 

Another subject under investigation regarded the ease of 
collaboration with domestic companies involved in the 

electricity market. While most of the interviewees did not 

complain about the cooperation with grid operators, some of the 

renewable energy producers were confronted with difficulties in 
their business relationship to grid and network operators. As 

opposed to the period 2011–2013, when there were so many 

projects in the sector that the grid operators were overloaded, 
afterwards, because of the changes in the support scheme, many 

of the planned projects were not fulfilled, but at the same time 

the grid was still kept occupied. 
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Considering the greatest challenges, positive or negative with 

respect to doing business in Romania, the widespread opinion of 
interviewees was negative. Among the main challenges they 

mentioned was the lack of stability, transparency, and 

predictability of the administrative and regulatory framework. 

Managers also found bureaucracy in the whole administrative 
system to be huge and annoying. Some of the interviewees 

reckoned that the biggest (negative) surprise was when the 

government decided to reduce the revenues of renewable energy 
producers. 

 

As a widespread opinion, executives supported the view which 
resulted from secondary data that there are too many changes in 

the legal framework, which have a direct impact on their non-

predictable activity. Some of the managers were exasperated that 

they cannot even follow their own budgets. 
 

In this context, the greatest risks of being involved in the 

Romanian energy market were associated with the support 
scheme, balancing the costs, nonprofessional authorities, and the 

many changes and interpretations of the law. Legal, regulatory 

and fiscal instability and unpredictability were cited most 
frequently by respondents amongst the greatest risks within the 

renewable energy market, as factors that jeopardize investments 

which imply high risks and are usually undertaken in the long 

term. 
 

As a worrying result, about two-thirds of executives regarded the 

investments made by their companies in Romania as not 
financially sustainable in the long term. They expressed concern 

at the lack of an attractive energy policy in the present 

conditions. One of the respondents feared that the recovery of 

investment is not possible and not predictable, while others 
commented that sub-sectors within the market may carry a 

different outcome. Investments undertaken in the wind sector are 

generally viewed as not being financially sustainable in the mid 
and long term, in the current outlook. 

 

In a separate investigation, Atanasoae and Pentiuc (2017) 
performed a cost-benefit analysis by measuring the internal rate 
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of return at three different moments (at the beginning of the 

support scheme, during the scheme, but with changed prices and 
after the reduction in the number of GCs). For all the four types 

of renewable energy sources analyzed, namely wind, solar, 

hydro and biomass, the internal rate of return plunged from 

positive to negative values [51]. 
 

For renewable energy producers, especially in the wind sector, 

the analysis of financial overcompensation so as to determine the 
return of investment, performed by assessing investment costs, 

operating costs, and revenues from the sale of energy and GCs, 

revealed a gap between two categories: 
 

 Integrated producers benefitted 100% from GCs because 

they concluded intra-group contracts according to the 

legislation prior to Emergency Ordinance no. 57/2013; 

 Non-integrated producers benefitted from only about one-

quarter of GCs, the rest of them being stocked until the end 
of the support scheme. 

 

Thus, non-integrated wind energy producers accumulated large 
financial losses due to expired GCs. During the years 2015–

2018, the volume of expired GCs was close to 2.3 million units, 

with a total value of around EUR 66.8 million [46]. 
 

At the present moment, the renewable energy sector is, in fact, 

undercompensated, as a report from the National Regulatory 

Authority demonstrates [52]. Thus, one suggestion would be that 
all remaining GCs should be traded in the single centralized spot 

market, so that most producers can benefit fairly from the state 

aid. 
 

In practice, a sector initially stimulated through the support 

scheme designed by the EU was brought by Romanian 

policymakers into a general state of insolvency; more and more 
investors needed to supplement money on their own, so as to 

sustain current operations. Tens of wind and solar parks 

struggled financially and some of the photovoltaic power 
producers withdrew from the energy market. 
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An association of 10 companies of different nationalities and 

ownership, led by an Austrian group, all active in the renewable 
energy market, mostly photovoltaic projects, even filed a lawsuit 

against the Romanian Ministry of Finance for the abrupt change 

of laws at the International Centre for Settlement of Investment 

Disputes in the United States [53]. To date, the case is still 
pending, being in the documentation phase. As a consequence of 

their worsening financial performance over the course of the last 

few years, companies made important downward adjustments to 
their fixed assets. 

 

A major concern arose during mid-2019 with a new Emergency 
Ordinance project that obliged companies to establish the net 

asset up to a level of at least half of shared capital. This raised 

the alarm for a lot of producers because they were unable to cope 

with this new condition. Renewable energy producers usually 
invested significant sums by contributing to the shared capital in 

the form of credits and loans from shareholders. They 

established the net assets by converting debts to shareholders, 
which has led to a substantial increase in shared capital. 

 

Considering that the market is highly regulated, combined with 
the decreasing value of net assets (due to losses and negative 

adjustment of fixed assets), there will be few possibilities for 

companies to comply with the condition that net asset is at least 

half of shared capital [46]. To date, the new Ordinance is still 
pending approval from the Romanian Parliament. 

 

The Association of Renewable Energy Producers (PATRES), 
which includes more than 100 non-integrated renewable energy 

companies, totaling more than 1800 MW installed power and 

investments in the Romanian energy sector of around EUR 2 

billion. Some authors tried to raise awareness and to shelter 
producers [45]. The alternative proposal was to drop the 

projected change in the law and substitute it with a compulsory 

provision of installing a positive net asset, a scheme that has 
been used in other EU member states. 
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Conclusions  
 

To sum up, from the exploratory analysis of the evolution of the 
Romanian renewable energy market and the consistent opinions 

expressed by the interviewed executives, some final conclusions 

can be drawn. 

 
It seems clear that the development of energy generation from 

renewable sources is still very dependent on public support in 

most of the European Union member states and, as such, 
vulnerable to political changes. Romania makes no exception to 

this. There has been strong dissatisfaction with the changes in 

renewable energy policy from 2014 onwards, because of the 

major financial losses incurred by several producers after the 
date when the number of issued green certificates (GCs) 

decreased and the support scheme was partially abandoned. 

 
The frequent changes of the regulations, with no adequate prior 

impact study, without a proper consultation of the actors 

involved in the renewable energy market, has led to a profound 
mistrust of the producers in the field. Moreover, changing ‗the 

rules of the game in the middle of the game‘, within a very 

competitive international environment, was a poor signal given 

to investors interested in placing their money in the Romanian 
energy sector. 

 

This is a critical element, because the renewable energy sector 
needs high initial capital investment; it carries high risks and 

brings long-term investment returns [54]. Positive returns are 

obtained only after the first few years and the Romanian 
government does not seem prepared to authorize such massive 

investments. Taking all these factors into account, it seemed not 

a proper time to discourage private investors in the field. 

 
In its initial stages, Romania was one the first European 

countries to implement GCs. However, most EU member states 

now use a feed-in tariff system, considered cheaper and easier to 
operate. Some countries, such as Poland, switched from the 

support scheme by means of GCs, which was in operation since 

2005, to an auction system with reference prices starting in 2016. 
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According to this system, offers with prices superior to the 

reference price are neglected and the auction is won by the 
bidders offering the lowest price for renewable energy until the 

imposed upper limit for a given auction is used up [55]. 

 

In Romania, according to the regulations, the GC support 
scheme for renewable energy is valid for a period of 15 years 

after the new facilities in wind or solar parks start functioning 

effectively. Thus, a change to feed-in tariff is highly improbable 
in the Romanian market. The GC scheme was devised on a long-

term basis, and already being in operation, it is now almost 

impossible to change it in Romania. 
 

Alternatively to the GC scheme which has become 

unsustainable, a state aid scheme could be designed to support 

energy producers from renewable sources and restore investors‘ 
appetite for development. This would entail the payment of a 

fixed bonus specific to the category of technology, added to the 

average price resulting from the trade in the centralized market 
for electricity. 

 

More consistent investments in inter-connectors to encourage 
supply to flow to price would also be an important step forward. 

These investments in inter-connectors could enable the 

integration into a competitive and well-functioning internal 

energy market of the EU, which is a necessary condition to 
achieve sustainability, efficiency, and security of the energy 

supply.  

 
To close in on its goals, the EU wants to guarantee at least 15% 

electricity inter-connection levels between neighboring member 

states. Thus, EU law requires that each country elaborates a 10-

year national plan for energy and climate, which should include 
its own strategy for reaching the targets [56]. Such measures 

became highly relevant, as the new Energy Strategy of the EU 

for 2020–2030, voted by the European Parliament in 2018 set a 
new national mandatory target of a 35% energy share from 

renewable sources in the total gross consumption of electricity 

by the year 2030. 
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The contribution of this paper to the literature in the field 

consists of an assessment of the profound changes in the 
Romanian renewable energy market, the critical analysis of the 

regulatory framework, and the recommendations issued for 

policymaking. The value added of the conducted research in the 

European context consists of developing important insights 
about the attempts for a more robust renewable energy policy 

fundament, capable to withstand political lobbying and pressure 

from various stakeholders in the short term. Several countries in 
the EU, for example Spain and the Czech Republic, have 

experienced a similar up-and-down evolution in their renewable 

energy sector, similarly to Romania [16]. Therefore, along with 
growing research and development in the field and adding more 

modern infrastructure to the energy system, policy measures in 

most European countries should integrate awareness-raising 

programs on the necessary shift to renewable energy, coupled 
with funding, training programs and relocation support for 

employees made redundant by the new, green energy 

technologies. 
 

However, some limitations of the research reside in the one-

country study and the relatively narrow base of respondents from 
the business environment. As with all qualitative research, a 

main limitation stems from the fact that the obtained results 

cannot be applied to a larger scale. Nevertheless, this type of 

exploratory study could be extended to neighboring countries in 
the region, so as to pave the way for a comparative assessment. 

To address the limits of the present research, the author also 

considers building up quantitative research that allows for the 
extension of the results. 

 

The findings of the present research may prove significant for a 

better decision-making in the difficult times that renewable 
energy producers currently encounter in the market. The 

suggested recommendations, if implemented, could foster the 

trust of current and potential investors in a more predictable 
future for their financial forecasts. 

 

Further research should be dedicated to find the optimum mix of 
public policies towards meeting the ambitious goal of Europe—
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to become the first climate-neutral continent by the year 2050. 

Up to the present moment, the EU has employed an ambitious 
program based on the market-rules to mitigate greenhouse gas 

emissions. Subsequently, modern power lines are deployed at 

regional level to ensure a solid and integrated energy market 

[57]. Massive decarbonisation will only work when accompanied 
by strong technological developments. To fulfill this challenge, 

the European Union plans to allow the free flow of energy 

between EU member states, thus diminishing the dominant 
position of domestic monopolies.  
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Appendix 
 

Some of the questions for the non-structured interviews with 
senior executives of renewable energy companies in Romania 

are sampled here: 

 
1. It is now some years since your company launched various 

investments and other activities in Romania. With the benefit 

of hindsight, would you describe the results as successful? 

2. How about government bureaucracy and regulations; how 
have you found them? 

3. Have network and grid operators been generally helpful in 

facilitating your business entry and expansion? 
4. What would you say were the greatest surprises and 

challenges, positive or negative with respect to doing 

business in Romania? 
5. What do you regard as some of the greatest risks of being 

involved in the Romanian energy market? 

6. Looking to the long term, do you regard your investments in 

Romania as financially sustainable? 
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Abstract  
 

In the context of the ongoing global warming, with environmental 

concerns regarding the greenhouse gas emissions due to our 

increasing energy consumption, smart energy management 

solutions have gained popularity as they have the potential to 

reduce our impact on the environment and also on our budgets. 

This paper proposes one of the most affordable designs for an 

autonomous, microcontroller-based demand-side energy 

management system to be installed in a home environment where 

it reduces the standby power consumed by the controlled devices. 

As a secondary function, it monitors and controls the lights to 

further save energy. The proposed system is designed to operate 

independently and also to limit the new wireless sources of 

electro-magnetic radiation introduced in the home environment. 

Six homes have been analyzed in terms of the measured energy 

consumption and to evaluate the energy management capabilities 

of the system, a prototype was built and tested. Promising results 

have been obtained and are detailed in the Results and 

Conclusion sections. A very low purchase price and good 

performance make this design a viable solution for intelligent 

home energy management, in today’s economic context. 
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Introduction  
 

The world population is constantly increasing, having reached 

the 7 billion inhabitants milestone in 2011. This growth is 

expected to continue with demographers estimating that the next 

milestone of 8 billion inhabitants could be reached as early as 

2023. According to data published by the World Bank, the global 

energy consumption also increased between the years 1971 and 

2014, when the World’s electricity consumption per capita rose 

2.6 times, from 1200 kWh to 3132 kWh, with the trend 

remaining ascendant. Production of electricity increased 

accordingly, keeping up with demand and so has the negative 

impact on the environment, as 89.6% of this energy production 

comes from non-renewable sources [1], mainly oil, coal and 

natural gas. Renewable energy sources such as wind and solar 

started to have a notable contribution in the energy mix only 

after the year 2000 [2], with biofuels and hydroelectric still being 

the most common sources of renewable electricity. It is expected 

that in the years to come, most of our electric energy will still be 

produced from non-renewable sources thus, harming the 

environment. This is one of the reasons why researchers look at 

ways to minimize our energy consumption as discussed in [3–5]. 

 

A human activity pattern survey conducted in the United States 

of America and in Canada found that interviewed subjects spent 

87% of their time indoors while in the European Union, 

according to a World Health Organization report, millions of 

citizens also spend 90% of their time indoors. Spending more 

time indoors also leads to increased energy consumption in 

residential buildings. It was observed that, during a one-year 

period, in the USA residential buildings accounted for 40% of 

the total energy consumption [6] while in the EU, residential 

buildings consumed 27% [7]. Analyzing further, it was 

discovered that a significant amount of the electricity consumed 
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in residential buildings was attributed to devices that were left 

plugged into the power sockets while in sleep, idle or in standby 

modes. Throughout this paper, we will refer to this wasted 

electric energy as ―standby energy‖. This is the amount of 

electricity consumed by a device that is not in use (not 

performing its main function) as it waits to be turned on or 

activated. Devices that are remote-controlled usually have 

―standby modes‖ where they are not in active use but electronic 

circuits responsible for the remote control are still consuming a 

small amount of energy. Devices such as microwave ovens or 

stereos remain in ―idle modes‖, usually with some type of 

display such as a clock still drawing energy. Computer monitors 

or printers have ―sleep modes‖ where their power adaptors 

consume a small amount of energy. In these cases, the device 

itself is not in use, yet it still consumes a small amount of 

electricity. 

 

This standby energy was measured by researchers both in the EU 

and in the USA (among other places) and several research papers 

discussed the finding. It was suggested that out of the total 

energy consumption of a home, between 5% and 30% represents 

―standby energy‖ [8–11]. This is quite a broad interval as the 

results are influenced by multiple factors such as the location of 

the residence, the time of the year when measurements were 

conducted, the number of surveyed locations or the accuracy of 

the measurement device used. The EU financed project Selina to 

assess standby energy losses in appliances and concluded that, in 

a one-year period, across the entire union approximately 43 TWh 

are wasted, equivalent to around 19 million tons of CO2 being 

released in the environment [10]. To reduce this energy wastage, 

the EU introduced requirements that new appliances should have 

lower standby energy consumption than those previously 

available on the market and for older devices already in use, 

consumers were advised [10] to unplug these when not utilized 

instead of leaving them in standby modes. While doing so would 

be efficient in saving energy, it rarely happens for two main 

reasons. Firstly, it’s impractical due to the high number of 

devices always keep plugged-in. Secondly, even though 

environmental awareness and energy conservation are very 

popular topics, in everyday life most people choose comfort and 
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security over environmental protection, as outlined by a 2017 

study [12] from Singapore. The same study suggested that in 

order to efficiently reduce energy consumption we must 

implement smart technologies, systems designed to proactively 

and autonomously take energy-saving actions. 

 

In this context, following a comprehensive literature review 

identifying current trends in this field, we designed and 

successfully tested a smart Home Energy Management System 

(HEMS) that manages the power supply to household 

appliances to reduce their standby power. The system can also 

monitor and control the lights to avoid electricity wastage due to 

user negligence, this way reducing the overall consumption. For 

reasons explained in the literature review section, we decided to 

implement a wired communication method within the home 

environment and GSM communication for long-distance 

interaction. An external memory card is used to record 

configuration and consumption data to improve the system’s 

efficiency. Using motion and light sensors the system detects 

environment changes, acting without interference to user comfort 

or lifestyle. Based on real-world measurements combined with a 

system prototype implementation, the proposed system’s 

efficiency was evaluated as we analyzed its potential impact on 

reducing energy consumption in several home environments 

over a one-year time period. 

 

This manuscript is organized into six main sections. Section 1 

introduces the reader to the general context of the World’s 

increasing energy demand and its impact on the environment. 

Section 2 presents to the reduction of energy consumption by 

implementing different HEMS solutions. Section 3 proposes the 

author’s own HEMS architecture, providing detailed diagrams 

of both hardware and software components. 

 

A system prototype was built and tested with all relevant stages 

covered by Section 4 and the system’s evaluation results are all 

discussed in Section 5. Closing the manuscript, Section 6 

presents the main findings of this study and possible further 

development directions. 
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Literature Review  
 

Studies conducted around the World prove that implementing 

HEMS is an efficient way to reduce a home’s energy 

consumption or at least to reschedule it to lower tariff intervals, 

reducing electricity bills. Focusing on power supply 

measurement and management, reference [5] noted that using a 

HEMS may achieve a potential 41–54% reduction of the standby 

energy consumed by controlled devices. Besides controlling 

appliances, the authors of [4] considered a HEMS controlling the 

lighting system as well, with a 39.97% per year reduction in 

standby energy consumption. Analyzing energy conservation in 

smart homes, the 2016 study in reference [3] compares 

electricity consumptions in the same home, with and without 

implementing a smart gateway control, results suggesting that 

smart control could reduce energy consumption by a calculated 

18.69%, based on provided values. While the objective is the 

same, achieving a reduction in energy consumption, we found 

numerous approaches to achieving it. The next paragraph will 

briefly present the most popular approaches to reducing energy 

consumption in a smart home. 

 

The electric power socket is where electric and electronic 

devices are connected to access the electricity needed to operate. 

By turning the power supply on and off we can in turn switch 

most devices on and off, exerting a simple type of control. 

This simple way to reduce the standby power of devices through 

direct human intervention is seen in consumers that are 

environmentally aware and unplug unused devices. Simple 

programmable power sockets can also be used to ensure that 

large electricity consumers (such as water heaters) only operate 

during off-peak times. More complex sockets, as discussed next, 

provide additional power measuring and communication 

capabilities. These are built around microcontrollers and use 

both wired and wireless technologies for communication. Users 

can view power consumption data and control power sockets 

from a distance. Researchers developed smart power sockets that 

operate individually while others have built-in communication 

methods, allowing for long-distance control and for setting up 

networks. Some smart sockets are connected to a control module 
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capable of synchronizing them. Other systems integrate sensors 

to record movement, temperature or light brightness in the home 

environment, to increase the system’s efficiency in reducing 

energy consumption. State-of-the-art systems often have the 

ability to manage the home’s own power production (from wind 

generators or solar panels) and schedule consumption based on 

this information or on the reduced energy tariffs in certain time 

intervals. This increases the HEMS’s efficiency but also its price. 

 

In reference [13] for example, a network of smart power outlets 

measuring the energy consumed by attached devices and sending 

it to a PC wirelessly via XBee is presented. The PC provides a 

graphical user interface (GUI) that facilitates the on/off control 

of sockets. Using both a Bluetooth beacon and Wi-Fi, the smart 

power sockets proposed by the authors of [14] allow the 

implementation of automatic control when the user leaves or 

returns. A web-based system is discussed in reference [15], the 

monitoring and control of appliances are performed through the 

power lines and data is being sent to a server linked to a web 

page user interface, allowing users to access the system via the 

internet. Taking advantage of Android’s popularity, the authors 

of *16+ suggested an Internet of Things (IoT) approach with 

smart power sockets that allow users to monitor and control the 

connected devices via a mobile App, allowing functions such as 

delayed control or power limitations. The energy management 

solution put forward in reference [17] shows a remote control 

power outlet network using both Bluetooth and Ethernet to 

communicate data and introducing GSM capabilities for long-

distance control. 

 

Without constantly relying on users to decide and in order to be 

more efficient, some smart sockets and HEMS have built-in 

functions allowing to automatically disconnect power supplies in 

certain situations. This automatic control can target either all 

connected devices or only those in standby mode. Both these 

solutions are discussed next. The smart socket system in 

reference [18] uses existing power lines to communicate between 

components, a feature seen in several reviewed systems. When a 

device connected to a smart socket goes into standby, this event 

is identified and the power supply to that device is disconnected. 
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The authors of [19] also focus on reducing the standby power of 

appliances, only they opt for wireless XBee communication 

between components. They proposed to remotely control several 

smart sockets using the infra-red remote control. A similar 

design is proposed in reference [20], integrating infra-red remote 

code learning and light control. Adding to the complexity of 

HEMS and using popular power lines communication methods, 

references [21,22] use microcontroller-based modules to 

measure energy consumption in real-time and control the power 

supply to connected appliances in order to optimize the overall 

energy consumption. The control is not limited to devices in 

standby modes and extends to all connected devices regardless 

of their state. Using wireless communication methods, the 

HEMS presented by the authors of [23] implements both GSM 

and Zigbee technologies to monitor and manage the power 

supply, taking into consideration peak demand times and 

optimizing consumption to benefit from ―off-peak‖ pricing in 

order to reduce energy costs. Another wireless communication 

approach using Wi-Fi is seen in [24], where energy consumption 

measurements are sent to a server, logged and analyzed in order 

to identify consumption patterns and further increase efficiency. 

This data is made available to users via mobile phone. In [25], 

Bluetooth low energy communication is used in conjunction with 

a fuzzy logic controller to reduce peak load demand. 

 

Energy management systems reviewed above acted on user 

commands or independently based on measured energy 

consumption. To extend functionalities and efficiency, intelligent 

power control systems can benefit from adding sensor modules 

as seen in our design and in the following. Most commonly 

added to HEMS are passive infrared motion detection sensors 

(PIR). They provide information that makes it possible to control 

devices based on the presence or absence of potential users in the 

area. The system in reference [26] pairs this type of sensor with 

RF/Zigbee wireless communication modules to transmit 

measurements to controllers and receive control instructions. The 

authors of [27] added light sensors to create an intelligent HEMS 

that can perform lighting control based on light intensity. By 

integrating light sensors, a reduction in standby energy 

consumption was noted. Additional to the previously-mentioned 
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sensors, the web-based HEMS in reference [28] incorporates 

many others, such as temperature and smoke level, measuring up 

to eight parameters. Data collection is also performed by the 

HEMS presented in reference [29], with flow, movement, lights 

and temperature measurements are taken in addition to reading 

the status of various loads around the house and combining 

human activity and load status data with user preferences and 

real-time pricing to apply machine learning and pattern 

recognition as it optimizes control. 

 

State-of-the-art HEMS are found in smart houses that have 

renewable energy generators deployed, e.g., reference [30] 

where both energy production and consumption are 

simultaneously managed in order to reduce energy bills. ZigBee-

based modules observe energy consumption and communicate to 

a home server that creates usage patterns. Weather forecast 

information is utilized to estimate energy production and 

schedule consumption in such a way as to reduce energy costs as 

much as possible. As discussed by the authors of [31,32], these 

HEMS improving energy efficiency at the consumption side by 

introducing new and better materials and methods or 

rescheduling consumption to periods with lower tariffs can be 

referred to as Demand Side Management systems. In general, 

more complex systems incorporating numerous sensors and 

functionalities are better at precisely detecting, measuring and 

predicting energy production and consumption while also 

implementing accurate and efficient scheduling and control, as 

seen in reference [33]. The tradeoffs however are the higher 

initial purchase and installation costs of these systems and the 

increased own energy consumption, as numerous components 

bring new loads to the household, this being occasionally 

overlooked when assessing the HEMS efficiency. 

 

Some HEMS are designed to only act as main control hubs for 

other appliances but rely on direct human input (through a type 

of user interface) to activate/deactivate them. This approach has 

the advantage of providing ease of control to elder users or to 

those with reduced mobility but the system itself has little to no 

ability to act autonomously thus, not being very efficient in 

reducing energy consumption. To overcome such drawbacks, our 
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HEMS design proposes the control of power sockets in two 

ways, directly as instructed by users from a dedicated computer 

App. or automatically as instructed by the system’s control 

software. Newly developed software enables the HEMS to 

perform autonomous control based on data from sensors 

integrated into its architecture. Most reviewed systems use 

wireless communication technologies to exchange information 

between components. The main advantage of this approach is a 

quick and simple installation, but each system component that 

acts as a wireless transmitter represents a new source of EM 

radiation inside the home environment. Residents considering 

that we already have too many sources of EM radiation in our 

homes can perceive this as a health-related concern. Wired 

HEMS overcome this potential radiation issue by moving all 

communications through dedicated lines however, these systems 

are generally more expensive and difficult to install. Another 

potential disadvantage of wired systems (especially the popular 

cheap domotics using the X10 protocol) is the lack of speed as 

devices can only transmit one at a time. There is also the risk of 

interference with neighboring systems when using the power line 

communication method in places such as apartment buildings. 

Our proposed design uses dedicated communication lines, 

avoiding the potential drawbacks of systems using the power line 

communication but the higher installation costs cannot be 

avoided. 

 

Regarding long-distance HEMS interaction, internet-based 

alternatives, systems based on IoT devices or other approaches 

that rely on constant internet connection have the advantage of 

providing vast amounts of data and can benefit of cloud storage 

and computing but were avoided for security reasons, as 

internet-connected devices are more vulnerable to cyber-attacks 

and instead, our proposed design includes GSM module for 

occasional long-distance interaction and allows future extensions 

to system functions if desired. The number of components in our 

HEMS proposed design was kept minimum and those used are 

energy efficient, this way avoiding the potential drawbacks 

associated with the higher energy consumption of more complex 

designs. Our system’s own power consumption was also 

measured during the prototype evaluation in the Results section. 
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Cost related, by using the cheap open-source Arduino platform, 

the system’s components are low cost and easy to procure, an 

important advantage over other proprietary solutions. 

 

The Home Energy Management System’s 

Design  
The Hardware Architecture of This System  
 

The system we developed is best suited to be installed in small 

homes or apartments as found in many highly populated cities. 

Figure 1a shows the location of modules inside such homes. In 

this configuration, the system’s main function is controlling 

power sockets to prevent the waste of standby energy. To 

minimize losses due to user negligence, its secondary function is 

to monitor the lights and in certain situations, switch them off 

automatically. 
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Figure 1: Home energy management system. (a) The placement of system 

components in typical homes. (b) Home energy management system’s 

architecture. 

 

As a central component for our automated system, the popular 

Arduino Uno board was chosen. It is a low-cost solution 

integrating an AtMega328P microcontroller at 16 Mhz with 32 

kb flash and 2 kb dynamic memory. For interfacing sensors and 

actuators we use 14 digital and 6 analog pins. Figure 1b shows 

the pin-module association, arrows pointing towards the 

controller indicate input pins while arrows pointing away 

indicate output pins. For detecting user presence, three PIC HC-

SR501 modules are connected to digital input pins. These 

energy-efficient modules have fast 0.2s detection rates up to 7m 

away. Light intensity changes in the home are detected using 

light-dependent resistors (LDR) associated to fixed-value ones 

(10 kΩ), creating voltage dividers, as in Figure 2a. Their output 

is changing as the light intensity fluctuates, according to the 

equation: 
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Illuminating the LDR causes its resistance to decrease while 

shading it causes its resistance to increase. Knowing the voltage 

divider’s 5 V input, the minim and maxim output voltages were 

calculated using Equation (1). In absolute darkness, the LDR 

has its highest resistance causing the divider to output its lowest 

value: 
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while a fully lighted LDR will have a 0 Ω resistance causing 

the divider to output its highest value: 
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            (3) 

 

Falling between Vmin and Vmax, other output values can be 

calculated with equation no.1 (Figure 2b). 

 

 
 
Figure 2: Converting brightness fluctuations in voltage variations. (a) The 

voltage divider’s diagram; (b) voltage variation as a function of resistance. 

By connecting each voltage divider to the controller via an 

analog input pin, the received signal pass through 10-bit analog-

>digital converters, mapping the 0–5 volts to integer values/units 

between 0 (absolute darkness) and 1023 (absolute brightness) 

with a resolution of 0.0049 V/unit. These integer values are used 

by the system’s control software. As seen in Figure 3, light 

intensity variations in real-world conditions were recorded every 
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10 s for consecutive 24 h intervals and we observed that absolute 

values are not encountered, with A/D converter output between 

430–980. The natural light intensity changed by no more than 10 

units over 10 s. 

 

 
 

Figure 3: Indoor light intensity fluctuation in 24 h. 

 

Four relay modules (as seen in Figure 4) are included to allow 

the on/off control of lights and power sockets where non-

essential appliances are connected. The diode was introduced to 

protect the switch against excess currents forming in the relay 

coil. Once a relay disconnects an appliance/load from the main 

supply, its standby energy consumption drops to zero. 

 

If alerting the residents becomes necessary (lights forgotten on, 

system failure) the integrated buzzer produces a 2 kHz sound. 

The data-logger shield used to store configuration and energy-

saving data also integrates a real-time clock (RTC) module used 

for time-related control functions. 

 
 
Figure 4: Diagram of the relay modules used to control different loads in the 

home. 
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Software Developed for This System  
 

A substantial amount of time went into developing the software 

associated with this HEMS. Two software applications were 

written, one running the Arduino board and one acting as GUI, 

running on a PC. A dedicated communication protocol was 

implemented to standardized and enable data exchange between 

them. 

 

Arduino Control Code  
 

The proposed HEMS is programmed to operate autonomously, 

without notable interference with the resident’s activities. The 

control software was written in C/C++ using the open-source 

Arduino IDE (Integrated Development Environment) and 

uploaded onto the board via USB. The main functions performed 

by the control software (Figure 5) are: power sockets control, 

lights control, management of energy-saving data, system 

initialization and data back-up. 

 

 
 

Figure 5: Flow diagram of the system’s main software components. 

 

When the system powers-up it executes an initialization routine 

where the serial communication, RTC and SD memory card are 

initialized. System variables are configured by users at any time 

using a PC-GUI. These variables are the timers for power socket 

control, occupancy status and whether the GSM and buzzer 

modules are activated or not. When these variables change, they 

are automatically saved onto the memory card. The onboard 

RTC module provides time and date. In each run cycle the time 

is converted from an ―hour: minutes‖ format to an only 

―minutes‖ format using equation no.4, thus a 0–24 h interval 

becomes a 0–1440 min one. 

 

    60 .time hour minC C C                                                            (4) 

 

We implemented this time-keeping solution as it utilizes fewer 
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variables, reducing the number of operations performed in each 

run-cycle, increasing the software’s efficiency in terms of 

memory use. All the time-stamps associated with the system’s 

actions are expressed in a minutes-only format. Figure 6 presents 

an overview of the system’s initialization and data back-up 

functions. 

 

Light-dependent resistor (LDR) modules are used to detect light 

intensity variations, making it possible to monitor and control the 

indoor lights. Figure 3 illustrates light intensity variations as 

measured and recorded by the HEMS. When sudden fluctuations 

are encountered (more than 30 units over a 10 s interval) the 

system identifies the lights being switched on (sharp rising edge) 

or turned off (sharp falling edge). Associating motion detection 

data, the system can determine if the lights were (forgotten) left 

on and notify users via the active buzzer. If users left the house, 

it will automatically switch off all lights. This control method is 

detailed in Figure 7. 

 

 

 
 

Figure 6: Flow diagram of the system’s data management and back-up 

functions. 
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Figure 7: Flow diagram of the system’s lights monitor and control function. 

 

Using motion sensors inside the house, the system can identify 

whether somebody is at home or not and after the elapse of a 

user-defined timer, it will take energy-saving actions as seen in 

Figure 8. Optionally, by pressing the physical button integrated 

into the HEMS (e.g., when leaving the house), this timer can be 

instantly reduced to a minimum, prompting the system to switch 

off all the connected devices without further delay, making the 

system more efficient on that occasion. A shorter delay makes 

the system act sooner, producing higher energy savings, but 

it might interfere with the user’s lifestyle. A longer time delay 

makes the system less efficient in reducing standby power but is 

less intrusive. Each zone’s timer can be independently set by 

users. The system has a built-in function allowing it to record 

energy-saving data that can later be presented to the user. 

 
 
Figure 8: Flow diagram of the power sockets control function. 

 

Seen in Figure 9, one important function of the control software 

is the energy-saving data management. By multiplying the 

standby power of devices with the total disconnection time, at 

the end of each day, the system calculates the amount of energy 

saved in each zone and records the results on the SD memory 
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card. Each month the total savings are calculated (equation no.5), 

compared with the previous month’s result and the energy-

saving trend presented to the user. 

 

     30    30 1000Month Day StandBy HoursE E P t                   (5) 

 

 
Figure 9: Flow diagram of the system’s data management function. 

 

The Visual C# App.  

 

Because of the limited number of input-output pins available and 

because all are used to interface sensors and relays, it was not 

possible to include a keyboard or display in the system’s 

architecture. The memory resources and processing power that 

would have been used to implement a local user interface were 

redirected to allow for an autonomously operating HEMS. To 

facilitate the initial system setup, testing and occasional 

reconfigurations, a Windows-based Visual C# GUI-Application 

(Figure 10) was developed. It allows users to check and set 

timers as desired and makes it possible to activate/deactivate or 

test different modules. To avoid communication errors and 

ensure that the Arduino board receives valid data and 

instructions, multiple checks are implemented. For example, 

when introducing new timers, all values are checked to be within 

a valid 0–1440 interval. Certain App buttons, such as the ones 

activating or deactivating modules are enabled only when using 

that function is permitted. The same is true for text boxes, 

enabled only when introducing text is allowed. 
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Figure 10: Windows-based Visual C# App. 

 

During testing, we observed that concomitant use of the 

microcontroller’s serial pins by the GSM module and Windows 

App was leading to communication errors. This was solved by 

placing two switches on the GSM module’s communication 

lines, disconnecting them while the system communicates with 

the Windows App. Once the system is unplugged from the PC, 

these lines can be easily reconnected by changing the switch 

position thus reestablishing the microcontroller to GSM module 

communication. The wired USB connection is utilized for 

reasons already discussed in the Literature review section and 

Windows was chosen as the target OS for the configuration App 

because as the HEMS was developed, it had over 75% market 

share in the PC segment. 

 

The Communication Protocol  

 

The control software checks during each loop to see if any 

commands are received via serial communication. If the 

instruction to connect to the Windows App. is received, the 

HEMS control software brings the entire system into a 

configuration and testing mode, executing only instructions 

received from the Windows App. This is a type of Master–Slave 

communication, with the Windows App. acting as Master, 
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initiating all communication, sending instructions or data 

requests, and the HEMS control software acting as Slave, 

responding to these requests. The information exchanged 

between these two software programs is structured according to 

a specific communication protocol, as successfully developed 

and implemented in [34]. Data packages begin with a specific 

character, the exclamation mark ―!‖ followed by a five-character 

command. If additional data is transmitted, it is included after the 

command and followed by the ―\n‖ end marker. Figure 11 shows 

the structure of a data package containing the command to set a 

new 30 min timer for Zone 1. 

 

 
 
Figure 11: Structure of a data package. 

 

Communication not structured according to this format will be 

ignored. The sequence of received data packages is also relevant 

as the Arduino board will not respond to any instruction until the 

command to connect to the Windows App is received and 

executed. When disconnecting the HEMS from the PC, it is 

compulsory to issue a disconnect command and close the serial 

port to avoid future potential communication issues with the 

GSM module. Both HEMS control software and Windows App 

have built-in checks to ensure the above rules are followed. 

 

System Implementation and Testing  
Prototype Implementation  
 

Each system component and corresponding software were first 

individually tested and validated to ensure correct operation 

before the entire (completed) system prototype (see Figure 12) 
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was assembled and evaluated. The control software specially 

developed for the HEMS was uploaded onto the Arduino Uno 

board and the system’s configuration was done using the Visual 

C# App as previously presented. Next, the completed system 

prototype was evaluated in multiple real-life utilization 

scenarios both at the University’s laboratory and at the author’s 

home. 

 

 
 

Figure 12: Wiring diagram of the system’s components. 

 

The Testing Method  
 
Numerous appliances and electronic devices are permanently 

connected to power sockets within our homes and while they are 

not in use, they still consume small amounts of electricity 

waiting in standby modes. There are time intervals throughout 

the day when these devices will certainly not be used, such as 

during the night when residents are asleep or during work hours 

when nobody is home. Even when residents are home, they are 

not always using all appliances. For example, the TV set in the 

bedroom might not be used until late at night but it is still 
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connected to a power socket, wasting electricity. In such cases, 

our HEMS design can automatically disconnect the device from 

power supplies and by doing so eliminate that device’s standby 

energy consumption. 

 

The standby power of most devices is small but still measurable, 

so we began by recording the standby power of home appliances 

and other electronic devices in five homes where access was 

granted. For reasons related to the ongoing Covid-19 pandemic 

and to minimize any potential spread of this virus, multiple visits 

to install, monitor and remove the system prototype in these 

homes were not possible, so we had to limit our interaction to 

one short visit per home to conduct measurements and then 

correlate these with the observed behavior of the system in 

laboratory simulations. Measurements were conducted using a 

Unitec EIM15-056 device, capable of precisely measuring the 

standby power of connected devices. We were interested in those 

―non-essential‖ appliances and electronic devices that can be 

switched on/off without affecting the user’s comfort and 

wellbeing. The standby power of refrigerators and surveillance 

or alarm systems was not measured as these are ―essential‖ 

devices that cannot be disconnected from the power supply and 

as such, are not controlled by this HEMS. Saving energy by 

switching them off is not possible. 

 

A list of non-essential devices commonly found in homes was 

compiled and for those types of devices, the average standby 

power was recorded, as measured and listed online by the 

Lawrence Berkeley National Laboratory of the University of 

California-USA [35] and by the Canstar Blue energy consultant 

platform in Australia. For comparison, a generic house was 

added to our study. For several time intervals (one hour, one day, 

one year) Table 1 presents the standby energy consumption of 

non-essential devices found in the five visited houses plus in the 

generic one. 
 

The results presented in Table 1 are correct as long as the 

appliances remain in standby mode for that respective time 

period. Without any power-saving actions, these values represent 

the lowest amount of electricity consumed by these appliances 

while plugged in, but not in active use. Our HEMS aims to 
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reduce this energy consumption without intruding on the user’s 

lifestyle, so the residents of the five visited homes were 

interviewed to identify the time intervals when they are usually 

at work or at sleep and the HEMS was configured accordingly. 

During these time periods is when non-essential appliances will 

certainly not be used thus could be unplugged without residents 

noticing. For the generic home, the time period was chosen 

based on the average work and rest times detailed on the 

European Commission’s website. The results are listed in Table 

2. 
 

The residents of the analyzed homes work on average 8 h per 

day and adding the lunch break and commute times leads to a 

period of 9–10 h when nobody is at home during workdays. At 

night, the average rest time was 8 h. Using equation no.6 and the 

values A and B taken from Table 2, with 251 being the number 

of working days and 366 the total number of days for the leap-

year 2020, it is possible to average how long would the 

appliances be kept in standby modes during one year, needlessly 

consuming energy as residents are sleeping or away at work: 
 

  251 *     366 *  .C A B                                                            (6) 
 

During prototype evaluation, the HEMS was programmed to 

disconnect the power supply to non-essential devices in a zone 

after 15 min of inactivity (based on motion detection) and all the 

results presented in this paper are based on this system setup. 

Changing this configuration will modify the results, as larger 

timers make the system slow to act, reducing its efficiency and 

smaller ones make the system act sooner, saving more energy 

(but might interfere with the user’s lifestyle). 
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Table 1: Measured and calculated standby (Sby) energy consumption. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

Appliances pieces 11 12 12 10 12 12 

Sby Energy Used /1 h kWh 0.0282 0.0276 0.0338 0.0322 0.0446 0.0343 

Sby Energy Used/24 h kWh 0.6768 0.6624 0.8112 0.7728 1.0704 0.8232 

Sby Energy Used/year * kWh 247.70 242.43 296.89 282.84 391.76 301.29 

 

* 2020 was a leap year with 366 days. 

 
Table 2: The total time when non-essential appliances can be switched off. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

A = During one day H:Min 9:30 9:40 9:00 9:30 10:00 9:00 

B = During one night H:Min 7:15 7:45 7:15 7:30 7:00 7:00 

C = During one year * H:Min 5038:00 5262:50 4912:30 5129:30 5072:00 4821:00 

 

* 2020 was a leap year with 366 days. 

 
Table 3: The amount of energy that can be saved in one year using the proposed Home Energy Management System (HEMS). 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

C H:Min 5038:00 5262:50 4912:30 5129:30 5072:00 4821:00 

D kWh 0.0282 0.0276 0.0338 0.0322 0.0446 0.0343 

E kWh 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 

F = C × (D − E) kWh 142.07 145.25 166.04 165.17 226.21 165.36 

G = F × 0.2159 Euro 27.83 28.51 33 32.81 45.99 32.85 

 

C = The total time when non-essential appliances (in standby) can be switched off. D = Energy consumption per hour by appliances in standby modes. E = 

The system’s own energy consumption per hour. F = Energy that can be saved/year using HEMS. G = Financial savings/year using HEMS. 

 
Table 4: The average standby energy consumption per year without using HEMS. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

Individual/year * kWh 247.70 242.43 296.89 282.84 391.76 301.29 

Average/year * kWh 293.81 

 

* 2020 was a leap year with 366 days. 
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Affecting the system’s overall results in lowering a home’s 

electricity usage is the system’s own energy consumption, with 

our design requiring approximately 1.5 Wh (transformed to kWh 

in row E of Table 3). This value is not fixed and can fluctuate 

depending on the way the system is configured. For example, if 

the GSM module is always in use or if the buzzer is often 

activated, this will increase the system’s energy requirements. 

For each house, Table 3 also contains the standby energy 

consumption per hour (row D) and the number of hours when the 

appliances can be disconnected by the HEMS (row C). Using 

these values and equation no.7, it is possible to calculate the 

amount of energy saved by the system’s energy-saving actions in 

one year (row F). 

 

     .F C D E                (7) 

 

G    0.2159. F                                                                                (8) 

 

To calculate the financial savings generated in each house by 

using our proposed HEMS, we used equation no. 8 and the 

mean electricity price in European countries as reported for the 

first half of 2019 by Eurostat (0.2159 euro per kWh). The 

results are listed on the last row G of Table 3. 
 

System Evaluation Results  
Results Analysis  
 

Based on measurements taken in five visited homes, and adding 

calculations done for a generic one, before installing our 

proposed HEMS the average standby energy consumption of 

non-essential appliances in one year is 293.81 kWh per house, as 

seen in Table 4. Comparing our results with those obtained at an 

EU level by the comprehensive review [10], a small 3.66% offset 

is noted. 
 

With a standby consumption of non-essential devices of 301.29 

kWh per year and a smaller 1.21% offset, results obtained for the 

generic home are even closer to those published by the same 

study. 
 

   C A B                                                                                    (9) 
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The results of our study so far are grouped in Table 5. Row A 

presents the total standby energy consumption per household per 

year with no type of energy management implemented. With the 

proposed HEMS installed, on row B we observe lower standby 

energy consumptions. 
 

Using equation no. 9 and the values listed on rows A and B in 

Table 5, the energy savings generated in one year by using the 

proposed HEMS are calculated and presented on row C for each 

house. Row D contains the percentage of energy saved in 

relation only to the standby energy consumed (not in relation to 

the entire home energy consumed, this will be done next), with 

the average value for all homes being 52.77% as seen in Figure 

14a. A similar result was reached by the authors of [5] that found 

a 41– 54% potential decrease in standby energy consumption by 

controlled devices, when using an energy management system. 

Figure 13 illustrates the standby energy savings achievable by 

implementing the proposed HEMS in the analyzed houses. It can 

be seen that the amount of energy saved by the HEMS is more 

than the standby energy still consumed. 
 

Until this point, when presenting the result we focused on the 

standby power reduction of non-essential appliances controlled 

by the HEMS. In order to further integrate our findings in the 

broader context of other articles, next, we take into consideration 

the overall energy consumption of all appliances (essential and 

non-essential) in the studied homes, for a one-year period. This 

is necessary as some authors present their findings as a 

percentage of energy reduction in relation to the total 

consumption, not only to the standby consumption as seen above 

in our discussion and in the results put forward by study [6]. 

Table 6 presents the energy savings achievable by implementing 

our proposed HEMS in reference to the total energy 

consumption in each household in one year. As seen in Figure 

14b, the average amount of energy saved for the analyzed homes 

was 5.8%. 
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Table 5: Comparison between the energy consumption in the same house, with and without HEMS installed. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

A kWh 247.70 242.43 296.89 282.84 391.76 301.29 

B kWh 118.8 110.35 144.02 130.84 178.72 149.1 

C = A − B kWh 128.9 132.08 152.87 152 213.04 152.19 

D = (100 × C)/A % 52.03 54.48 51.49 53.74 54.38 50.51 

 

A = The standby energy consumption per year with No HEMS installed. B = The standby energy consumption per year With HEMS installed. C = Total energy saved per year 

by using the proposed HEMS. D = Percentage of the initial energy consumption saved. 

 

Table 6: The total energy reduction achievable in one year in relation to the total energy consumption of that respective home. 

 
 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

A kWh 2251.81 2203.9 2699 2571.27 3561.45 2739 

B kWh 128.9 132.08 152.87 152 213.04 152.19 

C = (100 × B)/A % 5.72 5.99 5.66 5.91 5.98 5.55 

 

A = Total energy consumption in one year for each analyzed home. B = Energy saved in one year by the proposed HEMS. C = Percentage of the initial energy consumption 

saved by the proposed HEMS. 

 

 

              
 

         (a)                                                                                                                                 (b) 

 
Figure 13: Comparison between the power consumption in the analyzed houses. 
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Several studies [8–11] concluded that standby energy represents 

between 5–30% of the total amount of energy used in typical 

households. In this context, the energy reduction achievable by 

using our proposed HEMS (5.8%) is closer to the lower end. 

However, it must be noted that when presenting our results, only 

the energy saved by disconnecting the supply to non-essential 

appliances was considered. Not included in this evaluation is the 

system’s function to monitor and control the indoor lights. The 

reason these energy-saving function was not included in the 

prototype evaluation is that human negligence (ex: lights 

forgotten on) and human behavior (ex: user not in a room but 

deliberately wanting to leave the TV on) are very hard to predict 

both in terms of frequency and duration of occurrence. As such, 

over the course of one year, in real-life usage, the efficiency of 

the proposed HEMS will be higher than the minimal value that 

was presented however, it would be subject to countless random 

factors. 

 

 
 
Figure 14: Graphical representation of the obtained results: (a) The percentage 

of energy saved in relation only to the standby energy consumption in 

households; (b) the percentage of energy saved in relation to the total energy 

consumption in households. 

 

Cost Analysis  
 

A list of components, their function and purchase price is 

contained in Table 7. 

 

The prices are expressed in EUR, as they were in April 2020 and 

do not include shipping or labor. The total cost of components is 

37.3 EUR, making it very affordable to a large segment of EU 

population. Comparing the initial purchase cost of the system 

with the yearly energy savings generated by its use (on average 
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33.5 EUR), it is observed that the savings outweigh the initial 

cost shortly after the first year of use (not including delivery and 

labor). This time-frame is however subject to slight variations 

being affected by the electricity market prices. As the electricity 

price increases, the savings generated by the HEMS become 

more valuable, outweighing the initial costs sooner, making it an 

even better investment both for one’s budget and for the 

environment. 

 
Table 7: The total cost of the system’s components. 

 

Module Quantity Function Unit Price Total Price 

PICHC-SR501 3 Motion detection 

module 

1.24 € 3.72 € 

LM393 3 Light detection 

module 

0.74 € 2.22 € 

Power Relay 4 Switch power 

circuits on/off 

1.66 € 6.64 € 

Active Buzzer 1 Acoustic alert 

device 

0.83 € 0.83 € 

Push Button  

+ 10 k ohm res. 

1 Signals the HEMS 

to switch between 

operating modes 

0.41 € 0.41 € 

GSM module 1 Facilitates the 

long-distance 

control 

13.99 € 13.99 € 

Data logger 

shield 

1 Saves data on the 

SD card 

4.50 € 4.50 € 

Arduino Uno 1 Microcontroller 

board 

4.99 € 4.99 € 

TOTAL 15 n/a n/a 37.3 € 

 

Conclusions  
 

The reduction of home energy consumption by limiting or 

avoiding the standby power of appliances is a topic that received 

increasing attention in recent years. This article presents the 

result of such a study that aimed to achieve the above while 

taking a different approach from most other studies. While 

popular trends are to use all wireless communication methods, 

we used wired ones (serial, UART) to address the health-related 

concerns of people believing that there are already too many 

sources of electromagnetic radiation in the home environment. 
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Most other home energy management systems are designed to 

reduce energy consumption as much as possible, thus increasing 

the probability of the system’s actions becoming intrusive in the 

user’s lifestyle. We however designed a system that has 

minimal interference with users, ensuring their comfort is 

maintained, at the cost of lower reductions in energy savings, but 

savings are still achieved. 

 

A system prototype was assembled and evaluated. Energy 

consumption measurements were taken in five different 

households and for a sixth generic house, were calculated. Using 

these measurements and the system prototype build, the 

efficiency of this energy management system in reducing the 

overall energy consumption of the home by limiting the standby 

power of controlled non-essential appliances was evaluated. 

Extrapolating the results to a one-year period, the standby energy 

consumption was reduced on average by 52.77% and the overall 

energy consumption reduced by 5.8%. This is achievable by 

controlling the standby energy consumption of non-essential 

household appliances when users are away or at sleep and 

without considering the lights' control. 

 

The HEMS is controlled by an AtMega328P microcontroller 

running a C/C++ control software specifically developed for this 

task and configured using a Visual C# written, Windows App. 

especially designed and developed for this purpose. 

 

Cost related, the system components have a price tag of 37.3 Eur 

and considering the average price of electricity in 2019 in 

Europe and the generated power savings, it was found that in 

just over one year, the HEMS pays itself only from the generated 

savings. It was possible to design such a low-cost system by 

using popular and inexpensive Arduino compatible modules and 

board. 

 

Our current HEMS design could serve as starting point to build 

future upgraded versions that could include more peripherals 

such as a touchscreen display for user interaction or a wider 

array of sensors (temperature, humidity) and implementing 

additional control functions, however such modifications to the 
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current design would increase the system’s own power 

consumption and overall purchase costs, making it less affordable 

when initially purchased. However, more sensors would mean 

more measurements and opportunities to identify new energy-

saving contexts, the cost/profit analysis of such changes would 

be an interesting direction for further study. It should be noted 

that there is no perfect HEMS design to simultaneously meet 

everyone’s needs and expectations. System features desired by 

some are not necessarily desired by others. As an example, our 

system limits the sources of EM radiation in the environment by 

implementing a wired communication method that is both 

reliable and less prone to interference. While some encourage 

this approach, others might argue that it makes the system more 

complex and expensive to install compared to all wireless 

alternatives. Another example is related to the low-cost nature of 

our design, with the Arduino board and compatible modules 

having only two-year warranties. This could be perceived by 

some as short periods, especially if compared to industrial-grade 

systems that have much longer warranties, but also much higher 

costs. 

 

Considering the above, it can be safely stated that the perfect 

HEMS design is the one that best meets one’s budget, needs and 

expectations, with this paper proposing one of the most 

affordable HEMS design, capable of reducing a home’s energy 

consumption while not interfering with the user’s lifestyle and 

also limiting the new sources of EM radiation in the 

environment. 
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Abstract  
 

The paper deals with the main prospects and challenges of 

radical transformations of electric power systems (EPSs) with 

changes in their structure and properties conditioned by wide 

use of innovative energy-related technologies and 

digitalization and intellectualization of system operation and 

control. Structural trends of EPS development are the focus of 

the analysis. Consideration is given to changes in EPS 

properties driven by the use of new technologies, to the 

problems of system flexibility and to its enhancement. EPS 

―resiliency‖ and ―survivability‖ notions are subjected to 

comparison. The main factors favoring the formation of 

future EPSs to cyber- physical systems are discussed. 

Objective trends of EPS control and protection system 

development are under consideration. 

 

Keywords  
 

Electric Power Systems; Innovative Technologies; 

Transformation; Trends; Structure; Properties; Flexibility; 

Survivability (Resiliency); Control And Protection Systems 

 

Introduction  
 

In the course of their development, electric power systems 

(EPSs) have continuously changed their structure and properties 

under the influence of objective factors. These include, for 

example, the broader use of innovative technologies for power 

generation, transmission, storage, distribution and consumption. 

This is followed by the rapid development of renewable 

energy sources and distributed generation, the new role of 

consumers in the power supply process that is driven by a new 

paradigm of client-oriented power supply, the role of EPSs as a 

critical infrastructure and some others [1–3]. 

 

The structure of future EPSs may be represented in an 

aggregate form as a three-level super- mini-micro-system 

(Figure 1 in [4]). Super systems include large power plants 

(thermal, hydraulic and nuclear), large parks of wind and 
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solar power plants, energy storages of large capacity and 

transmission networks of high and super-high voltages, 

including delivery points transmitting power to the next 

level, to the level of mini-systems. Mini-systems include 

power mini-sources connected to a distribution network 

(thermal power mini-plants, mini-plants on the basis of gas 

turbine, gas piston, steam turbine and other technologies, 

mini-parks of wind and solar power plants), system power 

mini-storages, as well as distribution grids themselves, 

including distribution substations. In a mini-system, the unit 

capacity of mini-sources and power storage is unambiguously 

determined not to exceed 25 MW [5,6]. Micro-systems include 

micro-turbine power plants, isolated wind mills and photo 

panels, power micro-storages and internal electric networks of 

households or of their clusters and public and production 

facilities with a voltage of 6/0,4 or 20/0,4 kV. The unit 

capacity of micro-sources and micro-storages even when taking 

into account multiple estimates can be assumed not to exceed 

25 kW [7,8]. 

 

 
 

Figure 1: Three-level structure of future electric power systems [4]. 

 

The motivation of this paper is based on the rapid transformation 

of EPSs in the last 2–3 decades due to using innovative 

technologies. Taking into account this dynamic process, we can 

very quickly find ineffective and unreliable EPS operation. 

From the other side, because of the infrastructural role of EPSs, 

digitalization of industrial technologies for consumers and mode 

in life, and moving to the electrical internet, the requirements 
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of consumers for the reliability of power supply and quality of 

electricity are very high. 

 

This paper deals with qualitative estimations for the 

appearance for future EPSs. These estimations do not connect 

with any concrete period of concrete EPSs in any concrete 

country. Some new innovative technologies can be ready 

before the others or after. Taking into account these aspects, 

the author does not touch upon the economical side of the 

discussed problem. 

 

In view of the above, the paper gives detailed consideration to 

the trends in the EPS structure transformation and changes in 

the main features of the architecture of future systems (Section 

2). EPS properties depend on not only the structure of these 

systems, but also technologies of production, transportation, 

distribution, storage and consumption of electricity. Therefore, 

the transformation of the future EPS properties under the 

influence of innovative technologies and new problems of EPS 

flexibility are discussed (Section 3). Possible measures for 

flexibility enhancement of the future EPSs are presented 

(Section 4). A tendency in growing the number and 

consequences of EPS blackouts worldwide leads to the 

necessity to consider the EPS resiliency problem, which 

corresponds to the term ―survivability‖ (Section 5). Possible 

measures for enhancing the resiliency/survivability are 

suggested (Section 6). Considering the EPS 

resiliency/survivability problem, it is important to analyze 

cascading emergencies and EPS restoration (Section 7). 

Taking into account rapid development of information–

communication sub-systems of EPSs due to information 

technologies and digitalization of these systems, it is necessary 

to discuss cyber-physical EPSs (Section 8). Last, but not least, 

the development trends of EPS management and control 

systems are discussed in this paper (Section 9). 

 

Structural Trends in the EPS Development  
 

Let us first consider the main trends in the EPS architecture 

transformations at the level of a super system. A number of 
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objective factors, both conventional and new ones, define those 

tendencies. A key conventional factor is the implementation 

of technical system effects occurring during joint operation of 

different EPSs [9,10]. Technical effects are assumed to 

include capacity, structure, frequency and operational and 

environmental effects. According to the estimates given in [9], 

the use of those effects in the unified power system (UPS) of 

the former USSR at the end of the 1980s allowed for the 

reduction of the required installed capacity of power plants by 

10–12 GW. A similar effect for the West European Energy 

Interconnection (UCPTE) in 1989, according to the estimates 

of the European Economic Commission, was as high as 34 GW 

[11]. 

 

It should be noted that proposed estimates of using the system 

technical effects owing to joint operation of EPSs are, in a 

sense, the maximum possible ones. The degree of their 

implementation depends on the structure and mechanisms 

governing the electric power markets [10,12]. System effects 

are hereby considered as system services. The Association of 

System Operators of the largest EPS in the world, G015 [13], 

draws attention to a new understanding of the considered 

system services with reference to Electric Power Research 

Institute (EPRI, USA) studies that single out five categories of 

services provided by electric power systems at the level of super 

systems, namely: 

 

 Warranted access to electric power of EPSs as an 

infrastructure system at any time, in any amount, at 

required reliability and quality; 

 Availability of starting currents to start up large electric 

engines and power plants that lost power for ancillary 

services in the course of an emergency; 

 Provision of high-quality voltage and frequency; 

 Higher efficiency of EPS operation; 

 Ability to select counteragents and to minimize local 

monopolism of separate segments of the electric power 

market. 
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The creation of mega centers of power generation on the basis 

of renewable energy sources, for example, large-scale 

hydropower plants - HPP (―Three Gorges‖ HPP on the Cháng 

Jiāng River in China, a large HPP on the Congo River in 

Central Africa and others) and mega parks of windmills in the 

North Sea and on the Arctic coast of Russia, solar power plants 

in the Sahara and Gobi Deserts, and others, is a relatively new 

factor [14,15]. Figure 2 gives an example of a mega project of 

West European Electric Power Interconnection development on 

the basis of wind turbines in the North Sea and solar power 

plants in the Sahara Desert [16]. 

 

 
 

Figure 2: Mega-project of West European Electric Power Interconnection [16]. 

 

Electric power generated by these mega centers shall be 

transmitted long distances, which is a driving force for creating 

the super-high voltage Global Energy Interconnection [17] 

(Figure 3). We should like to note that [18] demonstrates, in a 

sense, fantastic potential of renewable power generation by 

2050 for 143 countries. Furthermore, according to estimates 

given by the authors of [18], refusal of conventional energy 

sources would allow for the reduction of energy consumption by 

more than 55%. 
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The above factors and tendencies are expected to have high 

probability of implementation, particularly owing to the active 

development and reduction of production costs of technologies 

for long-distance transfer of ultra-high voltages, direct and 

alternating currents [19]. 

 

 
 

 
Figure 3: Possible scenario of Global Energy Interconnection development 

[17]. 

 

The scenario of the intensive development of distributed 

generation in the marginal case up to the gradual abandonment 

of large power plants and main super-high-voltage electric 

networks is sometimes considered to be, in a sense, the 

opposite one. The implementation of such a marginal scenario 

in the foreseeable future is deemed to be improbable despite 

obvious and well-known objective benefits of developing 

distributed generation (more stringent environmental 

requirements stipulate more rapid development of renewable 

energy; rapid adaptation to power demand uncertainty owing to 

the commissioning of generating units; unloading of the main 

electric network of a super system; general reduction of 

capacity and power losses and some others). A scenario of 

collaborative development of relatively large power plants at 

the level of super systems (centralized power supply) and 
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distributed generation units at the level of mini-systems 

(decentralized power supply) is thought to be realistic and have 

a high probability of implementation. 

 

According to the estimates given in [20], the ratio between 

centralized and decentralized power supplies shall follow the 

―golden section‖ rule: 0.62/0.38 for the systems with high-

density loads and, vice versa, 0.38/0.62 for areas with 

distributed consumers. As far as the stage of rapid industrial 

development is substituted by the development of systems 

with poorly concentrated loads, the decentralized power 

supply acquires stimuli for dynamic development. Despite the 

fact that power production by large power plants is far more 

efficient, the principle of convenience for consumers dominates 

over the economic principles. Furthermore, power supply for 

large consumers (whose power supply cannot be ensured by 

renewable sources) needs to be of high quality (in terms of 

voltage and frequency), and this will be the main reason for 

keeping large centralizer power sources in the EPS. 

 

An ever-growing density and complex closing of the main and 

distributed electric networks due to the growth of loads that 

require commissioning of additional lines on the background 

of total reduction of their length becomes a general structural 

tendency of super and mini-systems. As a result, energy 

continues to develop in densely populated areas (e.g., in 

Western Europe), whereas in the regions with territorially 

extended EPSs, the energy hubs are connected by the 

available long- distance lines and cutsets (e.g., in Russia, 

Brazil, etc.), which is typical of power supply systems of 

megacities and results in the occurrence of new properties in the 

energy interconnection as a whole. 

 

Power supply systems of megacities with short lines and 

developed structure are characterized by a lack of ―angular‖ 

stability problems, whereas the probability of the occurrence of 

―voltage‖ instability is rather high. This is confirmed by an 

analysis of the 2005 Moscow blackout [21], by large-scale 

emergencies in the West European Interconnection [22] and by 

some other examples. 



Advances in Energy Research: 2
nd

 Edition 

9                                                                                www.videleaf.com 

The territorial expansion of interconnections raises the 

following question: are there technical limits for such 

expansion? [23,24]. Studies have shown that there are neither 

physical nor technical constraints for EPS expansion. The 

maximum distance of power transmission within the 

interconnection is determined by a comparison of technical and 

economic factors. These include the relative location of 

generating sources and power consumption centers, cost of 

power transmission, transmission capacity limits, amount of 

active power losses during transmission and some others. As a 

result, local zones of free power flows may be formed in an 

extended interconnection; unlimited power exchange within 

such zones is technically feasible and economically beneficial, 

but between those local zones are limitations on load flows. 

 

Thus, the structure of large interconnections in the general 

case becomes more and more heterogeneous, cases of voltage 

instability in the concentrated parts of the interconnection 

become more and more probable, and problems of angle 

stability are maintained in long-distance sections with 

extended electric ties. As a result, the nature of EPS behavior 

in emergencies become more sophisticated, which requires the 

adjustment and development of mathematical models of 

transient processes in the system, and updating of the methods 

for studying the behavior of such EPSs under disturbances. 

 

A more complicated structure of developing EPSs on the 

background of general growth of installed capacity and scales 

of energy interconnections aggravate consequences of system 

cascading emergencies, which is confirmed by the USA 

statistics for 1991–2005 (Figure 4) [25]. Unfortunately, the 

author did not find more recent data, such as in EPSs [25], but 

he believes in this objective trend for complicated EPSs with a 

large value of generating installed capacity and heterogeneous 

electrical network structure under the influence of innovative 

technologies. 
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Figure 4: Tendency for electric power system (EPS) blackout problems [25]. (1) 

The number of outages affecting more than 50,000 consumers; (2) The number 

of outages greater than 100 MW. 

 

Micro systems are traditionally designed to run with an 

alternating current. Many electrical power devices of 

consumers currently operate on a direct current, and for 

connection to EPSs, reversible converters are used. For this 

reason, micro-systems are mainly developed on the direct 

current or as hybrid AC/DC micro-systems [6–8]. 

 

Micro-systems may operate together with EPSs on the level of a 

mini-system or independently. Isolated micro-systems are 

characteristic of the power supply systems of islands (e.g., 

Greece [7], South Korea [10]). The project in Mongolia 

called ―1,000,000 solar photo-panels‖ [26] is a unique project 

of DC micro-systems for the power supply of isolated 

consumers. A standard mix of electric devices of a present-day 

yurt of an isolated power consumer under that project includes 

the following appliances (maximum): lighting, an electric 

stove, a refrigerator, an electric heater and a digital TV. 

 

For balancing the irregularities of power supply from photo 

panels, the micro-systems use electric storage devices. 

 

The author of [7] gives data (for the moment of publication) on 

some implemented pilot projects of power supply micro-systems 

in some countries of the world: 
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 In Europe: 

 

- Kitnos (Greece) with decentralized intelligent load control; 

- Mannheim (Germany)—transition from joint operation 

with EPS to islanded operation; 

- Bronsberger (Netherlands)—islanded operation of a 

micro-system and of an intelligent electric storage 

facility. 

 In Japan: 

- demonstration projects of micro-systems, including a 

demonstration project in New Mexico. 

 In China: 

- micro-systems on islands, in industrial, commercial and 

residential areas and in remote areas. 

 In the USA: 

- a roadmap of studies and demonstration projects of power 

supply micro-systems. 

 

Certain activity on developing the power supply micro-systems 

is also observed in Russia [27]. Thus, structural changes of 

future EPSs at all three levels—in super, mini- and micro-

systems— cause changes in their properties and originate new 

challenges that require solutions. 

 

Transformation of the Future EPS Properties 

under the Influence of Innovative 

Technologies. EPS Flexibility  
 

Alongside basic structural changes in the future EPSs, radical 

transformations can be expected in their properties. Some 

new objective factors emerged lately that stimulated studies 

on EPS flexibility and on justifying the means for its 

enhancement. 

 

EPS flexibility is a relatively new notion characterizing EPSs’ 

ability to maintain normal or close to normal operating 

conditions under the effect of internal (sudden changes and 

fluctuations of the load, power flows in the lines and in 

generation) and external (sudden disturbances of different 
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origin) random (uncertain) factors [28]. It should be noted that 

EPS flexibility in its essence is close to security of the systems. 

EPS flexibility, along with other aspects of its definition, 

reflects ―internal activity‖ of the system which is evidenced by 

its ability to self-adapt to influencing factors and by 

undertaking a number of ―active‖ measures to raise the EPS 

flexibility. In this respect, the security is a kind of ―external‖, 

―passive‖ assessment of the system’s ability in the considered 

sense [29]. 

 

The self-healing of a present-day EPS and its ability to dampen 

internal and external disturbing factors are dependent on the 

actions of regulating effects of load in terms of voltage and 

frequency and frequency characteristics of speed controllers of 

synchronous generators, as well as by inertia of rotating masses 

of rotors of synchronous and asynchronous machines, and by 

the actions of control by emergency control systems, and by 

automatic protection devices. Owing to the EPS self-healing 

property, it adapts to sudden changes in conditions and to 

disturbances within the admissible (standardized) ranges of 

their values, and when parameters of conditions and 

disturbances go beyond the permissible limits, the emergency 

control system is activated that prevents the cascade 

propagation of the emergency by its localization and liquidation 

[1]. 

 

Present-day EPSs, subject to the use of conventional energy 

and electric power technologies, means and control systems, 

are characterized by rather high flexibility owing to the 

mentioned self- healing and self-stabilization relative to internal 

and external destructive factors. 

 

Electric power systems of the 21st century undergo radical 

changes in their properties not only due to the transformation of 

their internal structure, but also due to use of innovative 

technologies in electric power generation, transmission, storage, 

distribution and consumption. Those changes considerably 

lower the ability of future EPSs of self-adaptation and self-

stabilization and lower their flexibility level. Internal EPS 

factors that cause those consequences are related to large-scale 
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use of power electronics and rectifying invertors for 

connection with EPSs of high-speed gas turbine and gas piston 

generating units, wind generators, photovoltaic units, power 

storage devices, DC lines and links and frequency-controlled 

electric motors. 

 

Growth in the scope of EPS use at the levels of super systems 

and mini-systems of the above named technologies and units 

considerably lowers the above listed frequency and voltage 

control effects of consumers, frequency-controlled 

characteristics of generators and inertia abilities of the system 

that, as a consequence, lower its flexibility [1,28]. 

 

On the other hand, growth in the share of randomly fluctuating 

generation of renewable energy sources (windmills, solar photo 

panels, small-scale hydropower plants) raises the negative 

impact of those fluctuations in the generating capacity on self-

adaptation and self-stabilization of the system, i.e., on the EPS 

flexibility. Therefore, a new problem of damping the power 

imbalances occurring as a result of such random fluctuations 

arises. The solution for this kind of problem is the use of power 

storage on the basis of rapidly developing innovation 

technologies. Control systems using power electronics Flexible 

Alternating Current Transmission System (FACTS), which were 

in detail studied in [30], power storages, DC lines and links 

have a high efficiency of control and stabilization. Large- scale 

use of such devices in the future EPSs would radically 

enhance the controllability of those systems and, hence, their 

flexibility, stability and survivability [1,28]. 

 

Possible Measures for Flexibility Enhancement 

of the Future EPSs  
 

In order to ensure the EPS flexibility, it is necessary to consider 

capabilities of generation of an electric network and loads; it 

can also be ensured by protection and control systems; it is 

also necessary to estimate the effects of the integrated use of 

different means at different levels. Those capabilities include 

the following [28]: 
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 As was noted above, frequency characteristics of speed 

and frequency control systems of conventional 

synchronous generators play a major role in ensuring the 

EPS flexibility as they enhance the self-adaptation and 

self-stabilization ability of systems for damping the 

negative impact of internal and external factors. The 

flexibility of generating units can additionally be enhanced 

by a higher speed of loading and unloading, by their 

deeper unloading, by maintenance of the required levels 

of rotating and operating reserves of active generating 

capacity, by reliable fuel supply for power plants and by 

power plant restoration from the ―black-start‖ level in the 

case of auxiliary power loss due to faults. 

 The flexibility of transmission and distribution networks 

can be enhanced by the liquidation of weak points in the 

network, by the reduction of transfer capability constraints 

of weak cutsets and by a higher efficiency of using the 

transfer capability of weak links. The application of 

FACTS devices, which are manufactured now by various 

companies [30], whose control systems allow for the 

stabilization of EPS mode variables and maintain the 

required transfer capability margins of links in normal, 

maintenance, emergency and post-emergency conditions, 

is a reliable means to ensure that. Higher flexibility of 

active transmission and distribution electric networks can 

be ensured by automatic reconfiguration of the network 

[31]. 

 Load flexibility is ensured by the abovementioned 

frequency and voltage control effects, by automatic load 

control owing to shifting the controllable electric 

facilities to the zone of a minimum daily load curve [32] 

and by using the distributed generation units available with 

the consumers (prosumers) [33]. 

 Power storages of different capacities and energy intensities 

will play a major role in enhancing the EPS flexibility, 

particularly in the case of random fluctuations in power 

supply by units based on renewable energy sources (RESs) 

at all levels, i.e., in super, mini- and micro-systems [34]. 

 Integrated multi-energy systems allow for additional 

means for enhancing the EPS flexibility when using units 
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generating the required type of energy by the use of 

another type of energy (for example, heat pumps, electric 

boilers, etc.) [35]. Innovative gas supply systems within 

integrated energy systems allow for further enhancement of 

power generation flexibility owing to more efficient gas-

based technologies, especially with the combined 

production of heat and power [33,35]. 

 Efficient protection and control systems play a key role in 

ensuring the EPS flexibility [36]. The efficiency of those 

systems when using the intelligent technologies can be 

notably enhanced by raising the accuracy of EPS state 

variable forecasts, by the reduction of time for preparation 

of control actions, and by raising the frequency of their 

implementation [28]. 

 In this connection, a detailed review given in [37] is worth 

mentioning that gives 393 names of quoted papers. The 

authors analyze practically all the above listed measures for 

enhancing the EPS flexibility. 

 The use of market mechanisms is an efficient means for 

stimulating the EPS flexibility enhancement [38]. 

 

Consequently, there are numerous capabilities to enhance the 

flexibility of future EPSs and selection of the most expedient 

means is not a simple task to be solved for standard conditions 

of transformed EPS operation and development. However, 

extreme conditions occurring under the effect of internal and 

external factors remain topical and need detailed consideration. 

 

Resiliency and Survivability of EPSs  
 

The tendency of the consequences of cascade systems 

emergency in EPSs (Figure 4) to be aggravated was 

determined by conventional factors related to larger scales, 

structural complexity and territorial extension of the 

considered systems. The abovementioned basic changes in the 

structural characteristics and internal properties of future 

EPSs would exacerbate this negative tendency. The described 

circumstances have lately initiated discussions and studies on 

the problems related to a new EPS ―resiliency‖ (elasticity) 

notion. The most succinct interpretation of ―resilience‖ is given 
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in [39], where it is defined as a property of any system to 

withstand any changes or interrupted events by reducing their 

initial negative impact and by mitigation of consequences for 

the system (damping ability), self-adaptation of a system to 

those changes and events to mitigate consequences (self-

healing ability) and system restoration by appropriate 

controlling actions during the minimum time possible 

(restoration ability). The main details of this definition are 

shown in Figure 5. 

 

In [25,40–42], the resiliency problem is studied as applied to 

EPSs; to be more particular, in [25,42], it is studied 

considering the cascade system emergencies, and in [40,41] for 

the cases of natural disasters. 

 

A Russian term corresponding to ―resiliency‖ as applied to EPSs 

is ―survivability‖ that is defined as the ability of the system to 

withstand emergencies preventing their cascade propagation 

which are followed by a large-scale interruption of power supply 

to consumers, and the ability of the system to restore its initial 

state or the state close to it [43]. Let us make some comments 

on what is illustrated in Figure 6 to explain the term 

―survivability of EPS‖: line 1 shows the level of a normal 

operation state before the emergency; line 2 presents the so-

called marginal (limiting) state, which is lower then the 

triggering event and the EPS meets a catastrophic 

uncontrollable cascading process, which notes by number 4; line 

3 shows the cascading process before the marginal state and 

triggering event, when the emergency control system and 

operating personnel try to prevent (interrupt) the cascading 

disturbance and to restore the normal state of the EPS (lines 6); 

line 5 presents an extreme disturbance like a storm, earthquake 

and so on; line 7 shows the recovery (restoration) stage. 

 

The abovementioned definition shows that survivability 

includes damping and adaptation abilities of the system that 

were considered in [39] as applied to resiliency, and its ability 

to recover. A comparison of key components of the two terms 

additionally proves their identity (Figures 5 and 6): the 

elasticity margin and marginal state; the move to collapse and 
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catastrophic cascade process; adaptive behavior and recovery; 

robust behavior and opposition to cascade propagation of 

the emergency (the first component of the comparison belongs 

to resiliency, the second one to survivability). 

 

 
 

Figure 5: Main regularities of the system’s stable and unstable behavior in 

terms of resiliency [39]. 

 

 
 
Figure 6: Illustration of EPS behavior in terms of survivability [43,44]. 

 

The relations between EPS resiliency and flexibility are of 

interest. An analysis of definitions of those properties shows 

that a higher flexibility of the system causes growth in damping 

and adaptation ability of the EPS that are characteristic of 

resiliency. 
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Possible Measures for Enhancing the 

Resiliency/Survivability of EPSs 
 

These measures include [28]: 

 

 Elaboration of reliability standards for submission of the 

reliability requirements when planning the EPS 

development and condition control; it is necessary to 

note the necessity of elaborating special reliability 

standards for the cases of natural disasters with the 

identification of specific requirements for the power 

supply reliability of major consumers in those 

conditions; 

 Creation of a large-scale efficient protection system 

and emergency control system that is primarily 

important for preventing the cascade propagation of an 

emergency; 

 Development of efficient procedures for EPS recovery 

after large disturbances. It is obvious that those 

procedures shall be different for the cases of system 

recovery after a cascade emergency and after natural 

disasters; 

 Organization of regular training for dispatchers. The 

contents of that training shall be different for the cases of 

a cascade emergency and for natural disasters; 

 Generalization of the nature and mechanisms of 

occurrence and development of large emergencies. 

Each system cascade emergency is unique but their 

analysis and generalization allow for the identification of 

the key factors whose elimination would reduce the 

probability of such emergencies and mitigate their 

probable consequences. Considering the basic 

importance of such generalizations, let us consider this 

aspect of the problem in greater detail. 
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Analysis of Cascading Emergency Mechanisms 

and EPS Restoration  
 

Many different disturbances occur in complex extended EPSs 

every year for different reasons: short circuits of electric 

equipment, failure of system elements, errors of operating 

and servicing personnel, etc. The major share of those 

disturbances is eliminated by relay protection and emergency 

control devices (ECDs). If efficiency and reliability of relay 

protection and ECDs are not sufficient, a cascade propagation 

of the emergency occurs that is interrupted by the next stage of 

the ECD or/and by the control actions of personnel. Such 

circumstances in an integrated interconnection (e.g., Unified 

Energy System (UES) of Russia or Electric Power 

Interconnection of the Northeast USA and east of Canada) may 

take place up to several times during a year. Such cascade 

emergencies, as a rule, do not cause sensible consequences for 

consumers and the system, and remain unnoticed by the public. 

If an emergency control system and operating personnel cannot 

interrupt the cascade emergency, it becomes irreversible and 

blackouts occur that often have catastrophic consequences for a 

system and consumers; examples of such system emergencies 

are the 2003 blackouts in North America and Europe, the 

Moscow emergency in 2005 and some others [21,22]. 

 

It should be noted that there are two basically different 

ideologies for opposing the cascade propagation of system 

emergencies, namely, whether a dispatcher plays a leading role in 

this process, or an automatic control system. Russian experience 

shows that automatic interruption of cascade emergencies is 

more preferable due to their fast occurrence. The probability of 

erroneous actions of an operator in high-stress circumstances is 

rather high, which exacerbates the situation [44,45]. 

 

Although the role of emergency control systems in preventing the 

occurrence and propagation of heavy system cascade 

emergencies is the major one, and analysis and generalization 

of mechanisms effecting the basic peculiarities of the states, 

events and processes during such emergencies become of major 

importance. The most typical approaches to such generalizations 
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are considered in [42,45–50]. Key provisions of those 

generalizations can be stated as follows. 

1. Several of the most characteristic events and stages of 

occurrence, and cascade propagation of the system 

emergency, are to be singled out: initial disturbance 

(initiating event); cascade process of the emergency 

propagation with implementation of control actions to 

prevent the steady-state progression; marginal state (―point 

of no return‖); a triggering event; catastrophic 

uncontrollable avalanche-like high-speed cascade; EPS 

restoration (Figure 7) [44]. 

2. The authors of [47], on the basis of statistics of large 

emergencies in North America in 1984–2006, analyze a 

number of hypotheses and discard the hypotheses on 

frequency reduction of such emergencies with time; on 

independence of the frequency of emergencies from the 

season of the year; on independence of the frequency of 

emergencies from the time of the day; on the 

correlation between the scale of the emergency 

consequences and time for the system restoration. 

3. The authors of [42,44,48–50] stress the decisive role of 

emergency control systems in preventing the occurrence of 

emergencies, in opposing the propagation of heavy 

emergencies and in rapid restoration of the system. An 

emergency control system is to perform three groups of 

functions: prevention of a cascade emergency in the pre-

emergency conditions; adaptive opposition to emergency 

propagation; adjusting the control in the post-emergency 

conditions; 

4. The authors of [42,46] note certain correlations between 

factors of EPS liberalization in terms of actualization of 

congestion problems due to the growth of power exchange 

volumes at the spot market and growth in the large system 

emergency probability. 

5. The role of the EPS restoration process step by step from 

the final state with the active participation of a dispatcher 

and by an automatic emergency control means [42–44,48–

52]. The restoration process shall not be interrupted by 

irrational control actions that aggravate the emergency 

situation. 
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Figure 7: Typical stages of a cascading system emergency [44]. 
 

The described elements of the analysis and generalization of the 

mechanisms of occurrence and propagation of cascade 

emergencies and EPS restoration comply with the 

survivability/resiliency notions. 

 

Cyber-Physical EPSs  
 

A present-day electric power system is a complex facility 

consisting of two closely related subsystems: physical 

(technological) and information-communication (ICS). The 

sophistication and role of present-day and future technological 

and information-communication subsystems in ensuring the 

normal EPS operation are comparable [53]. 

 

In the conditions of energy industry digitalization that 

implies both faster interpretation of digital information and 

higher efficiency of technological processes in EPSs that use 

the innovative power equipment of new generation operated 

as per the standards of the International Energy Commission 

(IEC), and considering the development of new software for 

controlling newly created digital substations, local electric 

grids, etc., an EPS shall be perceived as a complex cyber-

physical system whose ICS may not operate properly due to 

internal defects (errors in the algorithms, etc.), and may be 

subjected to external effects, namely, cyberattacks [54,55]. The 

possibility of internal and especially of external factors 
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(cyberattacks) causing an improper operation of ICS raises 

EPS cyber security concerns [56]. 

 

The analysis of events occurring during the propagation of 

cascade emergencies in different countries [25,42,44,47] 

shows the possibility of a mutual impact of failures and 

disturbances in the physical and information-communication 

subsystems of EPSs. The uncertainty of information on the 

current EPS conditions or on its loss due to internal defects 

of digital devices or on external cyberattacks against ICS may 

be the cause of erroneous control actions and the development of 

a fault process in a physical subsystem. The failure or fault of 

an element in the physical subsystem may lead to emergency 

conditions in this subsystem and to a failure of ICS components. 

Considering these relations, physical and information-

communication factors shall be integrated at the level of 

justifying the development of cyber-physical EPSs [56,57] and 

for the solution of different problems of operating condition 

control [55,58]. 
 

Thus, the scope of factors necessitating the transformation of 

EPS structure and properties and generating a list of urgent 

problems to be studied for ensuring the flexibility and 

resilience of those systems becomes much larger for the 

present-day systems or even worse in future. 
 

Development Trends of EPS Management and 

Control Systems  
 

The abovementioned evidence shows the key role of control in 

ensuring the normal operation of complex cyber-physical EPSs 

of the future. Along with the transformation of EPSs, the 

control systems, principles of their design, methods and means 

of their implementation will be transformed as well. The 

complication of EPS structure and processes due to new 

properties of the systems is one of the main trends of EPS 

development. Those complicating factors shall be considered in 

developing the principles and methods of control. According 

to W.R. Ashby [59], sophisticated principles embedded in a 

control system shall be adequate to develop the sophistication of 

a controlled facility and processes occurring in it. 
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When considering the structure of future control systems for 

EPS conditions, the majority of investigators agree that those 

systems shall have a hierarchical structure [42,48,60–62]. For the 

general case, they consider three stages of control [42,61]: 

preventive control in pre-emergency conditions; adaptive 

control during emergency, and corrective control in post-

emergency conditions. As applied to the problem of opposing 

the cascade propagation of emergencies in EPSs, they discuss 

coordinated hierarchical control [42,60]. They also stress the 

role of artificial intelligence in enhancing the efficiency of 

control [62]. 

 

When identifying the perspective trends in the development of 

principles of control and in EPS control systems, they use: 

 

 wide area monitoring, protection and control systems 

(WAMS, WAPS and WACS); 

 ideology implemented on the basis of phasor measurements 

of EPS state variables; 

 present-day data transfer; 

 processing and visualization means for monitoring current 

operating conditions; 

 adaptive  methods  for  generating the  control  actions.  

Adaptation  in  this  case  is  based  on prediction, which 

requires the use of applicable methods for forecasting the 

EPS state variables. 

 

An example of perspective approaches may be an intelligent 

system proposed in [63]. The system is based on multi-agent 

technologies and algorithms of computer-aided learning for early 

prevention of critical voltage instabilities. Large-scale use of 

grid-related control means (energy storage systems, FACTS 

devices, etc.) and potentials of active consumers is also typical of 

such approaches. 

 

In the roadmap that was discussed, special consideration shall 

be given to the operating and designed emergency control 

system for EPSs of Russia that, along with other components, 

includes a key subsystem of adaptive automatic emergency 

control [36,44,64]. This subsystem has a hierarchical structure. 
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Its lower level is represented by numerous automatic devices 

based on micro- computers and on implementing specific 

control actions to localize and liquidate an emergency, and to 

prevent its propagation. Control actions of the upper level that 

are performed by devices of the lower level are adjusted in a 

cyclic way with regard to the current EPS conditions, thus 

ensuring adaptive control. Furthermore, an echeloned principle 

of automatic device operation is implemented: if a subsystem of 

automatic prevention of stability loss failed to ensure EPS 

stability at the first stage, the next group of automatic devices 

starts operating to oppose the dramatic emergency cascade. 

Therefore, a system of automatic emergency control operating 

in EPSs of Russia even now has many functions and 

peculiarities of a future control system. 

 

The basic concepts of control system transformation described 

above belong predominantly to the level of super systems and can 

be considered as basic ones for designing the control systems for 

mini- systems. The ideology of control systems for micro-systems 

has been rapidly developed in recent years. The designed control 

systems are implemented on the basis of multi-agents using 

algorithms of consensus control that imply the use of appropriate 

agents’ consensus protocols during control [65,66]. 

 

Concluding Remarks 
 

EPS development on the basis of innovative technologies and 

means in a physical and information-communication subsystem 

in the conditions of digitalization and intellectualization of EPS 

operation and control of their modes will necessitate radical 

transformation of their structure and properties. Future electric 

power systems in the long run will become sophisticated 

intelligent cyber-physical EPSs that could radically differ from 

present-day systems. This transformation will require a 

comprehensive review of available principles and methods for 

modeling such systems, for studying their new properties and 

for justifying their development and control of their operation. 

Technologies like artificial intelligence shall become the basis 

of new models and methods, along with traditional ones. New 

future control systems shall become a key factor in ensuring 
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normal operation of transformed EPSs. The ideology of their 

construction and operation shall go before the needs of 

transformed cyber-physical EPSs. 
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Abstract  
 

The strengthening of ecological conflicts due to the increase of 

the destructive impact from the industrial companies on the 

environment provokes the developing and implementation of the 

eco-innovation technologies. Besides, such technologies should 

allow obtaining not only the ecological benefits (the decrease of 

the negative impact on the environment) but also the economic 

and social advantages which correspond to sustainable 

development principles. The paper aims to justify the social, 

ecological and economic effects from implementing a new 

electricity production technology from post-process gas heat at 

the companies. The data for empirical justification was obtained 

from the experiment of applying the electricity production 

technology from post-process gas heat at Polish industrial 

companies. At the first stage, the author used the bibliometric 

analysis for highlighting the scientific background of economic 

evaluation of the innovations activity on energy technologies of 

industrial companies and its impact on the environment and 

public health. Secondly, the author estimated the economic and 

ecological efficiency of electricity production technology for the 

selected company. The results of the analysis confirmed that new 

technologies allowed increasing the energy efficiency of the 

company by decreasing energy consumption, increasing 

productivity etc. The findings proved that one of the ecological 

effects was the decrease of     and SO2 emissions in the air. In 

this case, the author checked the link between the volume of 

    emissions and the rate of morbidity if such innovative 

technologies are scaled. The findings proved that decreasing 

    emissions by 1% leads to a decline in the death rate by 

0.5%. The author approximated if the new technology was 
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scaled and implemented among similar industrial companies, it 

could decrease the rate of morbidity by 0.01% The results 

obtained could be used by the companies’ management and 

policymakers in the framework to achieve sustainable 

development goals.  

 

Keywords 
 

Climate Change;    ; Morbidity; Green Technologies; 

Emissions; Sustainable Development 

 

Introduction  
 

The snowball effect of environmental issues from the global 

warming calls for finding new solutions to cut the     

emissions in the atmosphere. Besides, the massive range of 

instruments and mechanisms have been developed by experts 

and scientists. However, most of them do not have any practical 

application. Worldwide scientists justified that new green 

technologies have not only ecological effect (a decline in     

emissions, water and land pollution) but also economic and 

social ones. One of the main benefits of green technologies is the 

reduction of     emissions, which indirectly lead to a decline in 

the morbidity rate.   

 

Thus, the results of bibliometric analysis proved that the 

scientists’ interest to the green electricity production technology 

has been increasing since 1996 (Figure 1). The peak of the 

papers in the Scopus was in 2019 (857 articles). Noting this at 

the end of 2019, the European Union declared the New Green 

Deal Policy, according to which the EU is going to achieve the 

carbon-free economy by decreasing     emissions.  
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Figure 1: The dynamins of publication activities in Scopus on green electricity 

production technology (Source: developed by the author based on Scopus) 

 

The most significant impact on the scientific research of this 

topic was made by Ansari Nirwan (New Jersey Institute of 

Technology). In the papers [1-2], he and his colleagues proved 

that extension of green energy leads to technological and 

economic effects. Besides, the scientists Zhang X., Wang Y., 

Wang S. confirmed that green electricity production has a 

positive economic and ecological impact [3-4] (Figure 2).   

 

 
 
Figure 2: The Top 10 scientists who researched the issues of green electricity 

production technology (Source: developed by the author based on Scopus) 

 

Besides, in the papers [3-4], the scientists confirmed the 

hypothesis that developing green energy leads to achieving 

sustainable development goals. Figure 3 presents the 

visualisation of bibliometrics analysis according to the leading 

scientists and their co-citations. 

 

https://www.scopus.com/affil/profile.uri?afid=60022904
https://www.scopus.com/affil/profile.uri?afid=60022904
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Figure 3: Visualisation of the bibliometric analysis of the papers on green 

electricity production technology according to the co-citation filter (Source: 

developed by the author based on Scopus and VOSviewer) 

 

It should be noted that a vast range of scholars confirmed that 

spreading green electricity production among householders and 

industrial companies allows minimising the     emissions, 

decreasing the rate of morbidity and obtaining the additional 

economic benefits in the long-time period. In this case, it is 

possible to make conclusions that developing green electricity 

production is the multidisciplinary theme which contributes to 

the combination of knowledge and expertise. The findings show 

that this theme has often been analysed by scientists from the 

engineering and energy fields: the relevance makes up 23% and 

18%. Only 2-5% of the papers studied these issues from the 

economic points of view (Figure 4). 
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Figure 4: The main subject areas studying green electricity production 

technology (Source: developed by the author based on Scopus and 

VOSviewer) 

 

Thus, the results of the co-occurrence analysis allow allocating 

the six main clusters of the scientific schools which analysed the 

issues of green energy. The first most significant cluster (blue) 

focuses on energy transfer technologies. Besides, this cluster is 

penetrating to all other clusters. The second cluster (green) 

focuses on energy conservation and green buildings. The yellow 

clusters merge the smart technologies in green energy policy. 

The red cluster focuses on health, pollution and morbidity. It 

should be noted that scientists [5] proved that decreasing 

    emission allows lowering the rate of morbidity. The red 

cluster is located close to the energy conservation and energy 

transfer clusters.  

 

Findings of the bibliometric analysis showed that the theme of 

green electricity production technology is multidisciplinary. 

Besides, the green energy development allows achieving 

economic, social and ecological effects. 

 

Thus, in the papers [6-10], the scientists confirm that distributing 

renewable energy among households allows achieving ecological 

and social effects. The authors of the article [8] maintain that the 

economic efficiency of renewable energy for Ukraine is low and 

spreading green technologies is related to the currency exchange 

rate and utility bills in the country. They concluded that for 

Ukraine, the green technologies for households are not 

profitable. However, in the papers [6,10] the scholars justify that 

biogas technologies for industrial companies are profitable and 
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has an indirect ecological and social effect. Besides, the authors 

[11-13] maintain that the agricultural sector has a considerable 

potential to produce green energy and implement innovative 

technologies for that purpose. Based on the comparison and 

empirical analysis, the scientists in the papers [14-19] identify 

the instruments for stimulating green energy (feed-in tariff, 

taxes, green certificates, green investments and bonds) 

development and prove that efficiency of electricity production 

technology depends on the country. Lyulyov O. and his co-

authors [20] maintain that green technologies lower the 

environmental damage. The group of the scientists in the articles 

[20-23] empirically prove that green energy enhances the energy 

security, the GDP and decreases the     emissions. 

 

 
 
Figure 4: A visualisation map of the co-occurrence analysis (Source: 

developed by the author based on Scopus and VOSviewer).  

 

The analysis confirms that developing green technologies 

depends on the countries’ economic, social, innovation and 

ecological capabilities. Thus, the scientists in the papers [24-27] 

prove that the shadow economy and efficiency of public 

governance have a statistical impact on spreading the renewable 

energy. The authors [28-31] conclude that convergence of 
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institutional, economic and ecological development of the 

country allows increasing the share of renewable energy in the 

total energy consumption and decreasing the      emissions. 

The authors [32-34] confirm the efficiency of green technologies 

and resources saving at the company is related to innovations 

development in the country and the company’s capabilities to 

implement the IT in the technological process.  

 

The scholars [35-44] analyse the options of the industrial 

companies to implement the green technologies. They prove the 

hypothesis that green technology of electricity production allows 

reducing the cost and increasing the company’s profitability. 

Besides, the green standards of EU countries limit cooperation 

with the companies which are not using green technologies and 

try to reduce the harmful damage to the environment. 

 

This paper aims to justify the social, ecological and economic 

effects from implementing new green technology of electricity 

production from post-process gas heat at the companies.  

 

Materials and Methods  
 

Megacities comprise the most significant share of industries. On 

the one hand, this leads to overconsumption of primary energy 

resources. On the other hand, this provokes the increase of 

harmful damage to the environment. The main negative 

consequence is the atmosphere polluted with the nitrogen oxide, 

sulphur dioxide, carbon oxide, etc. The huge average 

concertation of those pollutants leads to increasing morbidity and 

mortality. Thus, the pollution from the big industrial companies 

has become the source of a negative impact on health. At the 

same time, the distribution of energy efficiency technologies 

among industrial companies allows enhancing the social and 

economic development of the country (city, region) and reducing 

a negative impact on the environment, and as a consequence, 

improving the public health. 
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The main hypothesises of the research are:  

 

H1: the energy innovations at the industrial companies lead not 

only to economic but also to ecological and social benefits;  

 

H2: the scaling of the innovation activities among the industrial 

companies on implementing energy efficiency technologies is 

the primary driver of social and economic development of the 

territory, the energy innovations contribute to the increase of the 

company’s productivity, reduction of the anthropogenic damage 

for the environment and improvement of the public health 

quality. 

 

At the first stage of the research, with the purpose to check the 

H1, the author estimated the efficiency of the energy recovery 

system as an example of energy innovations at the Polish 

company. The installation allows using the heat from the 

combustion of post-reaction gases to heat compressed air to 

supply it to a gas turbine for electricity production. The core 

elements of the energy recovery system are as follows as: 

 

 an exhaust for suction of a 12 MVA furnace, adapted for 

controlled combustion after gases reaction with control of 

excess combustion air and regulation of the gas temperature 

at the outlet of the air funnel  in the range from 750 to 950 ° 

C; 

 regulation of flue gas temperature in this range carried out 

by the flow of air supplied from the nozzles located in the 

vault of the exhaust and the electrode coolers; 

 nozzles in the vault of the exhaust, providing 53% of the air 

for combustion, which penetrates the space of the exhaust to 

a depth of approximately 1.8 m, thereby obtaining adequate 

mixing with process gases; 

 air nozzles in electrode coolers, providing 36% of 

combustion air; 

 combustion air to get an excess factor λ = 1.1, supplied by a 

fan with a capacity of 12,000 and a pressure of 6,000 PA; 

 a flue gas collector connecting the outlet nozzle from the 

exhaust to the installation connecting the furnace to the dust 

filter; 
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 dome recuperator installed at the beginning of the hot gas 

pipeline, which removes hot gases to the dust collection unit, 

where the exhaust heat is extracted by compressed air 

supplied from the turbocharger compressor. 

 

With the purpose to identify the impact of the implemented 

energy innovations at the industrial companies on the 

environment and public health as in the paper [45-46], the 

authors used the model of the production function of the public 

health 

 

H=F (E, СО2, P, SE)            (1) 

 

where H is indicators of public health, E is the level of the 

energy consumption in the country; СО2 is an indicator of 

atmosphere pollution; Р is energy innovation technologies and 

their transfer in the country; SE is a vector of social and 

economic indicators. 

 

The indicators of energy dependence (Е) are used for estimating 

the energy efficiency of the production from an economic point 

of view. Thus, in the paper [47], the authors analysed the impact 

of Fossil Fuel Energy Consumption on the environment on the 

example of the EU countries. They highlighted that the energy 

dependence of a country influenced the economic development 

of a country. Thus, the decline in the Fossil Fuel Energy 

Consumption could be the core driver of the country's energy 

dependence. 

 

The global rating agencies estimate the innovation activities of 

the country using the integrated evaluation of the innovation 

development of the system [52; 53]: Global Innovation Index, 

Bloomberg Innovation Index, Global Competitiveness Index, 

Innovation Union Scoreboard, the quantity of the patents. In the 

paper, the Global Innovation Index is used as an indicator of the 

country's innovation development. The key benefit of spreading 

the green technology of electricity production in all sectors is the 

decline in the atmosphere pollutions, involving a decrease of 

carbon dioxide (   ) emissions. Besides, it allows solving 
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issues with the safety of the atmosphere, which is the basis of 

public health [5].  

 

The social and economic indicators involve the following: the 

openness of the economy, the level of urbanisation. The 

openness of the economy (Trade) allows estimating the options 

of innovation diffusion for increasing the country’s energy 

efficiency. 

 

Cole М. A. in the paper [48] analyses how the openness of 

economy impacts the energy consumption in 32 developed 

countries in 1975-1995. The empirical findings confirm that 

trade liberalisation allows increasing energy use per capita for all 

selected countries. The urbanisation level (U) of the country has 

a significant impact on the economic growth, the social 

wellbeing of the country, which could improve energy 

efficiency. In the paper [48,49] the scientists prove the statistical 

impact of the urbanisation on energy efficiency. The model (1) 

could be presented as an equation:  

 

   = ϕ + α    + β     + γ ln    + δ1       + δ2   +             (2) 

    

where ϕ, α, β, γ, δ1, δ2 are regression parameters which are 

evaluated and explain the impact of E (net imports divided by 

the gross available energy, %),     (in a million metric tons of 

(   ), GII (number of patents in energy innovation 

technologies), Trade (the sum of exports and imports of goods 

and services measured as a share of gross domestic product, % of 

GDP),  U (Urban population, % of the total population) on H 

(death rate, crude, per 1,000 people); µ is the error term; 

t=1,…,T. 

 

At the first stage, for the purpose of the further analysis of the 

model (2), the statistical analysis of model's parameters and the 

check of variables' stationarity were done by using the 

Augmented Dickey-Fuller test, Phillips–Perron test and Dickey-

Fuller-GLS test. The model (2) does not allow identifying the 

long-term impact of the determinants and eliminates the lags in 

the estimation. At the next stage, using the autoregressive 
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distributed lag (ARDL) method, the cointegration among the 

considered variables was done:  

 

∆ln   = ϕ +∑           
  
    + ∑           

  
    

+∑           
  
    + ∑            

  
    + ∑           

  
    + 

∑     
  
    + α3      + α4      + β1       + γ1 ln    + 

δ4       + δ5   +                      (3) 

 

where ∆ is the first difference; ϕ,   ,     β, γ, δ1, δ2,  are the 

estimated coefficient of the lagged level of each variable; α3,   , 

β1, γ1, δ4 , δ5 are the lagged length of each variable chosen by 

the Schwarz data criteria; µ is the error term; t=1,…,T. 

 

At the last stage, the causality among all parameters was 

checked using the vector error correction model (VECM): 
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          =    + ∑           
  
   + ∑           

  
    

+∑            
  
    + ∑             

  
    + ∑           

  
    + 

∑      
  
    + ω5       +                (8) 

   

 

      =    + ∑           
  
   + ∑           

  
    

+∑            
  
    + ∑             

  
    + ∑           

  
    + 

∑      
  
    + ω7       +                (9) 

   

where ECTt−1 are the lagged error correction terms; Δ is the first 

difference operator;              are estimated indicators,      
is the error term; k is the lagged length of each variable chosen 

by the Schwarz data criteria (SIC). 

 

Results  
 

The empirical findings from the approbation of the developed 

patent for the energy recovery system confirm that this 

innovation allows obtaining the economic, social and ecological 

benefits.  

 

To estimate the economic efficiency, the traditional approach of 

investment efficiency estimation was used. The author calculated 

the Net Present Value (NPV) and Internal Rate of Return (IRR) 

with a rate of 8.49% (Table 1). During the research, the two 

options were calculated: with and without subsidies. If the 

company does not receive the subsidies from the government on 

the energy recovery system, the investment will be profitable for 

the company. Of course, if the company receives the subsidies, 

the economic efficiency of the investment will be higher. Thus, 

the IRR accounts for 17.07% without subsides and 29.05% with 

subsides.  

 

 

 



Advances in Energy Research: 2
nd

 Edition 

14                                                                                www.videleaf.com 

Table 1: Findings of NPV and IRR of investment in energy recovery system 

with and without subsidies 

 
Indicators Without subsidies With subsidies 

NPV, thousand PLN 16,041.1 28,578.8 

IRR, % 17.07 29.05 

 

Source: Developed by the author based on the company’s corporate 

information.  

 

The main economic risks for reducing the profitability of the 

energy recovery system depend on the fluctuation of the 

currency exchange rate of EUR and PLN, price of FeSi, the 

average price of energy, investment outlays. In this case, the 

sensitivity to the abovementioned factors was calculated.   

 
Table 2: NPV and IRR sensitivity to the currency exchange rate. 

 
Indica

tors 

Changes EUR 

exchange 

rate  

Price of FeSi 

(EUR/t)   

The average 

price of energy 

(PLN/ MWh) 

Investmen

t outlays 

NPV +20 111,570.69  109,978.30  -20,495.44  8,955.72  

+10 63,805.77  63,008.23  -2,230.55  12,498.40  

0 16,041.05  16,041.05  16,041.05  16,041.05  

-10% -31,723.71  -30,931.52  34,308.39  19,583.73  

-20% -79,488.42  -77,904.48  52,584.37  23,126.38  

IRR +20 64.29% 63.43% -4.47% 12.71% 

+10 40.47% 40.08% 7.23% 14.75% 

0 17.07% 17.07% 17.07% 17.07% 

-10% -15.21% -14.33% 26.30% 19.77% 

 -20% – – 35.39% 22.96% 

 

Source: Developed by the author based on the company’s corporate 

information.  

 

The findings confirm that the economic efficiency of investing in 

energy recovery system achieves the critical level if the currency 

exchange rate, price for FeSi decline by more than 10%, the 

average price of energy increases by more than 10% (Table 2).  

The main ecological effects are the reduction of CO2, SO2 and 

dust emissions. Thus, the new technologies allowed cutting the 

CO2 and SO2 emissions by 5.88% and 380% correspondingly. 

The dust emissions declined by 33.3%. Besides, the efficiency of 

furnaces increased by 3.77%, energy efficiency of FeSi 
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production by 0.3%. At the same time, the company reduced the 

flue gas consumption from furnaces emitted into the atmosphere 

from 140 000 to 90 000 Nm³/h or by 35.71%. The findings of the 

comparative analysis are presented in Table 3. 
 

Table 3: A comparative analysis of the technological and ecological indicators 

of the company's performance with the energy recovery system and without 

(calculation for 2015). 

 

Key Performance Indicators Before After  Changes, % 

Efficiency furnaces Mg / 24h 22 22.83 3.77 

Heat generation from recovery 

(GJ / h) 

6.48 6.54 0.93 

The energy efficiency of FeSi 

production by 75% (%) 

50.5 50.65 0.30 

Declining of CO2 emissions 

(Mg / MWh) 

0.85 0.9 5.88 

Declining of SO2 emissions (kg 

/ MWh) 

0.5 2.4 380.00 

Declining of dust emissions (kg 

/ MWh) 

0.15 0.2 33.33 

Flue gas consumption from 

furnaces emitted into the 

atmosphere (Nm³ /h) 

140,000 90,000 -35.71 

Electricity generation due to 

recovery (MWh) 

2.19 2.27 3.65 

 

Source: Developed by the author based on the company’s corporate 

information.  

 

It should be noted that during 2015-2019, key performance 

indicators of the energy recovery system were approximately 

equal. So, each year the company reduces the CO2 emission 

approximately by 5.88% as compared with 2014 (a year without 

an energy recovery system). Cumulatively, for five years, the 

company reduces the CO2 emission by 0.35 Mg/ MWh and SO2 

by 8.9 kg/MWh. The empirical data on the efficiency of the 

energy recovery system for 2015–2019 are showed in Table 4.  

 
Table 4: Efficiency of the energy recovery system (calculation for 2015–2019). 

 

Key Performance 

Indicators 

2015 2016 2017 2018 2019 

Efficiency furnaces Mg / 

24h 

22.83 22.27 22.34 22.78 22.32 

Heat generation from 6.54 5.4 6.54 5 6.25 
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recovery (GJ / h) 

The energy efficiency of 

FeSi production by 75% 

(%) 

50.65 50.65 50.6 50.56 50.5 

Reduction of CO2 

emissions (Mg / MWh) 

0.9 1 0.9 0.9 0.9 

Reduction of SO2 

emissions (kg / MWh) 

2.4 2.3 2.2 2.1 2.4 

Reduction of dust 

emissions (kg / MWh) 

0.2 0.18 0.21 0.2 0.2 

Flue gas consumption 

from furnaces emitted 

into the atmosphere 

(Nm³ /h) 

90,00

0 

86,000 88,000 85,000 90,000 

Electricity generation 

due to recovery (MWh) 

2.27 2.27 2.2 2.21 2.19 

 

Source: Developed by the author based on the company’s corporate 

information.  

 

The empirical finding of key performance indicators of energy 

recovery system confirmed that this energy innovation 

technologies contribute not only to direct economic but also 

ecological effects – reduction of CO2 and SO2 emissions which 

influenced the public health.  

 

Thus, spreading such energy innovation technologies among 

industrial companies could lead to the social and economic 

growth of the territory, increasing the company’s productivity, 

reducing the anthropogenic damage to the environment and 

improving the quality of public health. 

 

In this case, at the next stage of the research, the H2 was 

checked. Table 5 contains the findings of descriptive statistics of 

the indicators from the model (2) for Poland in the period of 

1995-2018.  
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Table 5: Descriptive statistics for E, CO2, GII, Trade, U, H for Poland, 2010-

2019. 

 
Descriptive 

statistics 

      GII Trade     

Mean 21.44138 10.7875 72.875 75.27467 61.1015 9.933333 

Median 22.9695 10.65 72.5 76.50917 61.285 9.9 

Maximum 44.803 11.9 109 107.4782 61.787 10.9 

Minimum 0.191 10.1 34 43.67839 60.058 9.4 

Std. Dev. 12.07166 0.448488 21.60981 18.71732 0.589249 0.357122 

Skewness 0.016655 0.949486 -0.007795 -0.01966 -0.51214 0.873502 

Kurtosis 1.862156 3.461465 2.162855 1.951089 1.798414 3.694587 

Jarque-Bera 1.295798 3.819046 0.701054 1.10176 2.492959 3.534472 

Probability 0.523144 0.148151 0.704317 0.576442 0.287515 0.170804 

Sum 514.593 258.9 1749 1806.592 1466.436 238.4 

Sum Sq. 

Dev. 

3351.673 4.62625 10740.63 8057.774 7.985944 2.933333 

 

Source: Calculated by the author.  

 

The highest level of the variation coefficient was on the 

indicators Е (0,563), GII (0.296) and Trade (0,248) for the years 

analysed. It means that Poland has an unstable government 

policy in developing and supporting green innovation 

technologies among industrial companies. At the same time, the 

lowest level of the variation coefficient was on the indicators 

    (0,042), Н (0,036), U (0.009). This could be explained by 

the fact that Poland joined the EU in 2004 and has been 

implementing the policy of transition from inefficient and 

ecological unsafety management of resource- and energy-

intensive industries and technologies, raw material export 

orientation and over-concentration of production in industrial 

regions, as well as the introduction of innovative transformations 

to sustainable development.  
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The empirical results of linear unit root tests (Augmented 

Dickey-Fuller test, Phillips–Perron test and Dickey-Fuller-GLS 

test) in model with Intercept and with Intercept and Trend 

confirmed that all indicators were at a level I (1) (Table 6). The 

findings allowed a further analysis of the long-term relations 

among the indicators of the model (2).  
 

Table 6: The findings of linear unit root tests. 

 
Variable Augmented Dickey-

Fuller 

Phillips–Perron Dickey-Fuller-GLS 

Intercept Intercept 

and trend 

Intercept Intercept 

and trend 

Intercept Intercept 

and trend 

  -0.705 -

3.454*** 

-0.393 -1.948 -0.327 -5.895* 

    -2.267 -1.845 -2.310 -1.841 -1.804 -1.880 

GII -2.362 -2.426 -

3.683** 

-

3.603*** 

-

2.061** 

-3.571** 

Trade -0.383 -3.854** 0.087 -3.740** 0.354 -3.995* 

  -1.563 -3.195 1.168 -3.074 -

2.165** 

-

3.048*** 

  -0.072 -1.687 -0.072 -1.319 -0.072 -1.319 

∆  -3.991* -3.940** -

3.024** 

-

3.911*** 

-

2.183** 

-3.802* 

∆    -3.995* -4.470* -4.009* -4.470* -3.793* -4.371* 

∆ GII -7.256* -7.389* -7.256* -7.389* -7.410* -7.737* 

∆      -5.275* -5.122* -

13.096* 

-12.602* -5.377* -5.421* 

∆  -3.552* -5.664* -

3.552** 

-3.907** -3.622* -4.117 

∆  -5.805* -7.267* -5.801 -7.559 -5.801 -7.559 

 

*, **, *** Represents significance at the 1%, 5% and 10% levels. Source: 

calculated by the author.  

 

At the next stage, the Johansen tests for cointegration was done. 

The results of Johansen tests for cointegration are summarized in 

Table 7.  

 

 
Table 7: The empirical results of Johansen tests for cointegration results. 

 

Maximum 

rank 

Trace statistic 5% Critical value 

r=0 140.208 83.937* 

r=1 70.460 60.061* 
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r=2 32.698 40.174 

r=3 18.345 24.275 

 

* Represent significance at the 1% level. 

Source: calculated by the author.  
 

The data in Table 7 allowed concluding on existing the long-

term relations among selected indicators. Nevertheless, 

considering the AIC criteria, 2 was the optimal lag for involving 

the indicators in the model.  The findings on Trace statistics 

(Table 7) allowed rejecting the null hypothesis on none 

cointegration among analysed indicators E,    , GII, Trade, U 

та H. 
 

Table 8 contains the findings on long and short-run estimates of 

the ARDL model. 
 

Table 8: The results of long and short-run estimates. Selected Model: ARDL 

(1, 1, 0, 0, 1, 0). 
 

Variable Coefficient. Standard 

error 

t- statistic p-values 

Long-run analysis 

  0.051225 0.039727 1.28943 0.2181 

    0.539355 0.172805 3.121167 0.0075 

GII -0.01305 0.021335 -0.6116 0.0506 

Trade 0.20168 0.130767 1.54228 0.1453 

  3.17254 1.377576 -2.30299 0.0384 

Short-run analysis 

∆  -0.02641 0.00973 -2.71424 0.0168 

∆    0.426261 0.17644 2.415895 0.0311 

∆ GII 0.000987 0.003504 0.281552 0.7827 

∆      -0.04865 0.017407 -2.79456 0.0152 

∆  2.937997 1.293584 2.271208 0.0408 

R-squared 0.808716 Mean dependent var 10.75217 

Adjusted R-

squared 

0.676288 SD dependent var 0.423051 

SE of regression 0.240698 Akaike info criterion 0.288472 

Sum squared resid 0.753161 Schwarz criterion 0.782165 

Log-likelihood 6.682568 Hannan-Quinn criteria. 0.412635 

F-statistic 6.10685 Durbin-Watson stat 2.093504 

Prob(F-statistic) 0.0019    

 

Source: Calculated by the author.  

 

The analysis results allowed concluding that the parameters of 

carbon dioxide emissions (   ), the number of patents in energy 
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innovation technologies (GII), urban population (U) had the 

statistically significant impact on the death rate, crude, per 1,000 

people (H). So, the reduction of carbon dioxide emissions (   ) 

by 1% leads to a decrease of the death rate (H) by 0.5%. The 

increasing number of patents (GII) in energy innovation 

technologies leads to a decrease of the death rate (H) by 0.01%. 

This confirmed the positive impact of companies’ innovation 

activities on the social development of the country. Besides, the 

findings confirmed the positive impact of urban population (U) 

on of the death rate (H) as in the paper [54]. On the example of 

the United Nations, the scientists in the paper [54] empirically 

justified that the increase of urban population (U) leads to 

premature mortality by 39.6%. At the same time, in the short-

term period, only indicators of carbon dioxide emissions (   ), 

urban population (U) and Trade had a statistically significant 

impact on the death rate (H).  

 

Using the short and the long-run Granger causality tests for 

VECM, the author checked the causality between analysed 

indicators (Table 9).  

 
Table 9: The empirical results of Granger causality tests. 

 

Dependent 

variable 

Short-run Long-run 

∆  ∆  ∆    ∆ GII ∆      ∆  ECT (−1) 

∆  0.390* -0.034* 0.239** 0.008 -0.003*** 0.690 -0.407* 

∆  1.389 0.121* 3.641** 0.051 -0.096 26.24** -3.557 

∆    0.013 0.197 0.003* 0.003 0.003 -2.77 0.311 

∆ GII 65.6 -2.38 -20.37 -

0.342

* 

0.108*** 68.75 -24.346 

∆      0.800 -0.307*** 5.27 0.004 -0.325* 5.035 1.627 

∆  0.020 0.001 0.002 0.004 -0.0007 0.928* -0.008** 

 

*, **, *** Represents significance at the 1%, 5% and 10% levels. 

Source: calculated by the author.  

 

The findings allowed concluding that for Poland the bidirectional 

short-run causality between Н and Е exists at the 1% 

significance level. There is also a unidirectional short-run 



Advances in Energy Research: 2
nd

 Edition 

21                                                                                www.videleaf.com 

causality running from Н and     at a 5% significance level and 

      at a 10% significance level. The ECT parameter 

comprises −1 and 0 and is significant in the case of Eqs. (4) and 

(9). 

 

Conclusions 
 

The findings allowed maintaining that the energy innovations at 

the industrial companies lead not only to economic but also to 

ecological and social benefits. The same conclusion was 

obtained by the scientists in the papers [7,8,13,10]. At the same 

time, the efficiency of energy innovations is related to the 

currency rate, which is also confirmed by the scientists in the 

papers [6,8]. The implementation of the energy innovations at 

the industrial companies leads to a reduction of the CO2, SO2 and 

dust emissions which influenced the public health. So, the 

findings of short and the long-run Granger causality tests for 

VECM confirmed the hypothesis that the distribution of the 

energy innovations among the industrial companies allowed 

reducing the CO2 emissions and the death rate. The decline in 

carbon dioxide emissions by 1% allowed decreasing the death 

rate by 0.5% and the increasing number of patents in energy 

innovation technologies allowed decreasing the death rate by 

0.01%. Besides, the results of the ARDL model demonstrated the 

long and short-run associations among the carbon dioxide 

emissions, urban population and the death rate. However, the 

findings reject the existence the similar associations between the 

death rate and the number of patents in energy innovation 

technologies, net imports divided by the gross available energy, 

only in the long-run between the death rate and the number of 

patents in energy innovation technologies, in the short-run 

between the death rate and net imports divided by the gross 

available energy. 

 

In this case, the Polish government should encourage and 

stimulate industrial companies and stakeholders to invest in 

energy innovation technologies. Considering the findings, the 

investment in energy innovations with government subsidies is 

more profitable than without. Besides, it is necessary to develop 

the appropriate condition for innovations sharing and transfers of 
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energy innovations among industrial companies. It allows 

obtaining the synergy effect which appears in ecological, 

economic and social growth of the country.  

 

Thus, the core drivers in the innovation policy of the country 

should be directed to the action using knowledge and scientific 

technologies, stimulating innovation activities, developing the 

attractive investment climate, modernizing production assets, 

creating the high-technological industries and sectors, increasing 

the energy efficiency of the industrial production, stimulating the 

sustainable development which is based on the attractive 

investment in green products and technologies. Consequently, 

the economic growth and social development of the country will 

be related not to the consumable resource technologies, but to 

the implementation of the green economy model.  
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Abstract  
 
Smart home appliances and applications are gaining popularity, 

due to the high level of service they provide to users. In a smart 

home, all electrical and smart appliances are interconnected 

together to form a special private network. Due to economic and 
environmental factors, energy consumption is of great concern to 

both users and service providers. The integration between the 

technological advancement in electricity grids and the 
environmental awareness led to the rise of smart grids. A reliable 

and well-grounded smart grid system can be achieved by well 

handling the in-home power requests. Thus, a key aspect in the 
design of smart grids is scheduling the start time and duration of 

run of electrical appliances to minimize the amount of energy 

consumed, as well as to force a cap on the maximum amount of 

energy consumed at any given time. In this paper, we present a 
scheduling framework for serving a request from electrical 

appliances in a smart home network. The network is assumed to 

allocate the available power to the incoming requests from 
appliances and serve each appliance at a fixed rate according to 

its initial requirements. Moreover, each request is assumed to 

have maximum bounds on both the tolerable start of service and 
the total interruption delays. The problem is formalized as a 

discrete scheduling problem which employs an adaptive 
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algorithm. The proposed framework consists mainly of a 

scheduling mechanism formulated as a dynamic program. The 
paper presents two scheduling schemes: a non-preemptive and a 

preemptive one. We compare the performance of the proposed 

algorithm against other schemes from the literature. Simulation 

results show improvements in terms of consumed energy 
expressed as total saving in electricity bill cost. 

 

Keywords  
 
Smart Grid; Electricity; Scheduling; Adaptive; Smart Home; 

Non-Preemptive Scheduler; Preemptive Scheduler 

 

Introduction  
 
The advancements in modern societies are regarded in the 

development and deployment of electrical grids. Electricity 

provides the necessary power to run all modern appliances. In 
addition to the widespread of renewable energy initiatives to 

accommodate the global increase in electricity demands, a more 

efficient and well-managed electricity resources is needed. The 

continual increase in electricity consumption by residential 
premises is expected to account for 30–40% of the total 

electricity usage worldwide [1]. Hence, an efficient in-home 

smart grid control and management solutions deem useful. The 
notion of automation is strongly associated with electrical 

energy. The future advancement of electrical grids is challenged 

by both environmental and economic concerns. To overcome 
these challenges, the concept of smart grids has emerged. The 

main objective of smart grids is to provide cost-effective and 

environmentally friendly electrical power to consumers. 

Electricity is a secondary source of energy, and it uses other 
sources, such as coal and wind. Facilitating a reliable and well-

grounded smart grid system can be achieved by expediting and 

optimizing the power requests in a real-time and automated 
fashion [2]. An efficient utilization for using smart grid mostly 

depends on the wide-spread participation of users [3]. 

 
Energy sources are classified into renewable and non-renewable 

sources. Renewable sources are available in a timely manner 
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from natural resources on regular or irregular bases. Sunlight is 

an example of renewable source; it is available on a daily basis 
in most parts of the world. Other examples of renewable sources 

are wind power, tidal power, solar power, wave power, radiant 

energy, hydroelectricity, compressed natural gas, biomass, and 

geothermal power [4]. 
 

Non-renewable sources are not renewable at constant rates. For 

example, oil takes thousands of years to build naturally and 
cannot be available at a relevant proportion of consumption. 

Examples of such sources are natural gas, petroleum, coal, and 

nuclear power. Electricity can be defined as the set of physical 
phenomena associated with the flow of electric charge [4]. 

Traditionally, electricity is generated from non-renewable 

sources. However, recent literature has placed considerable 

emphasis on generating electricity from renewable sources as a 
cheap and environment-friendly alternative. Electrical appliances 

are common in houses (e.g., oven, washer, dishwasher, TV, and 

microwaves), and each appliance consumes a specific amount of 
energy. The increase and spread of these appliances increase the 

demand for electricity. Such an increase in demands increases 

the amount of consumed electricity, and hence, its cost. 
 

Smart grids are a modern form of electrical grids that are based 

on digital technologies to supply electricity to consumers via 

two-way digital communication between the grid operator and 
the users. It enables end-users to generate electricity (usually 

from a renewable source) and to insert part of this generated 

electricity in the main electricity network. Moreover, it provides 
the users with the capability to monitor and control their 

consumption patterns. In typical electricity networks, grid refers 

to the distribution system, which transmits electricity from the 

power plants to the end users' locations. 
 

As we mentioned above, smart grids can monitor and control 

electricity consumption. Each appliance has different operations. 
In a smart grid system, each appliance is assumed to have the 

capability to be started, resumed, suspended, and stopped by a 

special module connected to the home smart meter [5]. Smart 
grids usually employ a scheduling module to plan these 
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operations to reduce energy consumption during peak hours, 

reduce cost, increase reliability, and reduce power interruptions 
periods. The smart grid consists of four main components [5]: 

 

1. Supportive communication systems, which are 

communication infrastructures used to exchange data 
between the different elements of the system (e.g., utility and 

user, and user and appliance). Both wired and wireless 

networks can be used to implement this sub-system. 
2. Advanced metering infrastructure (AMI), which provides 

accurate real-time readings of power and energy 

consumption for users. 
3. Advanced distribution operations. 

4. Advanced asset management. 

 

Smart grids support a two-way flow of energy and information 
and aim to achieve multiple objectives. The main goals of smart 

grids are improving energy storage, enabling self-healing grid, 

making it more environment-friendly, and imposing user-
oriented solution with customized management policies. 

However, smart grids face many challenges, such as regulation, 

standardization, and security. Figure 1 shows a typical smart grid 
layout. 

 

 
 
Figure 1: General smart grid layout. 
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This work considers supportive communication systems, in 

particular, the communication between users and home 
appliances. In such systems, the users communicate with home 

appliances to start, modify or shut down a particular appliance or 

service. Wireless Sensor Networks (WSNs) are typically used to 

support the communication services required by the smart grid 
[5]. WSNs provide low-cost and low-power solutions. 

Environment monitoring with consumption and fault detection is 

a common example of the usage of WSNs in smart grids. 
However, harsh environmental conditions (e.g., high humidity, 

vibrations, and dust), security, constrained resource, and system 

reliability are the main challenges for using WSNs in smart 
grids. The design and implementation of WSNs are constrained 

by three types of resources: energy, memory, and processing. 

 

As we mentioned above, in a smart home environment, 
scheduling is a key operation performed by smart grids to 

manage energy consumption smartly. It is responsible for 

deciding which electrical appliance (machine) will start (run) and 
when it will start. Scheduling mechanisms are divided into two 

types: non-preemptive scheduling, which assumes that a 

connection request is served to completion without service 
interruption, and preemptive scheduling, which aims at 

achieving higher throughput by allowing service preemption. 

 

Electrical appliances are major energy consumption appliances 
(e.g., washer, dishwasher, dryer, coffee maker, plug-in hybrid 

electric vehicle, and air conditioning), where each appliance 

consumes a specific amount of electrical energy that can be 
measured in kilo watt per hour (kWh). Each appliance has many 

different cycles and an energy consumption level for each cycle. 

Typical cycles in minutes are 10, 30, 60, 60, 60, and 90 for the 

coffee maker, washer, dryer, plug-in hybrid electric vehicle, air 
conditioning, and dishwasher, respectively. Moreover, the 

energy consumption for each appliance in kWh is 0.4, 0.89, 2.46, 

9.9, 1.5, and 1.19, respectively. Table 1 lists some common 
house appliances and their characteristics [5-7]. 
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Table 1: List of appliances and their properties. 
 

 
 

Traditional electricity grids were built to generate and distribute 

energy services. Urbanization and automation pushed the 

consumption levels to very high limits. The smart and innovative 
solution was needed to control this unstoppable growth. 

Dynamic pricing is one of the possible solutions in which prices 

are increased at peak hours and reduced at normal hours. This 
work considers the integration between dynamic pricing and 

scheduling mechanism to achieve the main goals of the smart 

grid in terms of controlling and managing energy consumption in 
the home environment. 

 

This paper is composed of six sections. Section Introduction 

introduces the general concepts and framework. Section 
Literature Review presents the literature review. Section System 

Model presents a detailed comparison and evaluation between 

the proposed works with other schemes. Section Simulation and 
Results presents the methodology of the work and its 

implementation details. Section Conclusions and Future Work 

summarizes the topic, the experiments, the conclusion of the 
suggested work, and future work. 

 

Literature Review  
 

In this section, we first discuss various pricing schemes used in 
smart grids. Then we review and consider many algorithms and 

techniques used in smart grids among houses, and other schemes 

used to schedule appliances' operations inside single house. 
 



Advances in Energy Research: 2nd Edition 

8                                                                                www.videleaf.com 

Many pricing schemes are proposed for use in the smart grid 

including Real Time Pricing (RTP), Time of Use (TOU), Critical 
Peak Pricing (CPP), and Day Ahead Pricing (DAP). In smart 

grids, real time (dynamic) pricing is an effective tool for 

reducing pressures on the electricity infrastructure, encouraging 

energy efficiency, and saving consumers money [8]. 
 

An example of pricing schemes usage in some popular 

techniques is TOU pricing which is used in Appliance 
Coordination with Feed In (ACORD-FI), Optimization-based 

Residential Energy Management (OREM), and in-Home Energy 

Management (iHEM). The RTP is used in Residential Energy 
Load Consumption (RLC) scheme, and it also uses TOU and 

CPP pricing in the decision support tool scheme [7]. 

 

The RTP is a pricing scheme that changes hourly and is fixed. 
The RTP reflects the wholesale prices weather conditions, 

generator failures, and wrong of generation [8]. The pricing 

changes in intervals of 15 min to an hour. This is described as a 
critical component of energy efficiency programs, because it 

enables the user to reduce consumption at peak load hours, 

which saves billions of dollars and contributes to the efficiency 
of the grid system. The RTP consists of a meter that is capable of 

recording usage data in intervals; this communication allows 

consumers to modify consumption, and market operator to 

modify generation and distribution. 
 

Rehmani et al. [9] presented an overview of recent works that 

aim to integrate renewable energy resources into the 
environment of smart grids. These studies consider the resources 

along with the smart grids supporting communication networks. 

 

The scheduling problem in smart grids is investigated at different 
levels of the network. For example, the work by Zhang et al. 

[10] proposed a day-ahead scheduling mechanism for generation 

and storage appliances in the smart grid. A game-based strategy 
is proposed by Reka and Ramesh [11] for scheduling at the 

utility company level among different residential users (homes). 

The work in Reka and Ramesh [11] does not consider the in-
home appliance level scheduling in their solution. Moreover, the 
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work by Khonji et al. [12] formulates the scheduling problem in 

smart grid at the users' level (house) and devise a greedy 
algorithm for the time-slotted case. 

 

Communication between appliances in the smart grid is a crucial 

issue and it must be considered carefully as it can greatly affect 
the performance of the smart grid. The communication issues are 

beyond the scope of this paper, an optimal communication model 

is proposed in Zhang et al. [13]. Tchuisseu et al. [1] proposed a 
management module for smart grid utilizing two main concepts: 

communication between appliances to exchange important 

information, and frequency fluctuations. The main goal 
in Tchuisseu et al. [1] is to stabilize the overall system frequency 

and to avoid frequency fluctuations at peak times. 

 

Erol-Kantarci and Mouftah's work [5]proposes the Appliance 
Coordination (ACORD) scheme for smart grids, which allows 

flexibility in the start time for home appliances. The main goal of 

the ACORD scheme is to shift the start time of appliances to off-
peak hours when the consumer's desired start time falls between 

peak hours. The scheme uses the in-home WSN to relay the data 

between the coordinator and the different appliances in the 
home. When the consumer presses on the start button of the 

appliance, it generates the START-REQ packet, which contains 

the desired duration cycle of the appliance (e.g., a washing cycle 

of the washer), and the packet is sent to an Energy Management 
Unit (EMU) by the WSN. 

 

If no hard start time is requested, after communicating with the 
smart meter to check the TOU rate and peak hour information, 

the EMU receives the START-REQ packet, which schedules the 

available start time. In a large house environment, the EMU may 

be physically far away from the appliances. This means that the 
EMU is not reachable in one hop by all appliances. Thus, a 

multi-hoping is required for message delivery. The waiting time 

or the scheduled start time is sent back to the consumer by the 
START-REP packet and set to zero, if the consumer requests a 

hard start time or the desired start time is in off-peak hours, and 

no other requests are scheduled on that time. The final decision 
of the consumer, if any, based on the new scheduled time, is sent 
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back to the EMU in notification packets, using decision in 

reserve time slot for the device. They tested the performance of 
the scheme using two different load scenarios high and low 

consumer activity cases. In the high and low activity cases, the 

inter-arrival times between two requests are assumed to be a 

negative exponential distribution with means of 6 and 48 h. Used 
devices included a washer, dryer, dishwasher, and coffee maker. 

Also, the peak hours are chosen between 7–11 a.m. and 5–9 p.m. 

in the winter week days. The maximum acceptable delay is 10 h. 
The performance metrics are the total cost saving in dollars and 

the number of lost requests in a sensor network. Finally, the 

results showed the total contribution of devices to the energy bill 
46US$ of the consumer requests at the period time 210 days (i.e., 

~7 months). 

 

Erol-Kantarci and Mouftah [7]proposed the ACORD-FI scheme 
as an improvement of the ACORD scheme [6]. The authors' 

main assumption is that the device could manage the consumer 

demands and locally generated energy to reduce the sharing of 
the appliances in the total energy bill, and provides savings on 

the energy bill. The scheme uses the in-home WSN to relay the 

data between the coordinator and the different devices in the 
home. When the consumer presses on the start button of the 

device, it generates the START-REQ packet, which contains the 

desired on duration cycle of the device (e.g., washing cycle of 

the washer), and the packet is sent to an EMU by the WSN. 
 

Once the EMU receives the START-REQ packet, it schedules 

the available start time, if no hard start time is requested, after 
communicating with the smart meter to check the TOU rate and 

peak hour information. In a large house environment, the EMU 

may be physically far away from the appliances. This means that 

the EMU is not reachable in one hop by all devices. Thus, a 
multi-hoping is required for message delivery. 

 

The waiting time or the scheduled start time is sent back to the 
consumer by the START-REQ packet and the waiting time is 

then set to zero, if the consumer requests a hard start time or the 

desired start time is in off-peak hours, and no other requests are 
scheduled on that time. The final decision of the consumer, if 
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any, based on the new scheduled time, is sent back to EMU in 

notification packets, using decision in reserve time slot for the 
device. 

 

They tested the performance of the scheme using two different 

load scenarios high and low consumer activity cases. In the high 
and low activity cases, the inter-arrival times between two 

requests are assumed to be a negative exponential distribution 

with means of 6 and 48 h. The devices used include a washer, 
dryer, dishwasher, and coffee maker, and the peak hours are 

chosen between 7–11 a.m. and 5–9 p.m. in the winter week days. 

The maximum acceptable delay is 10 h. The performance 
metrics used are the total cost saving in dollars and the number 

of lost requests in a sensor network. The results improved over 

ACORD by a rate of 37US$ as the total contribution of devices 

to the energy bill. 
 

Al Balas et al. [14] introduced an efficient scheme to reduce the 

total cost of the energy bills. The proposed schemes utilized the 
ACORD-FI [6,7]scheme to obtain an efficient solution. The 

scheduling schemes proposed in this work are the Appliances 

Coordination that uses waiting for a time (ACORD-WT) and 
Appliances Coordination that uses a priority scheme (ACORD-

P) [6,7]. The authors compared their scheme with these schemes 

and the results show that the efficiency of the ACORD-WT 

scheme is better than the ACORD-FI and the (ACORD-P) 
schemes, regardless of the number of appliances. Moreover, the 

preemptive scheduling scheme by giving priority (ACORD-P) is 

still better than the standard ACORD-FI scheme. 
 

Chakraborty and Kalaimannan [15] studied the peak hours load 

re-scheduling of applicable devices based on their power 

consumption level. The proposed solution is based on the two-
dimensional bin packing problem. The authors discussed 

obtaining an exact solution using optimization solvers. And they 

also presented an approximation technique that give acceptable 
solutions much faster. 

 

Reddy and Singh [16] discussed the load scheduling of 
commonly used devices daily (called Delayable in the paper) and 
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less usable devices which are used less frequently (Non-

Delayable devices). The scheduling is done first for a group of 
users for the Delayable devices and then, in the second phase, for 

the Non-Delayable devices. Two main factors are taken into 

account, namely first the remaining energy for the users having 

solar PV and then the price rates. The authors formulated an 
optimization problem based on Genetic Algorithm Optimization 

(GAO). The authors provided two types of results: Day-ahead 

and Hour-ahead scheduling, which can help in matching closely 
load for real-time consumption. 

 

Nouri et al. [17] proposed a multi-period scheduling scheme to 
minimize the cost. The authors generated various scenarios to 

model any uncertainties that could arise with renewable 

resources, upstream systems, and system loads. The model 

consists of different periods: firstly, variable selection is 
performed, which will be used for all scenarios; Then the same 

process is applied until the final scheduling is achieved. The 

authors tested and illustrated the method for a couple of case 
studies. 

 

Dhivyaprabha and Subashini [18] used Synergistic Fibroblast 
Optimization (SFO) to solve the multi-objective scheduling 

problem. The objectives the authors used were: minimize the 

consumption cost and maximize renewable resources usage. The 

authors discussed a case study to illustrate the effectiveness of 
the approach compared to some other strategies, such as First Fit, 

Best Fit, Firefly Algorithm (FA), Particle Swarm Optimization 

(PSO), and Invasive Weed Optimization (IWO). 
 

Charoen et al. [19] used user preferences to optimally schedule 

the operation of the device in the user premises. They calculated 

the optimal energy consumption scheduling based on, for 
example, day-ahead schedules. They considered the implications 

of allowing users to change their preferences and request new 

schedules at any time. Besides, they proposed single-user and 
multi-user adaptive rescheduling algorithms which address any 

changes in user preferences. The algorithms reschedule deviating 

energy consumption optimally, thus reducing the total energy 
cost. Simulation results show that the total energy cost of the 
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community can be reduced by as much as 11.4% in specific 

scenarios. 
 

Yao et al. [20] devised an energy management system based on 

dynamic user responses and the ability of shifting start time of 

home appliances based on the current pricing tarrif. The authors 
presented a home energy management system using Mixed 

Integer Linear Programing (MILP) technique, aiming to solve 

both load scheduling problem of home appliances and the energy 
dispatch problem of utility grid under a single optimization 

framework in real time. The results show that the proposed 

system minimized the energy cost required to satisfy the 
scheduled load. 

 

Helal et al. [21] formulated the power requests scheduling 

problem as a mixed-integer non-linear programming. The 
authors took the technical constraints of the grid as well as users' 

preferences into account, where the users inform a centralized 

controller with their preferences, which are included in the 
proposed optimization problem according to the type of the 

appliance. The simulation results show that the proposed 

scheduling scheme can significantly reduce the overall system 
operating costs via demand side management. 

 

The main results of the surveyed literature are presented in Table 

2. In this work we propose an adaptive online schedules 
(preemptive and non-preemptive ones) to the in-home appliances 

scheduling problem. The proposed schedulers takes into 

consideration users' preferences, available energy, and any other 
fluctuations in the system, such as the arrival of new request. 

Most of the works done in the literature formulates the 

scheduling problem and constructs the scheduler in advance 

(e.g., a day ahead) using the available users requests. No or 
minimal consideration of future requests is done. Moreover, no 

prediction components are used to predict the near-future trends 

and construct the scheduler accordingly. 
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Table 2: Literature review summary. 

 

 
 

System Model  
 
The framework we proposed in this work is designed for the 

smart grid in the home environment, and considers common 
electrical appliances used in typical houses, as we outlined 

above. In the following, we present some notations, assumptions, 

and definitions to be used in the proposed framework: 

 
– Set of request R(ri, i = 1, …,N), in which each appliance's 

request ri is defined by the following parameters: 

– The request's weight is computed for each request, based on 
several factors, and is used to differentiate and prioritize 

between competing requests. The objective of the proposed 

framework is to maximize the sum of served request weights 

∑wi. 
– Ptime is a parameter that denotes a length of the prediction 

period used in computing the overload probability from the 

transition diagram. 
– Pwtotal is the total power allocated to serve appliances. Power is 

assigned to appliances based on their manufacturing 

requirements, as Table 1 indicates. 
– Padmit is a parameter (a probability) used in accepting new 

requests. It is set by the smart grid operator. 
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– Each appliance may have a maximum of one request at any 

given time. 
– Time is slotted. The algorithm views time as a sequence of 

slots, each of length Timeslot (e.g., 1 s). 

– If a request i does not receive the required service within the 

acceptable delay interval [ai, ai + di−1 or di], then that request is 
considered to be inadequately served. 

– αqos is a quality parameter (αqos > 0) to fix an upper bound on 

the maximum acceptable processing time experienced by any 
of the admitted appliances. The derivation of this bound will be 

introduced later. 

– Poverload is the overload probability that is defined as the 
probability that the object will be in an overload state at 

time t + tpredict. 

 

In order to derive the quality parameter αqos, we define the 
following notation: for any given appliance i, define ai as the 

start time for serving this appliance, li as the service time 

length, ci as the completion time, and di as an upper bound on the 
acceptable total time. In order to simplify the notations, these 

parameters are measured in time slots. Thus, the total processing 

time of appliance i is (1 + ci − li) slots, hence, di = [(1 + αqos)li]. 
 

Proposed Schemes  
 
Figure 2 depicts the general architecture of the proposed 

framework. In this architecture, once the user makes a new 
request, the system checks to validate whether this is a forced 

request (i.e., a request that must start immediately) or not; if it is 

a forced one, it gets started immediately. If it is not a forced 
request, then the admission scheme is invoked, which, in turn, 

performs overload estimation. Once the admission scheme is 

completed, it invokes the scheduling component (in this work, 

we propose two different scheduling schemes, namely 
preemptive and non-preemptive schedulers). The scheduler 

constructs a schedule of which appliances to start and when. 
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Figure 2: General architecture of the proposed framework. 

 
The proposed scheme is distinguished from other schemes by 

making the following assertions: 

 

– Serving a particular appliance is bounded by a deadline, so any 
appliance must be served within a specific time frame. 

– A request does not need to be either accepted or rejected. A 

request can also be delayed (for a reasonable amount of time) 
to be served later, in case of many requests arriving at the same 

time. 

 
The approach taken in this work devises a management 

framework that utilizes the following modules [22,23]: 

 

1. A predictive scheme that utilizes a priori knowledge of 
distributions of appliances to predict the overload 

probability. 

2. A scheduler to determine which appliance will be served 
next. 

 

Proposed Admission and Planning Scheme  
 
Given the above-mentioned definitions and assumption, in the 
following, we present the general admission scheme. However, 

we note that the user may opt to force a appliance to start right 

away (we will refer to these requests as “forced requests”), 
without being subjected to the admission and the scheduling 

procedures. In this case, the appliance request will not be 

considered among the total requests. 
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The goal of the quality check is to ensure that the system will not 

be in an overload situation in case it accepted the incoming 
request. It basically computes the overload probability given the 

current requests distribution vector for the interval [t, t + tpredict]. 

 

In order to estimate the overload probability that is necessary for 
the quality test, we devise the following simple probabilistic 

model. We remark that the probability of having m appliances 

(from n appliances) operating at time t + Tpredict follows the 
binomial distribution B(m; n, pactive), where pactive is the 

probability that any appliance remains active. The probability of 

new appliance becoming active during the time 
interval t + Tpredict is denoted by pnew, and the probability 

that z appliances will be active during this interval follows the 

binomial distribution B(z; q, pnew). Therefore, the overload 

probability is computed using the convolution sum of two 
binomial distributions, namely B(m; n, pr) and B(z; q, pnew). 

 

We note that the choice of the prediction interval (Ptime) is 
essential to achieve the best performance. Hence, we propose an 

adaptive planning estimator to adjust the value of the planning 

interval based on the number of incoming requests. For high 
demanding situations, the interval is decreased. On the other 

hand, the planning interval is increased as the request demand 

decreases. Initially, the interval is set to the average requests 

rate. Then, the value is adjusted with an exponential moving 
average using Equation (1): 

 

Ptime = αPtime + (1−α)DT    (1)Ptime = αPtime + (1-α)DT    (1) 
 

where α is a favoring factor, 0 ≤ α ≤ 1, and is used to favor the 

historical average over the most recent reading, and DT is the 

most recent reading. For simplicity, we set α to 0.5, in this 
paper. Figure 3 shows the steps of the general admission scheme. 
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Figure 3: General admission scheme. 

 

Proposed Non-preemptive Scheduling Scheme  
 

The scheduling scheme is the main module in the proposed 

framework. Calling the scheduling function at time t, with 

available resources (energy), a set R(t) of all of the outstanding 
unexpired requests, and Ptime. Now, we construct a non-

preemptive scheduler that can select a subset R′ ∈ R(t) of 

requests that can start no later than t + Ptime and maximizes the 
total weights. In order to facilitate the design of the proposed 

scheduler, we make the following definitions and assumptions: 

 
DR is the set of all request that is seeking to be scheduled. It 

consists of both undelayed and delayed instances of traffic 

requests. The delayed request is bounded by Ptime units. 

 

 MDR is the total number of requests in set DR. 

Mathematically, MDR is computed using the following 

formula: MDR=∑ri∈R(1 + min(di, Ptime)).MDR=∑ri∈R(1 

+ min(di, Ptime)). 

 For request ri, the undelayed component is accounted for by 

the term “1,” and the delayed version is compensated for by 

the term “min (di, Ptime).” 

 L[1, 2, …, MDR] is a non-decreasing order sorted list of the 

set DR; the instances in L are sorted according to their 

starting times. 

 L[k] is the identity (i.e., the index j) of a request with 

index k in list L that correspond to instance rj, d of request rj. 
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 A subset of the first k entries of L, where L[z]| z = 1, 2, …, k, 

is of type S
(k)

[i, j], if it satisfies the following two conditions: 

 
The proposed scheduler finds the optimal solution using a 

dynamic program that considers all instances of requests in DR, 

according to the ordering determined by L. In particular, at 

the kth phase, k = 0, 1, 2, …, MDR, for request L[k], the algorithm 
computes the effect of including and excluding this request by 

tracking all S
(k)

[i, j] quantities. 

 
To construct the scheduler, it is best to view the available power 

(Pwtotal) as a spectrum that is divided into m bands; each band is 

divided into k channels of equal capacity. Each appliance 
requires a specific number of channels to be served. For 

any K requests, where K > m, we define a sub-scheduler that can 

schedule a maximum of K′ requests at a time, namely SS-K. The 

SS-K scheduler needs to be called [K/m] times. Each call selects 
a subset of size 2 to start simultaneously. NP-SK utilizes 

dynamic programming concepts in its design. Figure 4 depicts 

the NP-SK algorithm. 
 

 
 
Figure 4: Non-preemptive scheduling function. 

 

In this algorithm, L[k] is the set of all requests, both new and 

delayed requests. S
(k)

[i, j] is a subset of valid requests in the 

interval [t, t+Ptime]. Thus, each of these requests can be scheduled 
over m bands such that the latest requests can start over the two 

bands i, and j, respectively, where i ≤ j. S
(k−1)

[i, j] is a subset of 

the maximum weighted sets of the corresponding types. Request 
L[k] can be scheduled with set S

(k−1)
[i, j] if S

(k−1)
[i, j] can be 

scheduled over 2 channels. Also, in case of L[k] being a delayed 

instance of request rj, then no idle or overlap time occurs 



Advances in Energy Research: 2nd Edition 

20                                                                                www.videleaf.com 

between its scheduled start time and the finish time of its 

predecessor on the same channel. 
 

Lemma: The proposed non-preemptive scheduler is a correct 

one. 

 
Proof: The scheduling algorithm considers the effect of including 

and excluding all qualified instances in the DR set; hence, it is 

proven to be correct. In particular, the loop in the scheduler 
accounts for the two cases of including and excluding L[k] as the 

new set S
(k)

[i, j] takes the maximum weighted set of these two 

cases. 
 

The scheduler runs for MDR iterations. The length of each 

iteration is bounded by the shortest request size (Ml). Therefore, 

the run time of each iteration is bounded 
by O(12(PtimeMl)2)O(12(PtimeMl)2)). The total run time 

is O(12(PtimeMl)2)O(12(PtimeMl)2). MDR). 

 
For the NP-SK algorithm to work, the number of channels must 

be even. In case of an odd number of channels, the algorithm 

must schedule one request over one channel, assuming the 
second channel is occupied by request with infinity request 

length. 

 

Proposed Preemptive Scheduling Scheme  
 
One way of enhancing the proposed scheduling algorithm is to 

replace the non-preemptive scheduler with a preemptive one, 

where the service of any appliance can be preempted several 
times during the operation period of the appliance. The proposed 

preemptive scheduler follows a similar approach as the non-

preemptive one. However, a key difference between the 

preemptive scheduler and the non-preemptive one is the set of 
connections considered by the scheduler, namely the set R(t). In 

the preemptive scheduler, the set R(t) is defined as the set of all 

outstanding unexpired service requests plus all requests already 
in service. The proposed scheduler may select an active 

appliance and decide to shut it down for a certain amount of time 

to serve another appliance. Hence, at the arrival of a new request, 
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the scheduling mechanism is invoked, and a new schedule is 

computed, taking into account all active, delayed, and new 
requests. 

 

In addition to the notations and variables we defined for the non-

preemptive case, we define the following attributes for the 
preemptive case: 

 

 idi is the allowable maximum total service interruption delay 

for request ri. 

 sti is the allowable maximum start of service time (delay) for 

request ri. 

 

Hence, the appliance request is dropped in two cases: first if it 
cannot be started on, or before, (si = ai+sti), secondly, if a request 

cannot be completed before (si + li + rdi). 

 

The scheduling (i.e., P-S2) takes as input the timing information 
of all requests in the set R(T), namely two time instants (i, j), 

such as i, j ϵ [0, Ptime], where the two channels are available for 

service. The function yields a subset denoted SR, which can be 

scheduled over two channels (i.e., SR ⊆ R). 

 

The algorithm works iteratively. In each iteration, the algorithm 

selects a subset S of at most three requests to be scheduled to 
start over two available channels to start at times i, j. The chosen 

subset S is required to have the maximum total weight among 

the candidate subsets. If S can be computed (i.e., exists), then a 
sub-schedule is constructed to start at two channels at 

times i and j. The function is terminated if S does not exist, and it 

will return the computed subset SR. Figure 5 shows the 
algorithm. 
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Figure 5: Preemptive scheduling function. 
 

Computing the best request(s) to include in each schedule is 

done exhaustively over the set of all active and inactive requests 
by packing three requests over two channels. 

 

Let Ml be the length of the shortest request. Hence, at 
most PtimeMl PtimeMl sub-schedules are computed by the 

scheduler. Each sub-schedule needs O(nDR3)O(nDR3) to 

perform a brute force search in the set DR for the set (S) that 

achieves the maximum weight with two or three requests. Hence, 
the total running time for the scheduler 

is O(12(PtimeMl)3)O(12(PtimeMl)3)MDR). 

 
In order to prove the correctness of the preemptive scheduler, 

assume we have three requests (r1, r2, and r3) to be served 

interchangeably over two channels only. The start times for these 
requests are denoted by H1, H2, and H3, respectively. The end 

times are denoted by E1, E2, and E3, respectively, where E1 < 

E2 < E3. Assume OT is the total duration where the three requests 

overlap. The three requests can be scheduled as follows: 
 

1. Serve connections r1 and r2 during the interval [H1, 

H3+ OT2OT2]. 



Advances in Energy Research: 2nd Edition 

23                                                                                www.videleaf.com 

2. Serve connections r2 and r3 during the 

interval [H3+ OT2OT2,E1]. 
3. Serve connections r1 and r3 during the interval [E1, 

E1+ OT2OT2]. 

 

Using this sub-schedule, each request is delayed by the 
maximum of OT2OT2. 

 

Simulation and Results  
 
The performance of the proposed non-preemptive and 

preemptive scheduler is evaluated using simulation. We 

conducted and wrote a discrete event simulator as a code in C++. 

The user requests are modeled as follows: inter-arrival rate in 
off-peak hours follows a negative exponential probability 

distribution function with a mean of 12 h, while in the peak 

hours it is assumed as 1 h. The appliances used are a washer, 
dryer, dishwasher, and coffee maker, in the winter peak period 

from 7 to 11 a.m. and from 5 to 9 p.m., and the mid peak hours 

from 11 to 5 p.m. The simulation runs on the period between 10 
and 210 days, and the maximum delay is set to 24 h. 

 

The obtained results are compared against results obtained from 

state- of the art algorithms in the literature; in particular, we 
compare the performance of the proposed schemes against Erol-

Kantarci and Mouftah's work [6,7], namely on-off ACCORD-

FI Al Balas et al.'s [14] work, namely modified ACCORD (both 
preemptive and non-preemptive versions). The performance 

metric we used to evaluate the performance of the investigated 

schemes is the total cost (cumulative) of electricity usage during 
the simulation time (~7 months). The reported results are the 

average of 10 runs, and to eliminate the transient effects, the 

results of the first 5 days in the simulation were cropped from the 

final results. Table 3 lists the main parameters and assumptions 
we used in the simulation study. Table 4 shows energy 

consumption and cycle durations of the appliances used in the 

simulations. Table 5 shows the TOU rates and two price models: 
one from Ontario/Canada [5,7] and another from Jordan, as 

presented in Al Balas et al. [14] research. We refer to these two 

models as model 1 and model 2, respectively. Moreover, we 
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assume that 10% of the initiated requests by the users are forced 

requests. Hence, these requests will not be handled by the 
admission or the scheduling schemes. 

 
Table 3: Simulation parameters. 
 

 
 
Table 4: Energy consumption and cycle durations [5,7].  

 

 
 
Table 5: TOU rates [5-7]. 
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The five schemes are shown in the comparison figure are: 

 

 The proposed non-preemptive scheme. 

 The proposed preemptive scheme. 

 ACCORD-FI scheme [Erol-Kantarci and Mouftah's work 

[6,7]]. 

 The non-preemptive modified ACORD [14] 

 The preemptive modified ACORD [14]. 

 

Figures 6, 7 depict the obtained simulation results for price 
model 1 used in Ontario/Canada, for both 4 and 6 appliances, 

respectively. Figure 6 compares the total energy cost when using 

4 appliances for all 5 schemes. It is apparent that the proposed 

non-preemptive scheme achieved slightly more total cost than 
the ACCORD-FI scheme. This is rather expected as service 

interruption to free the resources to more important request is not 

permitted in non-preemptive scheduling. For this reason, it is 
also apparent that the preemptive approaches outperformed the 

non-preemptive ones. Moreover, the proposed preemptive 

approach with overload prediction achieved better results than all 

other approaches. In addition, the overload prediction component 
enhanced the performance of the proposed schemes, both 

proposed preemptive and non-preemptive schemes, achieved 

lower total costs than their respective counterparts. For example, 
at day 210, the proposed non-preemptive approach managed to 

achieve a saving of about 25US$ in comparison to the non-

preemptive approach of the modified ACORD [14] proposed. 
 

 
Figure 6: Total energy cost of using 4 appliances with price model 1. 
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Figure 7: Total energy cost of using 6 appliances with price model 1. 

 

Figure 7 reports a similar behavior with higher saving values 
when 6 appliances are used. For example, the saving reaches 

around 300US$ during the same period at 210 days. This can be 

justified by the addition of the admission phase (overload 

prediction). However, the other schemes achieved lower saving 
and relatively comparable performance. Nonetheless, the 

proposed preemptive approach achieved the best savings. 

 
We conducted the same set of experiments for the other pricing 

model (model 2) adopted in Jordan. Figures 8, 9 depict the 

results for the pricing model 2. Although the 2 pricing models (1 
and 2) exhibit different pricing strategies, the proposed schemes 

achieved similar behavior, as in the case of model 1, in 

comparison to the other schemes from the literature. Again, the 

proposed preemptive approach managed to achieve the highest 
savings in the energy bill. 
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Figure 8: Total energy cost of using 4 appliances with price model 2. 

 

 
 
Figure 9: Total energy cost of using 6 appliances with price model 2. 

 

Conclusions and Future Work  
 
Smart grids are an emerging and innovative solution to 
overcome the limitations of traditional energy grid systems. 

Smart grids encompass many components, such as smart energy 

generation from renewable resources, smart metering, and smart 

management. From the perspective of the user of a typical home, 
smart grids must provide a smart solution, inside the house, that 

monitors and controls the energy bill. The main goal of this work 

was to design and implement novel and efficient appliances 
scheduling schemes that aim to reduce the total energy cost by 

deciding which appliances will start and when they will start. In 

this paper, we proposed two scheduling schemes, namely non-
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preemptive and preemptive ones. The proposed schemes will 

invoke a prediction component to predict whether the system 
will be overloaded or not in the near future. Then, a scheduling 

component is invoked (in fact, we proposed the two above-

mentioned scheduling schemes) to decide which request will be 

served and when. The scheduling component will try to pack as 
many requests as possible at the same time. We compared the 

performance of the proposed schemes with other schemes from 

the literature under two different pricing models. Simulation 
results show improvements in terms of consumed energy 

expressed as total saving in electricity bill cost, with percentages 

ranging, for example, from 5 to 20% when comparing our 
proposed preemptive scheme with the modified preemptive 

scheme (solid green and blue curves in the figures). We note that 

the admission phase of our approach played an important role in 

shaping the input and the output of the scheduling schemes. 
 

The performance of the proposed schemes is to be enhanced in 

the future by considering more sophisticated and realistic 
prediction models, such as Markovian process and game theory. 

Moreover, it is necessary to investigate their performance under 

other pricing models from different regions around the world. 
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Abstract 
 
Scroll compressors are widely adopted machines in both 

refrigeration systems and heat pumps. However, their efficiency 

is basically poor and constitutes the main bottleneck for 
improving the overall system performance. In fact, due to the 

complex machine fluid dynamics, scroll design is mainly 

based on theoretical and/or semi-empirical approaches. 

Designs strategies that do not guarantee an in-depth analysis 
of the machine behavior can be supplemented with a 

Computation Fluid Dynamics (CFD) approach. To this 

purpose, in the present work, the scroll compressor inner fluid 
dynamics is numerically analyzed in detail using two CFD 

software and two different modelling strategies for the axial gap. 

The analysis of the fluid evolution within the scroll wraps 
reveals unsteady phenomena developing during the suction 

and discharge phases, amplified by the axial clearance with 

negative impact on the main fluid flow (e.g., −13% of 

average mass flow rate for an axial gap of 30 µ) and on the 
scroll performance (e.g., +26% of average absorbed power 

for an axial gap of 30 µ). In terms of accuracy, the k-ε offers 

good performance on the estimation of average quantities but 
proves to be inadequate for capturing the complexity of the 

unsteady phenomena caused by the axial gap (e.g., −19% of 

the absorbed power in case of perfect tip seal). The need for 
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considering specific geometric details in design procedures is 

highlighted, and guidelines on the choice of the most suitable 
numerical model are provided depending on the analysis 

needs. 
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Introduction  
 
Scroll-type compressors/expanders are Positive Displacement 

(PD) machines largely adopted in refrigeration systems, heat 

pumps, and power units. As   an   example, Murthy et al. [1] 
performed a review on expanders types used in vapor 

compression refrigeration systems while Fukuta et al. [2] 

presented an investigation aimed to recover the throttling loss in 

trans-critical CO2 refrigeration cycles. Byrne et al. [3] and 
Legros et al. [4] presented a thermodynamically based model to 

design the scroll compressor for heat pumps and Organic 

Rankine Cycles (ORCs), respectively. In addition, Song et al. 
[5] fo- cused on scroll expanders for ORC applications and 
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demonstrate the great potential of these machines in the ORC 

energetic and exergetic performance improvements (for more 
details on ORCs optimization, see, e.g., [6–8]). 

 

So, it is clear that scroll-type compressors and expanders are 

receiving great interest from researchers and the main reason of 
their success downs to their simple and compact structure. In 

practice, there is only one moving element that guarantees a 

positive impact on the machine dimensions, reliability, and even 
noise. However, their design strategy has not been improved 

over the years and it is still based on standard theoretical 

approaches and/or thermodynamical methods, considering the 
volumes to displace as the key parameter for the machine 

design [3,9]. Design strategies that lead to building machines 

characterized by medium-to-poor efficiency in turn negatively 

affect the overall performance of the systems in which they are 
installed [2,10]. 

 

Unlike hydraulic machines, wind turbines, and axial 
compressors/turbines (see, e.g., [11–15]), whose design and 

performance received a significant boost by the birth and 

development of Computation Fluid Dynamics (CFD), scroll 
devices and PD machines in general suffer from both 

innovative design approaches and performance 

enhancements, resulting from the challenges of applying CFD to 

these machines and arising from the need for deforming mesh, 
fluid real equations (with further complications in case of 

combination with the lubrication oil), and long computational 

time. 
 

In a nutshell, in a PD machine, the pocket volume is 

continuously deformed during the shaft revolution. The 

motion that originates is a complex and time-dependent fluid- 
dynamic phenomena detectable only with mesh able to 

―follow‖ the deformation imposed by the machine moving part 

without losing its quality. In fact, for small deformations of  
the fluid domain, the original mesh maintains sufficient quality. 

However, in PD machines, the pocket volume variation, 

imposed by the moving part, is continuous in time and 
significantly deforms the mesh. So, several issues can arise 
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by maintaining the original mesh: Quality decay, uncontrolled 

modifications of the mesh refinements, possible mesh collapse 
near contact points between stator and moving parts, etc. To 

overcome these issues, throughout the years, researchers 

proposed several meshing approaches but only three are the 

most applied: (a) Immersed Boundary Method (IBM) [16]; 
(b) key-frame remeshing [17]; and (c) adaptive meshing. 

 

The IBM was developed for simulating the flow of a solid 
body inside a fluid region without deforming or remeshing 

the mesh because of the body motion [18]. Unlike the others, 

this method considers the time-dependent body motion not at 
mesh level but directly in the flow equations. To do this, two 

different meshes are built: A background mesh for the whole 

domain, not considering the solid walls of the body, and a 

―solid‖ one for the moving body. In the zones where the solid 
mesh overlaps the background mesh, the flow equations are 

properly adapted. This approach solves the issue of the mesh 

quality decay, typical of body fitted meshes, but it increases the 
challenges in solving the equations in the nearby of the 

boundary. 

 
The key-frame remeshing technique [17] faces the issue of the 

time-dependent body motion at mesh level and completely re-

meshes the grid if the cell quality falls below certain thresholds. 

This method guarantees the mesh quality and the solution 
consistency but requires huge computation time for the meshing 

process due to the need of a complete re- mesh of the fluid 

domain. Moreover, during the re-meshing process, the node 
locations are modified as well as the node distribution. This 

means that the solver is forced to interpolate the results between 

the current time step and the previous one, which is 

characterized by a different grid. So, interpolation errors can 
occur. 

 

The third technique, called ―mesh adaption‖, is one of the 
most adopted approach for PD machines and it is mainly 

based on the adaptation through deformation of struc- tured 

hexahedral grids in each step of the simulation. In this regard, 
the scientific litera- ture highlights several strategies that 
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differ from one another for the choice of the main grid 

topology and the algorithm adopted for controlling the mesh 
adaptation. Classic and improved Laplacian-based 

approaches are widely and successfully adopted in this field 

[19,20]. 

 
There are two other strategies reported in literature: The 

Smoothed Particle Hydrody- namics (SPH) approach and the 

overset grid approach. The SPH is a challenging mesh-free 
Lagrangian approach proposed in literature mainly for 

turbomachines [21] with rare appli- cations to PD ones [22]. The 

overset grid approach subdivided the grid into multiple grids, 
which can be generated independently one from the other. 

This approach does not result in outperforming the more 

consolidated meshing approach and it has not been widely 

applied in simulations of PD machines [23]. 
 

Over the years, the development of the above-mentioned 

meshing techniques has made possible the successful 
application of the CFD on PD machines. Stosic et al. [24], 

in 1996, was one of the first to use CFD to investigate the fluid 

flow in scroll, adopting a quasi-steady flow approach, while De 
Bernardi [25], in 2000, applied CFD to demonstrate the 

powerfulness of the approach in the physical understanding of 

the lubrication process. More recently, the CFD has been used 

by Angel et al. [26] to investigate the impact on scroll 
compressor performance of intermediate discharge ports and by 

Abdulhussain [27] to study the mixing of two-phase refrigerant 

dual ports through a variable speed scroll compressor. 
Differently, Morini et al. [28] proposed an integrated Reverse-

Engineering CFD methodology to study how to convert a 

commercial scroll compressor into an expander for a micro-

ORC system. 
 

Hence, the scroll performance investigation by means of CFD 

allowed: (i) To analyze in more detail the inner fluid dynamics 
and (ii) to work on the identification of the factors affecting 

their performance [5]. Cavazzini et al. [29] proposed, for the 

first time, a CFD- based optimization approach aimed at 
maximizing the efficiency of a scroll compressor, by the 
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optimization of a selected number of design parameters. Their 

analysis highlighted the relevance of some design parameters 
over others. In particular, the orbit radius and the discharge 

port size and shape resulted in affecting the scroll performance. 

So, the analysis outcomes highlight the need of optimizing 

these parameters in view of performance maximization. 
Regarding the discharge port, in the considered design 

operating condition, the solution envisages a bean shape 

following the scroll spirals. The main reason for this result is 
its capability of limiting the onset of a clearance, reducing the 

built-in volume ratio. The influence of the leakage flow on the 

machine performance is also confirmed by several 
experimental and analytical studies [2,30,31]. As an 

example, Fukuta et al. [30] analyzed the leakage flow rate 

effects on the scroll performance, investigating a scroll 

compressor from both a theoretical and experimental 
viewpoint. The analysis showed a clear impact of the axial 

clearance on the machine performance and the influence of 

geometrical parameters on the tip seal efficiency. 
 

To study the leakage flow mechanism and its main affecting 

factors more in depth, several researchers focused on clearance 
and gaps within the scroll geometry. The first studies facing this 

topic were the ones performed by Cui [32,33]. He investigated 

the unsteadiness related to the discharge process of a scroll 

compressor, highlighting the influence of the leakage flow on 
this process and its complexity (unsteady 3D and transonic 

characteristics). 

 
In 2017, Singh et al. [34] carried out a CFD simulation to 

analyze the behavior of a scroll expander for a transcritical CO2 

refrigeration system. A 2D approach is adopted and the authors 

focused their attention on the radial gap, demonstrating that 
the expansion process is affected by the leakage path between 

the rotor and the stator. In addition, they observed a resulting 

vortex in the expansion pocket, inducing a periodic fluctuation 
in the fluid velocity. 

 

A similar CFD simulation is carried out by Emhardt et al. 
[35] to investigate the influence of the radial clearance on the 
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performance of a scroll expander applied to small- scale ORC. 

In fact, decreasing the radial clearance from 200 µm to 75 
µm, allows, on the one hand, to increase the isentropic 

efficiency from 31.9% to 53.9% but, on the other hand, to 

reduce the specific power output from 864.2 W to 336.5 W. The 

same research group also found that constant wall thickness 
scroll expander characterized by large built-in volume ratios 

allowed to achieve higher performance in small-sized ORC 

[36]. 
 

Unlike the previous studies focusing on the radial clearance, the 

first studies modelling the axial gaps of a scroll expander were 
those of Song et al. [37,38]. They present the flow field within 

a large axial clearance of 100 µm confirming the onset of high-

velocity values in the radial direction. 

 
The above-mentioned works clearly highlighted the 

complexity and unsteadiness of the flow field within the scroll 

together with the key role played by geometrical details and 
clearances in the definition of scroll performance. However, 

to the authors’ knowledge, no one has ever identified the root 

causes of the unsteadiness during the suction and discharge 
phase. Moreover, no one has ever considered the influence of 

the numerical approaches (e.g., turbulence model) and 

modelling strategies (gaps, tip seal, etc.)   on the simulation 

accuracy. For example, the benefits in terms of result 
accuracy deriving from different modelling approaches have 

not been compared with the corresponding need of finer and 

finer grids and of greater computing effort, poorly matching 
with an optimization procedure. 

 

To this purpose, in the present work, the authors study the 

inner fluid dynamics of the scroll in depth with a particular 
focus on the suction and discharge phases. They also consider 

the influence of different CFD approaches on the result accuracy 

to highlight their strengths and weaknesses depending on the 
simulation goals. 

 

The paper is organized as follows. In Section 2, the 
geometrical characteristics of the under-investigation scroll 
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compressor are described, while, in Section 3, the two CFD 

software and the corresponding numerical approaches are 
presented. In Section 4, the main results are outlined and 

discussed, while in Section 5, the concluding remarks are 

given. 

 

The Scroll Compressor Geometry  
 

To properly validate the numerical models and evaluate their 

accuracy, a literature experimental analysis is chosen as a 
reference test case [39]. 

 

The scroll geometry, used in the test case, is defined according 

to the design procedure based on the equidistant curve 
approach. This procedure obtains the two spirals of the scroll 

as an offset of a continuous midline. It allows to define the 

complete meshing profiles (CMP) of the scroll, comprehensive 
of both the central and the peripheral profiles, simultaneously. 

This procedure was also adopted in [29] thanks to the reduced 

number of equations to handle in the scroll design 
optimization procedure. Since it allows to control the 

clearance volumes and the flank gaps, it perfectly fits even in 

this study. Indeed, the scroll geometry is obtained by 

combining the design of the peripheral profiles (for example 
as the involute of a circle) with the Perfect Meshing Profile 

(PFM) technique. In this manner, the scroll profiles meshing in 

the center is improved and the gaps are limited to the 
maximum. On the other hand, the design procedure proposed 

by Wang et al. [39] makes it possible from the very beginning 

to perfectly match the profiles even in the centers, in this way 
limiting further leakages due to imperfect profile interactions. 

 

The midline of the proposed geometry is obtained by the 

combination of a circular involute with a circular arc (Figure 
1a) according to the following equations: 
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where (xC, yC) are the coordinates of the center of the circular 

arc while Rm is the radius of the circular arc at the midline. γ 

is the modified angle (angle between the center of the arc and 

the x axis) while λ is the central angle of the circular arc. Rb is 
the radius of the involute generating circle while ϕ and ϕend 

are the starting and ending angle of the involute, respectively. 

 

The two scroll profiles are then obtained by offsetting the 
midline in both directions by half of the orbit radius Ror 

(Figure 1b). 

 
The design parameters of the scroll geometry are taken from 

Wang et al. [39] since it is chosen as reference test case for 

evaluating the numerical model accuracy. The orbit radius Ror 

is assumed equal to 5.5 mm, whereas the orbiting scroll is 
only translated by 5.47 mm, leaving a flank gap of 30 µm. The 

spirals have a thickness of 4.5 mm and a height of 40 mm with 

an axial gap of 50 µm. The discharge port is located at the 
scroll center, tangential to the fixed spiral at the final meshing 

point, with a diameter equal to 0.8 of the last pocket diameters. 

 

  

 
 
Figure 1: Complete meshing profiles (CMP): (a) midline angles; (b) main 
geometrical parameters. 
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Numerical Models  
 

As stated above, there are three main meshing techniques able 
to handle the issue of the time-dependent mesh deformation 

typical of scroll machines. The aim of this study is not to 

discuss the strengths and the weaknesses of these techniques. 

Obviously, in literature, there are reviews and comparisons 
among them but not from a design point of view. In particular, 

if the problem is approached from a design procedure 

perspective, there is a need to focus on key geometrical details 
(i.e., the axial gap) and available numerical models. For this 

reason, the authors adopt the adaptive meshing technique, a 

consolidate meshing approach in PD machines analysis. Then, 

they compare the numerical approaches proposed by two 
commercial software, Pumplinx 5.0 [40] and TwinMesh 2019 

[41], because they modelled the axial gap in a different way. 

 
Twin Mesh is a grid generator specifically developed for 

rotary PD machines. It generates and optimizes the 

computational grids of the machine for each time step of the 
simulation. The step corresponds to a specific rotation angle 

of the rotor and, in general, the angle increment is assumed 

equal to 1◦ or 2◦, as suggested by [42–44]. This software is 
complementary to Ansys CFX 19.0 [45] and allows to build 

the grids prior to the launch of the simulation. At the 

beginning of each time step, a proprietary Fortran routine 
[41] loads the new mesh (depending on the rotor position) in 

the CFD solver and the mesh deformation is added to the set 

of differential equations. In this way, no interpolation is 
required between time steps; a technique that avoids the 

typical interpolation errors that occurred during the remeshing 

phase. 
 

Twin Mesh allows to split the simulation domain into 

different volumes to apply the most suitable meshing strategy 

for each volume. In particular, a scroll geometry is 
subdivided in three main fluid domains: The stator domain 

(including inlet and outlet pipes and stationary parts of the 

working pockets), the rotor domain, and the rotor axial gap 
domain (Figure 2). All the domains are meshed 
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independently and connected in the simulation solver via a 

fluid-fluid Generalized Grid Interface (GGI) due to the time- 
dependent connection of the rotor domain with the stator one.  

 

 
 

Figure 2: Fluid domains of Twin Mesh [44]. 

 

Regarding the rotor domain, affected by the time-dependent 

rotor movement, Twin Mesh adopts a 2D topology 
characterized by an O-type grid, characterized by hexahedral 

elements, around the rotor curvature. This grid is built for 

each possible rotor position adopting the same topology and 
node numbers as well as the same refined resolution boundary 

layers with higher aspect ratio towards rotor and housing walls. 

This is a precon- dition that guarantees to avoid the need of 
interpolations between time steps. Regarding the mesh quality, 

smoothing methods are applied to guarantee adequate quality 

values for the desired quality criteria (minimum element angle, 

aspect ratio, etc.). The 2D meshes are then extruded to obtain 
the 3D ones of the rotor domain. 

 

The rotor axial gap is discretized by a structured high-
resolution grid that allows to take into account the tip seal 

leakage flow caused by the gap. 
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The grids of the scroll geometry previously presented and 

generated by Twin Mesh [41] are loaded in Ansys CFX 19.0 
[45] for carrying out a transient numerical simulation [46]. As 

previously said, for each rotor position (defined by a rotation 

angle increment of 2◦), the Fortran routine changes the rotor 
domain grid, loads the new one optimized for that specific 

position, but without interpolation needs. 

 
Unlike Twin Mesh, which is a grid generator requiring the 

combination with the Ansys CFX solver, PumpLinx is a CFD 

software that allows, in a unique environment, to generate the 
grid, define the numerical model, and carry out the 

simulation. 

 
As TwinMesh, PumpLinx automatically generates a structured 

mesh for both the stator and the rotor domains, but with a 

different meshing technique. For the rotor, it adopts the 

proprietary Conformal Adaptative Binary-tree (CAB) algorithm 
[47], generating cartesian hexahedra cells in a volume enclosed 

by a group of surfaces. Close to the boundary, CAB 

automatically adjusts the grid shape to conform to the surfaces 
and critical geometry edges. In order to fit critical geometrical 

features, CAB modifies the cell size by progressive division of 

the mesh cells in half (binary grid). 
 

The rotor topology is cylindrical, and the automatic mesh 

generator adopts a multi- block strategy, searching for key 

geometrical points to subdivide the domain in six parti- tions 
(Figure 3). 

 

Partitions from 1 to 3 are meshed as long fluid volumes with 
evenly distributed nodes and hexahedral oriented in parallel 

with the rotor outline. Partitions from 4 to 6 belong to the 

central part of the scroll near the discharge port and allow the 

contact points. They are modelled as small gaps in agreement 
with all the other commercial software, Twin Mesh included. 

In these partitions, the grid is generated starting from lines of 

normal to solid walls so as guarantee a high level of 
orthogonality. Ecliptic smoothing techniques are adopted to 

optimize the grid in highly distorted areas (i.e., sharp 
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corners), and a sweep method is applied. When the rotor 

moves into a new position, corresponding to a new time step, 
the procedure is repeated. More details on the meshing strategy 

in the discharge area are given in [48]. 

 

 
 

Figure 3: Rotor meshing strategy in PumpLinx: Rotor domain partitions 
[48]. 

 

The main difference between this mesh generation procedure 

and the Twin Mesh one are regarding the axial gap, which is 

not considered, and is meshed as a separate high-resolution, 
structured grid. In PumpLinx, the leakage paths in the axial 

gap are not fully meshed. The reason is that the sealing action 

of the tip seal is assumed constant and perfect in time with a 
consequent null radial leakage flow in the axial gap (see 

Figure 4). 
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Figure 4: PumpLinx approach to axial gap modelling. 

 

Therefore, the leakage path is simplified in a Z-shaped fluid 
volume, which is meshed assuming the flux of mass, 

momentum, heat, and turbulence from one volume pocket to the 

other is null [49]. This simplification assumes that the high-
pressure value characterizing the inside pocket—in comparison 

with the low-pressure value in the outside pocket— 

continuously pushes the tip seal to the outer side of the 
groove, guaranteeing a perfect sealing (Figure 4). 

Unfortunately, this assumption only partially reflects the real 

dynamics of the process. In fact, the real behavior is 

characterized by unsteady time-dependent reversals of the 
outside-inside pressure gradient. Moreover, it does not consider 

the inner imperfection in the sealing, due to the need for 

limiting the friction losses, a necessary condition for making 
the scroll movement possible. Lastly, the leakage volume stops 

at the ends of the spiral shape (Figure 5). 
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Figure 5: Example of tip seal volumes in a scroll compressor: (a) end of the tip 
seal volumes; (b) start of the tip seal vol-umes. 

 

The resulting fluid domain is certainly simplified since it forms a 
single computational domain with the tip seal volumes, and no 

flux of mass, momentum, heat, and turbulence from one volume 

pocket to the low-pressure one should be numerically solved 
[49]. 

 

To analyze the influence of these two different meshing 

strategies on the numerical viewpoint, particular attention needs 
to be paid to avoiding the influence on the results of the third 

factors. First, a sensitivity analysis based on the average inlet 

mass flowrate is carried out with and without the axial gap 
for both software, resulting in the number of nodes reported 

in Table 1. 

 
Table 1: Number of grid nodes in the different cases. 

 
Software Without Axial Gap With Axial Gap 

TwinMesh—Ansys CFX 250,000 520,000 

PumpLinx 250,000 450,000 

 

The resulting number of elements for the main fluid domain is 

similar in both cases with an equal number of elements per 

dimension (Figure 6). For example, in the case with- out an axial 
gap, the following node distribution is fixed for both software: 

180 elements in the θ-direction, 12 elements in the radial 

direction, and 10 elements in the axial direction. In the case 
considering the axial gap, the differences in the total number of 
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nodes are mainly due to the different strategy for modelling the 

gap (Figure 6b). 
 

 
  
Figure 6: Overview of the PumpLinx grid (a) and detail of the TwinMesh 
grid at the discharge in case of the model with axial gap. 

 

The settings of the reference test case [39] are also fixed in both 

cases. In particular, a pressure ratio of 7:1 (pin = 1 bar, pout = 7 
bar) with a rotation rate of 3000 rpm is fixed. The fluid is 

assumed to be an ideal gas with constant properties (Tin = 293 

K) beside the density. Regarding the solver scheme, a high-

resolution, second-order scheme (Upwind for PumpLinx and 
Backward Euler Transient for CFX) is adopted in both cases 

with first-order turbulence numeric [49]. The time step is fixed 

equal to a rotation angle increment of 2◦. 
 

The turbulence is considered with a Shear Stress Transport 
(SST) turbulent model in CFX, whereas with a k-ε model in 

PumpLinx, since neither the SST nor the k-ω are available for 

this software. However, it must be pointed out that the k-ε model 
is the state-of-the-art turbulence model in CFD simulations 

carried out on scroll geometries, as it is clearly highlighted in 

Table 6 of [5] and confirmed by the most recent CFD studies on 

scrolls [35,36]. So, the difference in turbulent model is 
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considered useful to evaluate the accuracy of the k-ω model in 

comparison with the state-of-the-art k-ε approach. No-slip wall 
condition is fixed on the walls. 

 

The simulations are performed over a total of five complete 

revolutions of the scroll rotor. 
 

The scroll fluid dynamics reaches convergence after two, or 

maximum three, revolutions. 

 

Results and Discussion  
 

This section presents the results of the simulations carried out 

with the two approaches and discusses their strengths and 
weaknesses in the analysis of a scroll compressor. 

 

As said, the two approaches differ not only in the 
modelling/meshing strategy of the axial gap, but also in the 

turbulence model. All these differences in the approach are 

the result of the different ―philosophy‖, underpinning the 
development of the two software. 

 

On one side, the CFX approach is inherently aimed at 

reproducing as much accuracy as possible in the machine 
flow field, searching for a high level of adherence to the real 

geometry, even at gap level, and to the multi-scale fluid 

dynamics. On the other side, the PumpLinx software aims at 
reproducing the macro aspects of the scroll fluid dynamics,  

prioritizing the adoption of simplified and time-saving 

modeling solutions. 
 

To capture the influence of these two approaches on the 

results, the comparison between them is carried out at different 

levels (from macro- to micro-scale) and for different models 
(with and without axial gap) and the resulting accuracy in 

comparison with the experimental results is evaluated. 
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Scroll Simulation without Axial Gap  
 

The scroll fluid dynamics is extremely complex and 

characterized by several unsteady phenomena whose 

development is strictly related to the so called ―porting 
process‖, i.e., the suction and discharge process of the fluid 

mass flow. 

 
Figures 7 and 8 show the vector plots, captured by CFX, in 

two different sections of the scroll (mid-span and axial) for 

three different instants during the last revolution (Figure 9—1 

revolution = 0.02 s). 
 

At t1 the orbiting scroll is located farthest from the inlet port 

(Figure 7). The filling of the inlet pocket is just started, and the 
instantaneous mass flow rate is close to its peak value (Figure 9). 

Large recirculating zones are induced by the interaction 

between the mass flow entering in the inlet pocket and the 
outside wall of the orbiting scroll. This interaction forces the 

flow to reverse direction giving rise to vortexes, clearly affecting 

the flow field near the inlet duct (Figure 7). The vortexes extend 

for the whole radial direction and involve half of the pocket 
width (Figure 8). 

 

 
 
Figure 7: Vector plots of the flow field at mid-span for three different 
instants during the last revolution (CFX). 
 
 
 
 



Advances in Energy Research: 2nd Edition 

20                                                                                www.videleaf.com 

 

 
 
Figure 8: Vector plots of the flow field on an axial section plane for three 
different instants during the last revolution (CFX). 
 

 
 

Figure 9: Evolution over time of the mass flow rate at the inlet port, and 
pressure at the inlet port during the last three orbit revolutions of the rotating 
scroll: CFX inlet mass flow (solid line), PumpLinx inlet mass flow (dash-dot 
line), and CFX inlet pressure (dotted line). 
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The location of the inlet port in front of the orbiting scroll 

continuously modifies the ra- dial distance between the inlet port 
and the moving wall of the orbiting scroll, reproducing the 

unsteady ―tumble‖ phenomenon typical of the internal 

combustion engines. Indeed, as shown in Figure 8, the surface of 

the orbiting scroll moves towards the inlet port, reducing the 
radius of the vortexes whose rotation rate is consequently 

increased to maintain their constant moment of momentum (net 

of the losses). In the second part of the suction phase, the outside 
surface of the scroll moves away from the inlet port, increases 

the vortexes radius, and hence, progressively decreases their 

intensity (Figure 9). This phenomenon is further amplified by 
the progressive reduction of the inlet mass flow rate. When the 

mass flow rate reaches its minimum (t4 in Figure 9), the 

vortexes almost disappear (Figure 10). 

 

 
 

Figure 10: Vector plots of the flow field at mid span and on the axial section 

plan for t4 = 0.085 (CFX). 

 
Figure 9 also depicts the evolution over time of the inlet mass 

flow rate captured by PumpLinx. The general trend is to some 

extend similar. The average value of the mass flow rate is almost 
equal in the two simulations: 0.010553 kg/s in CFX vs. 0.010483 
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kg/s in Pumplinx, and approximate with a sufficient accuracy (an 

error less than 5%) the experimental mass flow rate m.   = 0.011 
kg/s [39]. However, CFX captured a greater peak value of the 

mass flow rate (+24% for CFX vs. +11.6% for Pumplinx with 

respect to the average value) and a pulsating behavior, amplified 

in the first part of the suction phase (from time 0.69 to 0.73). 
This pulsating behavior, whose frequency is half of the machine 

rotation frequency (25 Hz vs. 50 Hz corresponding to a period of 

0.04 s vs. 0.02 s), is clearly linked to the perturbation of the inlet 
pressure (Figure 8). As given below, the perturbation seems 

provoked by the inertia phenomena developing in the 

discharging pockets, which causes pressure drops propagating up 
to the scroll inlet. 
 

Figure 11 depicts the vector plots of the flow field at the 

scroll discharge on two different locations. The first section 
plan is normal to the scroll axis and coincides with the discharge 

port, while the second one is the same axial section plane of 

Figure 7 with a view limited to the discharge area. The vector 
plots refer to six different instants which are also highlighted in 

Figure 12, reporting the evolution over time of the outlet mass 

flow rate, as determined by CFX (solid line) and PumpLinx 
(dash-dot line). 

 

In t1, the scroll has almost concluded the discharge of the 

fluid mass (Figure 12) and the flow field does not present 
vortexes or separation zones (Figure 11). Then, the remaining 

fluid mass of the last pocket is progressively pushed out from 

the discharge port by the movement of the orbiting scroll. 
This movement indeed causes, at the same time, the reduction 

of the volume of the discharging pocket and the start of the 

discharge of the second last pocket (see t2 and t5 in Figure 11). 

The mass flow discharged by the scroll significantly increases 
due to this double contribution, reaching its peak, and then 

decreasing while the scroll completely opens the discharge 

port (see t6, t7, and t8 in Figure 11). 
 

This analysis highlights two interesting fluid-dynamic 

phenomena: 
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During the first part of the discharge phase, the flow field is 

perturbed by jets of mass flow coming out from pressurized 
discharging pockets (see t5 and t6 Figure 11). These jets are 

combined with counter-rotating vortexes and separation zones. 

This behavior explains the main peak and the subsequent smaller 

one in the evolution of the outlet mass flow rate (Figure 12), due 
to the combined discharge of the two pockets (see t5 and t6 in 

Figure 11). 

 
The discharging process is characterized by inertia phenomena, 

affecting the pressure level in the discharging pockets. At the 

beginning of the discharge phase, the pressur- ized discharging 
pockets push out the fluid mass, with a consequent rapid 

decrease in local pressure (Figure 13). This pressure drops 

reasonably to propagate up to the inlet suction pocket through 

the radial clearance, providing an explanation for the trend of the 
inlet pressure and mass flow rate in the CFX analysis (Figure 

9). 

 

 
 

Figure 11: Vector plots of the flow field at the scroll discharge located on the 
discharge port (of circular shape) and on an axial section plan (rectangular 
shape) (CFX). The zero-velocity area on the discharge port is related to the 
width of the wall of the orbiting scroll, partially blocking the discharge area. 
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Figure 12: Instantaneous mass flow rate at the outlet port during the last 
three orbit revolutions of the rotating scroll: CFX (solid line) vs. Pumplinx 
(dash-dot line). 

 
Figure 13: Contour plots of the pressure at the scroll discharge located on the 

discharge port (of circular shape) and an axial section plan (rectangular shape). 
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Clearly, PumpLix is able to capture the main characteristics of 

the flow field develop- ment in the scroll (Figure 14). 
However, there are some discrepancies that can justify the 

slightly different trend of the instantaneous mass flow rate. 

For example, at t5 the mass flow discharged by the last 

pocket is less intense (Figure 14), resulting in a smaller peak 
in Figure 12. At t6 the two jets of mass flow and the main 

vortex are captured but the structure of secondary flows 

developing in the discharging duct is less defined, resulting in a 
more regular discharge of mass flow at the scroll outlet. Despite 

the general agreement in trends between the software, Figure 12 

clearly shows that CFX captured a more perturbed evolution 
over time, in line with the extremely unsteady flow field at the 

scroll discharge. 

 

 
 
Figure 14: Vector plots of the flow field at the scroll discharge located on 
an axial section plan (PumpLinx). 
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The main reason for this difference seems to be the turbulent 

model. As previously highlighted, PumpLinx adopts the k-ε 
model, which is widely used in the prediction of several 

turbulent flow calculations due to its robustness, economy, and 

reasonable accuracy for a wide range of flows. However, it has 

been also demonstrated that this model performs poorly when 
faced with non-equilibrium boundary layers as in the case of 

―tumble‖ motion at the entrance [50]. 

 
In this case, the k-ε model is not able to properly capture the 

unsteady phenomena affecting the scroll fluid dynamics. 

Therefore, the mass flow rate peaks are underestimated and the 
mass flow rate at the scroll inlet presents a more regular trend 

(Figure 9). Re- garding the power absorbed at the scroll shaft, 

PumpLinx determines a smaller power in comparison with 

CFX (Figure 15). This seems mainly linked to the 
underestimation of the fluid-dynamic losses associated with 

the unsteady phenomena developing within the scroll, which 

are not completely captured by PumpLinx.  

 

 
 
Figure 15: Comparison of power absorbed at the scroll shaft between CFX 
(solid line) and PumpLinx (dash-dot line). 

 

In summary, when the axial gap is neglected, the comparison 
between the modelling strategy adopted by the two software 

highlights that the combination between Twin-Mesh and CFX 
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allows a more accurate overview of the fluid dynamics within 

the scroll machine. In this regard, the turbulence model (for 
example the SST model) plays a key role in the case of flow 

fields characterized by separation zones and unsteady 

phenomena, such as the jets of mass flow rate previously 

discussed. The in-depth evaluation of the flow field makes it 
easier to identify the geometrical details affecting the scroll 

performance. For example, CFX allows to highlight the 

influence of the inlet port location on the trend of the 
instantaneous mass flow rate. However, it must be pointed out 

that the average values of the main performance parameters 

are comparable for the software, but the simplified modelling 
strategy proposed by PumpLinx allows to reduce the 

computational time.  This can be a benefit when the CFD 

simulation is included in an optimization procedure, requiring 

hundreds, if not thousands, of simulations. In this case, 
average performance values characterized by sufficient 

accuracy can represent a good compromise between accuracy 

and computational time. To stress this time-saving approach, 
the simulation of the scroll is repeated adopting a first-order 

solver scheme in PumpLinx, further speeding up the 

computing process. The development of the main flow field 
is sufficiently captured even in this case. However, the 

accuracy of the average values is reduced. In fact, the average 

mass flow rate decreases from 0.010485 kg/s to 0.010012 kg/s, 

increasing the numerical error—with respect to the 
experimental value—up to 9%, whereas the absorbed average 

power is overestimated (from 2.75 kW to 3.23 kW). 

 

Scroll Simulation with Axial Gap  
 
Another key aspect to consider in the analysis of a scroll and, 

more generally, of a volume displacement machine is the 

axial gap modelling. Experimental studies clearly 

demonstrated that the relevance of the axial gap is even greater 
than that of the radial gap due to the longer sealing length 

[30,31]. So, depending on the CFD goals, it is extremely 

important to define the appropriate modelling strategy to 
consider the axial gap. 
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As given in Section 3, TwinMesh and PumpLinx adopt two 

different strategies for the axial gap modelling. The first one 
makes it possible to consider the radial leakage through the 

axial clearance. The other one models the gap as equipped 

with perfect tip seal, preventing the radial leakage from 

pockets, and allowing only the tangential leakage along the 
wrap in the tip seal (Figure 4). 

 

The difference in the two modelling approaches can be 
appreciated by the result comparison. Figure 16 shows the 

instantaneous inlet mass flow rates as a function of time in four 

different cases: CFX with axial gap (blue solid line), CFX 
without axial gap (blue dash-dot line), PumpLinx with the 

perfect tip seal (red solid line), and PumpLinx without axial gap 

(red dash-dot line). 

 

 
 
Figure 16: Evolution over time of the mass flow rate at the inlet port during 
the last three orbit revolutions of the rotating scroll: CFX with axial gap (blue 
solid line), CFX without axial gap (blue dash-dot line), PumpLinx with the 
perfect tip seal (red solid line), and PumpLinx without axial gap (red dash-
dot line). 

 
There is no significant difference in results between the 

PumpLinx cases with and without axial gap. The perfect seal 

prevents radial leakages in the axial gap from the compressed 
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pockets back to the suction area. The average mass flow rate 

is only slightly reduced (0.01038 kg/s vs. 0.01048 kg/s) and 
the reason of this reduction is the increase in tangential 

leakage, gaining the small contribution of the leakage 

tangential flow in the tip seal. 

 
On the other side, in the CFX results, the mass flow rate 

pulsation, also experienced in the case without axial gap 

(Figure 9), is significantly amplified by the introduction of the 
axial gap. 

 

The flow fields reflect this behavior since they change 
significantly during one revo- lution of the scroll (Figures 17 

and 18). At the beginning, t1, the velocity at the entrance 

reaches values around 40 m/s while the flow rate is so intense to 

be deviated by the wall of the orbiting scroll, creating two side 
vortexes close to the inlet duct (Figure 16). Then, the flow rate 

progressively decreases during the revolution, reaching values 

close to zero (t3). The flow field within the suction pocket is 
characterized by velocity close to zero, and even the tumble 

motion, linked to the flow rate entrance, almost disappears 

(Figure 18). 
 

This is due to the radial leakage in the axial gap (not 

considered in the PumpLinx cases), moving back from 

discharge up to the scroll inlet pocket. When this flow leaks 
from a high-pressure pocket to a low-pressure pocket, its 

pressure content slightly pressurizes the low-pressure pocket.  

This is of course a dynamic process that is strictly linked to 
the instantaneous evolution of the pressure within the pockets 

during one revolution of the scroll. 

 

To better clarify this process and the interconnections between 
factors, it is mandatory to compare the evolution over three 

cycles of the instantaneous mass flow rate at the inlet and outlet 

ports with the pressure at the inlet port (Figure 19). 
 

There is a clear cause-and-effect relationship between the 

three trends. At the in- stant t1, the discharge process of the 
mass flow rate is in its final phase (dash-dot line in Figure 
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19). The pockets D, already merged, are discharging the 

residual compressed air at a constant rate and the air pressure 
in the subsequent pockets C is close to the maximum value 

(Figure 20a). Therefore, the pressure difference between 

pockets D and C is small, resulting in a poor radial leakage flow 

in the axial gap between those pockets (Figure 20c). Similar 
situation characterizes the pockets A, which have just started 

the compression process: Their pressure is almost equal to 

that of the suction pocket and the leakage flow is minimum 
(Figure 20a,c). At this instant, the pressure at the inlet port is 

lower than that of the environment and the gradient pressure 

favors the entrance of new air mass, as demonstrated by the 
maximum value of the inlet mass flow rate (Figure 19). 

 

 
 
Figure 17: Vector plots of the flow field at mid-span for three different 
instants during the last revolution (CFX with axial gap). 
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Figure 18: Vector plots of the flow field on an axial section plane for three 
different instants during the last revolution (CFX with axial gap).  

 

 

 
 
Figure 19: Evolution over time during the last three orbit revolutions of the 
rotating scroll of the: mass flow rate at the inlet port (blue solid line), mass 
flow rate at the discharge port (red dash-dot line) and pressure at the inlet port 
(green dotted line). 
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Figure 20: Contour plot of the pressure and of the velocity in a section plan 
normal to the scroll axis and passing through the axial gap. Comparison 

between two different instants: t1 (0.069) and t3 (0.079). 

 
In the subsequent instants, the pressure distribution in the 

scroll pockets changes due to the scroll orbiting movement. 

At the instant t3, the scroll is still in the middle of the 

discharging phase and the pockets are characterized by 
increasing pressure value (Figure 20b). The pressure gradients 

between the pockets are not negligible and favor an intense 

radial leakage flow from the discharge pockets D up to the 
suction pocket A (Figure 20d). This radial leakage flow 

brings part of its temperature and pressure content into the 

low-pressure pocket, causing a small increase of the pocket 
pressure and temperature (Figure 21). This is clearly 

demonstrated by the evolution over time of the inlet pressure in 

Figure 19. Indeed, at t3, the inlet pressure reaches the 

environmental pressure value, 1 bar, and this prevents to the air 
mass to enter into the suction pocket, bringing the mass flow 

rate to null or even negative values (Figure 19). 
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Figure 21: Contour plot of the temperature in a section plan normal to the 

scroll axis at mid-span. (t3 = 0.079). 
 

It must be pointed out that the axial gap not only affects the 

inner fluid dynamics within the scroll pockets, but also in the 
discharge duct. The mass flow jets coming out from 

discharging pockets, clearly captured in the analysis without the 

axial gap (Figure 11), are significantly damped down in the 
simulation with the axial gap (Figure 22) mainly for two 

reasons. First, the mass flow rate discharged by the scroll is 

smaller due to the increased mass leakage flowing back to the 
entrance. Then, the axial gap makes a mass flow exchange 

possible between the discharging pockets due to the onset of 

pressure gradients (see contour plot over the orbiting scroll 

width in t5 and t7 – Figure 22). Consequently, the mass flow 
rate at the outlet port is more uniformly distributed over time 

and the amplitude of the peak at the beginning of the 

discharging phase is significantly reduced (Figure 23). 
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Besides the average mass flow rate reduction, it is important to 

highlight that, in terms of scroll global performance, the 
pressurizing effect of the radial leakage linked to the axial gap 

significantly increases the scroll power consumption: 3.6 kW 

vs. 2.8 kW. 

 
Figure 23 also highlights that the modelling approach based 

on a perfect tip seal prevents PumpLinx from capturing 

significant differences with the simulation without axial gap. 
The small reduction in the average mass flow rate caused by 

the increased tangential leakage flow is confirmed. This reflects 

in the global performance, whose values are slightly increased 
in comparison with the previous case. For example, the 

average power consumption just increases from 2.7 kW to 2.9 

kW. 

 

 
 
Figure 22: Vector plots of the flow field at the scroll discharge located on the 
discharge port (of circular shape) and an axial section plan (rectangular shape) 
(CFX with axial gap). 
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Figure 23: Evolution over time of the mass flow rate at the outlet port during 
the last three orbit revolutions of the rotating scroll: CFX with axial gap (blue 
solid line), CFX without axial gap (blue dash-dot line), PumpLinx with the 
perfect tip seal (red solid line), and PumpLinx without axial gap (red dash-dot 
line). 

 

Conclusions  
 

Even if scroll machines present a wide application range, their 

efficiency is often one of the main bottlenecks for increasing 
the performance of the overall system/technology in which 

they are applied. Unlike turbomachines, the design strategy of 

these machines (and more in general of positive displacement 

machines) is limited to theoretical and/or semi-empirical 
approaches. A fact linked to the complex fluid dynamics 

combined with challenges in applying CFD software. 

 
This paper analyses the inner fluid dynamics of a scroll 

machine with a particular focus on the influence of the axial 

gap on the resulting performance. Indeed, axial gap is one of 
the most challenging aspect to consider in a CFD simulation 

and its relevance in scroll design are clearly demonstrated by 

experimental studies. 
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To discriminate between different factors affecting the scroll 

flow field, CFD simula- tions are carried out with and without 
the axial gap. This approach makes it possible: (i) To study 

the fluid evolution within the scroll wraps and the unsteady 

phenomena caused by the porting process and (ii) to analyze 

the influence of the axial clearance on the main fluid flow. 
 

Moreover, since innovative design strategies are generally based 

on CFD fluid-dynamic analyses, a comparison between 
numerical models is carried out to highlight strengths and 

weaknesses of the available approaches. 

 
Regarding the scroll machine fluid flow field analysis, it can 

be concluded that: 

 

A tumble motion arises in the inlet pocket from the interaction 
between the mass flow rate entering in the suction pocket and 

the outside surface of the orbiting scroll. The location of the inlet 

port affects the onset of this tumble motion and, hence, it shall 
be considered during the scroll design. 

 

The discharge process at the scroll outlet is perturbed by jets of 
mass flow and unsteady inertia phenomena, whose influence is 

propagated up to the scroll inlet, causing the pulsation of the 

inlet mass flow rate. To affect these phenomena and the 

consequences on the inlet mass flow rate, possible modification 
of the discharge port geometry needs to be considered during 

the scroll design. The relevance of the discharge port shape on 

the scroll performance is also deduced in the analysis of 
Cavazzini et al. [29], but in their study, the root causes have not 

been identified. 

 

The axial clearance increases the tangential leakage of the 
radial clearance and de- termines the onset of a radial leakage 

flow, whose intensity depends on the pressure gradient between 

pockets. When this radial leakage is not negligible, it is able 
to slightly pressurize the low-pressure pockets, increasing the 

counter-pressure and, hence, the scroll power consumption. 

Moreover, the pressurization of the inlet pockets is the cause of 
the null or reverse mass flow rate at the inlet port. This 
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affects the average mass flow rate and power consumption, 

and hence, need to be considered during the design phase. 
 

As regards the CFD models, the comparison brings to the 

following conclusions: 

 
The scroll fluid dynamics is characterized by unsteady 

separation zones mainly related to the charge (e.g., tumble 

motion) and discharge (e.g., mass flow jets) process, and the k-ε 
model, because of its characteristics, is not as accurate as other 

turbulent models (e.g., SST) in reproducing them. Nevertheless, 

its robustness and timesaving make it suitable for comparisons 
between different design solutions within an optimization 

procedure, which is a time-consuming process generally 

requiring hundreds, even not thousands, of simulations. 

 
The modelling strategy based on a perfect tip seal does not 

reproduce accurately the influence of the axial gap on the fluid 

dynamics and performance of a scroll machine. Even if the 
pressure gradient between the pockets pushes the tip seal against 

the stator wall, experimental studies demonstrate that a perfect 

sealing can be never achieved, even in the case of high-pressure 
ratio, and that the radial leakage flow, which is not considered in 

a perfect-tip-seal modelling strategy, is a matter of fact. 

 

The strategy based on modelling the axial gap is closer to the 
real operating conditions since it allows to consider the radial 

leakage through pockets. However, the axial clearance in this 

modelling strategy is assumed to be constant which is not 
fully consistent with the real operating condition. Indeed, the 

leakage flow rate is governed by a tip clearance that depends 

on the pressure forces acting on the tip seal, varying during the 

scroll revolution as a function on time. The relevance of this 
time-dependent behavior of the tip seal in terms of simulation 

accuracy is not fully negligible since the flow in the axial gap 

can easily reach transonic velocities with the consequent  
chocking of the axial gap. So, if the simulation goal is to 

analyze new design solutions of the tip seal for damping down 

mass flow rate pulsations and/or to simulate as much 
accurately as possible the scroll performance, it is necessary 
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to consider this time-dependent behavior, with the consequent 

need for the development of a new and more complex 
modelling strategy. 
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Abstract  
 

Ground faults in electrical power systems represent more than 

90% of total faults. Their detection, location and elimination are 
essential and must be carried out in a precise way to allow 

multiterminal HVDC cable networks to operate in stable 

conditions by removing only the faulty cable from service. This 

paper presents a new differential protection method based on the 
measurement of the currents at both ends of the shields of the 

power cables. This new method is cheaper and easier to set in 

operation compared to other protection methods that measure 
currents circulating in the active conductors. The values of such 

intensities and their polarities are evaluated to know which cable 

has a ground fault in a multiterminal HVDC cable network. This 
method has been successfully validated by computer simulations 

and successful experimental results have been obtained. 
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Abbreviations  
 

AC-Alternating Current; DC-Direct Current; HVAC-High 
Voltage Alternating Current; HVDC-High Voltage Direct 

Current; IGBT-Insulated Gate Bipolar Transistor; ROCOV-Rate 

of Change of Voltage 

 

Introduction  
 

Historically, although the first electric distribution networks 

were operated in Direct Current (DC), the technology at that 
time made difficult the implantation of this like standard system 

of transport of energy, due to the expensive installations and the 

losses in the conductors. This, together with the advantages of 

Alternating Current (AC) transmission, made it possible to 
widespread the use of AC systems. The improvements in the 

design of AC generators and the invention of the transformer 

allowed generating and transporting electricity in a more 
economical way through HVAC systems. This way, the 

generation of AC energy very far away from the loads could be 

done easily. 

 
However, despite the advantages that in principle the HVAC 

systems provided, with the increase of the transport distances in 

the HVAC lines problems associated with stability rise. These 
problems are, related to the reactive energy between the 

capacitances and the inductances of the system, additionally 

quick identification of power quality disturbances must be 
considered [1]. In this situation the HVDC system presents 

several advantages compared to the traditional HVAC systems: 

 

 In HVDC systems, the effect of the inductive and capacitive 

reactance is practically eliminated because the waveforms 

obtained at the output of the rectifiers contain a low level of 

ripple [2]. HVDC links have no stabilities problems and the 

distances are not limited. Figure 1 illustrates a typical point 

to point HVDC link to interconnect two networks with 

different frequencies. 
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Figure 1: Point to point HVDC Power transmission system typical layout. 

 

 In HVDC systems, power can be controlled more quickly 

than in HVAC systems. For instance, when an imbalance in 

the AC system (due to any kind of disturbance) is about to 

occur, the amplitude of the power of the DC line can be 
changed to counteract and damp the power oscillations. 

Therefore, an HVDC link can maintain the specified power 

flow regardless of severe and dangerous electromechanical 
oscillations present in the network [3-4]. Improvements in 

DC voltage measurements at different busbars in different 

substations have been developed and DC power flow control 
is therefore more precise [5-6].  

 The disturbances are not transferred from one system to 

another. Therefore, it is a system that is very useful in case 

that the generation occurs at variable frequency, as is the 

case of wind turbines. Meshed AC grids can present 
problems with high short-circuit currents at times close to 

the capacity of the installed switchgear with possible current 

transformers saturation as well [7]. This circumstance is 
solved with the use of HVDC links since the link to the non-

transferring reactive power does not contribute to the 

increase of the short-circuit power at the connection node. 

Furthermore, it has been demonstrated that a good VSC 
control strategy, with adequate PI controllers, allows having 

a very quick response to disturbances that happen at the AC 

side [8].  

 As for the economical costs, the HVDC substation is much 

higher than the HVAC substation, but the price per km of 

line is lower in the DC lines, because DC transmission lines 

require a smaller number of conductors, the supports and 
towers are smaller. So the width of the street is smaller and 

therefore the environmental impact is lower. Consequently, 

DC transmission lines become economically competitive 
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with the AC ones when the length of the line is several 

hundred kilometres [9]. Figure 2 shows the dimensions of 
towers used in AC and DC to transport the same power. 

 Another advantage of the HVDC system is the unlimited use 

of insulated cable. In the case of AC transmission systems 

the cable length is limited due to its ground capacitance. This 

capacitance involves a capacitive current which is 
proportional to the cable length. So this capacitive current 

could reach the rated cable current at certain length.  

 

 
 
Figure 2: HVDC transmission line versus HVAC transmission line. 

 

A typical multiterminal HVDC cable networks with four stations 

and five cables is illustrated in Figure 3. 

 

HVDC

STATION A

HVDC

STATION B

HVDC

STATION C

HVDC

STATION D

Cable A-C

Cable A-B

Cable B-D

Cable A-D

Cable C-D

 
 

Figure 3: Multiterminal HVDC system configuration with four stations and 
five cable lines. 
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In such network, when a ground fault happens in any of the 

cables that connect different HVDC stations, the voltage in the 
entire system is reduced depending on the severity of the fault 

and the value of its fault resistance. This circumstance might 

lead the converters to disconnect their semiconductors, causing a 

collapse in the grid when all HVDC stations are disconnected. 
On the other hand, the correct operation of the protection 

systems should disconnect only the faulty line as shown in 

Figure 4 when there is a ground fault in the cable A-C. 
 

CB-OFF CB-OFF

HVDC

STATION A

HVDC

STATION B

HVDC

STATION C

HVDC

STATION D

GROUND 

FAULT

Cable A-C

Cable A-B Cable C-D

Cable B-D

Cable A-D

 
Figure 4: Multiterminal HVDC selective ground fault protection in case of 
ground fault in cable A-C. 

 
It would be convenient to have suitable protection systems that 
can clear up only the faulty line with full selectivity. For this 

purpose the fault currents should be carefully studied. Detailed 

analysis of fault current contribution from AC side to DC side 
under fault conditions in the multiterminal HVDC cable network 

is presented in [10]. 

  
The protection systems currently used in multiterminal HVDC 

networks use the following methods to detect and clear up faults: 

 

- Analysis of the initial variation of current di/dt: This method 
uses the behavior of the capacitor at the DC side when a fault 

happens. A reduced network equivalent is shown in Figure 5. 
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Figure 5: HVDC equivalent network considered for analysis of di/dt.HV 

 
With a fault on the DC network, capacitor C will discharge and 

therefore it will add current to the fault. This current contribution 
depends on the voltage difference between such capacitor and 

fault position as well as the inductance along the fault circuit. 

 
- Analysis of the rate of current rise: The use of the rate of current 

rise to detect faults is mainly due to the very fast increase of the 

current compared to any other working condition as changes in 

load, switching-off/on maneuvers, etc. The most important 
advantage of this type of detection is that the fault current is 

detected long time before the maximum fault current value is 

reached. This performance reduces in a great deal the instability 
created by faults in the HVDC network as well as the breaking 

capacity for the circuit-breakers to be used. 

 
- Analysis of the Rate of Change of Voltage (ROCOV): this 

method analyses the rate of change of voltage (ROCOV) at the 

line side in the coil erected to limit the di/dt value. The variation 

in ROCOV´s values are used as quick fault detection in the range 
of some microseconds. ROCOV different values allow the 

localization of faults with selectivity. ROCOV values decrease 

significantly as a function of the defect distance to the limiting 
inductor. The farther the fault takes place, the lower of value of 

ROCOV. Simulations and research jobs have registered values 

for ROCOV over 30.000 kV/ms when a fault happens close to 

the limiting inductors and in the range of 1.000 kV/ms for faults 
at distances over 500 km [11]. 
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In this paper a new differential protection method applied to 

multiterminal cable networks is introduced. This method 
measures the currents circulating at the ends of the shields of the 

insulated cables employed in HVDC networks and applies a 

differential criterion to determine which cable has a ground 

defect. 

 

State-of-the-Art  
 

HVDC networks are becoming increasingly important in the 
connection between systems with different frequencies and in the 

transmission of high active and reactive powers over long 

distances Recent research evaluates the possible implementation 

of high-temperature superconducting DC cables [12].  
 

Normally, DC power links are one-to-one type and the main 

protections are included in the AC/DC converter at the AC side 
although different existing configurations have been evaluated to 

determine the best possible topology. The selection must 

evaluate amongst other parameters, the system losses, transient 
fault currents and postfault contingencies. It can be said that 

there is no dc topology that can meet all aspects [13]. 

 

Thinking in HVDC new multiterminal networks, more 
protections functions must be developed in order to grant full 

selectivity in such grids. These protection systems used in 

HVDC transmission networks must be at least as fast as the 
protections devices used in HVAC grids or even faster mainly 

because of the quick developing of high fault currents [14-15]. 

Some applications use the theory of the two-terminal travelling 
wave [16]. Others research lines study the short-circuit 

identification use a wavelet analysis of positive and negative 

currents in cables to find out the faulty one because the wavelet 

theory is adequate to analyze transient signals such as travelling 
waves caused by faults [17]. 

 

The main differences between HVDC and HVAC protection 
units are based in the different nature of short circuit phenomena. 

DC fault currents have no zero crossings as AC fault currents 

and on the other side, DC fault currents reach their maximum 



Advances in Energy Research: 2nd Edition 

9                                                                                www.videleaf.com 

values in extremely low times that implies very fast rising rates 

[18]. These two main aspects of HVDC fault currents force 
HVDC protections to eliminate faults very quickly and even 

faster than HVAC´s and have driven power converters and the 

DC circuit breakers to be used applying different fault clearing 

strategies. 
 

The different options to clear faults at HVDC transmission 

systems are:  
 

- Switching off the HVAC circuit-breakers: This method requires a 
minimum number of cycles of the AC current signal at rated 

frequency to detect, identify and release a tripping command to 
the corresponding circuit-breaker [19]. Unfortunately, this delay 

time might develop a lack of selectivity in the DC grid. The 

operation of the AC protection system also implies that the 

converter in the substation will be out of service. Implementation 
of converters with blocking options: some converters can block 

fault currents [20-22] in the time scale of microseconds with the 

consequent improvement in fault clearing time respect to the 
previous method. 

 
Use of HVDC circuit-breakers: circuit-breakers based on power 

electronics can switch-off fault currents in less than 2 ms but 
have considerable losses in normal operation [23]. Hybrid 

HVDC circuit-breakers can cut fault currents up to 5 ms with 

reasonable losses [24-27]. Another option is the use of 
mechanical circuit-breakers considering breaking times about 10 

ms, voltages up to 250 kV and fault currents with values in the 

range of 8 kA [28]. The fault current contribution from different 
sources is absolutely necessary to be well estimated in order to 

determine the proper ratings of the HVDC circuit-breakers [29]. 

 
Table 1 illustrates the different time delays in protection relays as 
well as the in cutting-off elements actually used. 
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Table 1: Time delays in protection relays and methods of fault current cutting-
off. 

 
Protection relay Time delay (ms) 

With communication 5 – 12  

Without communication 0.1 - 4 

Cutting-off elements Time delay (ms) 

AC circuit breakers: 33.3 – 40 

Mechanical circuit breakers: 4 – 12 

Hybrid circuit breaker: 2 – 6 

Power electronic circuit breaker / 
converter 

0.1 

 

The measurement and evaluation of voltage change is recently 
getting more importance in HVDC power systems as the 

principal protection system, which has to detect and clear ground 

faults in the cables that form such grids [30]. Until now voltage 
level protection was usually used as a backup protection. Other 

backup line protections include DC overvoltage protection and 

DC line differential protection using optical voltage and current 
sensors along the cables [31-32]. Actually, different fault ride-

through schemes based on hybrid fault current limiters are being 

highly considered for multiterminal HVDC networks that 

connect large-scale offshore wind parks mainly because those 
schemes reduce the fault currents and mechanical circuit 

breakers can be used perfectly [33]. 

 

Proposed Method for Differential Protection of 

HVDC Cable  
 

The research area of this article focuses on the detection of 
ground faults in multi-terminal DC networks formed by cables. It 

introduces a novel differential method for the selective detection 

of ground faults in DC insulated cables that have their shields 
grounded at both ends. The operating principle of the present 

method is based on the measurement and analysis of the currents 

that circulate through the ends of the shields of the cables in case 

of ground fault. The measurements of intensities in shields have 
important advantages compared to traditional current 

measurements in the active conductors. One advantage is the low 

cost, as there is no necessity for high insulation levels in the 
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measurement sensors. Another advantage is its ease of assembly 

as current measurement sensors are ring core type normally. 
The faulty cable is identified by measuring the polarity of the 

currents at the ends of the cable shields and comparing such 

polarities. If the polarities of the currents flowing through the 

shields are the same, this indicates that the cable has an internal 
ground fault. However, if the polarities of such currents that 

circulate through the shields of the protected cable are different, 

it points out that the cable has no ground fault, so the ground 
fault is external. 

 

R

Defect between conductor and shield in stretch 1

Stretch 1 Stretch 2 Stretch 3

Stretch 1 Stretch 2 Stretch 3

: Current sensors

From
conductor
to ground

From
conductor
to ground

 
 

Figure 3: Current circulation for an internal ground fault in stretch 1. 

 

As can be seen in Figure 3, in stretch 1 where a ground fault is 

represented, the polarity of the currents at the ends of the shield 
in this stretch 1 is the same. For the same ground fault, the 

polarities of the intensities at the respective ends of the shields in 

stretches 2 and 3 are different. For an external ground fault 
outside stretch 1 as represented in Figure 4, the intensities that 

circulate at the ends of the shield of stretch 1 have different 

polarities. The basic principles of operation of this new method 
are the following: 

 

- Measuring of the currents at both ends of cable shield. From 
these measurements the polarities of the currents are 

obtained.  

 
- Internal ground fault in case of same polarities. 

 
- External ground fault in case of different polarities. 
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Figure 4: Current circulation for an external ground fault, outside of the cable. 

 
This new method presented is economical as the current sensors 

to be used are low voltage insulated; it is simple to set in 

operation with easy settings and it removes from service in a 

selective way the cable with defect. 
 

Simulation Model Implemented in Matlab 

Simulink  
Computer Model Description  
 
The model used in Matlab-Simulink considers three different 

sections of cable with 220 kV as rated voltage and every section 

has 100 km length. The technical characteristics of the cable 
used in the model are enclosed in Table 2 and Table 3. 

 
Table 2: Main characteristics of 220 kV cable. 

 

Library/Category: Simscape/SimPowerSystems 

Element: Mutual Inductance + Series RLC Branch 

Parameters: 

ρAl =2,82.10-8 Ω.m; ρCu =1,71.10-8 Ω.m; ρe =100 
Ω.m 

εcs=2,5; εse=2,3; r=3%; f=50 Hz 

Length= 100 km trams 
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Table 3: Dimensional characteristics of 220 kV cable. 
 

Nominal 

voltage 

(kV) 

Cross 

section 

Cu 

(mm
2
) 

Shield 

cross 

section 

Cu 

(mm
2
) 

Outer 

diameter 

(mm) 

Maximum 

insulation 

temperature 

(ºC) 

Maximum 

cover 

temperature 

(ºC) 

220 2000 165 130 90 70 

 

The equivalent PI circuit of this cable considers the mutual 

impedance between the conductor and the shield as well as the 

capacitances conductor-shield and shield-ground. Figure 5 shows 
such equivalent PI model of the cable. 

 

 
 

Figure 5: PI model of the cable used in simulations. 

 

The simulated circuit model is seen in Figure 6. It consists in one 

cable A with three cable stretches 1, 2 and 3, an overhead line 
with two segments A and B with 100 km length each one, 

another cable B with only one stretch and 100 km length, two 

HVDC stations A and B as sources, a 50 MW load placed at 
HVDC generation system B and a fault circuit breaker that 

allows us to place the ground fault at any position along the 

cables or overhead line. It considers a HVDC system rated 220 

kV and loads from 0 to 50 MW connected. Every stretch in 
Cable A has 100 km length. At the end of the shields have been 

included resistance values with 1 mΩ value with the purpose to 

be able to read the currents that circulate through them. The 
overhead line has the next parameters are presented in Table 4. 
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Table 4: Characteristics of 220 kV overhead line. 
 

Voltage 

(kVdc) 

R0 

(Ω/km) 

R1 

(Ω/km) 

L0 

(H/km) 

L1=L2 

(H/km) 

C0 

(F/km) 

C1=C2 

(F/km) 

220 0.224 0.12 0.00314 0.00144 5.06·10-9 7.97·10-9 

 

 
Figure 6: Model for analysis of the circulations of ground fault currents in 
shields of power cables. 
 

Simulations Results  
 

Numerous ground fault simulations were performed at different 

locations and with different fault resistance. Some of them are 

presented as example and the results of the simulations are 
showed in Tables. 

 

The currents that circulate in the shield at its both ends when a 
ground fault is simulated in Cable A (Stretch 1) at 25 km from 

HVDC-Station A appear in Figure 7 and Figure 8. 
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Figure 7: Circulation of ground fault currents in the ends of the shield in 
Stretch 1 of Cable A in case of internal ground fault. 

 

In Figure 7 it can be seen the currents in the shield of the faulty 

conductor when an internal ground fault happens in the time t=2 
s of the simulation. The fault has been simulated at 25 km 

distance from the HVDC-Station A. Both currents at both ends 

of such shield have the same polarity.  

 

 
 

Figure 8: Circulation of ground fault currents in the ends of the shield in 
Stretch 3 of Cable A. Ground fault in Cable A-Stretch 1. External ground fault. 

 

However, Figure 8 shows the currents at both ends of the shield 

of Stretch 3 in Cable A in case of an external ground fault. Such 
currents have now different polarity. 
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Cable A: Stretch 1 with defect.

Current in shield-end grounded at the HVDC-station A.

Cable A: Stretch 1 with defect.

Current in shield-end grounded at 100 km from the HVDC-station A.
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Ground fault in Cable A-Stretch 1 at 25 km from HVDC-station A.

 

 

Current in Stretch 3: shield-end at the transition station.

Current in Stretch 3: shield-end connected to the shield-end of Stretch 2.
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Table 5: Polarities of currents in shields with ground fault in Cable A-Stretch 1. Polarity of currents at ends of the shields. 
 

Ground fault 

resistance 

RF (Ω) 

Ground fault 

position 

(km) 

Stretch 1: 

Shield End at 

HVDC 

Station A 

Stretch 1: 

Shield End at 

Stretch 2 

Stretch 2: 

Shield End at 

Stretch 1 

Stretch 2: 

Shield End at 

Stretch 3 

Stretch 3: 

Shield End at 

Stretch 2 

Stretch 3: 

Shield End at 

HVDC 

Station B 

0-20-40-60-80-100 0-25-50-75-100 positive positive negative positive negative  positive 

 
Table 6: Polarities of currents in shields with ground fault in Cable A-Stretch 2. Polarity of currents at ends of the shields. 

 

Ground fault resistance 

RF (Ω) 

Ground fault position 

(km) 

Stretch 1: 

Shield End at 

HVDC 

Station A 

Stretch 1: 

Shield End at 

Stretch 2 

Stretch 2: 

Shield End at 

Stretch 1 

Stretch 2: 

Shield End at 

Stretch 3 

Stretch 3: 

Shield End at 

Stretch 2 

Stretch 3: 

Shield End at 

HVDC 

Station B 

0-20-40-60-80-100 0-25-50-75-100 negative positive positive positive negative  positive 

 

Table 7: Polarities of currents in shields with ground fault in Cable A-Stretch 3. Polarity of currents at ends of the shields. 
 

Ground fault 

resistance 

RF (Ω) 

Ground fault 

position 

(km) 

Stretch 1: 

Shield End at 

HVDC 

Station A 

Stretch 1: 

Shield End at 

Stretch 2 

Stretch 2: 

Shield End at 

Stretch 1 

Stretch 2: 

Shield End at 

Stretch 3 

Stretch 3: 

Shield End at 

Stretch 2 

Stretch 3: 

Shield End at 

HVDC 

Station B 

0-20-40-60-80-100 0-25-50-75-100 negative positive negative positive positive  positive 
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Simulation results with ground faults along the three stretches 

are included in Tables 5, 6 and 7 considering the system loaded 
with 50 MW. Different fault resistance values (0, 20, 40, 60, 80 

and 100 Ω) have been considered at the different positions of the 

ground fault considered (0, 25, 50, 75 and 100 km) in every 

stretch in Cable A. Polarities of currents in the shields turned out 
to be the same when there is not any load connected. 

 

According to the simulation results, the differential protection 
method proposed operates correctly in any case, with external 

and internal faults with several fault resistance level. 

 

Experimental Laboratory Tests and Discussion  
Experimental Set-Up Description  
 

The experimental set-up is illustrated in Figure 9. The laboratory 
set-up used to validate the simulation results is formed by: 

 

- (1) Three phase AC power supply unit: range 0-400 Vac/ 10 
kVA. 

 
- (2) Oscilloscope Tektronix TPS2024 with a memory card to 

save test currents. 

 

- (3) DC rectifying bridge: input range 0-480 Vac.  
 

-  (4) Clamps FLUKE I30S for measuring currents in the 

conductor and in its two shield ends: range 30 A/sensibility 
100 mV/A 

 

-  (5) One circuit breaker to develop ground faults rated 400 
V/ 32 A 

 

-  (6) Three cable sections with 100 m length each one. The 
main characteristics of this cable used are: R=1,8 Ω, L=22 

mH and C=4,9 nF with a total cable length of 300 m. 

 

-  (7) A load resistor with a range 0-150 Ω. 

 
- (8) One fault resistance with range 0-100 Ω. 
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- (9) Overhead lines modules: two line modules with 

equivalent circuit “pi” are used with the next features: 
R=88.48 mΩ, L=4 mH and C=4 μF each capacitor. 

 

 
 

Figure 9: Experimental set-up. (1: AC power supply; 2: Oscilloscope; 3: 
Rectifying bridge; 4: Current measurement units; 5: Fault switch; 6: Cable and 

Shields modules; 7: Load resistor; 8: Fault resistance; 9: Overhead line 
modules. 

 

The experimental set-up is illustrated in a schematic way in 
Figure 10. 
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Figure 10: Lay-out of experimental ground faults positions in cable side (A, B, 
C and D) and in overhead line side (F and E). 
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Experimental Results  
 

Many ground fault tests at cable side between positive and shield 

at positions A, B, C and D were performed. Also ground faults at 

overhead side were developed in E and F. 
 

Fault resistance has also been considered in the range from 0 to 

100 Ω, and the resistive loads from 0 to 150 Ω. The DC voltages 
used are in the range from 50 to 110 Vdc. 

 

Some of these tests are presented as example. An example of 

external ground fault is presented in Figure 11. Figure 11 shows 
the ground fault currents for a defect with fault resistance of 26 

Ω in position F at the overhead line side from positive conductor 

to ground when the circuit is supplied at 105 Vdc from the DC 
source and has 1 A load current. 

 

It can be seen that the currents in the ends of the shield in cable 
section 1 have different polarities. It is owing to the fact that the 

fault is outside the cable in the overhead line side. 

 

For faults inside sections 1 and 2 of the cable, Table 8 shows the 
current values read by the sensors CH1, CH2, CH3 and CH4 at 

the end of the shields when there are faults in points A, B, C and 

D in cable between positive conductor and shield. Polarities of 
currents in the shields turned out to have the same values when 

there was not any load connected.  

 
Table 8: Ground fault currents in shield with load connected Test voltage 105 

Vdc. 

 
Position of the fault Sensor CH4 (A) Sensor CH3 (A) 

A 2.342 0.065 

B 0.924 1.864 

Position of the fault Sensor CH2 (A) Sensor CH1 (A) 

C 1.012 0.735 

D 1.789 0.045 
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Figure 11: Ground fault currents with external ground fault in overhead line 

side in E with 1 A load current.  

 
Table 9 shows the polarity of the currents circulating at both 

ends of the shields for different ground faults placed in A, B, C 

and D. At every end of any shield, currents leaving the shield 
have been considered as positive and currents entering in the 

shield negative. 
 
Table 9: Polarities of ground fault currents in cable without load connected. 
Ground fault in cable. 
 

Ground 

fault 

position 

Cable 

section 1: 

CH3 

Cable 

section 1: 

CH4 

Cable 

section 2: 

CH1 

Cable 

section 2: 

CH2 

A positive positive positive negative 

B positive positive positive negative 

C positive positive negative positive 

D positive positive negative positive 

 
Figure 12 shows the currents circulating in the shields of cable 

section 1 when a fault happens in cable section 2. It can be seen 
that such currents have different polarity.  
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Figure 12: Ground fault currents in shields of Cable Section 1 with defect in 

Cable section 2 in point C with 1 A load connected. Fault resistance RF=26 Ω. 

 

 
 

Figure 13: Ground fault currents in shields of Cable Section 2 with defect in 

Cable section 2 in point C with 1 A load connected. Fault resistance RF=26 Ω. 

 

Figure 13 shows the currents circulating in the shields of cable 
section 2 when a fault happens in the very same cable section 2. 

It can be seen that such currents have equal polarity, in particular 

negative, as both currents are leaving the shields to ground. Our 
reference for currents in shields is negative for currents leaving 

the shield and positive for currents entering in the shield. The 

result matches this criterion. 
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Discussion of Results  
 

The strategy of this novel method described, simulated and 
tested in laboratory is the measurement of the polarities of the 

currents that circulate at the ends of the shields of every cable 

that form a multiterminal HVDC cable network. We have 

developed many tests to check its performance. Ground faults 
have been developed in different singular points as follows: 

 

- Faults between active conductor in cable and the 

corresponding shield in points A, B, E and F (as indicated in 

Figure 10). Tests developed with voltages 50, 75 and 105 

Vdc, fault resistances with 13, 26, 52 and 104 Ω have 

obtained in all of them equal polarities in the currents 

circulating in the shields from the faulty points to ground at 

both ends. Therefore, the results obtained are totally 

independent from the voltage level used and fault resistance 

values. 

- Faults between active conductor and ground at points C and 

D (as indicated in Figure 10) in the overhead line. Tests with 

the same voltage levels and fault resistance values employed 

are identical as the used in points A, B, E and F. Even when 

the proximity of the faults in the overhead line to the cable 

line is remarkable, the polarities of the currents circulating in 

the shields of the cables are different. 

 

So no matter how close is the ground fault to the overhead line 

side or cable line side, the results have turned out to be totally 
satisfactory. 

 

The future research direction points to the study of the currents 
that circulate through the cable screens to locate the fault in the 

cable. New mathematical models that include the variation of 

such ground resistances are underway with the task of not only 

finding the cable with defect but the position of the fault too.  
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Conclusions  
 

A new differential ground fault detection method for DC cables 
is presented in this paper. The method is based on measuring the 

current at both ends of the cable shields, which circulate only in 

case of ground faults. By comparing the polarities of these 

currents, it can be determined if the ground fault is internal or 
external, and therefore it is a differential ground fault protection. 

This technique presents the followings advantages: 

 

 Low installations cost 

As the measurement of the currents is performed in the 

shields no high voltage sensors are required. 

 Easy setting 
The operation principle of the protection is the comparison 

of the polarities of two currents, so no errors in the setting 

are possible, as in other protection function. 

 Suitable for multiterminal HVDC power systems 
This new protection is completely selective, so only the 

cable with internal ground fault will be removed from 

service. This is an important advantage in comparison to the 

AC protections which disconnect the AC/DC power 
converter. 

 Long cables with several section 

This technique could be applied to long cables with several 
sections. In this way the protection could give information 

about the faulty section. 

The proposed protection method has been tested by 

computer simulations and experimental results with different 
fault resistance and fault positions results were successfully 

obtained. 
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