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Abstract  
 
The history of the formation and development of the theory of 

chain reactions is briefly presented. In specific examples the 

mechanisms of branched chain processes, conditions inhibiting 

and accelerating chain reactions, criteria characterizing the chain 

nature of chemical processes are described.  

 

The modern state in the development of the theory of chain 

reactions is analyzed. The mechanisms describing regularities of 

formation of molecular products of the chain processes occurring 

in different systems with the use of different initiators at 

different conditions are discussed.  

 

A summary of the radical-chain character of the radiation sewing 

of elastomers /non stitched rubbers/ at high pressures (2 GPa) 

and at temperatures above 300°K is provided and the ionic 

character of this process at low temperatures (77°K) has been 

studied.   

 

Mechanisms of photolythic and radiolytic processes 

transformations of any organic pollutants and natural toxins in 

oxygen-free and oxygen-containing aqueous solutions are 

proposed. Significant decomposition of natural toxins is 

observed under influence of ionizing radiation of 
60

Co source. 

 

The short description of the revealed chain processes proceeding 

in gaseous, liquid, amorphous and solid phases is provided. 

These studies are an essential contribution to researches in the 

field of studying of chain chemical processes. 

 

Keywords  
 

Theory of Chain Reactions, Active Centers, Initiation of Chain 

Reactions, Photolytic and Radiolytic Conversion, Gas-Phase 

Mixtures, Water Solutions 
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Introduction   

Experimental and theoretical prerequisites of creation of the 

theory of chain reactions were observation of unusual chemical 

processes in various gas mixes, a luminescence of vapors of 

phosphorus in oxygen-containing mixes with various pressure 

and repayment of this luminescence in the presence of sulfur 

particles, combustion of hydrogen with explosion, influence of 

foreign impurity (methane, nitrous oxide, hydrogen sulfide, 

ethylene, catalysts), temperatures, pressure, a form and material 

of vessels on the speed of reactions, the photochemical chain 

reaction of formation of hydrogen chloride in a gaseous phase 

reproduced by German physicist-chemist Max 

Ernst August Bodenstein in 1913. 

Created during the periods empirical (since the end of the 17th 

century before the beginning of the 19th century), empirical-

theoretical (since the beginning of the 19th century to the 70th 

years of the 19th century) and systematic studying of gas mixes 

(since the end of the 19th century before the beginning of the 

20th century) experimental and theoretical prerequisites have 

formed a basis for development of the theory of chain reactions 

[1,2]. 

 

Formation and Development of the 

Fundamental Theory of Chain Reactions  

In contrast to the theory of "energy" chains of M.Bodenshtein, 

the German physicist-chemist Walter Nernst (1918) for the first 

time described the radical-chain nature of the reaction of 

formation of hydrogen chloride in the gaseous phase, the active 

centers of which are chlorine and hydrogen atoms [3]. 

 

The Nobel Prize laureate, academician N. N. Semenov studied 

influence of the size of a reactionary vessel and material of a 

wall, presence of foreign substances – inhibitors on the speed of 

chain reaction, has proved neutralization of the active centers, 

break of a reactionary chain. In 1931-1933 for an explanation of 

kinetic regularities of oxidation of hydrocarbons by 
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N.N.Semenov the theory of chain reactions with a degenerate 

branching of chains has been put forward [4]. 

 

Hydroperoxides are formed approximately up to 200
o
C in the 

bimolecular reactions of chain continuation: 

 

      H

 + O2  HO


2     

RO

2 + RH  ROOH + R

 

 

Along with hydroperoxide, aldehydes are formed by the 

monomolecular reaction at higher temperatures: 

 

          RO

2  Ŕ CHO + Ŕ́́ O


 

  

Aldehydes lead to branching of the chain at high temperatures: 

  

                       Ŕ CHO + O2  Ŕ CO

 + HO


2    

 

 

During gas-phase oxidation with increasing temperature and a 

decrease in the concentration of the oxidizing substance, the rate 

of isomerization and monomolecular decomposition of 

hydroperoxides increases with the formation of radicals, leading 

to a degenerate branching of the chain [5]: 

 

       ROOH  RO

 + OH


 

  

In addition to the monomolecular decomposition, the 

bimolecular interaction of the hydroperoxide with the oxidizing 

substance and the degenerate branching of the chain occurs in 

the liquid phase: 

 

                      ROOH + RH  RO

 + Н2О + R

 

 

According to N.N.Semenov, this reaction of interaction between 

two saturated molecules is energetically more favorable than the 

monomolecular decomposition of hydroperoxide molecules on 

free radicals [5]. 

 

In L. Bateman and E.T.Denisov's works are shown that at 

sufficient formation in system the hydroperoxides, their 
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decomposition takes place along bimolecular mechanism and 

this interaction is facilitated by the preliminary association of 

hydroperoxide molecules by the formation of a hydrogen bond 

between them. In the oxidation of olefins, hydroperoxides react 

with a double bond and form RO
 
and olefin radicals [4, 6]:  

 

ROOH + RООH  ROО

 + Н2О + RО


 

ROOH + (Н2)С=С(Н2)  RO

 + (Н2)С(ОН)

 
С(Н2) 

 

Formed in a stage of initiation radicals react with the molecules 

of initial substances and provide continuation of a chain. At 

oxidation of organic substances, the chain is continued by 

reactions: 

 

      R

 + O2  RO


2

 

                          RO

2 + RH  ROОН + R

 

 

These reactions proceed in a liquid phase very quickly and 

practically without energy of activation [4,6]. The continuation 

of the chain at solid-state oxidation of polymers occurs by a 

relay mechanism [4]: 

 

ООС(Н2)С(Н2)СН3  НООС(Н2)С(Н2)


СН2 + О2  

НООС(Н2)С(Н2)С(Н2)ОО
 
+ RH  


 
НООС(Н2)С(Н2)С(Н2)ООН

 
+ R


 

 

The reaction of connection of radicals with oxygen molecules in 

polymers are slowed down due to diffusive difficulties and 

continuation of a chain thus is carried out by reaction: 

 

                                           R

 + Ŕ́́ Н  Ŕ́́Н + 


Ŕ́́  

 

The appreciable amounts of low-molecular products of oxidation 

which are present in the polymeric matrix play an important role 

in the continuation of the chain [4]. Break of chains happens at a 

mutual recombination of the active centers (atoms, radicals, 

ions), and also at interaction of the active centers with the wall or 

with inhibitors. Kinetic curves the dividing areas of catalytic 

oxidation of hydrogen and area of ignition of stoichiometric mix 

of hydrogen with oxygen (the branched-chain oxidation regime 
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of hydrogen, studied by C.N.Hinshelwood and N.N.Semenov) 

are given in the Figure 1. 

 

 

 
 

 

Figure 1: Area of ignition (branched-chain process of oxidation) of 

stoichiometric mixture of hydrogen and oxygen. 

 

At temperatures above 460
0
C at very low pressures (several 

mmHg) and at pressures lying above the upper curve, and at 

temperatures below 450
0
C for any values of pressure of mixture 

a slow catalytic oxidation process is observed. The branched-

chain oxidation process (ignition) observed only in the internal 

area of two crossed curves. The curves are characterized by the 

equality of the branching speed and speed of break of a chain. 

The pressure values lying above the upper curve are 

exponentially dependent on E and T (p = const.e-(E/RT), p - the 

total pressure of the mixture on a limit of ignition, E = 18 

kcal/mol, and T - absolute temperature) [1,2]. Similar curves for 

mixtures of hydrocarbons with oxygen are shown in Figure 2. 
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Figure 2: Areas of ignition of mixtures of hydrocarbons with oxygen. 

 
Note: (in order from left to right).  1 - 15% of methane in air, a 

quartz vessel;  
                                                         2 - 1,8% of heksan in air, a 

glass vessel;  
                                                         3 - 1,8% of heksan in air, a 

steel vessel;  
                                                         4 - 2,6% isobutane in air, a 

steel vessel. 

 

The limits of ignition of gaseous hydrogen and carbon monoxide 

and the mechanism of the course of these processes have been 

studied in more detail by V. Voevodskii, B. Lewis, and H. Elbe 

[1,4]. 

  

0) H2 + O2  2

OH            origin of a chain  

 

1) 
OH + H2  Н2О + H


   continuation of a chain  

 

2) H

 + O2  


OH + O:     reactions of a branching of a 

chain 

 

3) O: + H2   

OH + H

         
              ---:---          

 

4) H
 
+ wall   break  

 

5) О
 
+ wall  break  
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6) H
 
+ О2 + М  НО


2 + М  break  

 

In the further to the reaction scheme, for gas-phase chain 

processes have been included the reactions of atomic oxygen 

with a hydrocarbon and the tri-molecular chain termination 

reactions: 

 

7) H
 
+ RH  H2 + R


 

 

8) H
 
+ H


 + М  Н2 + М  

 

9) O:
 
+ O: + М  О2 + М 

 

The conditions for transition from the stationary regime to the 

ignition mode (see Figure 1) are determined by the equation:  

 

2 k2[O2] – (k4 + k6[O2][M]) = 0 

 

At temperatures significantly much higher than the temperature 

of the cape, the values of the first (P1) and second (P2) limiting 

pressures are determined by the equations: 

 

      P1 = k4/2k2γ,     P2 = 2k2/2k6 

     

     - where γ - molar fraction of oxygen. 

 

The following sequence of conversion of products during the 

oxidation of organic substances "hydrocarbon - hydroperoxide - 

alcohols or acids" are determined in the fifties of the twentieth 

century by N.M.Emanuel [4]. The formed hydroperoxides 

besides transformation into alcohols, directly or through a stage 

of formation of ketones are converted into organic acids. 

 

Radical and ionic chain polymerization processes were studied in 

the second half of the last century. A principal scheme for the 

liquid-phase oxidation of organic substances was developed by 

N.M. Emanuelem, D.G. Knorre and E.T. Denisov [4,6]: 
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RH + O2  НО

2 + R

   
   (RH + O2 + RH  Н2О2 + 2R


)      

origin of chains 

 

R

 + O2  RО


2                                   continuation of a chain   

    

RО

2 + RH  RОOH + R


                      --:-- 

 

RОOH  RО
 
+

 
OH                  degenerated branching of 

chains  

 

2RОOH  RО

2 +

 
Н2О + RO


                             --:-- 

 

2RОOH + Ŕ H  RО

 +

 
Н2О + Ŕ 


 
         

              --:--          

 

R
 
+ R

 
 bimolecular break of a chain in a liquid phase, 

 

           RО

2 + R

 
 break 

 

           RО

2 + RО


2  break 

 

 

The last reaction of this scheme is usually a bimolecular reaction 

of breaking the chain process in the liquid phase, since the value 

of the rate constant of this reaction is much larger (greater) than 

rate constant of reaction of hydroperoxide with the organic 

compound (RH). Intermediate molecular products are formed at 

oxidation of organic compounds. These products in further break 

up to free radicals, forming new chains and accelerating the 

general process. Therefore, process oxidation of organic 

substances is chemical process with a degenerate branching of a 

chain. By founders of the theory of chain and branching-chain 

reactions C.N.Hinshelwood and N.N.Semenov  have also studied 

the criteria for assessment (estimating) chain processes. 

 

For the solution of this question it is necessary in each case to 

consider all obtained experimental data. In most cases, the rate of 

chain reactions depends on the high and changeable 

concentrations of the reacting substances have a varying order. 

However, non-chain complex reactions can have such 

characteristics. 



Advances in Energy Research 

10                                                                                www.videleaf.com 

 

Non-chain complex reactions, like chain reactions, can have a 

velocity dependence on the diameter and material of the reaction 

vessel and the presence of an inert gas in it. Sometimes, there are 

undeniable criteria that unequivocally prove the chain nature of 

the process, such as large quantum or radiation-chemical yields, 

respectively photochemical and radiation-chemical processes, as 

well as the presence of regions of chain or degenerate-chain 

processes [1,2].  

 

A New Stage in the Development of the Theory 

of Chain Reactions  

In the second half of the 20
th
 century, teams led by G.Polyani 

and V.L.Talroze actively conducted scientific searches for the 

detection and creation of chemical lasers based on partial or 

complete inversion on the vibrational-rotational levels of 

molecules, as well as the search for a laser effect in chain 

reactions. In the 20
th
 century A.E.Chichibabinov synthesized 

organic substances containing simultaneously two trivalent 

carbon atoms - organic biradicals, A.E.Favorsky and 

I.N.Nazarov synthesized similar fatty series compounds of 

unsaturated ketones with metals, O.Lebedev, S.N. Kazarnovskii, 

M.B.Neiman synthesized stable nitroxide radicals - organic 

paramagnetic substances. Often reacting these substances don't 

lose free valences and are used as spin traps of marked active 

components in the most various areas of physical and chemical 

researches (in chemical kinetics, studying of the mechanism of 

chain processes, for researches by application of EPR, etc.) and 

also in medicine (development of diagnostics methods, antitumor 

drugs, etc.) [4,7].  

 The processes of conversion of carbon monoxide to molecular 

hydrogen were developed in the second half of the 20
th
 century. 

Conversion of carbon monoxide with water vapor (СО + ЗН2 + 

Н2О  СО2 + 4Н2 + 41 kJ) at 370-440°C is carried out in the 

presence of an iron-chromium catalyst and at 230-260°C in the 

presence of a zinc-chromium-copper catalyst. A chain reaction 

of the conversion of carbon monoxide to molecular hydrogen by 

radiolysis of a mixture of CO-H2O was also studied [8].  
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Classification of amorphous elastomers /non stitched rubbers/ 

(phase transition of the elastomer to a structurally solid state, i.e., 

"freezing" of an amorphous structure) or crystallization (a first-

order jump-like phase transition accompanied by streamlining of 

macromolecules) depending on temperature occurs at high 

pressures with all-round compression. Radiation-chemical 

radical-chain processes of elastomer’s sewing at high pressures 

were studied and developed by V.K.Milinchuk, E.R.Klinshpont, 

V.P.Kiryukhin at the branch of the Scientific Research Physical-

Chemical institute (SRPCİ) named after L.Y. Karpov [9]. 

 

A stationary radiation research facility with an isotope 
60

Co 

(absorbed dose rate equal to 0.3 Gy/s (2
.
10

15 
eV/g∙s) was used as 

the source of gamma radiation for our experiments. The 

radiation-chemical yield of sewing of hydrocarbon chains in 

elastomers was determined by the method of "ash-gel analysis" 

(extraction in the extractor with hot cyclic-hexane and 

determination of the vacuum-dried ash fraction) and calculated 

by the equation of Charlesby-Pinner. Studies of compounds 

containing electrons with unpaired spins were carried out using 

the electronic paramagnetic resonance РЭ-1301 spectrometer the 

identification of organic compounds was carried out by IR-

spectroscopy (Specord-IR, “Carl-Zeiss”). Radically-chain 

processes of radiation sewing of natural,  synthetic methyl-

butadiene, butadiene-nitrile and butadiene-styrene elastomers 

were studied using the above-described experimental base and 

known technique (irradiation of  0.2-1.0 cm
3
 volume of 

elastomers /in a thick-walled metal vessel with a double wall, 

inside which a high pressure is created by the hydraulic press/ by 

doses 10-100 kGy of ionizing radiation). The value of the 

radiation-chemical yield of sewing chains in these elastomers at 

normal conditions (1atm, 300
о
К) respectively was 3-20, at  

pressure 2 GPa and 300
о
К was 15-150, at 2 GPa  and 450

о
К was 

30-250 stitches/100 eV. 

 

Irradiation of elastomers at high pressures ensured the almost 

complete sewing of all hydrocarbon chains in elastomers and the 

formation of a single mass (polymer) resistant to physical 

effects, friction and irradiation. Increase of above properties with 
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increasing of temperature at high pressures was occurs. As can 

be seen, in the examples of studied elastomers, radical-chain 

sewing of hydrocarbon chains was observed, despite the 

reduction in the formation of radicals with increasing of 

pressure.  

 

        H
 
+ Ŕ́́ Н  H2 + ́ R

 

 

       H2R=RH2  +́ R

   H2  ( ́ R)R-


RH2     

 

The chain sewing process acquires an ionic character in sewed 

elastomers at high pressures and low temperatures (77°K), in the 

EPR spectra of these irradiated and sewed polymers at low 

temperatures thin /hyperfine/ structures are observed. 

 

Description of the Revealed New Chain 

Processes  

The chain reaction of the conversion of molecular hydrogen to 

carbon monoxide was studied at the Institute of Radiation 

Problems of the National Academy of Sciences of Azerbaijan in 

1984 [10].  

 

Further, decomposition of carbonyl sulfide (COS), radiation-

chemical and photochemical transformations in gas-phase 

systems СО - Н2S, Н2S - CH4, Н2S - CО2, Н2S - CH4 - О2 were 

studied at different temperatures. The mechanisms of the 

radiolytic and photolytic chain processes of transformations in 

gas-phase systems СО + Н2S  Н2 + СОS (Н2 + СО + S + СО2 

+ СS2), Н2S + О2  Н2 + SО2 (Н2 + Sn + Н2S2 + Н2О + SО3+ 

Н2SО4) are compiled [11].  

 

The following mechanism of course of process describing 

regularities of formation of molecular products is offered for СО 

- Н2S system: 

 

1. COCO
 
(activation of CO) 

 

2. CO
 
 CO  products  
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3. CO

 H2S  H  SH  CO 

 

4.  H  H2S  H2  SH 

 

5.  CO  SH  COS  H 

 

6.  SH  SH + М  products  

 

7. H2S

 H2  S (H SH) (activation of H2S) 

 

8. H  H 
М
 H2 

 

9. H  SH 
М

  H2S 

 

10. CO  SH  COSH 

 

The values for the rate constants of reactions (4) and (-5) are 

given in the literature [12]: 

  

k4 = 9  10
9 
 e

-850/T
 M

-1
s

-1
,      k-5 = 5,5  10

9 
 e

-1925/T
 M

-1
s

-1
. 

 

Using the thermodynamic data for the reaction components and 

the Vant Hoff equation   for the equilibrium between the forward 

and backward reactions (ΔG = -RT lnK) we obtain for the 

corresponding backward reactions (-4) and (5): 

 

k-4 = 5,5  10
9 
 e

-62500/RT
 M

-1
s

-1
,      k5 = 2,5  10

7 
 e

-63800/RT
 M

-1
s

-1
. 

 

Using the variation’s intervals of rate constants of the forward 

and backward reactions we obtain for the ratio of (5) and (-4) 

reaction rates: 

 

   W5/W-4 = (0,4 -:- 2,2)10
-2

 [CO]/[H2]. 

   

Hence, it is easy to estimate stationary concentration of 

hydrogen, which does not exceed 2.2% of the initial amount of 

carbon monoxide in the mix CO-H2S: 

 

          [H2]stationary = (0,4-2,2)10
-2

 [CO].  
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The dependence of the temperature on the absorbed dose rate is 

obtained from the conditions for the equality of the rates of 

radiolytic generation and termination of active centers, as well as 

the equality of the speed of the chain’s termination and 

continuation at equilibrium, i.e. when reaching the stationary 

concentrations of the initial and final components of reaction (Wi 

=  Go ∙ J ∙ 10
-2

  = Wbreak  =  kbreak ∙ [SH]
2 
∙ [M]  =  Wcontin.chain = k5 ∙ 

[SH] ∙ [СО];  k5 = 2,5 ∙ 10
7
∙  e

-63800/RT 
∙ [SH]

 
∙ [СО]): 

 

Т(Еа
cont.chain

/R)/(ln((kbreak∙[M]∙Go∙10
2

)
1/2

/ (ko
cont.chain 

∙[CO]))ln√J) 

                  

where: J – power of the absorbed dose in system, eV/sm3.s  (1Gy/s = 

7,8.10
12

 eV/sm
3
.s);  

 

Go = 7; kbreak=  k6,   ko
cont.chain

 = k
o
5. 

 

The dependence of temperature on the absorbed dose rate is also 

obtained from the conditions for the equality of the rates of 

radiolytic and thermal generation of active centers (Wgeneraton 

= Go ∙ J ∙ 10
-2

 = Wtermo.gener. = k
o
7 ∙ e

-Ea
 / RT ∙ [H2S] ∙ [M]; k7 

= 2 ∙ 1011 ∙ e
-37290 

/ T M
-1

s
-1

): 

 

Т  (Еа/R)/(ln(Go∙10
2

/(ko∙[H2S]∙[M]))  lnJ) 

               

                  where: ko = k
o
7. 

 

The dependence of the absorbed dose rate (at which this chain 

process is realized) on the temperature at different concentration 

of initial components of CO-H2S mixture, calculated on the 

condition that the rates of radolytic generation and termination of 

active centers (lower curves) are equal and if the rates of 

radiolytic and thermal generation of active centers are equal 

(upper curves) are given on 3 and 4 figures. 
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Figure 3: The curves of the dependence of the absorbed in the mixtures of CO 

(90%)-H2S (10%) and CO (1%) - H2S (99%) dose rate from the temperature.  

 

 
 

Figure 4: Curve dependence of the absorbed in the mixtures СО(99%)-

Н2S(1%) and СО(50%)-Н2S(50%).  

Note:  - the radiation initiation of the not chain process (areas below the lower 

curves), 

- the predominantly the thermal initiation of the chain process (areas above the 

upper curves), 

- the  predominantly radiation initiation of the chain process (area between the 

upper and  lower curves).  
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The area below the lower curves characterize the zone of 

exclusively radiation initiation of reaction (СО + Н2S  СОS + 

Н2) proceeding in not chain mode. The area inside the lower and 

upper curve characterize the zone of predominantly radiation 

initiation of the reaction, proceeding in chain mode, the area 

above the upper curve characterize the zone of predominantly 

thermal initiation of the reaction proceeding in chain mode. 

 

The areas of predominantly radiation initiation of chain 

transformation processes with different ratios of the initial 

components allow us to choose the optimal conditions for 

carrying out these processes, depending on the existing type and 

form of the radiation-chemical installation, the dose rate of 

ionizing radiation emitted by a specific type of installation. 

 

In the future, on the basis of the study of thermodynamic data of 

elementary reactions of photolytic and radiolytic processes 

taking place in oxygen-free and oxygen-containing aqueous 

solutions of phenol, the kinetic regularities of the formation of 

reaction products, detailed and satisfactorily describing the 

experimental results mechanisms of photolytic and radiolytic 

processes taking place in oxygen-free and oxygen-containing 

aqueous solutions of phenol are proposed. It has been established 

that photolithic and radiolytic processes acquire a chain character 

in oxygen-containing solutions of phenol. At photolytic 

processing treatment of oxygen-containing aqueous solutions, 

the final products of the photolytic chain process are phenol 

polymerization products and consequently the process of 

photolytic treatment of oxygen-containing water solutions of 

phenol is an efficient technological process. The main products 

of radiolytic processes are hydroxy-substituted phenols 

(hydroquinone, pyrocatechol, hydroxy-hydroquinone, resorcinol, 

floroglucin). Mechanisms of photolythic and radiolytic processes 

describing transformations in oxygen-free and oxygen-

containing aqueous solutions of phenol are compiled [13]. 

 

We used the studied photolythic and radiolytic processes to 

develop highly efficient chain processes for the decomposition of 

natural toxins that contaminate plant products. The kinetics of 
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destruction of natural toxins in cereals, dried fruits and 

granulated forages under the influence of UV-light and 

ionizing radiation of 
60

Co has been studied [11,14]. 

 

Consumer and organoleptic properties, microbiological, physical 

and chemical parameters of the irradiated vegetable products and 

goods didn't worsen after radiation by a dose 2.5 kJ/kg of UF-

light. 

 

However, at the same time completeness of a detoxification, i.e. 

suppression of toxic properties of toxins of microscopic fungi 

(mycotoxins), complete conversion of toxins into non-toxic 

compounds or reduction of their concentrations to values below 

of maximum allowable concentration - isn't reached. The 

effective quantum yields of conversion of mycotoxins in water 

solutions are on average 2 times higher than in dry plant 

products. 

 

The effective quantum yields of transformation of mycotoxins in 

damp vegetable products have intermediate values between these 

two values. The effective quantum yields of conversion of 

mycotoxin increase on the average by 2-3 times at the air 

bubbling of water solutions of mycotoxins. The main channels 

for the photolytic conversion of mycotoxins are the formation of 

their hydroxyl-replaced derivatives, organic peroxides and 

dimerization by oxygen bridges. 

 

The possibility of radiolytic decomposition of mycotoxins 

synthesized by microorganisms, i.e. the dependence decrease of 

mycotoxin quantity from the absorbed dose has been studied. 

Existing methods of decomposition (mechanical, chemical and 

thermical) are characterized by many deficiencies [15-17].
 

Significant decomposition of mycotoxins is observed under 

influence of ionizing radiation of 
60

Co source and the possibility 

of “radiolytic detoxification” of cereals, dried fruits and 

granulated forages has been determined at the different 

values of absorbed dose of ionizing radiation [11,14]. 
  

 

The values of radiation-chemical yields of mycotoxin’s 

decomposition vary in the range 10
-3

 –10
-5

/100eV, depending on 
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their concentration. But, the dose of ionizing radiation of 
60

Co, 

equal to 10 kGy, absorbed in studied products leads to decrease 

in the detected quantities (4-400 μg/kg) of mycotoxins to values 

below their maximum allowable concentrations. Radiolytic 

decomposition of mycotoxins by absorbed doses equal to 10 kGy 

doesn’t hold to any negative changes in organoleptic and 

chemical properties of studied plant products.  

 

The share of elementary reactions of chain branching in the 

general process of transformation of mycotoxins is essential at -

radiation of oxygen-containing water solutions of mycotoxins 

and the damp plant products polluted by mycotoxins.  

 

The speed of radiolytic transformations of mycotoxins in damp 

plant products increases with increasing of humidity of plant 

product (amount of the dissolved oxygen in "free" water of plant 

product). The value of radiation-chemical yield of mycotoxin’s 

decomposition in water solution is 1.3-3.1 times more than in 

damp plant product. This fact specified the formation of е
-
aq at 

the radiolyse of water solutions and participation of these 

hydrated electrons in the further decomposition of mycotoxin. 

All free-radical products of water solutions (е
-
aq, H, OH, O, H

+
aq, 

OH
-
aq) can take part at the decomposition of mycotoxins.   

 

Radiolytic decomposition mycotoxins in water solution and in 

damp plant products are described by following mechanism 

(ArОH – mycotoxins, RH – macromolecules of plant products, J 

– absorbed dose rate in irradiated object – 0.33 Gy/s):  

 

ArОH - γ
 
→ H’ + ArО

∙
           (0а)   J = 0,33 Gy/s  (GAr’=0.2-

5.7/100eV) 

 

ArОH - γ
 
→ Ar

∙
 + 

∙
ОH            (0b)                   “-“      

 

H2O -γ
 
→  H, 

∙
OH,  e

-
aq, Н2, Н2О2, H

+
aq, OH

-
aq   (0)   J = 0.33 

Gy/s 

 

Gе
-
aq = 2.8 ÷ 2.9  →  10

-7
 M/s;  GH = 0.6  →2

.
10

-8
 M/s;   GOH = 2.8 

÷ 2.9  →  10
-7

 M/s; 
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GH2 =0.45  →1.5
.
10

-8
 M/s; GH2О2 =  0.75 →2.5

.
10

-8
 M/s;  GH+aq = 

3.3÷3.4 →1.1
.
10

-7
 M/s; 

 

GОH
-
aq = 0.5÷0.6   →2

.
10

-8
 M/s; G-H2О =4.3-4.4molecule/100eV  

→2.5
.
10

-8
 M/s                 [18]    

                   

H2O - γ
 
→ H +   OH                     (0а)                          

 

H2O - γ
 
→ H2O

+
 + e

-
 (e

-
aq)            (0b)                          

 

H2O - γ
 
→ H2O

*
 (H2O

**
)              (0с)                          

 

H2O
** 

↔ H + OH                         (0е)  

 

H2O
** 

(H2O
*
)

 
↔ Н2О

+
 + e

-
(e

-
aq)   (0f)  k -1f – 10

10
 M

-1
s

-1 
                                             

[18]           

          

H + O2 → HO
∙
2                            (1)    k1 = 210

10
 M

-1
s

-1
                                              

[18]                          

 

 HO2
∙
 + RH → H2O2 + R

∙
            (2)    k2 (44

o
C) = 0,003 M

-1
s

-1                                                       

[19]    

 

H2O2  -O2, RH   НО

2               (3a)   k3<10
-7

 M
-1

s
-1                                                                    

[20]
  
 
 
    

                                                                     

H2O2  
νh

  2
OH                           (3)      ν = 1,4 ± 0,2                                                 

[18]               

 
∙
OH + ArH → Ar

 
+ H2O                  (4)   k4 - 10

9 
- 10

10 
M

-1
s

-1
                                           

[18]            

  
∙
OH + Ar → HOArH                    (5)   k5 - 10

9 
- 10

10 
M

-1
s

-1
                                     

[19, 21] 

   

НO2
∙
 + НO2

∙
→ H2O2 + О2                  (6)   k6 - 10

2 
- 10

9 
M

-1
s

-1
                                            

[18]             

 

HO2
∙
 + ArH → H2O2 + Ar 

∙
          (7)    k7 - 10

0,15
 - 10

2,2 
M

-1
s

-1
                                     

[19]      
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Ar 
∙
 + HO2

∙
 → ArOOH (ArH + O2)   (8)  k8 - 10

8 
- 10

9 
M

-1
s

-1
                                         

[21]   

 

Ar 
∙
 + Ar

∙
  → products                         (9)   2k9 - 10

2
 – 10

9
 M

-1
s

-1
                                  

[19, 21]   

                                                                                                        

Ar 
∙
 + RH → ArH + R

∙
                 (10)   k10 (44

o
C) = 3

.
10

-7
 M

-1
s

-1
                                 

[20]
 
  

 

ArOOAr → 2ArO
∙
                                   (11)   k11 - 10

-5 
M

-1
s

-1
                                                

[21]    

 

ArO
∙
 → Ar=O + H

∙
                                  (12)   k -12 - 10

9 
M

-1
s

-1
                                               

[20]
 
     

 

ArH + H2O2 → Ar
∙
+ HO

 + H2O    (13)    k13 – 0,49  M
-1

s
-1

                                            

[21]  

 

ArH (ArOH) + O2 → Ar
∙
+ HO

2    (14)    k14 – 5,55
.
10

-10
 M

-1
s

-1
                                     

[21]  

 

Ar
  ∙
 + O2 → ArO2

∙
 (Ar + HO2

∙
)    (15a)   k15a - 10

7
-10

8 
M

-1
s

-1
                                 

[18, 21]  

 

ArO2
∙
  + ArH → ArOOH + Ar 

∙
   (15b)   k15b - 10

4 
– 10

6 
M

-1
s

-1
                               

[18, 19]  

 

Ar 
∙
+ ArO2

∙
 → products                     (15c)   k15c - 10

8 
- 10

9 
M

-1
s

-1                                               

[19, 21]
  

 

ArO2
∙
 + ArO2

∙
 → products                (15e)  k15e - 10

2 
- 10

9 
M

-1
s

-1
                                

[19, 21]  

 

 2Ar
  ∙
 + O2 → ArOOAr                (15j)   k15j – 5

.
10

3 
M

-1
s

-1
                                     

[20, 21] 

  

ArO2
∙
 + HO2

∙
 → ArOOH + О2        (15f)   k15f - 10

8 
- 10

9 
M

-1
s

-1
                                      

[18]            
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Ar 
∙
 + H2O2 → ArH + HO2

∙
               (16)    k16 - 10

-2 
-10

1
 M

-1
s

-1
                                       

[21]  

 

 Ar 
∙
 + ArH  → products               (17)   k17 -  10

-5
 – 10

3
 M

-1
s

-1 
                              

[19, 21] 

 

Ar 
∙
 + H

∙
ArH → products                (17a)  k17a - 10

5
 – 10

9
 M

-1
s

-1
                                

[19, 21] 

 

H + ArH ↔ H
∙
ArH (Ar 

∙
 + H2)     (18)    k18 - 10

8
-10

9
 M

-1
s

-1                                                            

[18]            

 

H + Ar 
∙
 ↔ ArH                           (18)    k18 - 10

10
 M

-1
s

-1
                                             

[18]            

 

H + H2O → HO
∙
+ H2                             (19)    k19 = 10  M

-1
s

-1 
                                              

[18]           

 

H + HO2
∙
 → H2O2                                    (20)    k20 = 2 10

10 
M

-1
s

-1
                                          

[18]              

 

H + H2O2 → HO2
∙
+ H2                         (21)   k21 = 5,8 10

7 
M

-1
s

-1
                                         

[18]           

 
∙
OH + HO2

∙
→ H2O + O2                      (22)  k22 = 1,0 10

10
 M

-1
s

-1
                                        

[18]              

 

H + H → H2                                 (23)  2k23 = 2  10
10

 M
-1

s
-1

                                         

[18]            

 

H + OH → H2O                            (24)  k24 = 2,2 10
10

 M
-1

s
-1

                                        

[18]            

 

OH + OH → H2O2                        (25)  2k25 = 1,06 10
10 

 M
-1

s
-1

                                   

[18]            

 

OH + H2O2 → H2O + HO2
∙
              (26)  k26 = 4,510

7 
M

-1
s

-1
                                           

[18]            
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OН + RН   R + Н2О               (27)  k34 ≈ 10
8 
÷ 10

10
 M

-1
s

-1                                                          

[20]
  
 
 

 

е
-
aq + ArH    products           (28)

  
  k28 = (1,7 ÷ 5,0)10

7
 M

-1
s

-1                                                   

[19- 21]
  

 

е
-
aq + Н2О products                    (29)

    
k29 = 16 M

-1
s

-1                                                                          

[18]           

                   
 

е
-
aq + Н2О2   OН + OН              (30)

 
  k30 = 1,310

10
 M

-1
s

-1                                                            

[18]
 
            

          
             

е
-
aq + О2   О2

¯
                               (31)   k31 = (1,5 ÷ 2,16)10

10
 

M
-1

s
-1 

[18]            

    

Н
+

aq + е
-
aq   Н

 
 + Н2О                   (32)   k32 = 2,410

10
 M

-1
s

-1
                                        

[18]             

     

Н
+

aq + ОН
¯

aq   Н2О                       (33)   k33 = 1,410
11

 M
-1

s
-1                                                            

[18]            
    

                

Н
+

aq + О2
¯
    НО2

                       (34)   k34 = 5,110
10

 M
-1

s
-1                                                             

[18]            
    

               

е
-
aq + е

-
aq  Н2 + 2OН

¯
aq                       (35)  2k35 = 1,1210

10
 M

-1
s

-1                                                          

[18]
 
            

     
           

е
-
aq + OН OН

¯
aq                                     (36)   k36 = 3,010

10
 M

-1
s

-1                                                              

[18]
 
          

      
 

е
-
aq + Н   Н2 + OН

¯
aq                            (37)    k37 = 2,510

10
 M

-1
s

-1
 
                                                          

[18]            
          

              
OН + OН

¯
aq   О

¯
 + Н2О                       (38)    k38 = 1,210

10
 M

-1
s

-1                                                            

[18]            
    

             

О
¯

 + ArH   Ar + OН
¯
aq              (39)   k39 ~ 10

7 
÷ 10

9
 M

-1
s

-1                                                  

[18, 21]
 
  

   



Advances in Energy Research 

23                                                                                www.videleaf.com 

Н
+

aq + ArH    products                (40)  k40=(1,6 ÷ 8,8)10
10

 M
-1

s
-

1                        
[18, 21]  

 

      OН
¯

aq + ArH    products            (41)  k41 = (1,0 ÷ 7,0)10
9
 

M
-1

s
-1           

[18, 21]  

 

H2O
+
 + H2O → H3O

+ 
(H

+
aq) + 

∙
OH   (42)   k42 = 1,2

.
10

10
 M

-1
s

-1
                                       

[18]   

 

The main products of the radiolytic transformation of 

mycotoxins in oxygenated aqueous solutions, as seen from the 

above mechanism, are the macromolecules formed by the 

recombination of mycotoxin radicals or macromolecules formed 

by the combination of these radicals through an oxygen bridge. 

In the case of irradiation of damp plant products the radicals of 

mycotoxin recombined with macroradicals of organic matrix of 

plant product. Products of radiolytic transformation of natural 

toxins and organic xenobiotics unlike initial molecules, don't 

show physical and chemical properties characteristic for  natural 

toxins and organic xenobiotics. 

 

All active centers of reactions of chain branching are directed, 

like all primary radicals, to the formation of mycotoxin 

macroradicals, products of its disproportionation, their peroxides 

and hydroxy-substituted derivatives, which are comparatively 

slow to combine through oxygen bridges with other 

macroradicals, as well as with macroradicals of the organic 

matrix of plant products. This important effect can also be 

considered at radiolytic water purification contaminated by 

organic xenobiotics. 

 

Our systematic studies, as well as the spectra obtained by gamma 

spectroscopy of minerals of water, vegetation and soil samples, 

show identic values for the activity of the K
40

 isotope in 1 kg soil 

and in 1 kg vegetation samples, these values are 7-9 times 

exceed the corresponding activity value of the K
40

 isotope for 1 

liter of water taken from the same site. This ratio for other 

elements is approximately 2. These values show that the process 

of assimilation by plants the K
40

 isotope of water and soil 
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samples is more efficient than the process of assimilation the 

other natural radioactive elements. 

 

As is known, photosynthesis is the largest biochemical process 

on Earth and it is a complex chemical process of converting light 

energy, infrared radiation into the energy of chemical bonds of 

organic substances with the participation of photosynthetic 

pigments (plant chlorophylls, bacteriochlorophyll bacteria, 

archaea bacteriorhodopsin). 

 

The established low values of the energy of light quanta allowed 

to conclude that the nature of the course of photosynthesis is 

complex and the complex mechanisms of the process of splitting 

water molecules in plants are proposed. In one year, green algae 

release 3.6*10
11

 tons of oxygen into the Earth’s atmosphere, 

which is about 90% of all oxygen produced during 

photosynthesis on Earth. The binding energy of the hydrogen 

atom with the hydroxyl group of the water molecule is 5 eV / 

molecule [23,24].  

 

 Photosynthesis can be represented in the following image and 

equation:  

 

                           6СО2 + 6Н2О → С6Н12О6 + 6О2                                       

       

 
 

Two types of pigments were found in living organisms (the 

retinal vitamin A derivative is less common, and chlorophylls are 

involved in photosynthesis in most organisms). In accordance 



Advances in Energy Research 

25                                                                                www.videleaf.com 

with this, chlorine-free and chlorophyll photosynthesis are 

isolated. The efficiency of chlorophyll-free photosynthesis is 

relatively low (one H
+
 is transferred to one absorbed quantum of 

light). This process is found in the mating membrane of 

halobacteria. As a result of the operation of the light-dependent 

proton pump (bacteriorhodopsin) of the membrane, the energy of 

sunlight transforms into the energy of the electrochemical 

gradient of protons on the membrane. Chlorophyll 

photosynthesis is more energy efficient. At least one H
+
 is 

transferred to each absorbed light quantum against the gradient 

and energy is stored in the form of reduced compounds 

(ferrodoxin, etc.). Oxygen-free chlorophyll photosynthesis 

(purple, green bacteria and heliobacteria) proceeds without 

oxygen evolution. Oxygen chlorophyll photosynthesis (higher 

plants, algae, cyanobacteria, etc.) is accompanied by the release 

of oxygen. In the initial (photophysical) stage of photosynthesis, 

light quanta are absorbed by pigments, they transition to an 

excited state and energy is transferred to other molecules of the 

photosystem (plastoquinone). In the photochemical stage, charge 

separation occurs in the reaction center. A water molecule loses 

under the influence of a radical cation formed from a chlorophyll 

molecule after it loses its electron and transfers it to 

plastoquinone in the first stage (Н2О - е- → Н
+
 + 

.
ОН). Hydroxyl 

radicals formed under the influence of positively charged 

manganese ions are converted into oxygen and water (4
.
OH → 

O2 + 2H2O). 

 

In the chemical stage, light quantum is absorbed by another 

chlorophyll molecule and transfers its electron to ferrodoxin. 

 

Next, biochemical reactions of the synthesis of organic 

substances using energy accumulated at the already described 

light-dependent stages take place. 

 

The energy of gamma rays (1.45 MeV) emitted by the K
40

 

isotope is many times higher than the value of the binding 

energy of hydrogen with a hydroxyl group in water molecules (5 

eV). In addition, K
40

 isotopes were found without exception in 

all the samples taken from the environment without exception, 

and the geometric dimensions of the studied vegetation 
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specimens were directly proportional to the activity 

(concentration) of K
40

 detected in them. 

 

We concluded that along with the multi-stage processes of 

splitting water molecules in the proposed photosynthesis 

mechanisms, the cause of the splitting of hydrogen atoms from 

water molecules, in addition to the complex process of photolytic 

decomposition of water, is also the radiolytic decomposition of 

water under the influence of gamma rays of natural isotopes (in 

mostly K
40

, having the greatest  activity / concentration / in 

vegetation). 

 

A comparative analysis of the geometric, qualitative, 

organoleptic characteristics of the vegetation cover of different 

areas is in good agreement, proportional to the concentration of 

K
40

 in these plants, i.e. the high energy of gamma rays irradiated 

with K
40

 and the relatively high activity (relatively high 

concentration) are the reason for the increase in the current 

concentration of radicals in the mass of the plant, which is 

equivalent to the acceleration of high-barrier endothermic 

process of the splitting of hydrogen atoms from water molecules.  

 

The analysis of numerous samples of water, soil, vegetation, 

livestock products showed the presence of Na
22

 and K
40

 

radioisotopes in all samples, without exception. 

 

As is known, after completion of reactions in spurs, the values of 

the primary radiation-chemical yield of water gamma radiolysis 

products at pH = 4–9 are: G(H
+
aq) = 3.4; G(e

-
aq) = 2.9; G(H) = 

0.6; G(
.
OH) = 2.9; G(

.
O) = 0.0067; G(H2) = 0.45; G(H2O2) = 

0.75; G(OH
-
aq) = 0.6 ion / 100 eV [18].  

 

The value of G(H
+
aq)  is 4.25 H

+
 / 100 eV [18]. Taking into 

account the average value of K
40

 activity in 1 kg of plant mass 

(1.2-3.0 Bq / kg), exposure to this isotope during the year leads 

to the formation of (2.5 quanta / (sec.kg)) * (4.25 H
+
aq / 100 eV) 

* (1.46 * 10
6
 eV / quanta) = 15 * 10

4
 H

+
aq / s.kg = 4.7 * 10

12
H

+
 / 

(year. kg). 
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In plant mass in addition to K
40

 radioactive isotopes of other 

elements were also detected. Thus, the total value for 1 kg of 

plant mass formed during one year under the influence of natural 

gamma rays of all isotopes and cosmic radiation will be 10
15 

H
+

aq. The indicated value, although lower than the value of the 

resulting H
+
 ions during photosynthesis.  

 

In the 80s, the radiation-chemical chain process of hydrogen 

conversion into carbon monoxide was studied [10,25,26].  

 

Similar to the radiation-chemical process Н2 + СО2 → СО + 

Н2О, where after the radiation initiation of the process (Н2 → Н
.
 

+ 
.
Н or Н2* + СО2 → СО + 

.
ОН + 

.
Н) in the energy region above 

the potential barrier of the limiting reaction stage the chain 

process begins (Н
.
 + СО2 → СО + 

.
ОН; 

.  
ОН + Н2 → Н2О + 

.
Н) 

and in the case of photosynthesis in the presence of K
40

 and Na
22

 

after radiation initiation / formation of radicals, atoms and ions / 

closed cycles consisting of elementary reactions of the type (Н
.
 + 

CO2 → СО + 
.
ОН; 

.
ОН + RH → Н2О + 

.
R  or Н

+
 + СО2 → СО

+ 

+ 
.
ОН, R

+
 + СО2 → СО

+
 + RО

.
; Н

+
 + RR → R

+
 + RН, СО

+
 + 

RR → RСО + R
+
) with the following cliff type reactions (R

.
 + R

.
 

→ RR, R
.
 + CO → RCO

.
, R

.
 + 

.
OH → ROH, CO

+
 + e- → CO) 

serving the synthesis of organic molecules [4,5,10,13,25,26]. 

 

Taking into account the insignificant exothermicity (2.8 kJ / mol) 

of the total reaction of the radiolytic conversion of a mixture of 

hydrogen and carbon dioxide into carbon monoxide and liquid 

water, a direct contribution of water’s radiolysis  radicals and 

ions in the course of many elementary reactions occurring in the 

absorbing light plant mass, the possibility of multiple 

participation of radiolysis products of water and the organic 

matrix (H
.
, 

.
OH, R

.
, H

+
, H

+
aq, e

-
aq, R

+
, CO

+
) in the cycles of 

elementary reactions that occur with the resumption of the 

starting radicals and ions.  

 

At comprehensive analysis of photosynthesis the role of gamma 

radiation of the natural radioisotopes Na
22

 and K
40

 in this 

process, especially at its initial stage (initiating the formation of 

atoms, radicals and ions from water molecules and an organic 

matrix) should be taken into account. 
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This conclusion is consistent with the presence of Na
22

 and K
40

 

radioisotopes in all anlysed samples of water, soil, vegetation, 

livestock products without exception, with the revealed facts of 

increasing plant fertility in soils with relatively high 

concentrations of natural radioisotopes, observation of 

photosynthesis in the mating membrane of extreme halobacteria, 

in under thick layers of water, in the presence of only long-wave 

infrared rays or in the absence of chlorophyll and oxygen. 

 

Conclusion  
 

Created during the periods empirical, empirical-theoretical and 

systematic studying of different systems experimental and 

theoretical prerequisites have formed a basis for development of 

the theory of chain reactions.  

 

The modern state of the theory of chain processes is analyzed. 

The mechanisms of branched chain processes, conditions 

inhibiting and accelerating chain reactions, criteria characterizing 

the chain nature of chemical processes are described. The 

mechanisms describing regularities of formation of molecular 

products of the chain processes are discussed. The short 

description of the revealed chain processes proceeding in 

gaseous, liquid, amorphous and solid phases is provided.   

 

These studies are an essential contribution to researches in the 

field of studying of chain chemical processes. 
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Abstract  

 

This paper presents a novel method of hydro power plant 

operation, based on the control of the injectors´ or wicked gates 

opening time as a function of the upper reservoir level. In this 

way, a faster power injection, depending on the current water 

level on the upper reservoir, could be achieved. When this level 

is higher, the opening time could be shorter; hence, hydropower 

ramps could be steeper. Thanks to this control, frequency 

excursions and load shedding trips are smaller, thus the power 

quality is enhanced. 

 

This method has been tested and validated by computer 

simulations in a case study located in El Hierro island, Canary 

Archipelago (Spain). The simulations made show significant 

improvements, dependent on upper reservoir water level, in 

power quality. 
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Hydroelectric Power Generation; Power System Dynamic 

Stability; Frequency Stability; Wind Power Generation; 
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Introduction  

 

Small islands have weaker power systems than continental ones. 

Therefore, they are more sensitive to disturbances. In addition, if 

renewable energy sources, such as wind or photovoltaic, are 

present, their generation changes could increase this sensitivity 

[1]. In fact, there are grid codes with specific requirements for 

these systems [2]. There are several approaches to solve this 

problem [3-4], but all of them benefit from steeper available 

power ramps. 

 

Due to the incorporation of frequency controllers, wind turbines 

are increasing their contribution to power system stability [5]. 

Weather forecast is very important in wind generation 

scheduling [6]. However, the contribution of wind energy will 

not be available if wind generation is lost. Therefore, other 

resources should be available. One of the known methods to 

increase penetration of non-manageable power sources is the 

addition of pumped storage power plants. These plants can 

contribute to frequency regulation in generating and in pumping 

mode [7]. The regulation quality of a power plant can be 

evaluated using its power response time [8]: the shorter the 

better. 

 

In island grids, frequency control is challenging because their 

inertia constant is usually lower, and generators are usually large 

compared with system load [9-11]. Therefore, a loss of 

generation will cause the system frequency to fall dramatically. 

In order to ensure a stable operation with the lowest impact on 

the system, the disturbed power balance must be equalized 

within a short-specified time by activating the reserve of on-line 

units or by load shedding or both [12].  

 

Depending on the aims of local system operators, there are 

different optimal solutions for increasing renewable energy 

sources integration, while maintaining power system stability 

[13]. In a previous paper [14], the authors have proposed a 

method of no-flow Pelton turbine operation to reduce the time 

needed to get full power in Pelton turbines. As stated in this 

paper, this time has a lower limit determined by the magnitude of 
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the negative water hammer produced in the penstock after the 

power injection. 

 

This negative water hammer problem is common to any type of 

hydro turbine. The consequences of this phenomenon appear 

mainly in the upper part of the penstock, where the under-

pressure value depends heavily on the upper reservoir water 

level. In order to avoid this problem, a conservative governor 

tuning should limit the minimum, nozzles or wicked gates, 

opening time. Consequently, available power ramps are limited 

and in case of generation loss the load shedding system would 

trip part of the load. 

 

Increasing this ramp limit could be critical in autonomous or 

weak power systems, especially those with high wind power 

penetration [15]. In these power systems, loss of wind generation 

could produce a large frequency excursion and, consequently, a 

load-shedding trip. This needed disconnection of some 

consumers would balance power consumption and generation, 

but at a high cost, the quality of the power supply service would 

be reduced. These disconnections could be avoided if steeper 

power ramps were available because then frequency excursions 

would be lower. 

 

As previously stated, the conservative governor tuning 

corresponds to the minimum water level in the upper reservoir. 

However, when the upper reservoir water level is higher than the 

minimum, the permissible power ramp could be steeper. 

Therefore, if this water level is continuously measured, the 

nozzle or wicked gates opening time could be fine-tuned for 

every upper reservoir water level. Consequently, the available 

power ramp could be made steeper and consequently the 

frequency excursion would be lower, and the power quality 

would be better.  

 

The remaining of this paper is structured as follows: Section 2 

presents the proposed method for frequency regulation based on 

upper reservoir level. Section 3 presents a case study for a hydro 

power plant, located in El Hierro island (Canary Island, Spain). 

In it, the performance of this approach is tested by simulations 
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on Pelton turbines, which are installed in the power plant. In this 

way the advantages of the proposed technique have been 

validated for different upper reservoir levels. Section 4 describe 

de simulation model. Section 5 analyses the software simulations 

of the proposed system. Finally, Section 6 concludes with the 

main contributions of the proposed strategy. 

 

Frequency Regulation based on Upper 

Reservoir Water Level for Hydro Power Plants 

 

Hydropower plants are usually controlled by proportional, 

integral and derivative (PID) governors [16]. These controllers 

are tuned through several procedures [16] seeking stability and 

good dynamic response. In order to evaluate the quality of the 

dynamic response several error measures, such as integral of the 

squared error, integral of the absolute error, maximum error and 

settling time, can be used [17]. In cases where there are long 

penstocks, traditional rules [18] do not achieve stability. 

Therefore, new tuning rules were developed based in the pole 

placement technique [19]. 

 

It is also a normal practice in small power systems that in case of 

generation loss, the remaining generating units should be able to 

supply all the power demanded by the system. Therefore, the 

generating units must not operate at full load. Although in power 

system there are a certain spinning reserve, it is also important 

how fast this spinning reserve can act. Any additional power 

required should be injected in the system as fast as possible to 

avoid large frequency excursions. 

 

In case of hydro power plants, a negative water hammer in the 

penstock imposes a limitation to the steepness of their power 

ramps.  

 

Due to the coupling between flow and pressure changes in the 

penstock, a fast rise in the flow comes at the price of a sharp 

decrease in the pressure. If the pressure becomes negative at any 

point in the penstock, it could collapse. Therefore, to maintain 

penstock integrity, maximum flow ramps should be limited. 



Advances in Energy Research 

6                                                                                www.videleaf.com 

Consequently, the minimum opening time of flow control 

devices is also limited. 

 

The problem, already described, of transient under pressures 

worsens in the zones of the penstock under lower static pressure. 

As the static pressure depends on the upper reservoir level, when 

the level is higher the transient under pressure could be larger 

without compromising penstock integrity. This allows a faster 

flow rise and, as a consequence, steeper power ramps. 

 

Turbine 

Generator

Governor

Speed

Level transmitterUpper reservoir

Flow control device

Opening time 

limiter

 
 
Figure 1: Layout of a turbine flow control depending on the upper 

reservoir level. 

 

Therefore, if upper reservoir level is not taken into account, a 

conservative limit to the maximum hydropower ramp applies. 

This limit corresponds to the minimum upper reservoir level, 

which is the worst case. However, if the digital control system 

has information about the water level in the upper reservoir, the 

limit to maximum power ramps could be fine-tuned in order to 

increase power ramp capability. This is achieved in practice 

through the injector, or wicked gates, opening time limiter. The 

layout of the control system is presented in Fig. 1. 
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Usually, hydropower plants have an upper reservoir water level 

transmitter and its readings are sent to a digital control system 

located in the powerhouse. This data could be also used to tune 

the opening time limiter. In this way, power ramps steepness 

could be adapted as a function of the upper reservoir water level.  

 

Case study: El Hierro Hydro Power Plant  
 

In this section, the hydro power plant used as case study for the 

proposed frequency regulation method is presented.  

 

El Hierro Island Power System Brief Description  
 

This power system is located on El Hierro Island, in the Canary 

Islands archipelago, Spain. The traditional power supply was 

based on diesel engine driven generators. There are 10 diesel 

engines with rated power from 775 kW to 1870 kW installed 

along different extensions. 

 

In 2015, a wind farm combined with a pumped storage power 

plant entered in service. 

 

The wind farm has five Enercon E-70 wind turbines connected to 

the 20 kV grid, through separate transformers. 

 

The units of the pumped storage power plant are of the 4-

machine-type arrangement [20-21]. The pumping station 

comprises 2x1500 kW variable speed driven pumps and 6x500 

kW fixed speed pumps. In case of high wind conditions these 

pumps transfer water from the lower to the upper reservoir, 

storing energy. The control of this pumping station should 

regulate the frequency of the power system [22]. On the other 

hand, the hydro power plant has 4 x 2830 kW Pelton turbine 

driven generators. The turbines are feed from the upper reservoir 

and the discharge is carried out in the lower reservoir. Therefore, 

the coordinated operation of the pumping and hydropower 

stations provides energy generation or storage. 
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A simplified one-line diagram of the El Hierro power system is 

shown in Fig. 2. Detailed data on this wind-hydro power plant 

can be found in Tables I to III in the Appendix. 
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Figure 2: El Hierro power system, simplified one-line diagram 

 

Hydro Power Plant  
 

The hydro power plant generators are conventional synchronous 

machines. These generators use a conventional brushless 

excitation system and an Automatic Voltage Regulator (AVR) to 

regulate voltage.  

 

This hydropower plant has several one water jet Pelton turbines. 

These generators can operate as synchronous condenser. In this 

operation mode, they can generate reactive power to contribute 

to the voltage regulation of the power system. Furthermore, in 

this operation mode they can generate active power, if required. 

The performance of this operation mode is analyzed in [14]. 

 

The island’s orography makes possible to build an upper and a 

lower reservoir, with a useful capacity of 380 000 m
3
 and 150 

000 m
3
 respectively. In case of the upper reservoir, the difference 

between the maximum and minimum levels is 17 m 

corresponding to 715 and 698 meters above sea level (m.a.s.l.). 

A simplified hydraulic diagram of this scheme is in Fig. 3 
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Figure 3: El Hierro hydropower plant, simplified hydraulic diagram. 

 

Operational Experience  
 

Diesel engine driven generators traditionally supplied the island 

power demand. The maximum historic peak demand in this 

power system happened on 12th August 2010, as a result of a 

heat wave [23], and reached 7.8 MW. The maximum peak 

demand in normal operation is around 7 MW. On the other hand, 

the valley hour consumption is circa 4 MW [24]. 

 

This island has average wind speeds around 9 m/s which made it 

a good candidate for wind power generation.  

 

The integration of the new wind pumped storage power plant 

was not an easy task. The commissioning of this power plant was 

completed in July 2015 [25]. During the first years of operation, 

its contribution to cover the island electric energy demand was 

34.6 %. Thus, the remaining 65.4% of the electric energy 

demand was covered by the diesel generators [26]. In June 2017, 

the island power system accumulated 1000 hours of 100% 

renewable energy supply operation [27]. The last energy 

production record was in the month of July 2017, when the total 

Pelton (1Jet)

4x2830 kW

1000 rpm

Gross head 658 m2577 m

Level

0%      698.00 m.a.s.l.

25%    702.25 m.a.s.l.
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100%  715.00 m.a.s.l.

690 m.a.s.l.

dx/2               dx               dx/2

Minimum transient piezometric head 
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production of the wind pumped storage power plant covered the 

78.3 % of the total island demand. [27] 

 

Wind farm operation at full load, feeding the demand and storing 

the energy surplus through the hydro station, has been achieved. 

This is the best pumping operation strategy. In Fig 4, it is clearly 

observed that the wind farm production is around 10 MW, while 

the demand varies between 3.7 MW and 5.7 MW, and the 

pumping station varies accordingly [27]. 

 

The operation of the power plant and thus, the renewable energy 

integration strategy, has largely improved during these two 

years, thanks to the experience acquired by the grid operator. 

Moreover, the power ramps could be improved with the 

technique presented in this paper. 

 

 
 

Figure 4: El Hierro power system, demand, wind power and hydropower 

during September 23rd, 2017. (www.ree.es). 

 

Brief Computer Model Description  
 

The penstock is modelled by means of a hyperbolic set of partial 

differential equations [28] solved using a Finite Difference 
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Method with a 1st-order centre scheme discretization in space, 

and a scheme of Lax for the discharge variable. This method 

leads to a system of ordinary differential equations that can be 

represented as a T-shaped equivalent scheme, as presented in 

[29]. 

 

All models are based on the hydro-electrical analogy. The model 

of a pipe is composed by a series of elements, according to the 

equivalent circuit presented in Fig. 5. The hydraulic variables 

pressure (h) and flow (Q) are analogous to the electrical 

variables voltage and current. Therefore, hydraulic friction losses 

correspond to resistive losses (R) in the electric circuit; kinetic 

energy correspond to magnetic energy stored in inductors (L) 

and elastic energy storage corresponds to electrical capacitors 

(C).  

 

The system of equations relative to this model is set up using 

Kirchhoff laws. All the hydraulic models: turbines, pipes, valves, 

surge tanks, etc., are implemented in software SIMSEN. This 

software was developed by the École Polytechnique Fédérale de 

Lausanne (EPFL), for the simulation of the dynamic behaviour 

of hydroelectric power plants [30-32]. A Runge-Kutta 4th-order 

algorithm is used in SIMSEN software to obtain the time-domain 

integration of the full system. 

 

 
(a) 

 

 

 
 

 

(b) 
 

Figure 5: (a) Model of a section of pipe, and (b) the equivalent scheme. 

 

The modelling approach, based on equivalent schemes of 

hydraulic components, is extended to all the standard hydraulic 

components, such as valve, surge tanks, air vessels, cavitation 
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development, Francis pump-turbines, Pelton turbines, Kaplan 

turbines, pump, etc. [33]. 

 

The model of Pelton turbine uses the turbine quasi-static 

characteristics. The energy transfer in Pelton turbines is achieved 

at a constant pressure. Therefore, the Pelton turbine model can 

be divided into two parts: one hydraulic and one mechanical. 

The model is shown in the Fig.6. In this Figure, the site elevation 

relative to the reference plane is represented as Zref. 

 

The hydraulic model of the Pelton turbine is an equivalent valve, 

considering the needle position of each injector to fix the water 

flow (Q) relative to best efficiency point flow (Qbep). 

 

On the other hand, the mechanical model should provide the 

torque contribution of each injector. The torques are deduced 

from the turbine torque characteristic according the injector 

position, net head and speed. In Fig. 6, the relation between 

torque (T), relative to best efficiency point (BEP) torque, and 

rotational speed N (also relative to BEP speed Nbep) for each 

needle valve position is shown. The deflectors have not been 

considered in this study. Finally, the rotational speed of the unit 

is computed using the rotating momentum equation. 
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Figure 6: Model of a Pelton turbine (left) characteristic curves with 

injector discharge characteristic curve (right up), and torque characteristic 

curve (right down). 

 

The power system is composed of two generating units: wind 

generators; and Hydro turbine-driven generators. However, the 

model comprises only the hydropower plant. Because the case 

that would be simulated is a whole wind generation trip. There is 

also an electrical load representing the consumers (Fig. 7). 

 

The model of the hydropower plant takes into account the 

upstream reservoir with constant water level, the penstock, and 

the Hydro generator units, modelled as one equivalent turbine 

and one generator. The turbine speed governor is modelled as a 

proportional-integral-derivative controller PID, and includes 

limiters and rate limiters.  
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Figure 7: El Hierro combined wind and pumped-storage hydro power 

plant simplified simulation model, as implemented in SIMSEN software 

for wind-generator trip simulation. Pelton turbine driven generator  

 

Analysis of Simulations Results  
Loss of Generation Simulated  
 

The most severe loss of generation corresponds to the shut down 

of a wind generator at full load when this is the only generator in 

operation. As the wind generator is supplying electricity to the 

whole power system, this represents a 100 % loss of generation. 

Obviously, any other wind power fluctuation will be less severe 

than this one. 

 

After the tripping of the wind generator, the hydro generators 

should supply the active power demanded by the power system 

(2.3 MW). The frequency of the power system will decrease 

until the turbines are able to supply the active power demanded 

by the load. While the four hydro generators are operating at 

synchronous condenser mode, their power is slightly negative. 

 

To summarize, the main requirements are maintaining the 

frequency within the power quality limits according to 

regulations [34] and surviving the trip of the biggest generator 

without load shedding. The load shedding frequency relay is set 
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to 48.5 Hz during 0.1 s. This requires a power plant with a fast 

injecting power capability. 

 

Upper Reservoir Levels Considered  
 

Four simulations of a wind generator trip corresponding to four 

upper reservoir levels (701, 703, 706 and 715 m.a.s.l.) have been 

performed. In these simulations, the injector opening time has 

been adjusted in order to avoid piezometric heads lower than 695 

m.a.s.l. in the upper zone of the penstock. Fig. 8 shows the time 

evolution of this piezometric head in this zone of the penstock. 

 

 
Figure 8: Penstock piezometric head evolution (upper zone) after a wind 

generator trip for different upper reservoir levels after a 2.3 MW wind 

generator trip. 

 

Pelton Turbine Driven Generators Transient Response  
 

Fig. 9 shows water flow in the turbines for the four upper water 

levels simulated. When the system reaches steady state 

operation, flow is around 22 % of the rated flow. In Fig. 10, it 

can be clearly observed that the maximum turbines water flow 

(38%) corresponds with the lowest reservoir level (701 m.a.s.l). 

In case of maximum water level on the upper reservoir (715 

m.a.s.l.), maximum water flow is only the 28 % of the rated 

flow. This is due to the different power ramps applied. As 

previously explained, the power ramp applied for each reservoir 
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level is the maximum ramp that does noet causes cavitation 

problemes in the upper part of the penstock. 

 

 
 
Figure 9: Turbine water flow after a wind generator trip for different 

upper reservoir levels (100s) after a 2.3 MW wind generator trip. 

 

 
 
Figure 10: Turbine water flow after a wind generator trip for different 

upper reservoir levels (20s) after a 2.3 MW wind generator trip. 

 

The first action of the governor is to open the injectors as fast as 

possible, because, as shown in Fig. 12, the frequency of the 

power system decreases sharply (approximately at 1.2 Hz/s). 

Their opening time is limited to avoid damages in the penstock. 

The faster the opening time is, the faster turbine mechanical 
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power response would be (Fig. 11). So the frequency of the 

power system does not fluctuate so much (Fig. 12). 

 

Several seconds later, when the turbines supply greater power 

than the electrical load demands, the frequency of the power 

system would increase (Fig. 12) so the governor should reduce 

the water flowing through the turbines. Regardless of the 

governor settings, there is a subsequent over-frequency. These 

frequency oscillations are repeated until the steady state is 

reached (Fig. 13). 

 

In Figs. 12 and 13, it can be clearly observed that the impact of 

the wind generator trip is lower when the hydro generators 

power ramp is steeper. This reduction of frequency excursions 

applies to the whole transient and not only to its first moments. 

 

 
 

Figure 11: Turbine mechanical power after a wind generator trip for 

different upper reservoir levels after a 2.3 MW wind generator trip. 

 

In order to summarize the results of the simulations, it can be 

concluded that the maximum water level in the upper reservoir 

corresponds to the injectors’ minimum opening time and to the 

maximum power ramp. Therefore, a large active power supply 

by the hydro generators just after the trip makes smoother 

frequency excursions and reduces the impact of wind power 

fluctuations. 
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Figure 12: Frequency in the power system after a wind generator trip for 

different upper reservoir levels (20 s) after a 2.3 MW wind generator trip. 

 

 
 
Figure 13: Frequency in the power system after a wind generator trip for 

different upper reservoir levels (20 s) after a 2.3 MW wind generator trip. 

 

Conclusions  
 

In hydropower plants, power ramps are limited by the negative 

water hammer that could appear along the penstock. This 

negative pressure is critical in the upper part of the penstock in 

which cavitation problems could happen. The level of the upper 

reservoir has an important role in the developing of this 

cavitation risk. In fact, its minimum level determines the steepest 

power ramp permissible. 
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This paper has presented a method to increase turbines power 

ramp steepness taking into consideration the current water level 

in the upper reservoir. In this way, the frequency regulation and 

the power quality can be improved. 

 

The higher the upper reservoir level is, the steeper the power 

ramps that could be achieved without cavitation problems are. 

Steeper power ramps reduce the impact of wind power 

fluctuations in the power system [34]. This strategy could be 

combined with the Pelton no-flow operation [35-36] 

 

The Pelton turbines of the Wind-Hydro pumped storage power 

plant located in El Hierro island, presented in the case study, can 

operate as synchronous condensers. This mode of operation 

allows increasing wind power penetration in autonomous power 

systems, thanks to a fast power injection. In addition, in this 

power plant, the presented method for increasing the steepness of 

available power ramps was tested by means of several computer 

simulations improving the frequency response of the system. 

 

The simulation results show that in the case of a wind generator 

trip, depending on the upper reservoir level, the minimum 

frequency improves from 49.20 Hz up to 49.70 Hz. Besides, the 

subsequent over-frequency improves from 51.10 Hz to 50.35 Hz. 

 

According to [37] normal operation means frequency between 

49.75 Hz and 50.25 Hz for less than 5 minutes. Therefore, grid 

power quality could improve significantly using the proposed 

technique. 
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Appendix  

 
Table 1: Penstock ratings. 

 
Penstock 1  

Diameter 1 m 

Length 2577 m 

Darcy-Weissbach friction loss coefficient 0.015  

Wave speed 1193 m/s 

Number of elements for simulation 54  

 
Table 2: Pelton turbines ratings. 

 
Pelton Turbines 4  

Rated Power 2854 kW 

Rated Flow 0.5 m3/s 

Gross Head 658 m 

Net Head 651 m 

Rated speed 1000 rpm 

Number of jets per runner 1  

Type Horizontal  
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Table 3:  Hydro generator ratings. 

 
Hydro Synchronous generators 4  

Rated apparent power 3300 kVA 

Rated Power Factor 0.8  

Rated voltage (± 5,0%) 6 kV 

Frequency 50 Hz 

Pairs of poles 3  

Rated speed 1000 rpm 

Direct-axis synchronous reactance (unsat)Xd 1.901 pu 

Quadrature-axis synchronous reactance Xq 1.049 pu 

Direct-axis transient reactance (unsat) X’d 0.183 pu 

Direct-axis subtransient reactance (unsat) X’’d 0.120 pu 

Leakage reactance (stator) Xl 0.125 pu 

Direct-axis transient open-circuit time constant T’do 4.354 s 

Direct-axis transient short-circuit time T’d 41 ms 

Direct-axis subtransient short-circuit time T’’d 17 ms 

Stator resistance per phase (95°C) 0.002 pu 

Inertia  6 s 
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Abstract 
 

Biomass gasification is realized as a settled process to produce 

energy in a sustainable form, between all the biomass-based 

energy generation routes. Consequently, there are a renewed 

interest in biomass gasification promoting the research of 

different mathematical models to enlighten and comprehend 

gasification process complexities. This review is focused on the 

thermodynamic equilibrium models, which is the class of models 

that seems to be more developed. It is verified that the review 

articles available in the literature do not address non-

stoichiometric methods, as well as an ambiguous categorization 

of stoichiometric and non-stoichiometric methods. Therefore, the 

main purpose of this article is to review the non-stoichiometric 

equilibrium models and categorize them, and review the 

different stoichiometric equilibrium model’s categorization 

available in the literature. The modeling procedures adopted for 

the different modeling categories are compared. Conclusion can 

be drawn that almost all equilibrium models are modified by the 

inclusion of empirical correction factors that improves the model 

prediction capabilities but with loss of generality. 
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Introduction  
 

Gasification occupies a preponderant position from both 

economic and efficiency perspectives [1]. It is considered an 

important route to convert biomass and waste materials into 

useful gas products that can be converted into energy by several 

technological options—boilers, engines, turbines and fuel cells—

or used as raw material to produce value-added fuels, hydrogen 

gas or chemicals [2,3]. 

 

Some technological problems remain unresolved in gasification 

for a robust market penetration [4]. The main challenge is related 

with the optimization and understanding of the reactor behavior, 

which is the lowest efficiency component of a gasification plant 

[5]. Its design and operation encompass the comprehensive 

knowledge of the gasification process and how the design, 

biomass, and the operating parameters influence the overall 

performance [6]. 

 

Another challenge is the development of gas cleaning systems in 

an efficient and cost-effective way for downstream application of 

biomass gasification technology for power, biofuels and 

chemicals production [7,8]. Gas cleaning must be applied to 

prevent erosion, corrosion and environmental problems in 

downstream application [7]. Tars are mostly heavy hydrocarbons 

resulting from a biomass gasification process that can block 

engine valves or cause fouling of a turbine leading to higher 

maintenance costs and lower performance. In addition, tars 

interfere with the synthesis of fuels and chemicals [8,9]. 

 

The development and implementation of mathematical models is 

essential to understand and predict the process behavior and to 

analyze effects of different variables on the process performance.  
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These numerical models have also the advantage of avoiding the 

high experimenting costs and allow us to study different 

scenarios with different levels of complexity, avoiding time 

consuming and costly procedures [10].  

 

It is not surprising that different types of models have been 

developed over the years, from complex three-dimensional 

models, to the simplest zero-dimensional models. Models have 

been published using different classifications, designations and 

categories. The most general classification of the gasification 

models is: thermodynamic equilibrium, kinetic, computational 

fluid dynamics (CFD) and artificial neural networks (ANN) [6]. 

Although there are variations on the modeling approaches, one 

can conclude from the literature that the above classification is 

well accepted by the scientific community [11-14]. 

 

Mathematical modeling is usually founded on the laws of mass, 

energy and momentum conservation. Fluid dynamics and 

chemical reactions are taken into consideration in more complex 

models. The simplest models consider mass and energy balances 

throughout all the reactor to predict the composition of the 

produced gas, not considering particular processes and chemical 

reactions. They consist of global mass and heat balances of the 

entire reactor and are named equilibrium models. For 

equilibrium modeling, one may use stoichiometric or non-

stoichiometric methods [12-14]. The mathematical model used in 

the stoichiometric method includes a set of chemical reactions 

for which the equilibrium constants are defined. Contrarily, in 

the non-stoichiometric method, there is no need of knowing the 

reaction mechanism to resolve the problem. The equilibrium 

condition is attained by minimization of Gibbs free energy. This 

method needs only as input, the elemental composition of the 

feedstock. Therefore, this method is mostly appropriate for 

biomasses, which the chemical formula is not evident but can be 

obtained from ultimate analysis [6]. 

 

Kinetic models are typically used to describe kinetic mechanisms 

of the thermal pyrolysis and gasification. In these models the 

various chemical reactions and transfer phenomena between 

phases are considered [15-17]. The kinetic models are able to 
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predict the produced gas composition, temperature and the 

overall reactor efficiency. The kinetic models are more 

appropriate and precise at relatively low operating temperatures 

due to required long residence time for complete conversion 

[18]. The kinetic models are a powerful and more accurate tool 

in the investigation of the gasifier behavior, but they also need 

more computational resources [19]. 

 

A CFD model offers the study and analysis of fluid flow, heat 

transfer, mass transfer, chemical reaction and related phenomena 

systems solving a set of mathematical equations that describe 

these processes and using numerical methods in computer-based 

simulations [20]. In a gasification scenario, the CFD model 

usually includes various sub-models related to the biomass 

particle such as vaporization, pyrolysis, secondary pyrolysis, and 

char oxidation [6,21]. Other advances have been achieved like 

the fragmentation of fuels during gasification and combustion 

[22]. This refined approach is generally accomplished using 

commercial software, which have been practiced by several 

authors [23–27]. In order to explore the several geometries and 

operating conditions of a reactor CFD is seen as an economical 

option to investigate the ideal configuration considering the 

project specifications. In the CFD model the fluid mechanics is 

treated in detail, and this is the crucial distinction when CFD is 

compared with the other kind of models [11]. 

 

ANN models use a pure mathematical modeling approach that 

correlates input and output data to create a mathematical 

prediction model. An ANN model imitates the working of the 

human brain to process information fast and efficiently through a 

system of neural networks given to the model some human 

characteristics. The use of ANN models for biomass gasification 

are very limited [28], being the signal processing and function 

approximation its main applications [14]. Input data sets are the 

only inlet required in ANN. No mathematical description of the 

process is necessary, so they are more appropriated for scaling-

up and simulation of a process. Consequently, it can be 

considered that ANN are not a feasible option for biomass 

gasification due to the restricted number of experimental data 

available [14]. 
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From the above exposition, the selection of the most appropriate 

model to a given application depends on the goals defined and 

the experimental data available. Sophisticated models are more 

useful, because they allow obtaining more information on the 

process. However, this option is dependent upon the availability 

of reliable input data. Otherwise, simpler models may be more 

appropriate for certain applications as long as their limitations 

are known. In certain cases, such as preliminary studies, 

constrained equilibrium models are sufficient. 

 

This review is focused on the modified equilibrium models 

specially in the non-stoichiometric method where the review 

literature is inexistent. A problem that arises from these modified 

equilibrium models is that they are receiving several different 

designations that are needed to be clarified. The following 

subsections depict the opportunity and a justification for this 

review. 

 

Existing Reviews  
 

There are various relevant reviews on modeling of biomass 

gasification, mostly recently [11-15,22,29]. The majority of this 

literature is focus on all categories of models [11-14]. Other 

available reviews are oriented towards fixed [15] or fluidized 

beds [11,15,22]. As far as thermodynamic equilibrium modeling 

is concerned, the literature is very scarce, being the recent review 

of Villetta et al. [29] with a focus in the stoichiometric method 

the sole example. Table 1 summarizes the existing reviews on 

biomass gasification models and their objectives. 
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Table 1: Summary of existing reviews on biomass gasification models. 

 

Authors Review Objectives 

Gómez-Barea and Leckner (2010) [11] Modeling of biomass gasification in 

fluidized bed 

The objective of this article is to review the modeling of 

fluidized bed gasification of biomass and wastes.  

The work emphasizes the prediction of the performance of a 

fluidized bed biomass gasification in terms of gas composition, 

carbon conversion and gasification efficiency.  

Puig-Arnavat et al. (2010) [12] Review and analysis of biomass 

gasification models 

The objective of this article is to review gasification process 

modelling in order to underline the role of gasification models. 

This review purposes to compare and analyze various biomass 

gasification models available in the literature. 

Baruah and Baruah (2014) [13] Modeling of biomass gasification: A 

review 

The objective of this article is to review and compare some 

biomass gasification models available in the literature. 

A comparative study of the developed models is performed 

with emphasis on their applicability and limitations.  

Loha et al. (2014) [22] Advances in mathematical modeling of 

fluidized bed gasification 

The objective of this article is to review the fluidized bed 

gasification models. 

Advantages and disadvantages of the modeling approaches and 

major results obtained are discussed.  

Patra and Sheth (2015) [14] Biomass gasification models for 

downdraft gasifier: A state-of-the-art 

review 

The objective of this article is to review the current state-of-

the- art of modeling of biomass gasification in fixed beds. 

A review of the gasification process is offered as departing 

point for the description of the gasification models. 

Villetta et al. (2017) [29] Modelling approaches to biomass 

gasification: A review with emphasis on 

the stoichiometric method 

The objective of this article is to present a general overview of 

gasification models, highlighting those based on the 

stoichiometric method. 

The aim is to discuss the effect of biomass moisture content, 

equivalence ratio, pressure variations and oxygen enrichment 

on the quality of the produced gas. 
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Gómez-Barea and Leckner [11] review the biomass fluidized bed 

gasification modeling. Bubbling and circulating fluidized beds 

modeling are discussed with focus on comprehensive 

fluidization models. The work emphasizes the prediction of the 

bubbling fluidized bed gasification models in terms of gas 

composition, solid conversion and gasification efficiency. It is 

also reviewed the main CFD tools applied to biomass 

gasification in fluidized beds. The equilibrium models are 

categorized as black-box or zero-dimension models. The 

designation black-box model comes from the fact that the 

processes inside the reactor are not determined. In the black-box 

models the authors includes the simple mass and heat balances; 

the equilibrium models; pseudo-equilibrium models, that are 

modified equilibrium models supplemented by empirical 

correlations; zone models, that divide the gasifier into black-box 

regions; empirical or fitting-data models, that use empirical 

correlations obtained from fitting experimental data in a specific 

reactor. 

 

From these different equilibrium model types, it is possible to 

verify the great variety of equilibrium models that have been 

developed. The first type of models consists of overall mass 

(species) and heat balances over the entire gasifier supported by 

assumptions to determine the material distribution in the reactor. 

This type of models does not include the equilibrium 

relationships and hence are out of the scope of the present 

review. Equilibrium models and equilibrium models enhanced 

by empirical correlations obtained from experimental data, 

classified by the authors as pseudo-equilibrium models, will be 

the main focus of the present review. However, the designation 

pseudo-equilibrium models should rather fall into the modified 

equilibrium model’s category in order to avoid possible 

misunderstandings with the thermodynamic pseudo-equilibrium 

process. In the so-called zone models, the reactor is divided into 

black-box zones where different gasification phases are 

considered and different models can be used. This type of 

models is still an equilibrium model; therefore, it should also fall 

in the modified equilibrium model category. Finally, other 

researchers simply use empirical correlations to improve the 
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model predictions of specific gasifiers. These models are 

classified by Gómez-Barea and Leckner [11] as empirical or 

fitting-data models. This class of models is similar to the pseudo-

equilibrium models only differ in the amount of data considered. 

Therefore, it should also be included into the category of 

modified equilibrium models. 

 

Puig-Arnavat et al. [12] divided the models into thermodynamic 

equilibrium, kinetic rate, and ANN models. Regarding the 

thermodynamic equilibrium models, they identified two classic 

methods - stoichiometric and non-stoichiometric. All the 

equilibrium models departing from these two classical 

approaches are refereed as modified and corrected equilibrium 

models. Equilibrium models are founded on common 

assumptions suitable for some types of reactors for which 

equilibrium models have better predictive capabilities. Owing to 

these assumptions, equilibrium models have wide divergence 

under specific conditions. Common drawbacks at relatively low 

temperatures are the overestimation of hydrogen and carbon 

monoxide yields and the underestimation of carbon dioxide, 

methane, tars and char. For these reasons, numerous researchers 

have developed modified equilibrium models or used the quasi-

equilibrium temperature approach. Besides the excellent 

description of the equilibrium models, the mathematical 

formulation is not shown and the intensive development of 

equilibrium models in the literature are not classified. 

 

Baruah and Baruah [13] categorized the approaches for 

gasification modeling into thermodynamic equilibrium, kinetic 

and ANN. They reviewed the biomass gasification modeling 

approaches classifying the thermodynamic equilibrium models 

as thermodynamic models, modified thermodynamic models or 

thermodynamic models incorporating empirical parameters. 

Equilibrium models are additionally categorized as 

stoichiometric and non-stoichiometric models. Besides the effort 

to categorize the recent equilibrium modeling works, the 

mathematical formulation is not shown. 

 

Loha et al. [22] investigated different modeling approaches 

classified as follows: equilibrium models, rate based or kinetic 
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models and fluid dynamics. Regarding the equilibrium models 

they are subcategorized into stoichiometric and non-

stoichiometric equilibrium models. The equilibrium models 

including different improvements towards better agreement 

against experimental data are referred as modified equilibrium 

models. Mathematical formulations for fluidized bed gasification 

was discussed, as well as their merits and demerits. A detailed 

review of different models used by different researchers and the 

main results obtained are presented, whereas a special focus is 

given to CFD models. 

 

Patra and Sheth [14] discuss different modeling approaches for 

downdraft gasifiers. The models were divided into equilibrium, 

combined transport and kinetic, CFD, ANN and ASPEN Plus 

models. Regarding the equilibrium models they are also further 

subcategorized as stoichiometric and non-stoichiometric models. 

Although, the review is oriented to the downdraft gasifiers a 

general mathematical formulation of the equilibrium model is 

given. 

 

This approach is independent of the gasifier geometry;hence it 

can be applied to other reactors. When reviewing the equilibrium 

models, they implicitly recognize the existence of another 

category of equilibrium models that are referred as modified 

models. However, the formulation of these modified models is 

not explicitly shown and a formal categorization of the 

equilibrium models is also missing. 

 

Recently, Villetta et al. [29] reviewed the gasification models 

highlighting those based on the stoichiometric method. They 

considered stoichiometric models as an evaluation of the 

equilibrium constants for an independent set of reactions, which 

may also be associated with Gibbs free energy. Non-

stoichiometric modeling approach is presented as a developed 

based on the direct minimization of the Gibbs free energy of 

reaction, therefore it is also referred as ―Gibbs free energy 

minimization approach‖. Detailed mathematical formulation for 

the stoichiometric equilibrium model is presented and several 

developed models of this category are described. However, the 
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non-stoichiometric model description is not on the scope of their 

review. 

 

Motivation and Objective of the Review  
 

The aim of this work is to review the biomass gasification 

modified equilibrium models with emphasis on the non-

stoichiometric method and on the categorization of both 

equilibrium modeling approaches. Comparisons are made of the 

modeling procedures for each model category. 

 

The inclusion of the equilibrium modeling approaches 

categorization is crucial and is motivated by the several 

examples found in the scientific literature showing different and 

somewhat hermetic designations of the developed model that 

needs clarification. For example, Kangas et al. [30] perform a 

categorization of the equilibrium models as shown in Table 2. 

 
Table 2: Thermodynamic modeling structures applied in biomass 

gasification. Adapted from [30]. 

 
Model Designation Features 

Thermodynamic 

equilibrium 

- Global thermodynamic equilibrium. 

- Overestimate CO and H2. 

- Underestimate CH4, CO2, light hydrocarbons 

and tar. 

Modified equilibrium 

models 

- Pre-processing for modeling tar, carbon 

conversion, among others. 

- The water gas shift reaction is considered in 

equilibrium.  

- Post-processing with correlations and enthalpy 

calculations. 

Quasi-temperature model - Quasi-equilibrium temperature approach. 

- It is applied lower temperature in equilibrium 

to improve CH4, tar and char predictions. 

- Necessity of pre- and post-processing. 

Constrained free energy 

method 

- Local equilibrium is considered. 

- Prediction of CH4, tar and char production. 

- Chemical reactions and enthalpy effects are 

modeled simultaneously. 

 

Kangas et al. [30] categorize the equilibrium models into four 

categories: equilibrium, modified equilibrium, quasi-temperature 

and constrained free energy. From the description of the models, 
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it is possible to determine that the first category (thermodynamic 

equilibrium) is in the reality the pure equilibrium approach being 

the other three categories all modified equilibrium models. The 

modified equilibrium models are defined as an extended 

thermodynamic equilibrium model by dividing the model in two 

parts. One part of the gasified biomass bypasses the equilibrium 

reactor and is converted into tar, char and light hydrocarbons. 

The other part of the biomass is modeled using thermodynamic 

equilibrium.  

 

In the quasi-temperature model approach, the reaction 

temperature is lowered to estimate the formation of light 

hydrocarbons, tars and char. The constrained free energy method 

is an upgrading to Gibbs free energy method by introducing 

additional immaterial constraints. As the additional constraints 

are related to physical entities without material content such as 

extent of reaction, electrochemical potential and surface area or 

volume, they have been designated as immaterial [31]. The 

distinct advantage of this method is settled in the calculation of 

constrained chemical reactions, state properties and enthalpic 

effects simultaneous and interdependently. 

 

Vakalis et al. [32] presented a multi-stage and two-phase 

thermodynamic gasification model. This model was designated 

as multi-box model. The basic idea of the multi-box model is to 

improve the black-box thermodynamic model (or single stage 

model) by developing multiple transitional boxes that compute 

two phase (solid-gas) equilibrium. Biagini et al. [33] developed a 

so-called bi-equilibrium model for biomass gasification in a 

downdraft reactor. According to the authors this multizonal 

model is based on non-stoichiometric equilibrium modeling 

features. Lim and Lee [34] presented a so-called quasi-

equilibrium thermodynamic model for biomass gasification. This 

designation of the model was advanced solely based on the 

introduction of empirical factors preventing the model to reach 

the equilibrium.  

 

From the previous paragraphs it is possible to verify that there 

are different approaches with several designations and 

classifications for the thermodynamic models. Apparently, some 
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entropy can be generated with so many designations and 

classifications. The main purpose of this paper is to review the 

modified thermodynamic equilibrium models used in biomass 

gasification and elucidate about the designations, there 

complexity and the different assumptions. 

 

Gasification Process  
 

Gasification is a thermochemical conversion process at high 

temperatures involving partial oxidation of the fuel components 

[6,35]. From the gasification process a fuel gas is obtained 

(synthesis gas or syngas), which composition depends on various 

factors such as the type of biomass, reactor design and 

operational conditions (temperature, pressure and gasifying 

agent) [36]. 

 

The produced gas is a mixture of carbon monoxide, carbon 

dioxide, methane, hydrogen, water vapor, nitrogen and light 

hydrocarbons, such as propane and ethane, and heavy 

hydrocarbons, such as tars [35,36]. Small amounts of 

hydrochloric acid (HCl) and hydrogen sulfide (H2S) can also be 

found in the produced gas [37]. Gasification takes place in four 

phases: drying, pyrolysis, oxidation and reduction that can be 

described as follows [38,39]: 

 

• Drying—where moisture is transformed into steam at 

temperatures around 100–200 °C. At these temperatures no 

chemical reaction takes place; the biomass is not 

decomposed. For a produced gas with high calorific value, 

the vast majority of gasification systems use biomass with 

moisture content in-between 10 to 20%; 

• Pyrolysis—is the thermal decomposition (devolatilization) 

of the dry biomass in the absence of oxygen at temperatures 

in-between 150–700 °C releasing the volatiles components 

and a residue containing char and ash. The volatiles 

produced are a mixture comprising mostly carbon 

monoxide, hydrogen, carbon dioxide, light hydrocarbons, 

tar (liquid fraction) and water vapor; 

• Oxidation—various oxidation chemical reactions take place 

in a gasification scenario releasing the heat needed for the 
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endothermic reactions. The reaction between the char and 

oxygen, forming carbon dioxide. The hydrogen in the 

biomass is oxidized to generate water. The oxygen is 

present in sub-stoichiometric amounts; partial oxidation of 

carbon might occur, resulting in the production of carbon 

monoxide; 

• Reduction—various chemical reactions mainly endothermic 

occur without the presence of oxygen due to its 

consumption in the oxidation reactions. The main products 

of the reduction reactions are hydrogen, carbon monoxide 

and methane. 

 

Although these steps are often described and modeled in series 

as depicted in Figure 1, in a real gasification scenario there is no 

clear boundary between them and they often occur 

simultaneously. 

 

In a biomass gasification scenario, the biomass is primary dried 

and then it experiences thermal degradation in the pyrolysis step. 

Pyrolysis products can react between themselves, as well as with 

the gasifying agent, to form the ultimate gasification products. 

The char produced is a product containing unconverted carbon, 

some hydrocarbons and ash [37]. While the quantity of char 

largely depends on the reactor and operational conditions, the 

amount of ash depends on the biomass used. 
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Figure 1: Possible routes for gasification. Adapted from [6]. 

 

The following list shows the most relevant chemical reactions 

that occur in a gasification process: 

 

Carbon Reactions 

 

Boudouard: 

 

                    ⁄        (1) 

 

Water-gas or steam 

 

                      ⁄      (2) 

 

Hydrogasification 

                     ⁄    (3) 

                      ⁄    (4) 

 

Oxidation Reactions 

 

                   ⁄     (5) 

                       ⁄    (6) 

Biomass 

Drying 

Pyrolysis 

Char 

Heterogeneous 
reactions 

CO, H2, CH4, H2O, CO2, C, 
and Ash 

Liquids Gases 

Homogeneous 
reactions 

Tar cracking and volatile 
reforming producing CO, H2, 

CH4, H2O and  CO2  
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                           ⁄   (7) 

                       ⁄    (8) 

 

Shift Reaction 

 

                          ⁄   (9) 

 

Methanation Reactions 

 

                          ⁄   (10) 

                         ⁄   (11) 

                           ⁄   (12) 

 

Steam Reforming Reactions 

 

                          ⁄   (13) 

                         ⁄   (14) 

 

As is possible to verify, the gasification process is globally 

endothermic being the required heat obtained by two possible 

ways. When the heat required is produced outside the reactor, 

gasification is called allothermal (or indirect). When the heat is 

produced inside the reactor due to exothermic reactions, 

gasification is called autothermal (or direct) [40]. 

 

Gasification Equilibrium Models  
 

At chemical equilibrium conditions, a reacting system is at its 

most stable composition, a condition achieved maximizing the 

entropy and minimizing the Gibbs free energy. As we have seen 

previously, there are several approaches to model the 

gasification processes, being equilibrium modeling one of them. 

There are two general approaches for equilibrium modeling: 

stoichiometric equilibrium model (based on the equilibrium 

constants of gasification reactions) and non-stoichiometric 

equilibrium model (based on the minimization of the Gibbs free 

energy) [12-14,22,29]. 

 

The chemical reactions and species involved in the model are 

required for the stoichiometric approach whereas the non-
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stoichiometric method is based on Gibbs free energy 

minimization [6,12,29]. Smith and Missen [41] shown that these 

approaches are essentially equivalent, and that is corroborated by 

others authors that considered both approaches conceptually 

similar [42,43]. The stoichiometric approach might also employ 

free energy data to determine the equilibrium constants of a 

predefined set of reactions [12,44]. 

The main equilibrium models available in the literature considers 

several simplifying assumptions that are comprehensively 

resumed by Villetta et al. [29]: 

 

 Steady state; 

 Reactions reach the equilibrium state (infinite residence 

time); 

 Homogeneous mixing with uniform pressure and 

temperature; 

 Kinetic and potential energies are neglected; 

 Perfect gas behavior of the gas phase; 

 Pyrolysis is considered a single step reaction producing gas, 

tar and char; 

 Gasifying medium is enough to convert all carbon of the 

biomass; 

 The gasifier operates at constant pressure and temperature; 

 The reactor is considered adiabatic; 

 The produced gas does not contain oxygen; 

 Nitrogen is considered as inert; 

 Solely major species compose the produced gas (CO, H2, 

CO2, CH4, N2 and H2O); 

 Tar is not modeled or modeled in the gas phase; 

 Ashes are not considered in energy balances. 

 

Due to the above assumptions, pure equilibrium models yield 

large divergences under certain conditions. Characteristic 

drawbacks at relatively low temperatures are the overestimation 

of hydrogen and carbon monoxide yields and the 

underestimation of carbon dioxide, methane, char and tar [45]. 

 

When developing a gasification model, the first step is the 

definition of a system of equations representing the gasification 

process. The number of equations is defined as a function of the 
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number of unknowns. In the side of the reactants the unknown is 

only the oxidant, while in the products side there are only 

unknowns [46]. 

 

In the following subsections, different approaches and conditions 

for stoichiometric and non-stoichiometric equilibrium will be 

presented concerning the definition of the system of equations, 

which generally are all developed based on a global gasification 

reaction. 

 

Stoichiometric Modeling 
 

As mentioned before, in the stoichiometric method, the 

algorithm that predicts the gas composition is subjected to 

chemical equilibrium among the different species. To discuss 

this matter, the gasification process of a mole of biomass in m 

moles of air can be represented by the following global 

gasification reaction: 

 

              (         )       

                            

(15) 

 

where n1 to n6 are the stoichiometric coefficients. CHxOyNz 

represents the biomass feed material and x, y, and z represent 

numbers of atoms of hydrogen, oxygen, and nitrogen per number 

of atoms of carbon present in the biomass and w, is molar 

moisture amount in the biomass. All these quantities can be 

obtained from the ultimate analysis. It is possible to find several 

modeling studies in the literature where the global gasification 

reaction includes other terms as will be seen in the next section.  

The material balance equations for C, H, O and N are presented 

below: 

 

              (16) 

                    (17) 

                     (18) 

               (19) 

 

The next step in the model formulation is the equilibrium 

constants definition. In this step special care must be taking in 
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order to select independent chemical reactions [6,47]. From the 

computational point of view, the independence concept is 

relevant. If there is a non-independent group of reactions the 

model will be computing repeated information. This happens 

when a reactions group can be written as a combination of at 

least two of the others. The most important gasification reactions 

to determine independent combinations are the Boudouard 

reaction (Equation (1)), the endothermic water-gas (Equation 

(2)), the exothermic methane formation (Equation (3)), the 

water-gas shift reaction (Equation (9)) and methane reforming 

reaction (Equation (11)). There are ten possible combinations, 

eight combinations are independent and two dependents, 

specifically the combinations of Equations (1), (2) and (9) and 

Equations (2), (3) and (11). Two independent equilibrium 

reactions are sufficient to model the gasification process, for 

example Equations (3) and (9) (methanation and water gas 

reactions); the equilibrium constants for those gasification 

reactions are: 

 

   
    
(   )

   
(20) 

   
       
       

 (21) 

 

These two sets of equations (mass balance and equilibrium 

constants) can be solved simultaneously to obtain the 

composition of produced gas at steady state. Resolving the 

equations system (16)–(21) we find six unknowns (n1 through 

n6), allowing to obtain the composition and yield of the produced 

gas for a given equivalence ratio. 

 

The following step is the energy balance given by Equation (22) 

from which the gasification temperature can be obtained 

considering that the process is adiabatic: 

 

∑    [    
       

 ]
           

 ∑    [    
       

 ]
             (22) 

 

Thus, and considering the biomass reaction with air, Equations 

(15) and (22) can be expressed as: 
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(23) 

 

Since       
 ,      

           
 are zero at ambient temperature, 

Equation (23) reduces to: 

          
   (      

      )          
          

  

        
          

          
     (                

                                  ) 

(24) 

 

 

 

 

    
 ,       and      represent the biomass enthalpy of formation 

for the different chemical species, the enthalpy of vaporization of 

water, and the specific heat, respectively.                  

          refers to the temperature difference between the 

gasification temperature and the biomass feed temperature.  

 

The system of equations is general solved using the iterative 

Newton-Raphson method, although other possibilities are 

available. The flowchart of a stoichiometric equilibrium model is 

shown in Figure 2. 

 

 

 
 
Figure 2: General flowchart of a stoichiometric model. 
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Non-Stoichiometric Modeling 
 

The non-stoichiometric equilibrium modeling method involves 

the minimization of the Gibbs free energy of the system [6,12]. 

This approach is termed non-stoichiometric due to the absence of 

any specific chemical reaction, other than the assumed global 

gasification reaction. Therefore, there is only one input required, 

the elemental composition, obtainable by ultimate analysis. For 

this reason, non-stoichiometric models are particularly suitable 

for cases in which all the possible reactions that can occur in the 

system are not fully known as is the case of gasification. As 

these methods are based on atom balance of reactants, particular 

cases like biomass, with unknown molecular formula can also be 

handled.  

 

The Gibbs free energy, Gtotal, of the gasification product 

involving N species (i = 1, …, N) is given by: 

 

       ∑       
  

    ∑       (
  

∑  
) 

    (25) 

 

 

    
  is the standard Gibs free energy of formation of 

species i, at the normal pressure. Equation (25) must be solved 

for the ni unknown values to minimize Gtotal, keeping in mind 

that it is subject to the overall mass balance of the individual 

elements. For each element j, we can write: 

 

∑       
 
                     (26) 

  

Aj is defined as the total number of atoms of the jth element 

reaction mixture, ai,j is the number of atoms of the jt,h element in 

a mole of the it,h species.  

 

Notwithstanding existing several possibilities to minimize the 

Gibbs free energy, the Lagrange multipliers yield satisfactory 

results [44,48], hence consider here. Other alternatives will be 

discussed in the next section.  

 

The Lagrangian function (L) is formed through the Lagrange 

multipliers λj = λ1, …, λk, and can be defined as: 
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         ∑   
 
   (∑      

 
      ) (27) 

 

Dividing Equation (27) by RT and setting the partial derivatives 

equal to zero, we find the extreme point. 

 

(
  

   
)    (28) 

Finally, replacing the value of Gtotal from Equation (25) in 

Equation (27) and taking its partial derivatives the Gibbs free 

energy can be expressed as follows: 

 

(
  

   
)  

     
 

  
 ∑   (

  

      
) 

    
 

  
∑   (∑      

 
   )    

    
(29) 

 

Equation (29) can be formed in terms of a matrix with i rows and 

can be solved simultaneously by some iteration technique. 

 

As in the stoichiometric equilibrium models, several 

approaches/modifications can be found to non-stoichiometric 

equilibrium models. These approaches and modifications will be 

comprehensively described in the next section. The algorithm 

shown in the Figure 3 requires the assignment of a process 

temperature. Therefore, in the first iteration, an initial guess for 

the temperature is established and used to estimate the gas 

composition. 

 

 
 
Figure 3: General flowchart of a non-stoichiometric model. 
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Modified Equilibrium Models  
 

Thermodynamic equilibrium models are often assumed to be a 

guideline, especially for high temperatures (more than 800 °C), 

being useful for several engineering applications predicting the 

maximum conversion obtained for a given reaction condition. 

However, equilibrium conditions may not be reached in practice 

at low temperatures (less than 800 °C). Several authors report 

that thermodynamic results deviate from experimental data due 

to the presence of non-equilibrium factors in the reactor.  

 

It is frequently pointed out the underestimation of CH4 and CO2 

and the overestimation of CO and H2 in the gas produced 

[30,45]. It is also reported that during biomass gasification also 

tar, char, ammonia and light hydrocarbons can be formed 

[49,50,51]. Those deviates take us into the discussion of the 

different approaches of the equilibrium models that tends 

towards the minimization of those limitations. The most 

pertinent equilibrium models are described in the next 

subsections respecting the chronological order of appearance. 

 

Stoichiometric Method  
 

Table 3 shows the most relevant equilibrium models in a 

chronological order in order to demonstrate the evolution and the 

trend of the modeling approaches. The list is not exhaustive but 

long enough to draw conclusions on techniques that are being 

used. 

 

Only the main aspects of the models are shown, such as the 

global gasification reaction, the equilibrium conditions, and 

other specific features such as the treatment of the tar, char and 

ash. From Table 3 it is possible to inquire that many efforts were 

applied since the work of Zainal et al. [46] with the objective of 

approximate the simulated syngas composition to the 

experimental measured syngas composition. It is also possible to 

conclude that the pure equilibrium models were abandoned being 

all modified in some sort of features. 
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Table 3: Stoichiometric equilibrium models. 

 
Author(s) 

(Year) 

Model’s Designation Model Features 

Zainal et al. 

(2001) [46] 

Equilibrium model based 

on equilibrium constants 

Global gasification reaction:  

1.44 0.66 2 2 2 1 2 2 3 2 4 2 5 4 6 23.76CH O wH O mO mN n H n CO n CO n H O n CH n N          

Equilibrium is calculated by two independent reactions (3) and (9), three partial mass balances for C, H and O and one heat 

balance. 

The gasification temperature is fixed. Oxygen content and the produced gas composition are the unknowns. 

Mountouris et 

al. (2006) [52] 

Equilibrium model based 

on equilibrium constants 

Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 6 2 73.76x yCH O wH O mO mN n H n CO n CO n H O n CH n N n C         

 

Equilibrium is calculated using three independent reactions (2), (9) and (14), three partial mass balances (C, H and O) and by 

a heat balance. This model allows soot formation, as a solid carbon by-product (C) and exergy calculations for the process 

optimization. 

Prins et al. 

(2007) [53] 

Quasi-equilibrium model Global biomass formula: CH1.4O0.6 

Equilibrium is calculated by three independent reactions (1), (2), and (3), mass balances and heat balance. 

The model special feature is the use of the carbon boundary temperature (the temperature achieved when the exact quantity 

of oxygen is supplied and complete gasification is achieved). The quasi-equilibrium temperature approach was first 

introduced by Gumz [54], through which the equilibria of the reactions defined in the model are evaluated at a temperature 

lower than the process temperature. 

It can be concluded that the gasification efficiency is remarkable affected when the gasification reactions (9) and (10) are 

kinetically limited and do not contribute enough to the carbon conversion. The equilibrium model thus indicates the 

maximum efficiency that can be achieved. 

Jarungthammac

hote and Dutta 

(2007) [42] 

Thermodynamic 

equilibrium model based 

on equilibrium constants  

Global gasification reaction:  

2 2 2 1 2 2 3 2 4 2 5 4 2( 3.76 ) ( 2 3.76 )x y z kCH O N S wH O m O N n H n CO n CO n H O n CH z m N         

 

Equilibrium is calculated using two independent reactions (3) and (9), three partial mass balances (C, H and O) and a heat 

balance. 

The modification done to improve the model’s performance is the multiplication of equilibrium constants by coefficients. 

11.28 and 0.91 are the coefficients used for the methanation and water-gas shift reactions, respectively. 

Melgar et al. 

(2007) [55] 

Thermochemical 

equilibrium model 

Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 6 2 7 2 8 2( 3.76 )x y z kCH O N S wH O m O N n H n CO n CO n H O n CH n N n O n SO          

 

Two independent reactions (3) and (9), five partial mass balances (C, H, O, N, and S) and a heat balance calculate 

equilibrium. The equilibrium constants are calculated from the Gibbs free energy. 

This model introduces the sulfur in the biomass global formula and the corresponding formation of SO2 on the products side.  
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Table 3: Cont. 

 
Sharma (2008) 

[56] 

Equilibrium model of 

global reduction 

reactions 

Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 6 2 7 8 2( 3.76 )x y z kCH O N S wH O m O N n H n CO n CO n H O n CH n N n C n SO          

 

Equilibrium is calculated by five partial mass balances (C, H, O, N and S), five reduction reactions (1), (2), (3), (9) 

and (14), and two approximations: 

- Water vapor to carbon dioxide formation ratio (λ = 1) of Wang and Kinoshita [57]: 4 2 3 2n H O n CO w   

- Hydrogen to carbon monoxide formation ratio (γ = 1): 1 2 2n H n CO  

The equilibrium constants are calculated from the Gibbs free energy. 

Huang and 

Ramaswamy 

(2009) [58] 

Thermodynamic 

equilibrium model and 

modified model based on 

experimental compositions 

Global gasification reaction: 

2 ( ) 2 2 1 2 2 3 2 4 2 5 4 2 6 23.76 ( 2 )x y z k lCH O N S wH O mO mN n H n CO n CO n H O n CH z g N n C kH S           

 

Equilibrium is calculated by three partial mass balances (C, H and O), and three independent reactions (2), (9) and (14). 

The equilibrium model is modified by adjusting the equilibrium constants of the reactions (9) and (14) based on 

experimental data. 

The coefficient factors were determined by fixing the fraction of CO and CH4 in the syngas from average experimental 

data values. 

Abuadala et al. 

(2010) [59] 

None Global gasification reaction: 

2 1 2 2 3 2 4 4 5 6x y znC H O wH O heat n H n CO n CO n CH n C n Tar         

Equilibrium is calculated by four partial mass balances (C, H, O and N), the independent reactions (3), and the following 

approximations for char and tar:  

- The un-reacted char is 5% of the biomass carbon content as proposed by Fryda et al. [60]. 

- Tar is modeled as benzene (C6H6) and its yield is presumed to obey the following empirical relation: Tar = 35.98 

exp(−0.0029T) proposed by Corella et al. [61]. 

Karamarkovic 

and 

Karamarkovic 

(2010) [62] 

Stoichiometric chemical 

equilibrium model 

and modified equilibrium 

models 

The carbon boundary point (CBP) divided the model into two parts:  

- The first part of the model is focus on the heterogeneous equilibrium used to determine the equilibrium composition 

below and at the CBP. 

- The second part of the model is focus in the homogeneous equilibrium. Supplementary addition of oxygen above the 

CBP leads to the decrease of the heating value and the increase of the sensible heat of the produced gas. 

Equilibrium is calculated by four partial mass balances (C, H, O and N), by three independent reactions (1), (2), and (3) for 

the first part of the model and the reactions (9) and (11) for the second part of the model. 

Unknowns of the first part of the model are: temperature, amount of gasifying agent, amount and composition of produced 

gas. Unconverted carbon is defined only for the first part of the model. Unconverted carbon quantity is equal to zero, when 

gasification occurs at the CBP. Heterogeneous thermodynamic equilibrium of the produced gas and a given amount of 

unconverted carbon are calculated in the first part of the model. To achieve a better agreement with the experimental data, 

the reactions (9) and (11) are multiplied by 0.63 and 420, respectively. The artificial temperature differences for these 

reactions are 164 K and –226 K (referred by Prins et al. [53] as quasi-equilibrium temperatures). 
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Table 3: Cont. 
 
Ngo et al. 

(2011) [63] 

Quasi-equilibrium three-

stage model 

The three main stages in which this model is divided are: 

- pyrolysis of volatiles in biomass  

- solid–gas reactions between biomass char and gasifying agents  

- gas-phase reactions between the gaseous species in the free board of the gasifier. 

Stage 1: pyrolysis 

Equilibrium is calculated by three mass balances (C, H, and O) and the following empirical equations derived on 

the basis of experimental data: 
2 4 2

3 3 3 34.70 10 exp( 7.16 10 / ) ; 2.30 10 exp( 5.40 10 / )CO CO p CH H pT T             

Stage 2: char–gas reactions 

Equilibrium is calculated by three independent reactions (1), (2), and a secondary char-steam reaction C + 2H2O = 

CO2 + 2H2 

The ratio of steam involved in the char–gas equilibrium reactions (β) is estimated from experimental data: 
351.4 exp(7.54 10 / )GT     

Stage 3: gas-phase reactions 

Only the water–gas shift reaction is considered (Equation ((9)) being the equilibrium constant corrected by a non-

equilibrium factor (κ) 
3 5 3 4 3 3 2 2 1 13.2 10 7.8 10 2.3 10 7.4 10 3.0 10 4.0 10 ; ( 1070) / 62Gz z z z z z T                           

Puig-Arnavat et 

al. (2012) [64] 

Modified thermodynamic 

equilibrium model based 

on equilibrium constants 

Biomass chemical formula was defined as CHxOyNz. All products leaving the gasifier were considered in the gas phase 

(H2, CO, CH4, CO2, H2O and N2). Preheated air and steam were used as gasifying agents. A pure thermodynamic 

equilibrium model was used following the procedure described by Zainal et al. [46] or Jarungthammachote and Dutta [42] 

along with the following modifications: 

- Addition of a pyrolysis step to predict the formation of gas, char, and volatiles using semi-empirical correlations; 

- Heat losses (estimated as a percentage of biomass energy input) was considered in the pyrolysis and gasification 

steps; 

- Tar and char leaving the gasifier were considered as a percentage of tar and char produced in the pyrolysis step; 

- Particles leaving the gasifier are set by the user as mg/m3 in the produced gas; 

- The amount of CH4 produced is fixed. 

Azzone et al. 

(2012) [65] 

Equilibrium model Global gasification reaction: 

2 ( ) 2 ( ) 2 2 ( ) 1 2 2 3 2 4 2 5 4 2( 3.76 ) (1 ) 3.76x y liq vap sCH O wH O vH O m O N C n H n CO n CO n H O n CH mN             

Equilibrium is calculated by three partial mass balances (C, H, and O) by two independent reactions ((3) and (9)) and a 

heat balance.  

To consider that not all the carbon participates in the equilibrium reactions, a carbon fraction participating factor (α) was 

introduced representing the carbon that participates in the equilibrium reactions, while the remaining carbon by-passes the 

reaction zone. The molar amount of carbon that by-passes the chemical equilibrium is equal to (1 – α) = (1 − δ), being the 

parameter δ a function of ER defined as follows:  

0.2290.32 0.82 1
ER

e
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Table 3: Cont. 
 
Barman et al. 

(2012) [66] 

Realistic equilibrium 

model  

Global gasification reaction: 

2 2 2 2 1 2 2 3 2 4 2 5 4 2( 3.76 ) ( / 2 3.76 )x y z tar p qCH O N wH O vH O m O N n H n CO n CO n H O n CH z m N n CH O             

Equilibrium is calculated by three partial mass balances (C, H, and O), by three independent reactions (3), (9) and 

(11) and a heat balance. 

Tar is modeled with the chemical formula CH1.003O0.33 and its yield is assumed to be 4.5% (mass percentage). 

The Equilibrium model is modified by adjusting the equilibrium constant of the methane reaction that is multiplied 

by 3.5. 

Silva and 

Rouboa (2013) 

[67] 

Two-stage equilibrium 

model  

Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 2( 3.76 ) ( / 2 3.76 )x y z charCH O N wH O m O N n H n CO n CO n H O n CH z m N n Char            

Equilibrium is calculated by three partial mass balances (C, H, and O), by five independent reactions (1-3), (9) and (11) 

and a heat balance. 

The equilibrium model is called two-stage due to the division in two stages: 

- The first stage of the model (heterogeneous equilibrium) is used to determine the equilibrium composition below and 

at the CBP. 

- The second stage of the model (homogeneous equilibrium) where all the compositions are in the gaseous state 

without any unconverted solid carbon. 

This model is considered a modified equilibrium model because the methodology proposed by Jarungthammachote and 

Dutta [42] to correct the equilibrium constants by means of multiplicative factors was applied. 

Lim and Lee 

(2014) [34] 

Quasi-equilibrium 

thermodynamic model 

with empirical equations 

Global gasification reaction: 
0

2 2 2 1 2 2 3 2 4 2 5 4 6 2( 3.76 ) ( / 2 3.76 )x y z RCH O N wH O m O N n H n CO n CO n H O n CH n C z m N H             

0

RH  is the heat of the reaction at the standard temperature and pressure, i.e., 25 °C and 1 bar. 

Equilibrium is calculated by three partial mass balances (C, H, and O), by two independent reactions (3) and (9) and a heat 

balance. 

The unconverted carbon is obtained by a correlation 1 − fc based on experimental data of steam fluidized bed gasification. 

The carbon conversion factor fc used was:  0.0030.901 0.439 1 ER T

cf e     

The model is modified by including multiplicative factors to correct the equilibrium constants of the reactions (3) and (9) 

obtained based on 43 experimental data sets for fluidized bed gasifiers as a function of the equivalence ratio: 

(3)

2.882

(9)

38.75 30.70

0.0836 ER

f ER

f e
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Table 3: Cont. 
 
Mendiburu et 

al. (2014) [68] 

Equilibrium models and 

quasi-equilibrium model 

Global gasification reaction: 

2 2 2 2 1 2 2 3 2 4 2 5 4 2 6 2 7 2( ) ( / 2 )x y z kCH O N S wH O ASiO m O N n H n CO n CO n H O n CH z m N n SO n C ASiO              
 

Equilibrium is calculated by three partial mass balances (C, H, and O), by five independent reactions (1)–(3), (9) and (11) and a 

heat balance.  

In the present work unconverted carbon is not considered. 

The pure equilibrium model is modified given rise to three models: 

- by adjusting the equilibrium constants of the methane and water-gas shift reactions using experimental results. 

2

4

1.639
max 0.3518 128.7 ,1 ; 2.8 0.372

10
T T  

  
       

  

 

- by using correlations for the CO/CO2 and CO/H2 ratios of Ratnadhariya and Channiwala [69];  
450.893/ 110.11/

2 2/ 2.18 ; / 0.92T TCO CO e CO H e  
  

- by substitution of the equilibrium constants of the water-gas shift and methane reforming reactions for Arrhenius type 

relations. 
4276 268303.961

13; 1.198 10T T
wgs mrK e K e

 
  

     

Costa et al. 

(2015) [70] 

Thermo-chemical 

equilibrium model 

Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 6 2 7 8 6 6( )a b c dCH O N S wH O m O N n H n CO n CO n H O n CH n N n C n C H            

Tar is modeled as benzene (C6H6) and its yield is supposed to obey the following empirical relation: Tar = 35.98 exp(−0.0029T) as in 

Abuadala et al. [59]. 

Equilibrium is calculated by three partial mass balances (C, H, and O), by three independent reactions (1), (3) and (9) and a heat balance. 

The equilibrium model is modified by multiplying the equilibrium constant of the three independent reactions (1), (3) and (9) by 0.58, 11.9 

and 0.02, respectively. An optimization objective function is used to minimize the error between the numerical results of the syngas 

composition and the experimental measurements. 

Rupesh et al. 

(2015) [71] 

Stoichiometric quasi-

steady-state model 

Global gasification reaction: 

2 22 ( ) 2 2 2 ( ) 1 2 2 3 2 4 2 5 4 6 2 6 63.76 (1 )x y z l O O g tarCH O N mH O n O n N sH O n H n CO n CO n H O n CH n N C n C H              

Tar is modeled as benzene (C6H6) and its yield is supposed to obey the following empirical relation: Tar = 35.98 exp(−0.00298T) as in 

Abuadala et al. [59] 

α is a carbon conversion factor expressed as a function of equivalence ratio (ER) and temperature (T): 

 ( 0.0003 )0.901 0.439 1 ER Te       as in Lim and Lee [34]. 

Equilibrium is calculated by four partial mass balances (C, H, O and N) and by two independent reactions (3) and (9).  

The equilibrium model is modified by multiplying the equilibrium constant of the independent reactions (3) and (9) by coefficients as 

function of ER, 0.12e3.2ER and 41–50ER, respectively. These correction coefficients are obtained by minimizing the RMS error between 

the numerical results of the syngas composition and the experimental measurements. 
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Table 3. Cont. 

 
Gagliano et al. 

(2016) [72] 

Robust numerical model Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 6 2( 3.76 )h o n tar charCH O N wH O a O N n H n CO n CO n H O n CH n N n TAR n CHAR            

Equilibrium is calculated by three partial mass balances (C, H, and O), by two independent reactions (3) and (9) and a heat 

balance. 

Tar is modeled as C6H6.2O0.2 as in Adams [73] and the thermochemical properties assumed to be the same as benzene. 

The tar and char yields are fixed at 4.5% and 10.5% (mass percentage), respectively. 

Aydin et al. 

(2017) [74] 

semi-empirical 

equilibrium model 

Global gasification reaction: 

2 2 2 1 2 2 3 2 4 2 5 4 2 ( )( 3.76 ) 3.76 (1 )h o tar sCH O wH O m O N n H n CO n CO n H O n CH mN n TAR C             

Tar is assumed to be benzene (C6H6) and ϕ is the carbon fraction factor equal to: 

0.2290.32 0.82 1 0.21 0.40
ER

e ER
 

     
 

 

Equilibrium is calculated by three partial mass balances (C, H, and O), by two independent reactions (3) and (9), one heat balance and an 

equivalence correlation function of biomass oxygen content given by: 

1
4 2

m
ER

h o


 

 

The equilibrium constants of the water-gas shift and methanation reactions are multiplied by coefficients obtained by fitting the model with 

experimental data within the temperature range of 973–1390 K and the ER range of 0.21–0.5 in order to increase the accuracy of the 

results: 

2

2

0.6639( )

( )

,

4.32( )

( )

,

778.4( ) 774.6 666.6

3.194( ) 0.02912.6 0.6354

eq gas

eq gas

ER

T T

F methane

ER

T T

F water gas shift

C ER e

C ER e
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The predicting capabilities of the models were not directly 

included in Table 3 in order to keep it with reasonable 

dimensions. Nevertheless, the predicting capabilities of the 

different models are indicated by the products of the global 

gasification reaction as well as the temperature needed for the 

heat balance. There are different approaches to modify the pure 

equilibrium models in order to improve their prediction 

capabilities. The most common is the use of correction factors 

that are multiplied by equilibrium constants for the reactions 

(most common: methane formation, homogeneous water-gas 

reaction, and methane reforming) used in modeling of syngas 

composition. The simplest correction factors are calculated in an 

empirical manner (attempt and error) on different researches 

regarding modeling of syngas composition for a specific reactor 

type, which does not allow the general use for other type of 

gasifiers. Although the modifications increase the accuracy of 

the model predictions, the lack of a correlation with the 

gasification conditions makes these models less reliable. The 

more sophisticated correction factors use computer algorithms 

for the error minimization and are generally more complex than 

a simple constant. In this regard, these correction factors may 

assume different forms since a simple constant [42,62,66,67,70] 

to a more or less complex functions of equivalence ratio 

[34,65,71,74], gasification temperature [63,74] and equilibrium 

temperature [68,74]. 

 

Other approaches have been made such as the use of the carbon 

boundary temperature [53,62,67]. The carbon boundary 

temperature (or carbon boundary point, as is also known) is the 

temperature obtained when exactly enough gasifying agent is 

supplied to attain complete gasification. This approach is also 

considered as a two-stage model being the first stage below the 

carbon boundary temperature, where only heterogeneous 

reactions occurs, and a second stage, where only homogeneous 

reactions take place. The main advantage of using the carbon 

boundary point is the fact it represents the optimal conditions for 

gasification considering both the energy and exergy efficiencies 

as was demonstrated by Desrosiers [75], Double and Bridgwater 

[76] and Prins et al. [77]. Energy and exergy in the syngas have a 

pronounced maximum at the carbon boundary point. That is the 
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reason why the gasification parameters at the carbon boundary 

point are considered the ideal conditions for a gasifier to operate 

[77]. 

 

Approaches that are more sophisticated are also being 

implemented such as the three-stage model of Ngo et al. [63]. 

The idea of dividing the model into three stages is based on the 

fact of pyrolysis is the most significant step of biomass 

gasification, since it remarkably influences the final produced 

gas composition [78,79]. Therefore, a detailed knowledge of 

devolatilization is crucial for an accurate prediction of the model.  

 

The mathematical modeling of the gasification departs from a 

proposed global reaction. On the reactants side the biomass is 

usually represented by a molecule comprising C, H, O and N 

[34,42,59,62,66,67,71,72]. Some authors consider also sulfur (S) 

in the biomass molecule [55,56,58,68,71], and others neglected 

the nitrogen content in the biomass molecule [46,52,53,65,74]. 

Biomass moisture is usually represented by a specific term in the 

global gasification equation. The main gasifying agents used in 

the modeling works are air, air and steam [64,65,66,71], just 

steam [63], oxygen and steam [54] and oxygen enriched air [67]. 

 

Considering the side of the products, the principal species 

presented in syngas are H2, CH4, CO, CO2, H2O, and N2. These 

six gases leaving the gasifier are considered by few authors 

[37,41]. In addition, the unconverted carbon (C) is included by 

several authors [34,52,56,58,62,65,69-71,74]. Instead, some 

authors consider tars [59,66], others char [63,67], tar and char 

[72] and ashes [68]. Other gases can also be found, such as H2S 

[58], SO2 [55,56,68] as resulting products of the inclusion of the 

sulfur in the biomass molecule. 

 

The particular case of the ashes comprising chemical compounds 

such as SiO2, CaO, Al2O3, MgO, KO2, among others [47], are 

neglected in the major part of the modeling studies. The ash 

present in the biomass is considered as inert in the modeling 

studies or chemically represented solely as SiO2 [68], due to its 

higher content in many biomass ashes [47]. 
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Tar is an unwanted product of biomass gasification due to the 

various problems of slugging and fouling in the downstream 

equipment [79]. Although there are hundreds of species in a tar 

sample it is commonly treated by the single major component 

benzene (C6H6) [80,81]. This is the case of model studies 

[59,70,71,73], but other possibilities are also being used such as 

a tar molecule of CH1.003O0.33 implemented by Barman et al. [66], 

or a tar molecule of C6H6.2O0.2 implemented by Gagliano et al. 

[72]. Various correlations for tar yield are implemented 

assuming different forms since a simple mass percentage [72] to 

complex temperature functions [59,70,71]. 

 

In a real biomass gasification scenario, the carbon conversion is 

not possible to completely accomplish so the presence of char 

can be seen at the end of the process. At this moment is pertinent 

to remember that char is a mixture of unconverted organic 

fraction, mainly comprising carbon and ash [11]. This biomass 

gasification product has been considered into two forms in 

numerous modeling studies, mainly as unconverted carbon (C) in 

[34,52,56,58,59,65,68,69,70,71,74] and as char in [67,72]. 

However, this last two modeling works further simplifies the 

char considering to be only carbon with the same 

thermochemical properties as graphite as suggested by Di Blasi 

[82]. Various correlations for the carbon conversion were 

developed. These correlations may assume the form of a simple 

percentage of biomass carbon content [59,72] or functions of 

equivalence ratio [34,65,74] and temperature [71]. 

 

Non-Stoichiometric Method  
 

Table 4 shows the most relevant non-stoichiometric equilibrium 

models following a chronological order in order to demonstrate 

the evolution and the trends of the modeling approaches. The list 

is not exhaustive but long enough to draw conclusions on 

techniques that are being used. Only the main aspects of the 

models are shown, such as the global gasification reaction, the 

equilibrium conditions, and other specific features such as the 

treatment of the carbon conversion efficiency, gasification 

efficiency and heat losses.  
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From Table 4 it is possible to conclude that all the non-

stoichiometric models of the gasification process are developed 

based on a proposed global gasification reaction, although not 

always provided. 

 

As in the stoichiometric equilibrium models, the biomass is 

generally represented by a molecule containing C, H, O and N 

[18,30-32,83,84], some authors did not consider N in the 

biomass molecule [85], and others consider also S [85-87]. Other 

elements such as chlorine (Cl) can be found when considering 

wastes or algae as feedstock [49,88,89]. Biomass moisture is 

usually represented by a specific term in the global gasification 

equation. The main gasifying agent used in the modeling works 

are the air [18,30-33,83-86,90,91], a mixture of air and steam 

[30,82,86,92], just steam [93] and oxygen and steam [30,49]. 

 

Contrarily to the stoichiometric method there is no need for an 

independent set of chemical reactions in the non-stoichiometric 

method. Therefore, the number of species considered on the side 

of the products can be much larger. Vakalis et al. [32] considered 

860 chemical species, Li et al. [90] considered 44 species and 

Materazzi et al. [49] considered 43 species. Nevertheless, some 

authors consider only the main species on the syngas (CO, H2, 

CH4, CO2, N2) as in [18] or considering unconverted carbon as in 

[84,86,88] or tar in [30,84,85]. 

 

There are also different approaches to modify the non-

stoichiometric equilibrium models in order to obtain more 

accurate results. Because there is no chemical reaction set, the 

constraints are applied to specific product species instead of 

chemical reactions. Global constraints are introduced such as 

carbon conversion efficiency, gasification efficiency and heat 

losses.  
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Table 4: Non-stoichiometric equilibrium models. 

 

Author(s) 

(Year) 

Model Designation Model Features 

Altafini et al. 

(2003) [18] 

Equilibrium model 

based on 

minimization of the 

Gibbs free energy 

The model contains equations of the: 

- atomic balance for C, H, O, N and S; 

- total number of moles; 

- variation of the Gibbs free energy of formation of the species; 

- energy balance assuming a heat loss of 1% of the HHV of the feedstock. 

The Gibbs free energy minimization is reached by the Lagrange multipliers method and the non-linear equation system is solved by the 

Newton–Raphson method. 

Li et al. (2004) 

[90] 

Non-stoichiometric 

equilibrium model 

based on direct 

minimization of 

Gibbs free energy 

Equilibrium is calculated by the minimization of Gibbs free energy using the Lagrange multipliers, mass balances, and energy conservation 

equation. 42 gaseous and two solid species involving C, H, O, N and S are considered. The model is modified to consider non-equilibrium 

effects of pyrolysis products like carbon and methane. An availability function is applied to each element, leading to a modified element 

amount vector affecting the gas, and assuming complete conversion for all elements other than carbon and hydrogen: b = (βcnc, βHnH, nO, nN, 

nS). The fraction of carbon converted into gaseous species is: βC,1=0.25+0.75e(-ER/0.23). A fraction of the carbon leaves the system without 

achieving equilibrium and is produced during the pyrolysis stage. That fraction entering the gas phase exists as methane. Experimental mass 

balance calculations suggest that this fraction can be approximated by: βc,2 = 0.11(1 − ER). The availability of carbon (overall fraction of 

carbon entering chemical equilibrium) is: β = βc,1 − βc,2. The availability of hydrogen at equilibrium (one mole of methane comprehends four 

moles of hydrogen atoms) is: βH=1-(4βC,2nC/nH). It is assumed that the reaction system is controlled by non-equilibrium factors and is 

composed by a mainstream in chemical equilibrium and a bypass zone. 

Jarungthammac

hote and Dutta 

(2008) [91] 

Equilibrium modeling 

of gasification: Gibbs 

free energy 

minimization 

approach 

The model considers that the produced gas is composed by six main components (H2, CO, CO2, CH4, N2 and H2O). 

Equilibrium is calculated by the minimization of the Gibbs free energy using the Lagrange multipliers and an energy balance assuming a heat 

loss of 1% of the HHV of the feedstock as in Altafini et al. [18]. The model is modified introducing the carbon conversion effect in the model:  

- spout-fluid bed (60%) 

- central jet spouted bed (55.5–65.1%) 

- circular split spouted bed (56.8–65.3%) 

   

Baratieri et al. 

(2010) [85] 

Thermodynamic 

equilibrium model 

Equilibrium is calculated by the minimization of the Gibbs free energy using the Lagrange multipliers and an energy balance. The non-linear 

system is solved using the Newton–Raphson method as in Altafini et al. [18]. 

The equilibrium model was modified to consider the residual char formed and the methane concentration. 

To calibrate the model, the measured concentration of hydrocarbons (CH4 and C2H4) and the amount of char collected were considered 

through: 

- a correlation between ER and the carbon conversion efficiency (ηc):   𝜂        × (𝐸       ) 
- the experimental gas composition to evaluate the methane and ethylene contents; then the moles of carbon and hydrogen converted into 

CH4 and C2H4 are estimated; 

- the correction of the initial composition considering ηc and subtracting the moles of C and H from the previous step. The initial input 

vector of the model is then: 𝑁      [𝜂               ] 
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Table 4. Cont. 

 

Barba et 

al. (2011) 

[88] 

Gibbs free energy 

gradient method 

model 

Global gasification reaction 

2 2 2 2 4 22 2 2 2 4 2H O Nx x x H O H CO CO H O CH NCH O N x H O n H n CO n CO n H O n CH n N        

Equilibrium is calculated by the minimization of Gibbs free energy, four mass balances (C, H, O and N), two equilibrium reactions (9) and 

(14), and an energy balance. Two steps were used to model the gasification process. In the first step, RDF is decomposed to produce a 

carbonaceous residue and a primary gas represented by: 

4 4 2 2 1
4 2 2 4 2H O N S

S N SH H
x x x x CO CH s N

x x xx x
CH O N S n CO n CH N x H S x C

   
           

   

 

In the second step, the produced gas composition of the first step is modified by the water shift (9) and steam reforming (14) reactions. In 

this model an unreacted solid carbonaceous residue is formed and considered insensitive to process operating conditions. Consequently, 

two parameters (δ and γ) are defined as function of gasifying medium/feedstock ratio and reaction temperature:  

Steam: 

 2 4 2 2 2

3
1

4 2 2 2 2 4 2 2 2H O N S

S N SH H
x x x x O s N O

x x xx x
CH O N S H O x CO CH CO x H S N x x C

   
  

   
                   

   

 

Air: 

 2 2 2 4 2 2 2 2

3
( 3.76 ) 3.76 1

4 2 2 2 2 2 2 4 2 2 2H O N S

S N SH H
x x x x O s N O

x x xx xw w
CH O N S H O w O N x CO CH CO x H S w N x x C wH O

   
  

      
                            

      

 

Where 

2
2 2

CO C CO
 

  
; 

2 4

3

2 2
C H O CO CH


    

 

Buragohain 

et al. 

(2012) [83] 

Semi-equilibrium non-

stoichiometric 

thermodynamic model 

Equilibrium is calculated minimizing the Gibbs free energy using the Lagrange multipliers method and subjecting mass balance to constraints and 

an energy balance. 

To modify the model, the extent of carbon conversion was considered. The designation semi-equilibrium comes from the carbon conversion being 

taken as an independent parameter; four levels of carbon conversion (70, 80, 90, 100%) were considered. 

FACTSAGE software was used to carried out simulations. 

   

Materazzi 

et al. 

(2013) [49] 

Thermodynamic 

equilibrium model 

This equilibrium model follows the overall framework of single-stage equilibrium models. The system considers 43 different species. The ashes are 

inert but considered as part of thermal capacity in the reactor. Heat losses (Qloss) in the respective gasification phase is estimated to be 10% of the 

HHV of the feedstock supplied in the conversion phase. The thermodynamic equilibrium model of a two-stage process is formulated as follows: 

2 2 ( )moisture VH O H O
 

4 2 21
4 4 2 2

m p q r s

m m q s
CH O N S Cl pCO CH p C N rS Cl

 
        

   
The char (solid carbon) is further converted in a steam–oxygen environment according to: 

2 2

2 2 2

2( 1) (2 ) ; 1 2

(2 ) ( 1) ; 1 2steam

C O CO CO

C H O CO CO H

   

    

      

       
 

The model uses the correlations given by Matsui et al. [92] and Linjewile et al. [94] with splitting factors 1.3 and 1.2 for the temperature range of 

700–800 °C.  

A solid carbonaceous residue constitutes the unreacted solid from the first stage. The equilibrium is calculated, including the preliminary 

conversion process, by the minimization of the objective function, mass and energy balances for the two sequential stages. The solver applies the 

generalized reduced gradient method to solve the nonlinear system. 
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Table 4. Cont. 

 

Sreejith et 

al. (2013) 

[93] 

Gibbs free energy 

minimization model 

Equilibrium for steam gasification is calculated minimizing the Gibbs free energy. The gases are treated as real gases using the 

Redlich–Kwong equation of state. The mixture properties are computed based on the Amagat’s law. Minimization is performed in 

each iterative loop till the convergence of the mixture compressibility factor is achieved using the simulating annealing algorithm. This 

model is proposed in order to arrive at the optimum values for the reactor working parameters of temperature and pressure. 

Global gasification reaction: CxHyOz +aH2O+heatbCO+dCO2+eH2+fCH4+gH2O 

The constraints are elemental balances of C, H, and O as obtained from the global gasification chemical reaction and the non-

negativity constraint 

Kangas et al. 

(2014) [30] 

Super-equilibrium with 

the constrained Gibbs 

energy method 

A chemical system with 14 species in the gaseous phase (H2, CO, CH4, C2H2, C2H4, C2H6, C3H8, C6H6, C10H8, NH3, O2, N2, H2O, SO2), water 

in liquid phase (H2O) and char and ash (C and SiO2) in the solid phases is considered. Equilibrium is calculated by the minimization of the 

Gibbs free energy via the Lagrange multipliers. The following constraints were considered: 

Constraint Expression (mol/kg dry biomass) 

C in char 71.664 + 0.012906 × (T/K) 

C in tar  3.0 

N in ammonia  0.042 

C in hydrocarbons 17.642 − 0.009545 × (T/K) 

H in hydrocarbons 50.376 − 0.02732 × (T/K) 

C in unsaturated and aromatic hydrocarbons 3.9261 − 0.00208 × (T/K) 

CH4 7.074 − 0.003 × (T/K) 

C2H2 0.06454 − 0.00004 × (T/K) 

C2H4 2.987 − 0.002 × (T/K) 

C2H6 1.196 − 0.001 × (T/K) 

C3H8 0.150921 − 0.000155 × (T/K) 

C6H6 0.27 

Six methods for modeling of global or local equilibrium were implemented: 

- The reference case is a pure thermodynamic equilibrium.  

- Super-equilibrium 1: is study by introducing separated constraints for carbon conversion, tar and ammonia. 

- Super-equilibrium 2: an additional constraint for the amount of hydrogen in volatile hydrocarbons.  

- Super-equilibrium 3: replaces the hydrogen constraint by a CH4 constraint.  

- Super-equilibrium 4: defines the amount of carbon bound to light hydrocarbons (C2H2 and C2H4) and benzene (C6H6). 

-     Super-equilibrium 5: is a fully constrained system in which empirical models are used to define the hydrocarbons amounts. 

Mendiburu et 

al. (2014) 

[86] 

Thermochemical 

equilibrium modeling: 

Constrained and 

unconstrained non-

stoichiometric models 

Global gasification reaction 

2 2 2 2 4 22 2 2 2 2 2 2 4 2 2 2( ) ( / 2 )
c H O N Sx x x x x H O Ash air UC H CO CO H O CH N air Ash H SC H O N S x H O x SiO n O N n C n H n CO n CO n H O n CH x n N x SiO n H S                

Equilibrium is calculated by the minimization of Gibbs free energy using the Lagrange multipliers, three mass balances (C, H and O) and a 

heat balance. Four models were developed: 

M1—Pure non-stoichiometric equilibrium model  

M2—non-stoichiometric constrained equilibrium model - methane content was constrained by the following empirical correlation: 

4 1 2 3 1 2 1 3 2 36.6799 8.6328 7.4106 3.1582 1.5183 8.9410 5.5317CHP X X X X X X X X X        where the variables X1, X2 and X3 are the hydrogen to moisture content in 

the biomass, the normalized equivalence ratio and normalized gasification temperature, respectively. 

M3—kinetic constraint that determines the apparent gasification rate was considered.  

M4—implements simultaneously the two aforementioned constraints. 
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Table 4. Cont. 

 

Ghassemi 

and 

Markadeh 

(2014) [84] 

Modified equilibrium 

model based on Gibbs 

free energy 

minimization 

Global gasification reaction: 

2 2 2 4 2 22 2 2 2 2 2 4 2 23.76x y z C H CO CO H O CH N OCH O N wH O mO mN n C n H n CO n CO n H O n CH n N n O          
 

Equilibrium is calculated by the minimization of Gibbs free energy using the Lagrange multipliers, three elemental mass balances (C, 

H and O) and a heat balance. The equilibrium model is modified by introducing carbon conversion and tar formation constraints. The 

carbon conversion expression of Azzone et al. [65] is implemented: 

0.2291 0.32 0.82 1
ER

cn e
 

     
 

 

Tar is modeled with the chemical formula CH1.003O0.33 and its yield is assumed to be 4.5% (mass percentage) as in Barman et al. [66] 

Yakaboylu et 

al. (2015) 

[89] 

Constrained equilibrium 

model 

The model comprises two parts:  

- an unconstrained equilibrium, where the Gibbs free energy minimization method is used directly. 

- a constrained equilibrium, where constraints are introduced into the minimization algorithm to achieve a better prediction. 

The constraints included are the carbon and hydrogen gasification efficiencies and constrained amounts for specific compounds. A distinctive 

aspect of the model is the consideration of real gases using the Peng−Robinson equation of state. 

Vakalis et al. 

(2016) [32] 

Multi-stage 

thermodynamic model: 

Multi-box approach 

The multi-box approach is used due to the separation of the reactor into various processes, instead of using a conventional single-stage (also 

known as black-box) model approach. 

- the model was developed as a zero-dimensional model, 

- the heat losses of the gasifier were neglected, 

- perfect mixing is assumed, 

- the solid phase is represented by graphite, 

- the catalytic effects of minerals and metals present in ashes are neglected, 

- the equilibrium is reached, 

- the model uses the Curran et al. [95] mechanism, which includes 860 chemical species and 3600 reactions including tar compounds. 

Biagini et al. 

(2016) [33] 

Bi-equilibrium model The naming bi-equilibrium model finds explanation in the bypass of the oxidation zone of some pyrolysis products usually underestimated in 

equilibrium models. The model is developed considering the multi-phase nature of the gasification process: 

- Drying model converts the wet biomass into dry biomass: Biomasswet => Biomassdry + Moisture 

- Devolatilization model transforms the dry biomass into volatiles and char: Biomassdry => Volatiles + Char 

- Gasification model 1: consider a repartition factor k1 to split the volatiles in two streams. k1 represents the stream that bypass the oxidation 

zone. The complementary stream (1 − k1) is added to the streams of converted char, moisture and air and then exposed to equilibrium at high 

temperature. 

- Gasification model 2: volatiles, converted char and moisture streams were merged and the result was split in two streams being k2 the 

repartition factor. k2 stream enters the equilibrium reactor at low temperature. The complementary stream (1 − k2) is mixed with the air 

stream and enters the equilibrium reactor at high temperature. 

The reactor heat losses were assumed to be 5% of the biomass thermal energy. The ash properties were assumed from SiO2. 

 

 

 

Table 4. Cont. 

 

Gambarott

a et al. 

(2018) [87] 

Non-stoichiometric 

equilibrium model 

Global gasification reaction: 

2 2 4 2 2

2 2 3 2 2 3

2 ( ) 2 ( ) 2 2 ( ) 2 2 4 2 2

2 2 3 2 2 3

3.76 (1 )a b c d l g s H CO CO CH O N

H O NO NO NH HCN H S SO SO COS

CH O N S wH O sH O eO eN C n H n CO n CO n CH n O n N

n H O n NO n NO n NH n HCN n H S n SO n SO n COS

           

        

 

Equilibrium is calculated minimizing the Gibbs free energy, five mass balances (C, H, O, N and S) and an energy balance. α is the 

factor that takes into account the carbon not participating in the gasification. This factor is a function of the air-to-fuel ratio 

proposed by Azzone et al. [65] and firstly introduced by Li et al. [79]. Tar production is neglected. 
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To define the amounts of constrained species, a model is needed. 

Generally, different methods can be used to define the 

constraints, which can be methods based on values obtained by 

direct measurement, or by multi-faceted mechanistic models. 

Constant values are generally prescribed for unconverted carbon 

[83,86,91] and tar production [35,84]. More complex functions 

of ER were implemented in [84,85,90,96] for the unconverted 

carbon or carbon conversion efficiency. Particularly, Kangas et 

al. [30] applied temperature dependent constraints for char and 

various hydrocarbons including methane also applied by 

Mendiburu et al. [86]. 

 

Another substantial difference for the stoichiometric equilibrium 

models, where the reactor is generally considered adiabatic; in 

the non-stoichiometric equilibrium models, thermal losses are 

considered in the heat balances. This heat loss is usually 

considered as a fixed percentage of the thermal power entering 

with the biomass. 1% were considered by Altafini et al. [18] and 

Jarungthammachote and Dutta [91], while Biagini et al. [37] 

considered 5% and Materazi et al. [49] 10%. 

 

The assumption of ideal gas behavior for gas mixtures and the 

associated computation of cold gas efficiencies and heating 

values are not realistic. Therefore, a more realistic model based 

on the real gas concept was presented by Sreejith et al. [93] and 

Yakaboylu et al. [89]. 

 

In the optimization procedures found in the literature relating to 

equilibrium modeling, it is gathered that a method for obtaining 

the global minima is inevitable for the performance analysis of 

the system. However, relatively few effective methods are 

available to treat the form most often encountered in the non-

stoichiometric equilibrium modeling, the nonlinear constrained 

optimization problem. The solution of a constrained optimization 

problem can often be found by using the so-called Lagrangian 

method. A suitable method, which is generally used for the 

minimization of the Gibbs free energy, is the Lagrange 

multipliers subject to equality constraints provided by the mass 

(or elemental) balances [85,90,91] and inequality constraints 

provided by the non-negativity condition [86,88,93]. For these 
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reasons, also different optimization methods have been applied 

for the Gibbs free energy minimization. The most used is the 

Lagrange multipliers method with satisfactory results and the 

generalized reduced gradient method in [49,88], based on the use 

of the constraints to eliminate variables hence considered a more 

robust optimization method [96]. Other advanced optimization 

methods have been applied like the simulating annealing in [93]. 

Simulating annealing is a general, iterative algorithm for finding 

a global minimum for a continuous function. It is also a popular 

probabilistic Monte Carlo algorithm for any optimization 

problem [97]. This technique is independent of the initial 

conditions and solutions are close to the global minimum. From 

this procedure, a set of non-linear equations is created that must 

be solved by an iteration technique. The Newton–Raphson 

method is generally used for this purpose. 

 

Conclusions  
 

A holistic review on biomass gasification modified equilibrium 

models is made with special emphasis on the non-stoichiometric 

method. The non-stoichiometric method minimizes the Gibbs 

free energy of the system based on mass balance of individual 

elements and non-negativity constraints. It is also considered a 

differential chemical equilibrium approach. Essentially, almost 

all non-stoichiometric equilibrium models are modified. There 

are different approaches to modify the non-stoichiometric 

equilibrium models in order to obtain more accurate results. 

Because there is no chemical reaction set, the constraints are 

applied to specific product species instead of chemical reactions 

as in the stoichiometric method. Global constraints are 

introduced such as carbon conversion efficiency and heat losses. 

Generally, different methods can be used to define the 

constraints. Constant values are usually prescribed for 

unconverted carbon and tar production. More complex functions 

of the ER or temperature were implemented for the carbon 

conversion efficiency. The non-stoichiometric method requires 

an optimization procedure for the minimization of the Gibbs free 

energy that can be classified as a nonlinear constrained 

optimization problem. The most used method is the Lagrange 

multipliers subject to equality constraints provided by the mass 
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balances and inequality constraints provided by the non-

negativity condition of species. However, other methods are 

being applied such as the generalized reduced gradient method 

or the advanced optimization method simulated annealing 

considered to be more robust. 

 

The stoichiometric approach is conceptually easiest to 

understand and it is based on the simultaneous calculation of 

equilibrium constants for a given set of chemical reactions. It is 

also considered an algebraic chemical equilibrium approach. 

Basically, almost all stoichiometric equilibrium models are 

modified in order to obtain more accurate results than a pure 

equilibrium model. The most common modification is the use of 

correction factors that are multiplied by equilibrium constants for 

the reactions of methane formation, homogeneous water-gas 

reaction, and methane reforming. The more sophisticated 

correction factors use computer algorithms for the error 

minimization and are generally more complex than a simple 

constant assuming functions of equivalence ratio, gasification 

temperature or equilibrium temperature. 

 

Generally, the modified equilibrium models have a major 

drawback that is the use of empirical correction factors or 

correlations that are reactor dependent, which improves the 

model prediction but with loss of generality. Nevertheless, 

equilibrium models continue to be important in predicting the 

thermodynamic limits of the chemical reactions describing the 

gasification process and extremely relevant for prediction of 

produced gas compositions in relation to variations in the 

operating conditions, providing an irreplaceable instrument for 

process design and development purposes before attempting 

experimental investigations. 

 

Effort is still required in order to improve the accuracy of the 

equilibrium models. The most recent approaches to equilibrium 

modeling are considering the multi-phase nature of the 

gasification process. Therefore, considering the kinetic modeling 

features (reaction kinetics and reactor hydrodynamics), 

especially in pyrolysis phase will remarkable improve the 

accuracy of the model. Regarding the stoichiometric method 
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further developments can be made by considering more 

gasification chemical reactions than the necessary to the number 

of unknowns. This will result in an overdetermined nonlinear 

equation system that can be solved by the gradient method. This 

will approximate the stoichiometric method to the non-

stoichiometric method features. 
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Abstract  
 

The PV hosting capacity of low voltage feeders is restricted by 

voltage and current limits, and in many cases, voltage limit 

violations are the limiting factor for photovoltaic integration. To 

control the voltage, local Volt/var control strategies absorb or 

inject reactive power, provoking an additional current. This 

study analyzes the hosting capacity increase potential and the 

associated additional grid losses of local cosφ(P)- and Q(U)-

control of photovoltaic inverters, and of local L(U)-control of 

inductive devices and its combination with Q-Autarkic 

prosumers. Therefore, four theoretical and one real low voltage 

test-feeders with distinct structures are considered: long 

overhead line, short overhead line, long cable, short cable and 

branched cable. While the theoretical test-feeders host 

homogeneously distributed PV-plants, the real one hosts 

heterogeneously distributed PV-plants. Each test-feeder is used 

to conduct load flow simulations in the presence of no-control 

and the different control strategies separately, while gradually 

increasing the PV-penetration. The minimum PV-penetration 

that provokes voltage or current limit violations is compared for 

the different control strategies and test-feeders. Simulation 

results of the theoretical test-feeders show that the hosting 

capacity increase potential of all local Volt/var control strategies 

is higher for the overhead line feeders than for the cable ones. 

Local L(U)-control, especially its combination with Q-Autarkic 

prosumers, increases the hosting capacity of all low voltage test-

feeders significantly. The PV-inverter-based local Volt/var 

control strategies, i.e., Q(U)- and cosφ(P)-control, enable lower 

hosting capacity increases; in particular, cosφ(P)-control causes 

high additional currents, allowing the feeder to host only a 

relatively small PV-module rating per prosumer. Q(U)- and 

cosφ(P)-control are not sufficient to increase the hosting capacity 

of the long cable feeder significantly; they provoke high 

additional grid losses for the overhead line test-feeders. 

Meanwhile, L(U)-control, especially its combination with Q-

Autarkic prosumers, increases the hosting capacity of the long 

cable feeder significantly, causing high additional grid losses 
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during peak production of PV-plants. Regarding the real test-

feeder with heterogeneously distributed PV-plants, on the one 

hand, the same trend concerning the HC increase prevails for the 

real branched cable test-feeder as for the theoretical short cable 

one. On the other hand, higher losses occur for the branched 

feeder in the case of L(U)-control and its combination with Q-

Autarkic prosumers, due to the lower voltage set-points that have 

to be used for the inductive devices. All in all, the use of local 

L(U)-control, whether combined with Q-Autarkic prosumers or 

not, enables the effective and complete utilization of the existing 

radial low voltage feeders. 

 

Keywords  
 

Volt/var Control; Low Voltage Feeder; Photovoltaic Inverter; 

Hosting Capacity; Inductive Device 

 

Introduction  
 

The increasing amount of volatile and distributed generation 

challenges the traditional distribution grid operation in terms of 

power quality, protection, and stability [1–3]. In rural grids, the 

voltage rise effect is a key factor that limits the amount of 

distributed generation that can be connected [1]. The injection of 

distributed rooftop photovoltaic (PV) plants modifies the feeder 

section loading and power losses, and its intermittency causes 

voltage fluctuations [4]. Under these conditions, the PV 

integration is subject to technical limitations. The basic 

limitations are voltage and current limits. European distribution 

system operators have to keep their grid voltages within the EN 

50,160 limits of ±10 % around nominal voltage. Furthermore, 

the thermal current limits of electrical equipment such as 

overhead lines, cables or transformers should not be exceeded 

for a considerable time to avoid accelerated deterioration. 

 

The hosting capacity (HC) of a distribution grid is defined as the 

maximum PV generation that can be connected to the grid 

without causing any adverse effect on the normal system 

operation [5]. It is determined by comparing performance indices 

with their limits [6]. To quantify the HC of a grid, clear 
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performance indices, corresponding limits and calculation 

methods have to be defined [7]. The HC corresponds to the 

maximum PV generation that can be integrated without causing 

any performance index limit violation. The determination of the 

HC is subject to uncertainties like load consumption, PV 

production, distribution of PV-plants, and distribution 

transformer (DTR) primary voltage. A stochastic approach [8] is 

commonly used to address these uncertainties. 

 

Low voltage (LV) feeders can be classified into voltage- and 

current-constrained feeders [9]. Long overhead line feeders in 

rural areas tend to be voltage-constrained, while short cable 

feeders in urban areas tend to be current-constrained. In general, 

the voltages in LV grids can be controlled by adjusting the DTR 

tap position, and by manipulating the active and reactive power 

flows through the line segments and the DTR. Numerous voltage 

control strategies for low voltage grids are discussed in literature 

such as upgrading DTRs with on-load tap changers [10]; 

upgrading PV-inverters with different local Volt/watt [11,12] or 

Volt/var control strategies [6,13–18]; installing inductive devices 

with local Volt/var control at the end of the violated feeders [19–

21]; storage operation [14] and demand side management [14]. 

By controlling the voltage, the hosting capacity of the LV 

feeders can be increased. However, local Volt/var control 

strategies lead to a distributed or concentrated absorption or 

injection of reactive power, thus provoking additional currents 

and losses in the grid. 

 

Local cosφ(P)- and Q(U)-control of PV-inverters 

[13,14,17,22,23] are often used for voltage control in LV grids. 

As an alternative, references [19–21] propose to install inductive 

devices equipped with local L(U)-control close to the end of the 

violated LV feeders. References [20,21] go further and propose a 

Volt/var control strategy ensemble, where the L(U)-control is 

combined with a Q-Autarky of prosumers. The latter uses the 

PV-inverter of each prosumer for a local power factor correction 

of the corresponding customer plant. These control strategies 

provoke different currents and voltages along the LV feeders, 

thus affecting the HC differently. An analysis that compares the 

HC increase potential of these control strategies for different LV 
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feeder types is needed. For this comparison, it is sufficient and 

convenient to define a reference scenario for the abovementioned 

uncertainties instead of following the stochastic approach 

presented in [8]. 

 

This article analyzes and compares the HC increase potential of 

different local Volt/var control strategies and the associated grid 

losses in distinct LV feeder types. Firstly, the simulated model, 

including LV test-feeders, prosumers, and control strategies, is 

described. Secondly, the methodology, i.e., scenario definition, 

control parameterization and result evaluation, is explained. The 

simulation results are then presented. Finally, conclusions are 

drawn. 

 

Model Description  
 

This study aims to identify the PV HC increase potential of 

different local Volt/var control strategies in LV feeders. 

Therefore, various LV test-feeders with connected prosumers are 

simulated for different control strategies. For simplicity, in this 

study single-phase grid and prosumer models are used, although 

European LV grids are unbalanced in nature [24]. This is 

justified by the fact, that many grid codes require PV-plants 

above a certain inverter rating (3.68 kVA in Austria [25]) to be 

three-phase grid-connected. For very high PV-penetrations, 

which are investigated in this paper, the load-related unbalance 

becomes less crucial. 

 

Low Voltage Test-Feeders  
 

European low voltage grids are typically of radial structure with 

customer plants connected anywhere along the feeders [24]. To 

analyze the HC increase potential of the different control 

strategies, four theoretical feeders and one real feeder are 

simulated. For all test-feeders, the slack node is located at the 

DTR primary side and the connection points of the inductive 

devices in the case of L(U)-control are marked with a red cross 

in Figures 1 and 2. All test-feeders are connected to the slack 

node through a 20 kV/0.4 kV, 400 kVA DTR. The detailed data 
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of the used overhead lines and cables is given in Appendix A, 

Table A1. 

 

Theoretical LV Test-Feeders  

 

Figure 1 shows the theoretical LV test-feeders with 

homogeneously distributed PV-plants. Each of them supplies 20 

prosumers. To consider rural as well as urban conditions, long 

feeders with low prosumer density, and short feeders with high 

prosumer density, are simulated. The feeder realization with 

overhead lines or cables enables an evaluation of the HC 

increase potential of each Volt/var control strategy in 

dependence of the cable share. 

 

 
Figure 1: Theoretical LV test-feeders: (a) long overhead line feeder (―Long 

OL‖); (b) short overhead line (―Short OL‖); (c) long cable (―Long C‖); (d) 

short cable (―Short C‖). 
 

 
 

Real LV Test-Feeder  
 

 
 

Figure 2 shows the branched cable test-feeder with 

heterogeneously distributed PV-systems. It is a typical urban 

feeder with 100 % cable share and a maximal length of 0.64 km 

that supplies 31 prosumers. It consists of one main arm and two 

side arms. Apart from the branching, the structure of this real 

feeder is comparable to that of the theoretical short cable feeder. 

 

 
 

Figure 2: Real LV test-feeder: branched cable (―Branched C‖). 
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Prosumer Model  
 

Figure 3 shows the used prosumer structure. It is characterized 

by the active and reactive power consumption and production of 

the internal load (     ,      ) and PV-plant (    ,     ). Each 

prosumer is connected to a grid node with a voltage of       

and owns a PV-plant with a module rating of   
   and an inverter 

rating of   
   . Voltage dependency of loads is modelled 

according to Equations (1) and (2) with ZIP-coefficients from 

[26]: 

 

           
     (                         

    ), 

 

(1) 

           
                                      (2) 

 

 

 

where      
     and      

     are the active and reactive power 

consumption of the initial load, respectively, and       
        ⁄  V is the normalized local grid node voltage. 

 

An initial power factor of 0.95 inductive is set for all loads, thus: 

 

     
        (          )       

    . (3) 

  

The PV-inverters are over-dimensioned to allow injection with a 

power factor of 0.90, even during peak active power production, 

as in: 

 

  
      

     ⁄ . (4) 
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Figure 3: Structure of each prosumer. 

 

Control Strategies  
 

No-control and four different local control strategies are 

simulated, i.e., cosφ(P)-, Q(U)-, L(U)- and L(U)-control 

combined with Q-Autarkic prosumers. These control strategies 

provoke distinct reactive power flows within the LV feeders. 

Figure 4 shows the load- and control-related reactive power 

flows for the different control strategies. Figure 4a shows them 

in the case of local cosφ(P)-control. All inverters absorb the 

same amount of reactive power, if equal PV-production 

conditions (irradiance, temperature, tilt angle of PV-modules, 

etc.) along the LV feeder are assumed and all prosumers have the 

same PV-module and -inverter rating. 

 

 
 
Figure 4: Load- and control-related reactive power flows provoked by the 

different control strategies: (a) cosφ(P); (b) Q(U); (c) L(U); (d) L(U) combined 

with Q-Autarkic prosumers. 
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The distributed Q-consumption of cosφ(P)-controlled PV-plants 

provokes inhomogeneous control-related reactive power flows 

through the line segments, leading to an extensive loading of 

those close to the DTR. The reactive power needed to supply the 

internal loads is drawn from the grid. If Q(U)-control is used, the 

distributed inverters absorb different amounts of reactive power, 

depending on their local grid voltage, as shown in Figure 4b. As 

a result, inhomogeneous control-related reactive power flows 

occur in the individual line segments, leading to an extensive 

loading of those close to the DTR. Also in this case, the reactive 

power needed to supply the internal loads is drawn from the grid. 

Figure 4c shows the case with local L(U)-control. The inverters 

do not absorb or produce any reactive power, while the reactive 

power needed by the internal loads is obtained from the grid. The 

inductive device at the feeder end absorbs reactive power to 

control the feeder voltage, provoking a homogeneous control-

related reactive power flow through the line segments. The 

inverters of Q-Autarkic prosumers produce the reactive power 

that is needed by the internal loads. Hence, if L(U)-control is 

combined with Q-Autarkic prosumers, the load-related reactive 

power flows are completely eliminated, further homogenizing 

the reactive power flow through the feeder, as shown in Figure 

4d. 

 

cosφ(P)-Control  

 

Figure 5a shows the fundamental cosφ(P)-control characteristics 

proposed by the Austrian grid code [25]. Two different ones are 

foreseen for low and high DG penetration, respectively. In both 

cases, the PV-inverter absorbs reactive power if its normalized 

active power injection, exceeds a value of 0.5: 

 

          
  ⁄ . (5) 

  

Q(U)-Control  

 

Figure 5b shows the fundamental Q(U)-control characteristics 

proposed by the Austrian grid code [25]. The inverter injects or 

absorbs reactive power depending on the local grid node voltage. 
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Figure 5: Fundamental characteristics of different local control strategies for 

PV-inverters proposed by the Austrian grid code: (a) cosφ(P); (b) Q(U). 

 

Plotted on the ordinate is the inverter’s normalized reactive 

power absorption, as in: 

 

            
   . (6) 

  

The maximal reactive power absorption of the PV-inverter is 

determined by: 

 

    
                           . (7) 

  

The parameters   ,   ,    and    can be specified by the 

responsible DSO according to the prevalent grid conditions. To 

avoid oscillations, the maximum slope gradient needs to be 

respected [13]. 

 

L(U)-Control   

 

In the case of L(U)-control, all PV-inverters inject with a power 

factor of one, and prosumers draw reactive power from the grid 

to supply their loads. Inductive devices with continuously 

variable inductances are set close to the end of the violated 

feeders and are equipped with local L(U)-control. They are 

activated only for local voltages            . If activated, they 

absorb the reactive power needed to prevent a local exceedance 

of           . 

 

L(U)-Control Combined with Q-Autarkic Prosumers   

 

This control ensemble uses the L(U)-control to mitigate the 

upper voltage limit violations in LV feeders, and simultaneously 
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Q-Autarky of prosumers. As per the definition, Q-Autarkic 

prosumers fully compensate the reactive power needs at the 

customer plant level (          ) at all times, acting self-

sufficient concerning the reactive power [21]. Consequently, Q-

Autarkic prosumers do not exchange any reactive power with the 

LV feeders. 

 

Methodology  
 

This section presents the methodology used for the simulations, 

including the scenario definition, the parameterization of control 

strategies, and the evaluation of the simulation results. 

 

Scenario Definition  
  

To analyze the HC of the LV test-feeders, the worst-case 

conditions are considered, i.e., minimal load and maximal 

production combined with the maximal or minimal DTR primary 

voltage. For a certain active and reactive power 

production/consumption of prosumers, the maximal DTR 

primary voltage reduces the margin to the upper voltage limit, 

and the minimal one reduces the margin to the current limit. 

Load and Production  

 

The initial load consumption is set to a value of      
           

kW/prosumer and is kept constant in all simulations. The 

installed PV-module rating   
  at each customer plant, denoted 

as the PV-penetration in the following, is gradually increased 

from 0 kW up to 17.5 kW in steps of 10 W. Peak active power 

production is assumed for all simulations, as in: 

 

       
  . (8) 

  

DTR Primary Voltage  

 

European distribution system operators have to keep their grid 

voltages within the EN 50160 limits of ±10 % around nominal 

voltage. Usually, the DSOs allocate the available voltage band 

between the medium voltage (MV) and LV grids [6]. In this 

paper it is assumed that the MV grid is operated with voltages 



Advances in Energy Research 

12                                                                                www.videleaf.com 

between 0.96 p.u. and 1.06 p.u., allowing within the LV grids a 

maximum voltage increase and decrease of 0.04 p.u. and 0.06 

p.u., respectively. Therefore, two different values for the DTR 

primary voltage are considered: 0.96 p.u. and 1.06 p.u. 

 

Control Strategy  

 

No-control and all control strategies described in Section 2.3., 

i.e., cosφ(P)-, Q(U)-, L(U)-, and L(U)-control combined with Q-

Autarkic prosumers, are simulated. 

 

Test-Feeders  

 

All LV test-feeders described in Section 2.1. are simulated. 

 

Scenario Overview  

 

Table 1 shows an overview of the defined scenarios. The initial 

load value of each prosumer remains unchanged in all 

simulations, while the PV-penetration is gradually increased. 

These load/production values are simulated for the minimal and 

maximal DTR primary voltages. The scenarios shown in Table 1 

are simulated with each LV test-feeder and each control strategy, 

including no-control. 

 
Table 1: Scenarios simulated with each LV test-feeder and control 

strategy (including no-control). 

 
DTR Primary Voltage 

0.96 p.u 1.06 p.u. 

     
    ,   

   = 0.00 kW      
    ,   

   = 0.00 kW 

     
    ,   

   = 0.01 kW      
    ,   

   = 0.01 kW 

… … 

     
    ,   

   = 17.49 kW      
    ,   

   = 17.49 kW 

     
    ,   

   = 17.50 kW      
    ,   

   = 17.50 kW 

 

Control Parameterization  
 

For each LV test-feeder, a distinct set of control parameters is 

defined. The parameters are set in order to maximize the HC of 

the corresponding test-feeder. The selected control parameters 
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are given in Appendix B, Table A2. Other side effects of local 

Volt/var controls such as additional grid losses, DTR loading or 

Q-exchange are not considered within the parameterization 

process, since the focus of this study is the maximum HC 

increase that can be achieved by using the different control 

strategies. The different control strategies have different 

parameters to be set; they are explained in the following. 

 

cosφ(P)-Control  

 

Figure 6a illustrates the method used to specify the cosφ(P)-

control parameters. To achieve the maximum HC in each test-

grid, the minimum power factor (cosφmin) at peak active power 

production is varied between 0.9 under-excited and 1. 

 

Q(U)-Control  

 

Figure 6b illustrates the method used to specify the Q(U)-control 

parameters. The capacitive behavior of Q(U)-controlled PV-

inverters for low voltages is not relevant for the HC. Therefore, 

it is not implemented in the model. 

 

 
Figure 6: Methodology to parameterize different local control strategies 

for PV-inverters: (a) cosφ(P)-control; (b) Q(U)-control. 

 

The slope gradient is not varied; instead, the parameter    is 

calculated as in: 

 

           p.u. (9) 

  

The parameter    is varied to achieve the maximum HC of the 

corresponding test-grid. 
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L(U)-Control  

 

References [19–21] suggest a voltage set-point of 1.09 p.u. to 

eliminate the violations of the upper voltage limit while keeping 

the L(U)-control related reactive power flow as low as possible. 

However, in this study the voltage set-point is varied between 

1.0 p.u. and 1.1 p.u. to achieve the maximum HC of the 

corresponding test-feede 

 

L(U)-Control Combined with Q-Autarkic Prosumers  

 

In the presence of Q-Autarkic prosumers, the voltage set-point of 

the L(U)-control is also varied between 1.0 p.u. and 1.1 p.u. to 

achieve the maximum HC of the corresponding LV test-feeder. 

 

Result Evaluation 
 

The HC of the LV feeders is determined by comparing 

performance indices with their limits. As performance indices, 

maximal (    
    ) and minimal node voltage (    

    ), maximal 

line segment loading (          
    ), and DTR loading 

(          ) are used. They are calculated as in: 

 

    
            

            (10) 

  

    
            

         (11) 

  

          
         (

  
    

     
    ),   (12) 

  

           
    

   
   ,   (13) 

  

where   
     is the RMS voltage of grid node j (including all LV 

grid nodes and the slack node),   
     is the RMS current through 

line segment i,      
     is the thermal current limit of line segment i, 

     is the RMS current through the DTR, and    
    is the 

thermal current limit of the DTR. 
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The DTR loading is obtained directly from the simulation 

results. The voltage- and current-related HC limits are defined as 

the minimal PV-penetration (  
  ) that leads to the violation of 

the voltage and current limits, respectively, as in: 

 

    
                (14) 

  

    
                (15) 

  

          
          , (16) 

  

                . (17) 

  

The hosting capacity of each test-feeder is reached when one of 

the limits is violated. Furthermore the HC increase        and 

the additional grid losses     
      provoked by each control 

strategy c, are presented according to Equations (18) and (19): 

 

                     , (18) 

 

   
       

                
    , (19) 

  

where     is the HC of test-feeder for control strategy c, 

             is the HC of test-feeder for no-control,   
     is the 

grid losses for control strategy c, and            
     is the grid 

losses for no-control. The grid losses include losses of the DTR 

and all line segments. 

 

Hosting Capacity Enhancement by Local 

Reactive Power Control Strategies  
 

In this section, the simulation results are presented for each LV 

test-feeder separately. The current- and voltage-related hosting 

capacity limits and the grid losses of each test-feeder are 

presented. Finally, an overview of the HC increase and the 

additional grid losses provoked by the different local Volt/var 

control strategies is given. The reactive power consumption of 

the inductive device in case of L(U)-control are shown for the 
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different test-feeders and DTR primary voltages in Appendix C, 

Figure A1. 

 

Theoretical LV Test-Feeders  
 

This section presents the HC increase and the additional grid 

losses for the theoretical test-feeders provoked by the different 

control strategies, including no-control. 

 

Long Overhead Line Test-Feeder  

 

 
 
Figure 7: Current- and voltage-related hosting capacity limits of the long 

overhead line test-feeder for different control strategies: (a,b) no-control; (c,d) 

cosφ(P)-control; (e,f) Q(U)-control; (g,h) L(U)-control; (i,j) L(U)-control and 

Q-Autarkic prosumers. 

 

Figure 7 shows the current- and voltage-related hosting capacity 

limits of the long overhead line test-feeder for different control 

strategies. Figures 7a,b show the current- and voltage-related HC 

limits for no-control: they occur at PV-penetrations of 13.63 and 
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2.39 kW/prosumer, respectively, resulting in a HC of 2.39 

kW/prosumer. 

 

In the case of cosφ(P)-control, the uniform reactive power 

consumption of PV-plants shifts the current- and voltage-related 

HC limits to PV-penetrations of 10.20 and 12.50 kW/prosumer, 

respectively, resulting in a HC of 10.20 kW/prosumer, as shown 

in Figures 7c,d. For   
         kW and the minimal DTR 

primary voltage, the load flow calculations do not converge, 

indicating instability. Compared to the case with no-control, the 

use of cosφ(P)-control increases the HC of the feeder by 7.81 

kW/prosumer. If Q(U)-control is applied, the uneven reactive 

power consumption of PV-plants shifts the current-related HC 

limit to a PV-penetration of 11.71 kW/prosumer, and the 

voltage-related one to a value > 17.50 kW/prosumer, resulting in 

a HC of 11.71 kW/prosumer, as shown in Figures 7e,f. 

Compared to the case with no-control, the use of Q(U)-control 

increases the HC of the feeder by 9.32 kW/prosumer. The use of 

L(U)-control shifts the current-related HC limit to a PV-

penetration of 12.53 kW/prosumer, and the voltage-related one 

to a value > 17.50 kW/prosumer, resulting in a HC of 12.53 

kW/prosumer, as shown in Figures 7g,h. Compared to the case 

with no-control, the use of L(U)-control increases the HC of the 

feeder by 10.14 kW/prosumer. If L(U)-control is combined with 

Q-Autarkic prosumers, the reactive power consumption of the 

inductive device and Q-Autarky of prosumers shifts the current-

related HC limit to a PV-penetration of 12.59 kW/prosumer, and 

the voltage-related one to a value > 17.50 kW/prosumer, 

resulting in a HC of 12.59 kW/prosumer, as shown in Figures 

7i,j. Compared to the case with no-control, the combination of 

L(U)-control with Q-Autarkic prosumers increases the HC of the 

feeder by 10.20 kW/prosumer. 
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Figure 8: Grid losses of the long overhead line test-feeder for the minimal and 

maximal DTR primary voltages and different control strategies: (a) no-control; 

(b) cosφ(P)-control; (c) Q(U)-control; (d) L(U)-control; (e) L(U)-control and 

Q-Autarkic prosumers. 

 

Figure 8 shows the grid losses of the long overhead line test-

feeder for the minimal and maximal DTR primary voltages and 

different control strategies. For no-control or cosφ(P)-control, 

the grid losses are greater for the minimal DTR primary voltage 

than for the maximal one, as shown in Figures 8a,b. If Q(U)-, 

L(U)- or L(U)-control combined with Q-Autarkic prosumers is 

applied, greater losses occur for the maximal DTR primary 

voltage, as shown in Figures 8c–e. 

 

Figure 8a shows the grid losses for no-control: in the presence of 

the minimal DTR primary voltage, grid losses reach values of 

7.89, 31.64 and 66.98 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively. Lower grid losses result from the 

maximal DTR primary voltage, i.e., 6.60, 26.89 and 57.47 kW, 

for the same PV-penetrations. The use of cosφ(P)-control 

drastically increases the grid losses, as shown in Figure 8b. For 

the minimal DTR primary voltage, the losses reach 12.72, 56.62 
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and 176.51 kW for PV-penetrations of 5, 10 and 14.7 

kW/prosumer, respectively. The maximal DTR primary voltage 

leads to lower losses, i.e., 10.44, 45.33 and 114.29 kW. If Q(U)-

control is applied, the minimal DTR primary voltage leads to 

losses of 8.67, 41.01 and 93.42 kW for PV-penetrations of 5, 10 

and 15 kW/prosumer, respectively, as shown in Figure 8c. The 

maximal DTR primary voltage leads to greater losses, i.e., 10.61, 

45.03 and 98.59 kW. The use of L(U)-control provokes grid 

losses of 8.16, 39.47 and 90.30 kW for PV-penetrations of 5, 10 

and 15 kW/prosumer, respectively, and the minimal DTR 

primary voltage, as shown in Figure 8d. The maximal DTR 

primary voltage leads to greater losses, i.e., 10.31, 42.25 and 

91.26 kW. If L(U)-control is combined with Q-Autarkic 

prosumers, the minimal DTR primary voltage leads to grid losses 

of 8.22, 39.46 and 90.18 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, Figure 8e. For the maximal DTR 

primary voltage, they reach 10.38, 42.29 and 91.15 kW, 

respectively. 

 

Short Overhead Line Test-Feeder  

 

Figure 9 shows the current- and voltage-related hosting capacity 

limits of the short overhead line test-feeder for different control 

strategies. Figures 9a,b show the current- and voltage-related HC 

limits for no-control: they occur at PV-penetrations of 12.26 and 

4.90 kW/prosumer, respectively, resulting in a HC of 4.90 

kW/prosumer. In the case of cosφ(P)-control, the uniform 

reactive power consumption of PV-plants shifts the current- and 

voltage-related HC limits to PV-penetrations of 10.72 and 10.70 

kW/prosumer, respectively, resulting in a HC of 10.70 

kW/prosumer, as shown in Figures 9c,d. Compared to the case 

with no-control, the use of cosφ(P)-control increases the HC of 

the feeder by 5.80 kW/prosumer. If Q(U)-control is applied, the 

uneven reactive power consumption of PV-plants shifts the 

current- and voltage-related HC limits to PV-penetrations of 

12.02 and 12.12 kW/prosumer, respectively, resulting in a HC of 

12.02 kW/prosumer, as shown in Figures 9e,f. Compared to the 

case with no-control, the use of Q(U)-control increases the HC 

of the feeder by 7.12 kW/prosumer. The use of L(U)-control 

shifts the current- and voltage-related HC limits to PV-
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penetrations of 12.26 and 12.23 kW/prosumer, respectively, 

resulting in a HC of 12.23 kW/prosumer, as shown in Figures 

9g,h. Compared to the case with no-control, the use of L(U)-

control increases the HC of the feeder by 7.33 kW/prosumer. If 

L(U)-control is combined with Q-Autarkic prosumers, the 

reactive power consumption of the inductive device and Q-

Autarky of prosumers shifts the current- and voltage-related HC 

limits to PV-penetrations of 12.29 and 12.77 kW/prosumer, 

respectively, resulting in a HC of 12.29 kW/prosumer, as shown 

in Figures 9i,j. Compared to the case with no-control, the use of 

L(U)-control combined with Q-Autarkic prosumers increases the 

HC of the feeder by 7.39 kW/prosumer. 

 

Figure 10 shows the grid losses of the short overhead line test-

feeder for the minimal and maximal DTR primary voltages and 

different control strategies. If no-control or cosφ(P)-control is 

used, grid losses are greater for the minimal DTR primary 

voltage than for the maximal one, as shown in Figures 10a,b. In 

the case of Q(U)-, L(U)- or L(U)-control combined with Q-

Autarkic prosumers, greater losses occur for the minimal DTR 

primary voltage and low PV-penetrations, and for the maximal 

DTR primary voltage and high PV-penetrations, as shown in 

Figures 10c–e. 
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Figure 9: Current- and voltage-related hosting capacity limits of the short 

overhead line test-feeder for different control strategies: (a,b) no-control; (c,d) 

cosφ(P)-control; (e,f) Q(U)-control; (g,h) L(U)-control; (i,j) L(U)-control and 

Q-Autarkic prosumers. 

 

Figure 10a shows the grid losses for no-control: in the presence 

of the minimal DTR primary voltage, the grid losses reach 

values of 3.16, 13.51 and 29.83 kW for PV-penetrations of 5, 10 

and 15 kW/prosumer, respectively. Lower grid losses result from 

the maximal DTR primary voltage, i.e., 2.56, 11.23 and 25.09 

kW, for the same PV-penetrations. In the case of cosφ(P)-

control, the minimal DTR primary voltage leads to grid losses of 

4.14, 17.74 and 40.39 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, as shown in Figure 10b. 
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Figure 10: Grid losses of the short overhead line test-feeder for the minimal 

and maximal DTR primary voltages and different control strategies: (a) no-

control; (b) cosφ(P)-control; (c) Q(U)-control; (d) L(U)-control; (e) L(U)-

control and Q-Autarkic prosumers. 

 

The maximal DTR primary voltage leads to lower losses, i.e., 

3.39, 14.62 and 33.35 kW. If Q(U)-control is applied, the losses 

reach values of 3.16, 13.51 and 31.02 kW for the minimal DTR 

primary voltage and PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, as shown in Figure 10c. The 

maximal DTR primary voltage leads to grid losses of 2.98, 14.62 

and 34.25 kW. The use of L(U)-control provokes grid losses of 

3.16, 13.51 and 30.18 kW for the minimal DTR primary voltage 

and PV-module ratings of 5, 10 and 15 kW/prosumer, 

respectively, as shown in Figure 10d. The maximal DTR primary 

voltage changes the losses to 2.70, 14.21 and 34.10 kW. If L(U)-

control is combined with Q-Autarkic prosumers, the minimal 

DTR primary voltage leads to grid losses of 3.13, 13.43 and 

30.19 kW for PV-penetrations of 5, 10 and 15 kW/prosumer, 

respectively, as shown in Figure 10e. The maximal DTR primary 

voltage provokes losses of 2.74, 14.37 and 34.29 kW. 
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Long Cable Test-Feeder  

 

Figure 11 shows the current- and voltage-related hosting 

capacity limits of the long cable test-feeder for different control 

strategies. Figures 11a,b show the current- and voltage-related 

HC limits for no-control: they occur at PV-penetrations of 11.19 

and 2.89 kW/prosumer, respectively, resulting in a HC of 2.89 

kW/prosumer. In the case of cosφ(P)-control, the uniform 

reactive power consumption of PV-plants shifts the current- and 

voltage-related HC limits to PV-penetrations of 9.40 and 3.81 

kW/prosumer, respectively, resulting in a HC of 3.81 

kW/prosumer, as shown in Figures 11c,d. Compared to the case 

with no-control, the use of cosφ(P)-control increases the HC of 

the feeder by 0.92 kW/prosumer. 

 

 
 

Figure 11: Current- and voltage-related hosting capacity limits of the long 

cable test-feeder for different control strategies: (a,b) no-control; (c,d) cosφ(P)-

control; (e,f) Q(U)-control; (g,h) L(U)-control; (i,j) L(U)-control and Q-

Autarkic prosumers. 
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If Q(U)-control is applied, the uneven reactive power 

consumption of PV-plants shifts the current- and voltage-related 

HC limits to PV-penetrations of 10.28 and 3.81 kW/prosumer, 

respectively, resulting in a HC of 3.81 kW/prosumer, as shown 

in Figures 11e,f. Compared to the case with no-control, the use 

of Q(U)-control increases the HC of the feeder by 0.92 

kW/prosumer. The use of L(U)-control shifts the current- and 

voltage-related HC limits to PV-penetrations of 9.33 and 10.20 

kW/prosumer, resulting in a HC of 9.33 kW/prosumer, as shown 

in Figures 11g,h. Compared to the case with no-control, the use 

of L(U)-control increases the HC of the feeder by 6.44 

kW/prosumer. If L(U)-control is combined with Q-Autarkiv 

prosumers, the reactive power consumption of the inductive 

device and Q-Autarky of prosumers shifts the current- and 

voltage-related HC limits to PV-penetrations of 9.41 and 10.04 

kW/prosumer, respectively, resulting in a HC of 9.41 

kW/prosumer, as shown in Figures 11i,j. Compared to the case 

with no-control, the use of L(U)-control combined with Q-

Autarkic prosumers increases the HC of the feeder by 6.52 

kW/prosumer. Figure 12 shows the grid losses of the long cable 

test-feeder for the minimal and maximal DTR primary voltages 

and different control strategies. 

 

If no-control or cosφ(P)-control is used, the grid losses are 

greater for the minimal DTR primary voltage than for the 

maximal one, as shown in Figures 12a,b. If Q(U)-control is used, 

greater losses occur for the maximal DTR primary voltage and 

low PV-penetrations, and for the minimal DTR primary voltage 

and high PV-penetrations, as shown in Figure 12c. If L(U)- or its 

combination with Q-Autarkic prosumers is applied, greater 

losses occur for the maximal DTR primary voltage, as shown in 

Figures 12d,e. 
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Figure 12: Grid losses of the long cable test-feeder for the minimal and 

maximal DTR primary voltages and different control strategies: (a) no-control; 

(b) cosφ(P)-control; (c) Q(U)-control; (d) L(U)-control; (e) L(U)-control and 

Q-Autarkic prosumers. 

 

Figure 12a shows the grid losses for no-control: in the presence 

of the minimal DTR primary voltage, the grid losses reach 

values of 5.39, 21.81 and 46.05 kW for PV-penetrations of 5, 10 

and 15 kW/prosumer, respectively. Lower grid losses result from 

the maximal DTR primary voltage, i.e., 4.42, 18.44 and 39.59 

kW, for the same PV-penetrations. In the case of cosφ(P)-

control, the minimal DTR primary voltage leads to grid losses of 

7.74, 30.74 and 65.96 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, as shown in Figure 12b. The 

maximal DTR primary voltage leads to lower losses, i.e., 6.44, 

25.94 and 56.14 kW. If Q(U)-control is applied and minimal 

DTR primary voltage is present, grid losses are 5.53, 27.62 and 

61.65 kW for a PV-penetration of 5, 10 and 15 kW/prosumer, 

respectively, as shown in Figure 12c. The maximal DTR primary 

voltage leads to losses of 6.44, 25.94 and 56.15 kW. The use of 

L(U)-control provokes grid losses of 5.39, 28.47 and 78.93 kW 

for the minimal DTR primary voltage and PV-penetrations of 5, 

10 and 15 kW/prosumer, respectively, Figure 12d. The maximal 

DTR primary voltage changes the losses to 11.06, 52.93 and 



Advances in Energy Research 

26                                                                                www.videleaf.com 

110.72 kW. If L(U)-control is combined with Q-Autarkic 

prosumers, the minimal DTR primary voltage leads to losses of 

5.35, 28.80 and 79.09 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, as shown in Figure 12e. The 

maximal DTR primary voltage changes the losses to 11.28, 

53.16 and 110.84 kW. 

 

Short Cable Test-Feeder  

 

Figure 13 shows the current- and voltage-related hosting 

capacity limits of the short cable test-feeder for different control 

strategies. Figure 13a,b show the current- and voltage-related HC 

limits for no-control: they occur at PV-penetrations of 10.32 and 

6.69 kW/prosumer, respectively, resulting in a HC of 6.69 

kW/prosumer. In the case of cosφ(P)-control, the uniform 

reactive power consumption of PV-plants shifts the current- and 

voltage-related HC limits to PV-penetrations of 9.16 and 9.17 

kW/prosumer, respectively, resulting in a HC of 9.16 

kW/prosumer, as shown in Figure 13c,d. Compared to the case 

with no-control, the use of cosφ(P)-control increases the HC of 

the feeder by 2.47 kW/prosumer. If Q(U)-control is applied, the 

uneven reactive power consumption of PV-plants shifts the 

current- and voltage-related HC limits to PV-penetrations of 9.79 

and 9.68 kW/prosumer, respectively, resulting in a HC of 9.68 

kW/prosumer, as shown in Figures 13e,f. Compared to the case 

with no-control, the use of Q(U)-control increases the HC of the 

feeder by 2.99 kW/prosumer. The use of L(U)-control shifts the 

current- and voltage-related HC limits to PV-penetrations of 

10.31 and 10.54 kW/prosumer, resulting in a HC of 10.31 

kW/prosumer, as shown in Figures 13g,h. Compared to the case 

with no-control, the use of L(U)-control increases the HC of the 

feeder by 3.62 kW/prosumer. If L(U)-control is combined with 

Q-Autarkic prosumers, the reactive power consumption of the 

inductive device and Q-Autarky of prosumers shifts the current- 

and voltage-related HC limits to PV-penetrations of 10.33 and 

10.43 kW/prosumer, respectively, resulting in a HC of 10.33 

kW/prosumer, as shown in Figures 13i,j. Compared to the case 

with no-control, the use of L(U)-control combined with Q-

Autarkic prosumers increases the HC of the feeder by 3.64 

kW/prosumer. 
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Figure 13: Current- and voltage-related hosting capacity limits of the 

short cable test-feeder for different control strategies: (a,b) no-control; 

(c,d) cosφ(P)-control; (e,f) Q(U)-control; (g,h) L(U)-control; (i,j) L(U)-

control and Q-Autarkic prosumers. 
 

Figure 14 shows the grid losses of the short cable test-feeder for 

the minimal and maximal DTR primary voltages and different 

control strategies. If no-control or cosφ(P)-control is used, the 

grid losses are greater for the minimal DTR primary voltage than 

for the maximal one, as shown in Figures 14a,b. If Q(U)-control 

is used, greater losses occur for the maximal DTR primary 

voltage, as shown in Figure 14(c). In the case of L(U)-control or 

its combination with Q-Autarkic prosumers, greater losses occur 

for the minimal DTR primary voltage and low PV-penetrations, 

and for the maximal DTR primary voltage and high PV-

penetrations, as shown in Figures 14d,e. 
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Figure 14: Grid losses of the short cable test-feeder for the minimal 

and maximal DTR primary voltages and different control strategies: (a) 

no-control; (b) cosφ(P)-control; (c) Q(U)-control; (d) L(U)-control; (e) 

L(U)-control and Q-Autarkic prosumers. 
 

Figure 14a shows the grid losses for no-control: in the presence 

of the minimal DTR primary voltage, the grid losses reach 

values of 2.12, 9.26 and 20.71 kW for PV-penetrations of 5, 10 

and 15 kW/prosumer, respectively. Lower grid losses result from 

the maximal DTR primary voltage, i.e., 1.72, 7.65 and 17.31 

kW, for the same PV-penetrations. In the case of cosφ(P)-

control, the minimal DTR primary voltage leads to grid losses of 

2.79, 11.81 and 26.47 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, as shown in Figure 14(b). The 

maximal DTR primary voltage leads to lower losses, i.e., 2.29, 

9.78 and 22.06 kW. If Q(U)-control is applied, the losses are 

2.12, 9.26 and 21.57 kW for the minimal DTR primary voltage 

and PV-penetrations of 5, 10 and 15 kW/prosumer, respectively, 

as shown in Figure 14c. The maximal DTR primary voltage 

leads to losses of 2.43, 10.34 and 23.31 kW. The use of L(U)-

control provokes grid losses of 2.12, 9.26 and 20.71 kW for the 

minimal DTR primary voltage and PV-penetrations of 5, 10 and 

15 kW/prosumer, respectively, as shown in Figure 14d. The 

maximal DTR primary voltage changes the grid losses to 1.72, 
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10.76 and 32.45 kW. If L(U)-control is combined with Q-

Autarkic prosumers, the minimal DTR primary voltage leads to 

grid losses of 2.11, 9.23 and 20.67 kW for PV-penetrations of 5, 

10 and 15 kW/prosumer, respectively, as shown in Figure 14e. 

The maximal DTR primary voltage changes the grid losses to 

1.70, 10.79 and 32.47 kW. 
 

Real LV Test-Feeder  
 

Figure 15 shows the current- and voltage-related hosting 

capacity limits of the branched cable test-feeder for different 

control strategies. Figures 15a,b show the current- and voltage-

related HC limits for no-control: they occur at PV-penetrations 

of 6.93 and 4.79 kW/prosumer, respectively, resulting in a HC of 

4.79 kW/prosumer. In the case of cosφ(P)-control, the uniform 

reactive power consumption of PV-plants shifts the current- and 

voltage-related HC limits to PV-penetrations of 6.26 and 6.25 

kW/prosumer, respectively, resulting in a HC of 6.25 

kW/prosumer, as shown in Figures 15c,d. 

 

Compared to the case with no-control, the use of cosφ(P)-control 

increases the HC of the feeder by 1.46 kW/prosumer. If Q(U)-

control is applied, the uneven reactive power consumption of 

PV-plants shifts the current- and voltage-related HC limits to 

PV-penetrations of 6.67 and 6.69 kW/prosumer, respectively, 

resulting in a HC of 6.67 kW/prosumer, as shown in Figures 

15e,f. Compared to the case with no-control, the use of Q(U)-

control increases the HC of the feeder by 1.88 kW/prosumer. 

The use of L(U)-control shifts the current- and voltage-related 

HC limits to PV-penetrations of 6.93 and 6.94 kW/prosumer, 

resulting in a HC of 6.93 kW/prosumer, as shown in Figures 

15g,h. Compared to the case with no-control, the use of L(U)-

control increases the HC of the feeder by 2.14 kW/prosumer. If 

L(U)-control is combined with Q-Autarkic prosumers, the 

reactive power consumption of the inductive device and Q-

Autarky of prosumers shifts the current- and voltage-related HC 

limits to PV-penetrations of 6.94 and 6.93 kW/prosumer, 

respectively, resulting in a HC of 6.93 kW/prosumer, as shown 

in Figures 15i,j. Compared to the case with no-control, the use of 

L(U)-control combined with Q-Autarkic prosumers increases the 

HC of the feeder by 2.14 kW/prosumer. 
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Figure 15: Current- and voltage-related hosting capacity limits of the branched 

cable test-feeder for different control strategies: (a,b) no-control; (c,d) cosφ(P)-

control; (e,f) Q(U)-control; (g,h) L(U)-control; (i,j) L(U)-control and Q-

Autarkic prosumers. 

 

Figure 16 shows the grid losses of the branched cable test-feeder 

for the minimal and maximal DTR primary voltages and 

different control strategies. 

 

If no-control or cosφ(P)-control is used, the grid losses are 

greater for the minimal DTR primary voltage than for the 

maximal one, as shown in Figures 16a,b. In case of Q(U)-, L(U)-

control or its combination with Q-Autarkic prosumers, greater 

losses occur for the minimal DTR primary voltage and low PV-

penetrations, and for the maximal DTR primary voltage and high 

PV-penetrations, as shown in Figure 16c–e. 

 



Advances in Energy Research 

31                                                                                www.videleaf.com 

 
 

Figure 16: Grid losses of the branched cable test-feeder for the minimal and 

maximal DTR primary voltages and different control strategies: (a) no-control; 

(b) cosφ(P)-control; (c) Q(U)-control; (d) L(U)-control; (e) L(U)-control and 

Q-Autarkic prosumers. 

 

Figure 16a shows the grid losses for no-control: in the presence 

of the minimal DTR primary voltage, the grid losses reach 

values of 5.43, 23.13 and 50.70 kW for PV-penetrations of 5, 10 

and 15 kW/prosumer, respectively. Lower grid losses result from 

the maximal DTR primary voltage, i.e., 4.42, 19.27 and 42.81 

kW, for the same PV-penetrations. In the case of cosφ(P)-

control, the minimal DTR primary voltage leads to grid losses of 

6.80, 28.46 and 62.89 kW for PV-penetrations of 5, 10 and 15 

kW/prosumer, respectively, as shown in Figure 16b. The 

maximal DTR primary voltage leads to lower losses, i.e., 5.59, 

23.70 and 52.81 kW. If Q(U)-control is applied, the losses are 

5.43, 23.13 and 52.99 kW for the minimal DTR primary voltage 

and PV-penetrations of 5, 10 and 15 kW/prosumer, respectively, 

as shown in Figure 16c. The maximal DTR primary voltage 

leads to losses of 5.47, 26.53 and 59.24 kW. The use of L(U)-

control provokes grid losses of 5.43, 23.13 and 51.70 kW for the 

minimal DTR primary voltage and PV-penetrations of 5, 10 and 

15 kW/prosumer, respectively, as shown in Figure 16d. The 
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maximal DTR primary voltage changes the grid losses to 5.08, 

34.32 and 80.89 kW. If L(U)-control is combined with Q-

Autarkic prosumers, the minimal DTR primary voltage leads to 

grid losses of 5.40, 23.04 and 51.97 kW for PV-penetrations of 

5, 10 and 15 kW/prosumer, respectively, as shown in Figure 16e. 

The maximal DTR primary voltage changes the grid losses to 

5.32, 35.31 and 79.54 kW. 

 

Figure 17 shows the voltage and current profiles of the branched 

cable test-feeder for a PV-penetration of 7.5 kW/prosumer, the 

minimal and maximal DTR primary voltages, and different 

control strategies. In all cases, the line segment loading 

decreases monotonically along the feeder. No voltage limits are 

violated for the minimal DTR primary voltage, but for the 

maximal one, the upper voltage limit is violated for all control 

strategies. 

 

Figures 17a,b shows the voltage and current profiles for no-

control. For the minimal DTR primary voltage, one line segment 

is overloaded by 108.62 % and for the maximal one, no line 

segment is overloaded. For the minimal and maximal DTR 

primary voltages, cosφ(P)-control suppresses the voltages of the 

complete feeder significantly, overloading one line segment by 

120.58 and 109.71 %, respectively, as shown in Figures 17c,d. 

Figure 17e shows the case with Q(U)-control and the minimal 

DTR primary voltage. In this case, the feeder voltages are not 

suppressed, resulting in the same grid behavior as with no-

control. For the maximal DTR primary voltage, the voltages of 

the complete feeder are significantly decreased, provoking an 

overloading of one line segment by 114.67 %, as shown in 

Figure 17f. If L(U)-control is applied, the voltages are not 

suppressed for the minimal DTR primary voltage, resulting in 

the same grid behavior as with no-control, as shown in Figure 

17g. For the maximal one, as shown in Figure 17h, L(U)-control 

decreases the voltages of the feeder’s main arm significantly, and 

those of the side arms moderately, leading to an overloading of 

one line segment by 110.21 %. For the minimal DTR primary 

voltage, the combination of L(U)-control with Q-Autarkic 

prosumers increases the feeder voltages and unloads the first line 

segment slightly, resulting in an overloading of one line segment 
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by 108.39 %, as shown in Figure 17i. In the presence of the 

maximal DTR primary voltage, as shown in Figure 17j, the 

voltages of the feeder’s main arm are significantly decreased, 

and those of the side arms are moderately decreased, leading to 

an overloading of one line segment by 110.09 %. 

 

 
 
Figure 17: Voltage and current profiles of the branched cable test-

feeder for a PV-penetration of 7.5 kW/prosumer, the minimal and 

maximal DTR primary voltages, and different control strategies: (a,b) 

no-control; (c,d) cosφ(P)-control; (e,f) Q(U)-control; (g,h) L(U)-

control; (i,j) L(U)-control and Q-Autarkic prosumers. 

 

Overview  
 

The potential of the different local Volt/var control strategies to 

increase the PV hosting capacity and the associated grid losses 

differ for the considered test-feeders. The overhead line 

segments have higher specific inductive reactances than the 

cable ones (cf. Table A1), and the lengths of the short and long 
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test-feeders differ. Therefore, the control-related reactive power 

flows especially impact the voltages of both overhead line test-

feeders, and the losses of both long test-feeders. 

 

Current- and Voltage-Related Hosting Capacity Limits  

 

In general, the distributed Q-consumption of cosφ(P)- or Q(U)-

controlled PV-plants extensively loads the line segments close to 

the DTR. Meanwhile, the concentrated Q-consumption of L(U)-

controlled inductive devices provokes a moderate loading of all 

line segments. Its combination with Q-Autarkic prosumers 

further unloads the line segments close to the DTR. Figure 18 

shows the HC increase of each Volt/var control strategy for each 

LV test-feeder. 
 

 
 

Figure 18: HC increase of each Volt/var control strategy for each LV test-

feeder. 

 

In general, all of the Volt/var control strategies achieve relatively 

high HC increases of the overhead line feeders, and lower ones 

of the cable feeders. Local L(U)-control, especially its 

combination with Q-Autarkic prosumers, enables the highest HC 

increases of all LV test-feeders. The differences between L(U)-

control and its combination with Q-Autarkic prosumers are very 

small due to the minimal load scenario that is used for the 

simulations. The PV-inverter-based local Volt/var control 

strategies, i.e., Q(U)- and cosφ(P)-control, enable lower HC 

increases; in particular, cosφ(P)-control causes very low HC 

increases of the different LV test-feeders due to the high 

additional currents. The difference between L(U)-control (with 
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or without Q-Autarkic prosumers) and both PV-inverter-based 

control strategies is especially noticeable at the long cable test-

feeder: while L(U)-control and its combination with Q-Autarkic 

prosumers increase the HC by 6.44 and 6.52 kW/prosumer, 

respectively, Q(U)- and cosφ(P)-control achieve a small HC 

increase of 0.92 kW/prosumer. Due to their comparable 

structure, the same trend concerning the HC increase prevails for 

the real branched cable test-feeder as for the theoretical short 

cable one. 

 

Grid Losses  

 

The grid losses are influenced by the different control strategies. 

On the one hand, for certain power flows, the losses decrease 

with an increasing grid voltage, resulting in high losses for low 

grid voltages. On the other hand, the reactive power 

consumption of Q(U)- and L(U)-controlled devices increases 

with an increasing grid voltage, resulting in high losses for high 

grid voltages. Both effects are present, as reflected in the results. 

However, losses are shown for the maximal PV production that 

is present only for a short time period per day.  

 

Figure 19 shows the additional grid losses provoked by different 

control strategies for the minimal and maximal DTR primary 

voltages, different LV test-feeders and different PV-penetrations. 

Due to their voltage-independent Q-consumption, cosφ(P)-

controlled PV-plants cause greater additional grid losses for the 

minimal DTR primary voltage than for the maximal one. Q(U)-, 

L(U)- and L(U)-control combined with Q-Autarkic prosumers 

provoke higher additional losses for the maximal DTR primary 

voltage than for the minimal one, due to the associated voltage 

dependent reactive power absorptions. Figures 19a,b show the 

additional grid losses for a PV-penetration of 5 and 10 

kW/prosumer, respectively. For both overhead line test-feeders, 

cosφ(P)- and Q(U)-control cause higher additional grid losses 

than L(U)-control and its combination with Q-Autarkic 

prosumers. This trend prevails for the long cable feeder with a 

PV-penetration of 5 kW/prosumer and the minimal DTR primary 

voltage. However, for the cable test-feeders, in many cases L(U)-

control and its combination with Q-Autarkic prosumers cause 
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higher additional losses than cosφ(P)- and Q(U)-control. Despite 

their comparable structure, the trend concerning grid losses 

differs for the real branched cable test-feeder and the theoretical 

short cable one: L(U)-control, especially its combination with Q-

Autarkic prosumers, provokes higher additional losses for the 

branched cable feeder than indicated by the results of the short 

cable one. This is due to the fact, that lower voltage set-points 

(cf. Table A2) are used for L(U)-control to avoid voltage limit 

violations of the feeder’s side arms (cf. Figure 2). However, 

although it is not considered in this study, this problem can be 

avoided by placing a L(U)-controlled inductive device at the end 

of each side arm. 

 

 
 
Figure 19: Additional grid losses provoked by different control strategies for 

minimal and maximal DTR primary voltages, different LV test-feeders and 

different PV-penetrations: (a) 5 kW/prosumer; (b) 10 kW/prosumer. 

 

Conclusions  
 

The investigated local Volt/var control strategies possess 

different potentials to increase the PV hosting capacity of radial 

low voltage feeders and differently impact the occurring grid 

losses. By absorbing reactive power, they release the voltage 

bottleneck but tighten the current one, provoking additional grid 

losses. Simulation results of the theoretical test-feeders with 

homogeneously distributed PV-plants show that the HC increase 

potential of all local Volt/var control strategies is higher for the 

overhead line feeders than for the cable ones. Local L(U)-

control, especially its combination with Q-Autarkic prosumers, 
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enables the highest HC increases of all LV test-feeders. The PV-

inverter-based local Volt/var control strategies, i.e., Q(U)- and 

cosφ(P)-control, enable lower HC increases; in particular, 

cosφ(P)-control causes the lowest HC increases of the different 

LV test-feeders due to the high additional currents. Local Q(U)- 

and cosφ(P)-control of PV-inverters are not sufficient to increase 

the HC of the long cable test-feeder significantly. In contrast, 

L(U)-control and its combination with Q-Autarkic prosumers are 

sufficient; in return, they provoke high additional grid losses 

during peak PV production, which is present only for a short 

time period per day. Meanwhile, local Q(U)- and especially 

cosφ(P)-control cause high additional grid losses for the 

overhead line test-feeders. Regarding the real test-feeder with 

heterogeneously distributed PV-plants, on the one hand, the 

same trend concerning the HC increase prevails for the real 

branched cable test-feeder as for the theoretical short cable one. 

On the other hand, higher losses occur for the branched feeder in 

the case of L(U)-control and its combination with Q-Autarkic 

prosumers, due to the lower voltage set-points that have to be 

used for the inductive devices. All in all, the use of local L(U)-

control, whether combined with Q-Autarkic prosumers or not, 

enables the effective and complete utilization of the existing 

radial low voltage feeders. 
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Appendix A 
 

Table A1 shows the parameters used for the overhead lines and 

cables of the LV test-feeders. The ―main branches‖ are drawn 

with a thick line in Figures 1 and 2, while the ―sub branches‖ are 

drawn with a thin one. 

 
Table A1: Line parameters of LV test-feeders. 

 
Line 

Type 

Branc

h Type 

Profil

e 

[mm2] 

R’ 

[Ohm/km

] 

X’ 

[Ohm/km

] 

C’ 

[nF/km

] 

   
     [A

] 

Overhea

d line 

Main 

branch 

95 0.3264 0.3557 0.0000 320 

Overhea

d line 

Sub 

branch 

50 0.6152 0.3764 0.0000 210 

Cable Main 

branch 

150 0.2060 0.0800 1040.0 275 

Cable Sub 

branch 

50 0.6410 0.0850 720.00 145 

 
   is the specific resistance,    is the specific inductivereactance, 

    is the specific capacitance, and    
     is the thermal   

current limit. 

 

Appendix B 
 

Table A2 shows the control parameters used for the different LV 

 test-feeders and control strategies. 

 
Table A2: Control parameters for the different LV test-feeders  

and control strategies. 

 
Test-Feeder cosφ(P) 

cosφmin 

Q(U) 

uc  

[%] 

L(U) 

uset-point  

[%] 

L(U) & Qaut 

uset-point  

[%] 

th
eo

re
ti

ca
l Long OL 0.905 103.20 106.70 106.40 

Short OL 0.932 106.30 109.18 108.97 

Long C 0.900 103.00 108.70 108.60 

Short C 0.920 103.30 109.88 109.88 

re
a

l Branched 

C 

0.939 106.40 109.15 108.97 
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        is the minimal power factor of the PV-inverter 

according to Figure 6a,    is the break-point of Q(U)-control 

characteristic according to Figure 6b, and            is the 

voltage set-point of L(U)-controlled inductive devices. 

 

Appendix C 
 

Figure A1 shows the reactive power consumption of the 

inductive device in case of L(U) and its combination with Q-

Autarkic prosumers for the minimal and maximal DTR primary 

voltage and different test-feeders. 

 

 

 
Figure A1: Reactive power consumption of the inductive device in case of 

L(U) and its combination with Q-Autarkic prosumers for minimal and maximal 

DTR primary voltage and different test-feeders: (a,b) Long OL; (c,d) Short 

OL; (e,f) Long C; (g,h) Short C; (i,j) Branched C.  
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Abstract    
 

Previous studies have suggested that the use of high-capacity 

transportation (HCT) can lead to low-carbon road-transportation 

in the forest industry. This study shows the impacts (in terms of 

energy efficiency) of a three-year adaptation process of 

transportation (2014–2016) towards HCT that took place in a 

synchronized transportation system (STS). The use of three 

transportation fleet-management control (TFMC) methods was 

analyzed in various road infrastructures. Energy-efficiency 

calculations were undertaken based on the HCT vehicles’ mass 

limits (64, 68 and 76 t). The use of 76 t vehicles increased 

energy efficiency by 13.4% and reduced CO2 emissions by 3.5% 

(to 49.6 g/tkm). In addition, the results show that the energy 

efficiency of the STS could be improved by a further 3.1%. In 

this respect, the proposed TFMC was used to adjust the STS 

towards vehicle-group transportation while meeting the road-

class constraints of local wood supply chains. Forest-industry 

companies in Finland and abroad can use the tailored TFMC to 

optimize the STS in the near future and to achieve the energy-

efficient STS and the regulations of the European Commission in 

wood-procurement logistics. 
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Introduction  
 

The European Commission seeks efficient solutions to help 

Europe consume less energy. The ultimate goal is for the 

European Commission to have a low-carbon, circular economy 

[1]. To reach this goal, the Commission seeks to cut the exhaust 

emissions to 80% below its 1990 level by 2050. According to the 

road map for this goal, the major steps towards achieving this 

target are to reach a 40% cut by 2030 and a 60% cut by 2040 [2]. 

In addition, the road map emphasizes that the change from fossil 

fuels to a low-carbon economy is feasible if all industrial sectors 

contribute towards reaching the targets. This means that the 

transportation sector of the European forest-product industry 

needs to implement energy-efficiency measures to ensure that 

these climate goals will be attained. Furthermore, the 

transportation sector’s adaptation process is important towards 

environmental sustainability because the European Commission 

has anticipated that, without regulations, the quantity of road 

transportation (ton-kilometer, tkm) will increase to 80% above 

its 2005 level by 2030 [3,4]. 

 

As a response to the road map, the Finnish forest industry has 

advanced environmental sustainability through the development 

of fossil-fuel monitoring of the production process and the 

biofuel supply cycles in the circular economy [5,6]. In this 

respect, road-freight transportation is already a main source of 

human-caused impact on Finnish industrial ecosystems [6–8]. 

Several researchers have reported that there are energy-related 

environmental problems to manage, both in the European Union 

and in Scandinavia, as road transportation contributes to more 

than 20% impact in the forest industry [9,10], and trucks cause 

almost one third of total exhaust emissions from transportation 

[11,12]. It is evident that road-freight transportation is a globally 

significant carbon source [13,14], but, on the other hand, this 
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type of transportation includes the necessary service from forests 

to mills in the Finnish forest industry [7,8]. There is pressure to 

increase timber transportation so as to satisfy the increasing 

demand for wood in the growing bio-economy in Finland. Thus, 

there is also an urgent need to adapt the transportation fleet to 

meet environmental requirements, such as by increasing energy 

efficiency using effective fleet-management methods. 

 

Increased use of larger and heavier vehicles for road-freight 

transportation may increase the risk of certain environmental 

disturbances, while timber truck’s engines comply with the legal 

energy-efficiency requirements. In Finland, the Euro VI is now 

being used for heavy trucks [15]. However, environmental 

emissions of timber transportation are often calculated for diesel 

fuel consumption using an old environmental standard of air 

pollution [16]. Furthermore, the European Commission 

introduced the standard for heavy-duty diesel engines in 2013, 

which sets the maximum emission values of environmental 

contaminants for CO, HC, NOx and PM, respectively, 1.5, 0.13, 

0.4 and 0.01 g/kWh [17]. This standard can be used to calculate 

a maximum level of air emissions in terms of transportation 

distance and timber quantity (g/tkm) transported. On the other 

hand, emission calculation from transport is practical by using 

new emission factors per liter fuel consumed, respectively, 0.13, 

0.06, 0.09 and 0.01 g/L [18]. The values are primarily used for 

Volvo trucks, but the factors are applicable for energy efficiency 

calculations of trucks in the fleet management of this study. It is 

worth remembering that the calculation of CO2 emissions is a 

straightforward task because diesel has a fixed CO2 content of 

2.66 kg/L when used in fuel consumption [10,12,19]. Therefore, 

energy efficiency values can be calculated accurately to allow for 

comparison of the fleet-management methods in various logistics 

transport situations in Finland. 

 

In 2016, the total wood volumes supplied by the wood-

procurement organizations from forests to internal and external 

mill customers were about 70 million·m
3
 (solid over the bark) in 

Finland. As an example of three largest organizations of Finland, 

Stora Enso is a global forest-product company that is committed 

to continuous improvement in the issue of energy efficiency [20–
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22]. Its wood procurement region includes municipalities in the 

whole country, except south-western Finland (Figure 1). Stora 

Enso’s Wood Supply Finland (SEWSF) manages timber-

transportation services (23 million·m
3
 roundwood, wood chips 

and bark) in its wood procurement region using a synchronized 

transportation system (STS) (Figure 2), but the company does 

not have its own timber-transportation fleet. Currently, 34 small 

and medium-sized timber-trucking entrepreneurs (with more 

than 200 trucks) transport roundwood from forests to mills for 

SEWSF [23,24], and the STS is used to manage several issues of 

energy efficiency, e.g. environmental emissions of HCT (high-

capacity transportation). The STS includes tools that can be used 

for calculating energy efficiency in separate phases of the 

adaptation process of the transportation fleet. 

 

Since 2000, the forest industry has improved the cost efficiency 

of road transportation by optimizing routes, minimizing haulage 

costs and maximizing the vehicles’ net loads [25,26]. Currently, 

increased domestic supply to pulp mills and climate change are 

affecting haulage by causing regional local disturbances (e.g. due 

to need for better road infrastructure) in the fleet management of 

timber transportation [27–29]. In this respect, scholars have 

recommended that entrepreneurs adjust their fleets to increase 

the vehicles’ maximum mass towards high HCT [8]. In practice, 

the adaptation of transportation fleets to changed conditions 

reduces the amount of vehicle traffic intensity on the road 

infrastructure that is required to deliver the timber amount 

demanded by the mills. It is also argued that HCT can also 

increase energy efficiency of the STS. Although total fuel 

consumption has been reduced to some extent, HCT can provide 

further energy-efficiency benefits on a good road infrastructure 

even without continual optimization of wood flow and 

transportation operations [10,11].  
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Figure 1: Wood procurement region and office locations of a forest 

industry company in Finland. 
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Figure 2: Energy-efficiency criteria of synchronized transportation 

system (STS). A high-capacity transportation (HCT) fleet of small-scale 

transportation company (system inputs) generates costs, emissions, 

revenues and services (system outputs) in STS of the wood procurement 

organization. 

 

In the forest industry in Europe, timber trucks’ fuel consumption 

when procuring wood has been the subject of numerous studies 

in the 21st century [30,31]. However, these trucks’ energy 

efficiency during wood procurement has only seldom been a 

research topic [16,32]. By contrast, in the pulp and paper 

industry, there have been plenty of such efficiency studies for a 

long time, among others the international large scale-modelling 

[33], the large scale models in Spain [34], Sweden [35,36], in 

Germany [37], in Brazil [38], in USA [39], and in China [40]. 

Furthermore, the small-scale energy-efficiency models are used 

in Scandinavia [41–43]. These studies have developed energy-

efficiency calculations methods, which can be developed for 

energy-efficiency assessments of timber transportation in wood 

procurement organizations. 

>76t 
vehicles

60, 64 
and 68t 
vehicles

76t vehicles

Fuel consumption

Load mass of timber

Transportation distance

Environmental benefits

>76t 
vehicles

76t 
vehicles

60, 64 
and 68t 
vehicles

Contractor’s vehicle fleet Transportation 

system
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On the other hand, environmental-emission assessments have 

been used by life-cycle models to examine several other 

efficiency-related decision-making issues in the forest industry 

[44–47]. The energy efficiency calculations of these studies are 

focused on balancing CO2-emissions for reducing climate 

change. There have also been critical discussions about 

efficiency assessment methods [48]. Palander [10] stated that 

―the commonly used impact assessment metric, the emission 

efficiency, and how it is applied in environmental assessments, 

has been criticized for insufficiently accounting for locally 

located carbon sequestration and timing of emissions [49,50]. 

They suggest that road transportation of wood procurement 

contribute to environmental problems at different geographical 

scales, ranging from local emissions to global climate change 

[13]. Therefore, this study uses the assumption that increasing 

energy efficiency may require tailored transportation fleet-

management control (TFMC) to ensure the effective scheduling 

of transportation operations at the local level of a wood 

procurement organization.  

 

Since 2014, road-transportation vehicle fleets have moved 

towards greater use of HCT, as the Finish forest industry has 

come to prefer heavier timber loads [6]. To meet the needs of 

that industry and follow the environmental regulations of the 

European Union, the Ministry of Transport and Communications 

of Finland (2013) increased the maximum mass and transport 

capacity of HCT for those with nine axles e.g., four axles in the 

truck and five axles in the trailer (Table 1) [51]. Recently (22 

January 2019), HCT was allowed to increase the maximum 

length (34.5 m) in Finland, but that is outside the scope of this 

study. 

 

 

 

 

 

 

 

 

 

https://people.hofstra.edu/geotrans/eng/ch8en/conc8en/spatialdurational.html
https://people.hofstra.edu/geotrans/eng/ch8en/conc8en/spatialdurational.html
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Table 1: Changes in maximum mass (t) and number of axles for vehicle 

combinations in Finland (adapted from [11]). 

 
Old Mass 

Limit 

New Mass 

Limit 

Axles New 

Payload 

Payload 

Increase (%) 

Decree of 

Change 

60 60 (64) 7 44 10 Temporary 

60 68 8 47 18 Permanent 

60 76 9 54 35 Permanent 

60 90 12 65 63 Temporary (* 

60 104 13 72 80 Temporary (* 
(* temporary mass increase is in force until the end of the traffic license. 

 

The increase in the maximum mass has provided lower haulage 

costs and meant more acceptable global logistics and fuel 

economy [52,53]. The change to larger vehicle combinations has 

also contributed to the adoption of energy efficient vehicle 

technologies [11]. The HCT has another advantage: the smaller 

fleet-management risk of disturbances in old roads’ 

infrastructure, as HCT vehicles have stronger road safety than 

smaller ones because of their better weight ratio between truck 

and trailer [52,54]. This is partly due to the increased number of 

axles in the vehicles (Table 1 and Figure 3). However, since 

2014, HCT fleets have been managed using conventional TFMC 

on various transportation routes. Therefore, novel information 

and understanding regarding HCT is needed to determine the 

most efficient TFMC for main roads’ transportation 

infrastructures. To do so, relative energy-efficiency calculations 

are needed, and research should be focused on local-road 

categories (forest roads and roads with speed <60 km/h). The 

fuel consumption of trucks depends on the road conditions 

[4,13,55]. It is clear that a vehicle’s technical efficiency and the 

distance that it spends running empty also affect its fuel 

consumption and environmental benefits [11,12]. Furthermore, 

in the STS (Figure 2), the applied TFMC and information of load 

constraints may impact on HCT’s benefits. On the other hand, 

the degree of empty running may be dependent on the 

transportation modes of synchromodal supply systems [56], but 

that is outside the scope of this study. 
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(a) 

 
(b) 

Figure 3: A transportation vehicle (76 t with crane) delivers timber from 

forest to mills on forest road conditions: (a) mass-constraint payload with 

short cut-to-length logs on truck load, (b) fully loaded vehicle with long 

logs on truck load (photos: Joonas Hyypiä (a) and Kalle Kärhä (b)). 

 

As mentioned previously, the adoption of more efficient vehicle 

technologies is part of the adaptation process of the 

transportation fleet. In the early phase of this process (2013–

2014), the efficiencies of STSs depended on transportation 

entrepreneurs’ desire to buy and use larger and heavier trucks 

and trailers [15]. In later phase, the increase in energy efficiency 

depended largely on the road-transportation infrastructure. In 

practice, loads carried on the HCT are limited by local logistics 

and physical road constraints. Therefore, increased energy 

efficiency is dependent on information about the fleet-

management options to avoid arbitrary scaling down of the road-

dependent constraints on vehicle loading. In this respect, this 

study compares fleet-management methods to reveal how energy 

efficiency can be increased after the three-year (2014–2016) 

process in which SEWSF’s fleet adapted to the 76 t mass limits. 

Furthermore, making a deeper collaboration and forming future 

plans with the entrepreneurs who are contracted to wood 
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procurement organization require a profound understanding of 

the situation regarding energy efficiency in important road-

transportation conditions. Currently, this kind of information on 

TFMC is not available. Overall, this study is focused on the 

energy efficiency of STS to intensify TFMC of the Finnish forest 

industry. This study aims to 

 Investigate the extent to which HCT configurations are 

insufficiently loaded during timber transportation; 

 Determine the impacts that HCT have on the energy 

efficiency of the STS in respect to the EURO-VI diesel 

engines; and 

 Recommend most effective options of TFMC to enable HCT 

to carry their maximum weights. 

 

In this introduction section state of the art analysis is provided 

regarding timber trucks’ emissions, energy efficiency, fuel 

consumption and fleet management. Next, the content of the 

article is structured into two main sections: 

 Data collection and method description regarding the energy 

efficiency of road-freight transportation in the STS; 

 Results and discussion based on the potentiality of TFMC to 

increase the energy efficiency. 

 

Material and Methods  
 

The enterprise resource planning (ERP) system of SEWSF was 

utilized to collect automatically real digital big data in 2017. The 

vehicles’ real measurements data include results from fuel 

consumption (e.g. Figure 4), air emissions, maximum and load-

constraint mass, transport distances, logistics transport situation, 

etc, from 363,850 timber assortment deliveries from forests to 

mills during 2016. In addition to the real vehicle data, national 

road freight statistics from the year 2016 were used for the 

energy efficiency calculations of the STS in SEWSF [19].  
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Figure 4: Average fuel consumption of timber transportation vehicles. 

 

To facilitate comparisons between three TFMC options in 

SEWSF, the emission data from the Traffic Emissions Database 

[19] and Mårtensson [18] were combined with the ERP data. 

HCT fleets’ transportation routes consist of travelling on 

highways, and local and forest roads (100%). The TFMC options 

describe transportation situations for various road networks for 

HCT travelling on forest roads: A = 40, 4 and 2% for 64, 68 and 

76 t, respectively (Figure 5); B = 15, 15 and 15%, respectively 

(Figure 2); and C = 5, 5 and 5%, respectively (Figure 6). Option 

A is the group transportation method; option B is the method that 

was used most often for the typical Finnish road infrastructure in 

SEWSF, without good road network (highway, local and forest 

road); and option C is the method that uses a good future road 

network constructed between important industrial ecosystems of 

Finland. In addition to improved highways and local roads, 

HCTs (76 t with crane) need larger turning place on forest roads 

(Figure 7). 
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Figure 5: The group transportation method of timber. A 64 t vehicle 

operates on forest roads for delivering a fully loaded trailer (1) from 

forest to local terminal, and loads ≥76 t vehicles (3,4,5) from truck (2) or 

terminal’s piles, and takes an empty trailer (4) back to forest; ≥76 t 

vehicles deliver loads from terminals to mills. 

 

 
 

Figure 6: Highway network in Finland [54]. 
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Figure 7: HCTs (76 t with crane) need larger turning places on forest 

roads (photo: Markus Strandström). 

 

The ERP data of the energy efficiency analysis are obtained 

regarding the distances that each vehicle combination travelled 

with empty loads, mass-constrained loads and the timber 

quantity moved over these distances (Table 2). The fleet-

management options (FMO) are quantified as HCT’s travelling 

percentages on forest road from logistics data of SEWSF’s ERP 

(Figure 8). The maximum payload weight (MPW) ratio is 

calculated as the average ratios of the legal maximum payload 

weight (LPW) that can be carried on 64, 68 and 76 t vehicles to 

that of a 76 t vehicle combination [11]. Each vehicle’s 

kilometers travelled is multiplied by its MPW ratio to estimate 

the change in laden-vehicle-kilometers (CLV). The potential 

total change (PTC) is measured in relation to the trip distances 

length by summing the travelled with empty and maximum 

loads. Next, the load factor (LF) is applied to the reduced change 

(RC) in recognition of the fact that the loads of some vehicle 

combinations are limited by volume, road infrastructure, 

scheduling or other constraints. On the other hand, vehicles may 

be loaded over its legal mass. The fuel consumption (FC) is 

calculated based on monitoring fuel data in stages of timber 

transportation trip. The energy efficiency (EE) on these trips—as 

well as the changes in vehicle-kilometers, fuel consumption and 

vehicle exhaust emissions—are calculated for each of the levels 

of load migration towards the maximum load weights. 
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Table 2: Road-freight transportation data in 2016. The maximum mass 

limit of HCT, average timber quantity, quantitative difference between 

empty vehicle distance and laden vehicle distance, difference in load 

factor, number of trips and the average mass of the empty vehicle 

combinations. 

 
Maximum 

Mass Limit (kg) 

Quantity Empty Running Load Factor Trips Vehicle Truck Trailer 

(tkm/1000) (km) (%) (t) (%) (kg) 

64,000 32,168 +16,116 +7.5 +1,860 +4.5 19,800 19,788 12,319 7469 

68,000 173,112 +46,939 +0.5 +1,343 +2.9 70,800 20,459 12,165 8294 

76,000 441,079 –235,160 –1.5 –1,352 –2.7 121,600 21,730 13,330 8400 

 

 
 

Figure 8: Flowchart of the energy efficiency analysis of the synchronized 

transportation system: ERP = enterprise resource planning data, HCT = 

64, 68 and 76 t, FMO = fleet-management option, MPW = legal 

maximum payload weight (LPW) ratios of HCT with legal maximum 

payload weight of LPW76, CLV = change in total laden-vehicle-

kilometres (LVKM) with legal maximum loads, PTC = potential total 

change in empty-vehicle-kilometres (EVKM) and laden-vehicle-

kilometres with legal maximum loads, LF = load factor ratios of HCT 

between payload weights (PW) and legal maximum loads (LPW), RC = 

reduced total change with different load factors for mass-constraint loads, 

FC = fuel consumption, EF = energy factors and EE = energy efficiency: 

i = 1,2,3; 1 = 64 t, 2 = 68 t, 3 = 76 t. 

ERP

FMO-A
HCT traffic 

on forest road
40%, 4%, 2%

FMO-B
HCT traffic 

on forest road
15%,15%,15%

FMO-C
HCT traffic 

on forest road
5%, 5%, 5%

MPW

CLV 

PTC

RC

EE

FC

MPW

CLV

PTC

RC

EE

FC

MPW

CLV

PTC

RC

EE

FC

EF EFEF

Equations

MPWi = LPWi / LPW76

PTCi = CLVi + MPWi * EVKM

LF LFLF

RCi = LFi * PTCi

EEi = FCi * EFi

CLVi = MPWi * LVKM

LFi = PWi / LPWi

HCT traffic 

vehicles
64t, 68t, 76t

HCT traffic 

vehicles
64t, 68t, 76t

HCT traffic 

vehicles
64t, 68t, 76t



Advances in Energy Research 

16                                                                                www.videleaf.com 

The follow-up method was used to monitor the progress of road-

freight transportation. In this stage of the analysis, the 

quantitative impacts of the HCT were investigated; mass limits 

for various vehicle combinations in SEWSF’s road-

transportation fleet had after a three-year adaptation process. In 

the next stage of the analysis, the impact of the HCT on the 

energy efficiency was assessed using the calculation method of 

STS (Figures 2 and 8) subjected to load constraints which are 

formulated in accordance with the EU’s statistical directive in 

the European Modular Systems [11,57]. The method combines 

the timber-transportation and fuel-consumption data using the 

multistep model that is applied to Finnish transportation 

conditions (Figure 8). The flowchart was translated into VBA 

(Visual Basic for Applications) of Excel, which provides highly 

flexible programming capabilities for both input and output data 

of STS. 

 

Results  
 

The changes in the energy efficiency of three TFMC options in 

SEWSF were calculated based on the changes in the total 

measurements of timber transportation (timber, distance and 

fuel) that resulted from the vehicle combinations’ maximum 

mass increase (Figure 9). Actually, various local changes were 

made by the entrepreneurs from the timber-transportation fleet of 

60 t vehicles to a vehicle mix of 64, 68 and 76 t combinations in 

wood procurement regions. A follow-up analysis of the CLV-

quantity (laden-tkm) was used to reveal how an increase in 

vehicle mass changed the corresponding payload after the 

completion of the three-year adaptation period towards HCT in 

which the STS moved towards the mass limit of 76 t. At the 

beginning of the adaptation process, the 60 t vehicles’ share of 

the total transport quantity (laden-tkm) was 100%. After one 

year, the shares for the 64, 68 and 76 t vehicles were calculated 

as, respectively, 61.7, 26.1 and 12.2%. At the end of the three-

year period, the 64, 68 and 76 t shares were 5.8, 31.4 and 62.8%, 

respectively. 
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Figure 9: Energy efficiency of the timber transportation fleet (tkm·L−1). The 

vehicle combinations (64, 68 and 76 t) are managed using TFMC A, B and C 

for driving on forest roads: A = 40, 4 and 2% for 64, 68 and 76 t vehicles, 

respectively; B = 15, 15 and 15%, respectively; and C = 5, 5 and 5%, 

respectively. 

 

In 2016, the 64, 68 and 76 t vehicle combinations made 19,800, 

70,800 and 121,600 trips, respectively. The transport distance 

varied from 1 to 441 laden-km, and the operational fuel 

consumption was about 10628,459 L for measured trips. Due to 

HCT’s higher timber load capacity, their energy efficiency 

during timber transportation was 13.4% higher per tkm for 

measured loads in the entire fleet of the STS. There is also the 

theoretical potential for a further 3.1% increase in energy 

efficiency within the STS, if all timber is transported from forest 

to mill using 76 t vehicles. Compared to the results for 64 t 

vehicle combinations the average CO2 emissions of 76 t vehicles 

were 3.5% higher per load’s vehicle-kilometer. The CO2 

emissions of road-transportation vehicles (kg) were calculated 

for PTC-quantity of the vehicle combination in the STS in the 

efficient highway network, i.e. in FMO-C. 

 

Table 3 illustrates the effects that the road infrastructures have 

on the RC-quantities. Table 3 also describes transportation 

solutions from applied options of the TFMC for these 

infrastructures with respect to actual (and, a priori, equal) 

transportation quantity from forest to mills. Thus, the various 

options (A, B and C) can be compared by calculating the reduced 
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changes (RCs) in vehicle-kilometers, fuel consumption and 

vehicle exhaust emissions for energy efficiency. In fact, 

SEWSF’s transportation entrepreneurs operate on a road network 

that consists of several road classes simultaneously. 

 
Table 3: The transportation quantities (RC) of the vehicle combinations 

(64, 68 and 76 t) due to three fleet-management methods for travelling on 

forest roads: A = 40, 4 and 2% for 64, 68 and 76 t, respectively; B = 15, 

15 and 15%, respectively; and C = 5, 5 and 5%, respectively. F = forest 

roads and roads with speed <60 km/h, H = Highways and other roads 

with speed ≥60 km/h. 

 
Maximum 

Mass Limit (t) 

A B C 

F H F H F H 

64 241,952 362,928 90,732 514,148 30,244 574,636 

68 129,542 3109,004 485,782 2752,764 161,927 3076,619 

76 120,528 5905,853 903,957 5122,423 301,319 5725,061 

Total mass (t) 492,022 9377,785 1480,471 8389,336 493,490 9376,317 

 

Table 4 reports the changes of the fuel consumption and air 

emissions for all three vehicle combinations in respect to the 

EURO-0 and EURO-VI diesel engines. Table 4 also compares 

the energy efficiency of the STS for the fleet-management 

methods A, B and C applied for driving on forest roads and with 

a priori equal total RC-quantities of timber transportation 

distance. For example, it shows how the reduction in fuel 

consumption (780,922 L) and corresponding diesel exhaust 

emissions of 76 t vehicles was smaller (7.5%) for the fleet-

management method A (group) compared to B (current), as 

SEWSF’s fleet adjusted to the 76 t mass limit. As another 

example, if SEWSF’s total consumption of diesel is reduced by 

3.5%, as from B (current) to C (future), the CO2 emissions 

decrease 910,860 kg during the adjustment process. 
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Table 4: Energy efficiency of timber transportation (EURO-0 and EURO-VI engines) for diesel fuel consumption (L) and environmental emissions in respect to the distance travelled in the 

STS. The vehicle combinations (64, 68 and 76 t) are managed using TFMC A, B and C for driving on forest roads: A = 40, 4 and 2% for 64, 68 and 76 t vehicles, respectively; B = 15, 15 and 

15%, respectively; and C = 5, 5 and 5%, respectively. Emissions include carbon dioxide (CO2), sulphur dioxide (SO2), nitrogen oxides (NOx), particulate matter (PM), carbon monoxide (CO), 

hydrocarbons (HC), water (H2O), methane (CH4).  

 
Emissions A B C 

64 68 76 64 68 76 64 68 76 

EURO-0 (kg)          

CO2 1949,199 8270,408 15803,284 1715,119 9018,890 17352,526 1708,395 8690,605 16776,675 

SO2 29 125 236 26 135 259 26 130 251 

NOx 20,440 86,727 165,720 17,986 94,576 181,966 17,915 91,134 175,928 

PM 11,527 48,910 93,459 10,143 53,337 102,621 10,103 51,396 99,216 

CO 2289 9716 18,565 2015 10,595 20,384 2007 10,209 19,708 

HC 3919 16,630 31,776 3449 18,135 34,891 3435 17,475 33,733 

H2O 58 247 473 51 270 519 51 260 502 

CH4 131 1304 2491 116 1422 2735 269 1370 2645 

EURO-VI (kg)          

CO2 1948,773 8268,598 15799,826 1714,744 9016,916 17348,728 1708,021 8688,703 16773,003 

SO2 0.6 2.4 4.6 0.5 2.6 5.1 0.5 2.5 4.9 

NOx 663.8 2816.7 5382.2 584.1 3071.6 5909.9 581.8 2959.8 5713.7 

PM 95.9 406.9 777.4 84.4 443.7 853.6 84.0 427.5 825.3 

CO 7.4 31.3 59.8 6.5 34.1 65.7 6.5 32.9 63.4 

HC 44.3 187.8 358.8 38.9 204.8 394.0 38.8 197.3 380.9 

H2O 0.6 2.4 4.6 0.5 2.6 5.1 0.5 2.5 4.9 

CH4 0.6 2.4 4.6 0.5 2.6 5.1 0.5 2.5 4.9 

Fuel (L) 737,613 3129,674 5980,252 649,033 3412,913 6566,513 646,488 3288,684 6348,601 

Distance (km) 973,140 4875,981 9093,960 973,140 4875,981 9093,960 973,140 4875,981 9093,960 
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Discussion  
 

In this study, three options of TFMC were analyzed for the 

management of transportation fleets’ vehicle combinations (64, 

68 and 76 t). The results suggest that the tailored fleet-

management methods are needed to achieve all of HCT’s 

benefits in local wood transportation systems and supply chains. 

Furthermore, the results suggest that the efficient TFMC could 

be used to increase the attained level of energy efficiency of the 

STS from HCT. So far, based on the three-year adaptation 

process of the STS to use HCT, there has been a remarkable 

reduction in fuel consumption and in environmental emissions in 

the STS of SEWSF and the whole industrial ecosystem, as 

Korhonen [7,8] suggested. SEWSF is the wood procurement 

organization of the large forest industry company in Finland, 

which delivered one third of used wood resources to mills (23 

million·m
3
) in 2016. Therefore, this study is a good 

representative of the homogenous situation of timber 

transportation in Finland. 

 

The impact that the HCT had on energy efficiencies was 

compared by coupling the vehicles’ mass limits and size limits, 

as researchers have done in past experiments [11,13,16,]. In 

addition, this study’s data were large real measurements data of 

transportation operations collected from the ERP system, which 

were then combined with emission data from the literature and 

from databases. As the novel research issue, the impact of the 

fleet-management methods (FMO-A and C) on energy 

efficiencies was compared against the current fleet-management 

method (FMO-B) in the same data. Figure 9 and Table 4 

illustrate these energy efficiency calculations—for example, the 

energy efficiencies of the 76 t group vehicles that worked 

together with 64 and 68 t vehicles in SEWSF’s road-

transportation conditions (FMO-A). The investigation revealed 

that trips’ relative energy efficiency was high (+7.5%) with the 

group management method (FMO-A). It was also higher than the 

efficiency in the future road infrastructure option (FMO-C). The 

overall results of the TFMC indicated positive impacts, which 

confirm that HCT can serve as an environmentally friendly 
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transportation system. This result is consistent with suggestion 

made by Palander [10].  

 

Since 2014, the loads for vehicles increased quite remarkably 

from 64 to 76 t, and the load factor (LF) was relatively high. The 

drivers did load the trucks close to the maximum load weight. 

However, the drivers of the 76 t vehicles did not reach the 

maximum permitted gross weight (Table 2), attaining a load 

utilization of 97%. It is unclear why a higher figure was not 

attained, but one possible explanation involves volume 

limitations (e.g., logs that were bucked in lengths that were too 

short), thus requiring additional time during careful loading, as 

several scholars have suggested (Figure 3). Another important 

explanation involves the 76 t vehicles. In the group 

transportation method of TFMC, several trucks must collaborate 

if the 76 t vehicles have no cranes or do not use forest roads and 

storage. Therefore, the smaller vehicles with cranes (64 and 68 t) 

must be used to load the group (76 t) vehicles, which are capable 

of carrying a 10% heavier load. Sometimes, in local-wood 

inventory conditions, in particularly, if a crane is used, the fleet-

management options of the TFMC can experience difficulties in 

reaching the maximum permitted gross weight of 76 t. 

 

The energy efficiency of trips increased 13.4% in SEWSF’s STS 

relative to the efficiency for the year 2014. Furthermore, this 

study revealed a 3.1% potential increase in energy efficiency. 

These figures underestimate the prediction of the Finnish 

government for the road freight sector [52] regarding a full 

adjustment to the maximum mass limit of 76 t. In this respect, 

the predicted 32% increase of 76 t vehicles with regards to the 

energy efficiencies is an overestimate. It is important to note 

that, instead of the legal load mass of 60 t vehicle, the 66 t 

vehicle (64 t + 2 t of overload) is the reference for SEWSF in 

practice. In this regard, this study suggests that, in the industrial 

ecosystems of Finland, the use of 76 t vehicles can reduce CO2 

emissions by about 20% relative to the legal load mass of 60 t 

vehicles. The more positive environmental impacts are probably 

based on overly optimistic assumptions. The calculation method 

used in this study could be used to improve the accuracy of 

energy efficiency and emission assessments. So far, wood 
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procurement optimization problems like the STS have been 

solved using the minimization of operation costs (cost 

efficiency) as the criterion [25,26]. In addition to costs, the STS 

can be robustly optimized in the near future to increase the 

STS’s energy efficiency and to reduce trucks’ exhaust emissions. 

Furthermore, the STS can also be solved as a multiple criteria 

solution (cost and energy efficient solution) by using an 

optimization program with the calculation method of this study. 

 

In addition to CO2 emissions, the HCT’s impact on several diesel 

exhaust emissions were calculated, which associated with 

potential fleet-management methods and road-class constraints 

within SEWSF’s wood-procurement region. For transportation, 

pollutants such as SO2 and NOX might be much more harmful to 

the environment than CO2 and it would be much more valuable 

to study the changes in pollutants such as SO2 and NOX than 

CO2. It is also argued that for diesel engines the most critical 

emissions have been NOX and particulates. Table 4 shows that 

since the Euro I for diesel engines was introduced in 1992, the 

NOX and SO2 emissions have been decreased by more than 96% 

and the particulate emission by 99%. Therefore, since 2014, 

European standards on exhaust emissions (Euro IV) really mean 

that timber trucks are cleaner now than they have ever been in 

Finland. 

 

The load-carrying capacity needs to be discussed in this paper,  

because it is increased and targeted by the regulations of the 

Ministry of Transport and Communications of Finland [52]. The 

load-carrying capacity can be increased in three ways, with 

increases in load width, height or length. Prior to considering 

these possibilities for highway use, their impact on vehicle 

dynamics was examined to ensure that the designs would be safe 

for drivers. Each vehicle combination that is designed for 

increasing the load-carrying capacity must also be safe for other 

road users. By the same token, the vehicle dynamics should be 

evaluated before the vehicles can be considered for use on forest 

roads. Furthermore, stakeholders should be educated and trained 

to maximize log payloads for operating longer, higher and wider 

log trucks on forest roads. Maximizing payloads is not the 

solution for all the challenges in the transportation sector, but it 
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can increase energy efficiency and prolong trucks’ economic 

viability without adding costs. A data analysis of this study 

revealed that seven- (64 t) and eight-axle (68 t) vehicle 

combinations are able to reach maximum axle weights. The 

excessive-weight problem was more evident with the seven-axle 

configurations because of their smaller payload capacity. 

Overloading can reduce cost efficiency and result in lost revenue 

for the hauling contractor, as load controls have tightened, and 

overloads of greater than 5% have been sanctioned. On the other 

hand, if a vehicle reaches its volumetric limit before reaching its 

weight capacity, the transportation company will not receive the 

full rate (€/tkm) for its hauling costs, so underweight loads lead 

to lost revenue because they prevent entrepreneurs from taking 

advantage of payload capacities above the minimum level, on 

which the rate is based. This problem can be avoided by using 

longer trailers in the future, because recently (22.1.2019) HCT 

was allowed to increase the maximum length (34.5 m) in 

Finland. 

 

Due to the pressure to increase timber transportation in Finland, 

the STSs of the forest industry are changing towards HCT. The 

results of this study support these development targets. Actually, 

the Finnish forest industry is developing synchromodal supply 

chains and network, which are focused on flexible transportation 

modes as a new option for local supply chain managers to 

increase the total energy efficiency [56]. Here, the most 

important mode of the supply chain was studied from the timber 

buyer’s perspective. It is also important to compare energy 

efficiencies from a transportation entrepreneur’s perspective, 

perhaps by comparing these findings more comprehensively in a 

collaborative study in which service providers and timber buyers 

manage fleets of HCT together. In this respect, both road 

conditions and cost efficiency should be discussed a lot as the 

important issues, but cost efficiency is outside the scope of this 

study. For an additional road infrastructure investment, the 

Trans-European Transport Network (TEN-T) guidelines identify 

certain requirements and development priorities, as well as the 

instruments for their implementation [55]. The TEN-T guidelines 

are to be applied in the future transportation network of the 

European Union. In this respect, new highways between 
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Finland’s main industrial ecosystems are required to create a 

100% carbon-neutral energy base for the Finnish distributed 

forest industry [6]. In addition to new highways, local road-

transportation conditions (e.g. road network) should also be 

improved. However, due to the TEN-T guidelines, it is unlikely 

that the transportation network will increase to the same degree 

that the requirements of HCT will increase [27,28]. Therefore, 

the group transportation method (FMO-A) will be the most 

efficient option of the TFMC in the future. 

 

Conclusions  
  

The Finnish forest-product companies provide renewable 

products and can address their environmental sustainability 

burdens by developing carbon neutral transportation operations. 

An approach using TFMC for the STS adjustment is proposed in 

increasing the energy efficiency of the STS of wood 

procurement. The study revealed that the forest industry has 

almost reached HCT’s full potential related to the STS’s energy 

efficiency. During the adaptation period (2014–2016), the energy 

efficiency increased by 13.4% for the measured loads. Based on 

the results, there remains a 3.1% potential increase in the STS‘s 

energy efficiency. Therefore, the energy efficiency analysis 

provides novel insights into the impacts of the TFMC on HCT’s 

benefits. The group transportation method (FMO-A) was the 

most efficient TFMC (+7.5%) in the STS of Finland; thus, 

tailored TFMC should be used in wood-procurement logistics. 

This method is also suggested for other companies in the forest 

industry, both in Finland and abroad, because the STS and its 

road-class constraints can be robustly optimized in the near 

future to increase the STS’s energy efficiency and to reduce 

trucks’ exhaust emissions.  
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Abstract  

 
This paper presents an analysis of economic and energy between 

a ground-coupled heat pump system and other available 

technologies, such as natural gas, biomass, and diesel, providing 

heating, ventilation, and air conditioning to an office building. 

All the proposed systems are capable of reaching temperatures of 

22 °C/25 °C in heating and cooling modes. EnergyPlus software 

was used to develop a simulation model and carry out the 

validation process. The first objective of the paper is the 

validation of the numerical model developed in EnergyPlus with 

the experimental results collected from the monitored building to 

evaluate the system in other operating conditions and to compare 
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it with other available technologies. The second aim of the study 

is the assessment of the position of the low enthalpy geothermal 

system proposed versus the rest of the systems, from energy, 

economic, and environmental aspects. In addition, the annual 

heating and cooling seasonal energy efficiency ratio (COPsys) of 

the ground-coupled heat pump (GCHP) shown is higher than the 

others. The economic results determine a period between 6 and 9 

years for the proposed GCHP system to have lower economic 

cost than the rest of the systems. The results obtained determine 

that the GCHP proposed system can satisfy the thermal demand 

in heating and cooling conditions, with optimal environmental 

values and economic viability.  

 

Keywords  
 

Low Enthalpy Geothermal System; Renewable Energy; 

Simulation Models; Energy Analysis; Economic Feasibility  

 

Nomenclature  
 

BHE-Borehole Heat Exchanger; CO2-Fossil Carbon Dioxide 

Emissions (KG); COPSYS-Seasonal Energy Efficiency Ratio; Cps-

Factor for Electricity (kgCO2/kWh); CTFs-Conduction Transfer 

Method ; DHW-Domestic Hot Water; GCHP-Ground-Coupled 

Heat Pump; GHE-Ground Heat Exchanger; GLHEPRO-Ground 

Heat Exchanger Software; HVAC-Heating, Ventilating, and Air-

Conditioning; MV-Mechanical Ventilation System; Pr-Dew 

Point Temperature (°C); RF-Radiant Floor; R
2
-Coeff of Multiple 

Determinations; text-Outdoor Air Temperature (°C); thw-Hot-

Water Temperature (°C); tint-Indoor Air Temperature (°C); 

TRNSYS-Transient Systems Simulation; tsr-Surface Average 

Temperature (°C) 

 

Introduction  
 
Geothermal energy is recognized as a source of renewable 

energy that is environmentally friendly and technically feasible. 

For this reason, geothermal energy technologies can benefit from 

any climate mitigation policies. Directive 2009/28/EC [1] on the 

https://www.mdpi.com/1996-1073/12/5/870/htm#B1-energies-12-00870


Advances in Energy Research 

4                                                                                www.videleaf.com 

promotion of the use of energy from renewable sources has been 

the most significant piece of EU legislation for geothermal 

energy. The main objectives are focused in the reduction of at 

least 20% in greenhouse gas (GHG) emissions compared to 1990 

levels, with 20% of the final energy consumption to come from 

renewable sources and the improvement of energy efficiency by 

20% compared to 2007 projections. These goals are the main 

drivers for the growth of geothermal technologies. 

 

For this reason, development of low energy consumption in 

HVAC systems is important. Taking the year 2010 in Spain as 

reference, the main distribution of energy consumption in 

buildings is concentrated in HVAC, domestic hot water (DHW), 

equipment, and lighting. The HVAC and DHW necessities cover 

62% of the total energy consumption in buildings [2]. The 

experimental installation built is composed of a ground-coupled 

heat pump (GCHP) and radiant floor (RF) system supported by a 

mechanical ventilation system (MV) [3,4]. The energy is 

extracted from a ground heat exchanger (GHE) drilled to a depth 

of 100 m [5,6,7]. 

 

There are many studies that analyze the behavior of each of the 

elements that make up the geothermal system, focusing on the 

operation of the GHE from theoretical and simulation models 

[8,9] or in an experimental installation monitoring different 

variables [10-13]. Related with control systems of the 

installation [14], demonstrate that the use of automatic systems 

to control the circulating pump speed versus classical adjustment 

case increased the coefficient of performance of the seasonal 

energy efficiency ratio (COPsys) (COPsys 7–8% higher and 7.5–

8% lower CO2 emission level). 

 

Regarding the use of simulation tools [15], analyzed the results 

obtained and compared this with the experimental data, based on 

the development of two numerical simulation models using 

transient systems simulation (TRNSYS). The main parameters 

analyzed were the useful thermal energy and COPsys. The results 

present a small difference in the COPsys (4.5%) between radiator 

system and radiant floor. Using the same operating conditions, 

the radiator system has 10% higher energy consumption and CO2 
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emissions than the radiant floor system. Using ground heat 

exchanger software (GLHEPRO) and TRANSYS software [16], 

analyzed the performance of an office building with heating and 

cooling necessities. The heat pump model development 

presented a deviation of 2% with respect to experimental results. 

The energy consumption of the heat pump unit was well 

predicted in the TRNSYS simulation model. 

 

In relation to economic analysis [17], performed an economic 

analysis of a residential ground heat system in sedimentary rock 

formation, demonstrating the feasibility of the system from 

performance analysis and giving solutions for improvement with 

regard to a reduction in utility bills. The analysis done between 

GCHP and natural gas concludes that the data also indicate a 

marginal reduction in utility bill, and they center the 

improvements in operations strategies and optimal design, two 

aspects that are considered in this paper from the beginning. 

 

The present study is characterized by analyzing a building 

located in Madrid, Spain [18], and consists of a GCHP, RF, and 

mechanical ventilation system to ensure the indoor air quality, 

not only focusing on energy performance, but also introducing 

the cost function and comparing the energy and economic results 

with other available technologies. The results obtained are used 

to analyze the possible investment for this type of installation 

from energy, economic, and environmental aspects, three 

principal factors to consider in any project. This new 

methodology analyzes the building globally. In addition, the 

difference to other studies is based on the action of four key 

points at the same time: decreasing the building energy demand, 

improving the energy efficiency of the building in the 

experimental design, developing a model simulation process to 

ensure the correct functioning of the installation, and validating 

the model designed in order to have a tool to simulate any 

building under different conditions. Using this model, a 

simulation process was done for the available technologies under 

the same building, obtaining energy results used to compare and 

analyze the viability of the GCHP system proposed. A new 

factor in this study is the comparative economic analysis 

between the technologies’ comments, obtaining economic results 
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which determine the feasibility of the proposed design in a 

global way. 

 

Experimental Building Description 
Building Description  
 

The office is located in Madrid, Spain, latitude +40.7° and 

longitude −3.99° and altitude of 1075 meters above sea level in a 

continental temperature climate (Figure 1a). The building has 

189 m
2
 floor area and includes a reception, office room, meeting 

room, archive room, rest room, bathroom, and experimental 

showroom (Figure 1b). The building is used as an office and is 

occupied by three people. The office building is located in 

Madrid, Spain, in a continental temperature climate (Figure 1). 

The indoor temperature design is 22/25 °C for heating and 

cooling modes, respectively. The building is equipped with a 

vertical U-tube GHE, GCHP, RF, and MV systems. 

 

 
 

Figure 1: (a) Experimental office building; (b) Office floor plan.  

As shown in Figure 2, the main parts of the system are BHE, heat pump unit, 

circulating water pumps, radiant floor, data acquisition instruments, and 

auxiliary parts. 
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Figure 2: Ground-coupled heat pump (GCHP) system schematic.  

 

The monthly energy demand for the building in heating and 

cooling modes is illustrated in Figure 3. 

 

 
 
Figure 3: Monthly energy demand.  

 

Borehole Heat Exchanger  

 
The GHE is a vertical borehole with double U-shaped HDPE 100 

pipes. The borehole was completely backfilled with bentonite, 

cement, and sand. The average thermal conductivity of the 

ground was 1.80 W/mK. The main thermal parameters are listed 

in Table 1. 
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Table 1: Soil features.  

  
Soil Contents GRAVEL + CLAY + GRANITE 

Thermal conductivity (W/mK) 1.8 

Thermal diffusivity (m2/d) 0.065 

Average Thermal resistivity (K/(W/m) 0.059 

 

Ground-Coupled Heat Pump Unit  

 
Due to the importance of electricity consumption in the COPSYS 

of the installation, it is necessary to select the adequate heat 

pump capacity and ensure that it can supply the thermal loads of 

the building under analysis. The installed GCHP is an SD VWS 

61/2 model manufactured by SAUNIER DUVAL. The VWS 

series uses a scroll compressor unit with R-407c as a refrigerant. 

The COP for heating is 4.2 and an EER of 3.92 for cooling. The 

VWS 61/2 model has a nominal heating capacity of 6 kW and a 

nominal cooling capacity of 4.9 kW (a rated power of 1.25 kW). 

An ethylene glycol aqueous solution is circulated between the 

heat pump and the BHE with a WILO TOP-S 30/4EM water 

circulating pump with a maximum flow capacity of 4 m
3
/h. The 

same model of water pump is used for the radiant floor system. 

The total annual energy consumption of the water recirculating 

pumps is 608 kWh, which represented the 25.65% of the total 

energy consumption of the GCHP system. 

 

Figure 4 shows the power consumption and heating and cooling 

capacities, and they were used to model the heat pump in 

EnergyPlus. The nominal rates have been calculated using hot 

water at 35 °C and cold water at 7 °C for cooling capacity, and 

cold water at 5 °C and hot water at 45 °C for heating capacity. 
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Figure 4: Heat pump performance data.  

 

Mechanical Ventilation  

 
The installed VMC is a SIBER DF MAX double flow 

equipment, with a maximum flow rate of 220 m
3
/h. The outside 

air is filtered and heated before being blown into the rooms in 

winter and cooled in summer with a 92% heat recovery. 

 

Radiant Floor System  

 
The RF system is distributed in four areas and with seven 

hydraulic circuits in order to ensure hydronic balance. The heat 

in each area is provided by one variable circulating pump and 

other variable circulation pumps for the other three zones. To 

achieve higher performances of the HVAC system, the 

thermostat controls the speed of the variable circulation pump 

depending on the heat carrier demand in the zone. Figure 5 

shows the distribution of RF circuits over the ground floor. This 

system guarantees a homogeneous indoor temperature 
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distribution and increases the COPSYS of the GCHP [19,20,21]. 

The main characteristics are listed in Table 2. 

 

 
 
Figure 5: Radiant floor system.  

 

Table 2: Characteristics of the radiant floor.  

  
Active Radiant Floor Layer 

Pipe wall conductivity (W/mK) 0.37 

Pipe wall thickness (m) 0.002 

Pipe outside diameter (m) 0.016 

Pipe spacing (m) 0.15 

Specific heat coefficient fluid (kJ/kgK) 4.18 

 

 

Data Acquisition and Experimental Procedure  

 
A temperature and humidity sensors system were installed in the 

building, connected to a thermostat model EXACONTROL E7R 

C/SH, Saveris V2.0 converter, with a range of 0 to 80 °C and 

humidity range of 0% to 100%, with accuracy ±0.15 °C and 3%, 

respectively. These temperature sensors are Pt100. A Siemens 

Coriolis mass flow meter, model SITRANS FC MASS 6000 

with an accuracy <0.1% was installed. The power meters are 

from Fluke, model 1736/EUS, with accuracy ±1.4 of the nominal 

value and used to measure the power consumption of the HP, 

MV, internal/external pumps, PCs, and lighting. The temperature 

sensors for the RF system are Orkli V05, with a range of 0–

100 °C with an accuracy of ±0.3 °C. 
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Experiment Results  
 
The study was carried out considering the two most unfavorable 

weeks in heating and cooling modes, obtained from the weather 

data file. The period corresponds to the months of January and 

July of 2011. The daily analysis period corresponds to the time 

band from 09:00 hs to 18:00 hs. Annual indoor and outdoor 

temperatures were measured for each zone and its evolution 

during the year is presented in Figure 6. It is observed that in 

heating and cooling modes, the average temperature for each 

zone reaches the defined setpoints of 22 °C in heating and 25 °C 

in cooling operation. 

 

 
 
Figure 6: Recorded annual indoor and outdoor temperature.  

 

Figure 7 and Figure 8 show the comparison between 

indoor/outdoor ambient air temperature and surface average 

floor temperature reached in heating and cooling modes. The 

results show that the GCHP system can maintain the indoor 

temperature during all the processes. 
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Figure 7: Indoor temperature in heating.  

 

 
 

Figure 8: Indoor temperature in cooling.  

 

Table 3 shows how the comfort temperature and RH parameters 

are reached in heating and cooling modes in a period of one year. 

In order to optimize the energy consumption, the DHW values 

are maintained at a low step. The COPsys in cooling operation is 

higher than in heating. This is due to the MV in night periods 

exerting a cooling effect over the system, minimizing the thermal 

demand. 
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Table 3: Average values of experimental results. HVAC.  

  
HVAC System Text¯¯¯¯¯¯¯ (°C) Tint¯¯¯¯¯¯ (°C) HR¯¯¯¯¯ (%) Tsr¯¯¯¯¯ (°C) Thw¯¯¯¯¯¯¯ (°C) COPsys COP/ERR 

Heating mode 6.69 21.7 36.8 26.89 30.24 3.86 4.85 

Cooling mode 25.57 24.8 40.1 21.3 28.62 5.29 6.65 

 

 

Figure 9 shows the non-existence of condensation. 

 

 
 
Figure 9: Radiant floor (RF) system temperatures.  
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Numerical Simulation  
 
EnergyPlus was the software used for the design of the 

simulation model. Figure 10 shows the model of the building 

created in SketchUp, necessary to characterize the building. 

 

 
 
Figure 10: SketchUp plan.  

 

Simulation Models in Energy Plus  

 
EnergyPlus was the software selected to simulate the thermal 

operation of the office building. Using software specifications 

and building characteristics data, the calculation model is 

implemented. Three principal models are used in the simulation 

process. The heat exchanger was done using GLHEPRO 

program [22]. Based on physical parameters generated from the 

catalog data of the pump unit, a second model was used to 

describe the heat pump unit [23,24]. For modeling the transient 

heat conduction through the radiant floor system, the conduction 

transfer method (CTFs) was used. 

 

Figure 11 shows the node scheme which represents the 

configuration of the system implemented in EnergyPlus to 
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integrate all the process and elements to model the simulation 

process. 

 

 
 

Figure 11: System nodes scheme.  

 

Figure 12 and Figure 13 show the comparison between the 

simulated and experimental values using the statistical method 

coefficient of multiple determinations (R
2
). 

 

 
 

Figure 12: R2 graph results in heating mode.  



Advances in Energy Research 

16                                                                                www.videleaf.com 

 
 
Figure 13: R2 graph results in cooling mode.  

 

Results and Discussion  
 
In this section, the main results from real and simulated process 

are shown and analyzed. First, the most significant results of the 

GCHP systems are discussed, comparing the experimental and 

simulated results for the monthly average temperature of each of 

the four zones. The energy consumption of the system is 

illustrated comparing the experimental and simulated values 

obtained in the process. Finally, the heat flow transfer to the 

geothermal field and radiant floor system is analyzed and 

discussed. 

 

In Figure 14, the comparison between the real and simulated 

average monthly zone temperature values are represented. It is 

observed that the HVAC system supplies the energy necessary to 

maintain the comfort temperature conditions of 22 °C in heating 

and 25 °C in cooling mode in all zones. 
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Figure 14: Experimental and simulated average monthly temperature for each 

zone.  

 

The statistical method of coefficient of multiple determinations 

(R
2
) was used to compare simulated and real values. The R

2
 

values for the different zones and the entire building are shown 

in Table 4. Zone 1 and 4 have lower R
2
 values than other areas 

because these areas have peak demand to be areas that are not 

continually used (test room and bathroom), which translates into 

greater variability in the peak value of internal loads, therefore, 

the time response is longer such that the difference between the 

real and simulated values is higher. The other two zones have a 

higher linearity in their internal loads to be continuous use areas. 

As is shown in Figure 14, the zones 2 and 4 have R
2
 values 

similar to the entire building. 

 
Table 4: R2 values for four zones and entire building.  

 

Tª R2 

Tª average, zone 1 0.9841 

Tª average, zone 2 0.9913 

Tª average, zone 3 0.9914 

Tª average, zone 4 0.9871 

Tª average, building 0.991 

 

The consumption of the heat pump unit, circulating pumps, and 

auxiliary elements are considered to have the real value of the 

energy consumption of the building. In Figure 15, the 

experimental and simulated values of the total energy 

consumption are presented. The results are in accordance with 

monthly energy demand presented in Figure 3. The highest 

energy consumption corresponds to the heating period and is 
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higher than in cooling period. Using the same statistical method, 

an R
2
 value of 0.9841 is obtained for the comparison of the 

energy consumption of the GCHP system in real and simulated 

conditions. 

 

 
 

Figure 15: Energy consumption of the GCHP system.  

 

Figure 16 shows the average monthly energy exchanged between 

the soil and the heat pump unit. It should be noted that this 

energy is more important in the period in which the temperature 

difference between the demand and the soil temperature is 

higher. These results guarantee a better performance of the heat 

pump and, therefore, a decrease of the energy consumption. 

 

 
 

Figure 16: Monthly energy transferred to geothermal field.  
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In this case, the radiant floor can handle the sensible load of the 

different zones. In particular, we can see that in the heating 

period, the energy exchanged is higher than in cooling mode, due 

to the thermal demand being more important in this period. The 

values shown in Figure 17 are in accordance with the thermal 

demand. 

 

 
 
Figure 17: Monthly energy transferred to radiant floor system.  

 

The simulations results are closer to the actual results in heating 

and cooling mode. The COPsys in heating and cooling mode for 

experimental and simulated conditions is shown in Table 5. 
 

Table 5: COPsys real/simulated for heating and cooling operation.  

  
 COPSYS Heating_

Real 

COPSYS Heating_

Sim 

COPSYS Cooling_

Real 

COPSYS Cooling_

Sim 

GCHP system 3.86 3.80 5.29 5.18 

 

Comparison of COP and CO2 Emissions with Other 

Proposed Technologies  

 
In order to know the positioning of the GCHP system designed, a 

comparison with natural gas, diesel, and biomass was conducted. 

The three systems are composed of a boiler for each technology 

and radiant floor for distribution. An additional heat pump unit is 

installed in order to satisfy the cooling demand and maintain the 
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same conditions for the analysis. The model validated the 

calculated COPSYS and CO2 emissions. In Table 6, the primary 

energy coefficients are listed in order to obtain the CO2 

emissions. 

 
Table 6: Energy step factors.  

 
Energy To CO2 Emissions 

(kgCO2/kWhEF) 

Electricity 0.331 

Diesel 0.311 

Natural Gas 0.252 

Biomass 0.018 

 

In Table 7, annual COP sys and CO2 emissions values are shown. 

 
Table 7: COPsys and CO2 emission results.  

 
  

HVAC System COP Heating Mode COP Cooling Mode CO2 Emissions 

(Kgs) 

GCHP 3.86 5.29 985 

Natural Gas 1.03 2.80 2741 

Diesel 0.9 2.80 3715 

Biomass 0.8 2.8 475 

 

The results show that the GCHP system is the technology with 

the highest COPsys in heating and cooling modes, and least CO2 

emissions, with the latter surpassed only by biomass. 

 

Comparative Economic Analysis  

 
For the comparative economic analysis of the four technologies 

proposed, the cost of the installations, maintenance, and energy 

source for each technology is presented. An economic lifetime of 

15 years is considered. The cost data were obtained in 2015 

through different companies specializing in these kinds of 

systems. Using the data of energy price forecast from the 

hydrocarbon geoportal of the Spanish industrial and energy 

ministry, and combined with the average annual fuel/electricity 

consumption obtained from real/simulated data, the annual fuel 

cost is calculated. A fixed percentage of the initial installation of 
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each system is considered for determining the annual 

maintenance cost. The results are shown in Table 8. 

 
Table 8: Data used for economic analysis.  

 

   
 Geothermal Biomass Natural gas Diesel 

Total Investment 

(€) 

16,475 13,275 12,875 13,275 

GCHP (€) 5800    

Boiler (€)  2800 2400 2800 

Split (€)  4000 4000 4000 

Borehole (€) 4325    

Radiant Floor (€) 6350 6475 6475 6475 

Annual 

maintenance cost 

(%) 

4.7% 4.0% 4.0% 4.0% 

Cost effective 

(€/kWh) 

0.1764 0.0507 0.0839 0.0905 

 

As Figure 18 shows, GCHP systems are, for the first time, not 

the economically preferred investment as a HVAC system for 

buildings. Only after some years of functioning were the 

economic results for this technology better than all the other 

options. The accumulated savings (positive values) from GCHP 

versus natural gas, biomass, and diesel are shown in Figure 19. 

 

 
 
Figure 18: Initial investments for the technologies proposed. 
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Figure 19: Annual net savings for a 15-year period.  

 

After 6.5 years’ functioning of the installation, the GCHP 

overcame the cost of diesel, and in the seventh year, natural gas. 

Only after 9 years did the proposed system reach costs 

equivalent to using biomass. In Figure 20, the accumulated cost 

for each technology during a 15-year period is illustrated. 

 

 
 
Figure 20: Accumulated cost for each technology. 
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Conclusions  
 
The use of low enthalpy geothermal systems in buildings with 

low energy demand is a recommended option to satisfy HVAC 

and DHW necessities. This paper shows the position of the 

system proposed against other technologies—natural gas, diesel, 

and biomass—from energy, economic, and environmental 

aspects. The parameter selected to analyze the comfort of the 

installation is the mean indoor temperature in each area. 

EnergyPlus was the software used to create the simulation 

model, in order to describe the operation of the installation. 

 

The results obtained show that the indoor temperature in each 

area is closed to the objective. The differences were only of 

0.3/0.2 °C in heating and cooling modes respectively. The 

average temperature reached in cooling and heating modes was 

24.8/21.7 °C, considered to be a good performance for the 

designed HVAC system. 

 

A comparison between experimental and simulation results was 

done in order to validate the model designed. The R
2
 results 

obtained represented a good approximation of the model to real 

operation. The performance of the system is represented by the 

COPsys, which was 3.86/5.89 for heating and cooling modes, and 

represents a good performance. 

 

Natural gas, diesel, and biomass were the technologies selected 

for the comparison done. The COPsys obtained in heating modes 

was 1.03/0.9/0.8 respectively, which show the high performance 

of the GCHP compared with the rest, being higher between 3.7 

and 4.8 times. In cooling operation, the COPsys was two times 

higher because MV ensures the indoor air quality and exerts a 

cooling effect over the system, minimizing the thermal demand. 

 

The economic analysis illustrates that the GCHP systems have a 

higher initial cost than the rest of the available technologies. 

After six and seven years, the GCHP maintains HVAC 

conditions at lower cost than diesel and natural gas, respectively, 

and reaches the same level as biomass in the ninth year. 
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Abstract  
 

Photovoltaic (PV) system inverters usually operate at unitary 

power factor, injecting only active power into the system. 

Recently, many studies have been done analyzing potential 

benefits of reactive power provisioning, such as voltage 

regulation, congestion mitigation and loss reduction. This article 

analyzes possibilities for loss reduction in a typical medium 

voltage distribution system. Losses in the system are compared 

to the losses in the PV inverters. Different load conditions and 

PV penetration levels are considered and for each scenario 

various active power generation by PV inverters are taken into 

account, together with allowable levels of reactive power 

provisioning. As far as loss reduction is considered, there is very 

small number of PV inverters operating conditions for which 

positive energy balance exists. For low and medium load levels, 

there is no practical possibility for loss reduction. For high 

loading levels and higher PV penetration specific reactive 

savings, due to reactive power provisioning, increase and 

become bigger than additional losses in PV inverters, but for a 

very limited range of power factors. 

 

Keywords  
 

PV Inverters; Reactive Power Generation; Reactive Power 

Compensation; Loss Reduction 

 

Introduction  
 

When reactive power compensation in distribution systems is  

considered, almost exclusively, the case of inductive loading and 

compensation with capacitor banks is meant [1]. However, in the 
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case of low loading conditions and/or networks with substantial 

cable sections, opposite conditions (capacitive loading) arise. 

Networks with high load variation, such as touristic areas with 

considerable difference between high-season and low-season 

consumption represent another example of mentioned 

conditions. 

 

In medium voltage (MV) distribution systems, most of the 

reactive power compensation is done with classic (passive) 

technologies. New technologies, such as static var compensator 

(SVC), static synchronous compensator (STATCOM), etc. are 

predominately used in high voltage (HV) transmission systems. 

However, in recent years, there have been several contributions 

[2–10] where usage of grid-connected photovoltaic (PV) system 

inverters for reactive power generation (i.e., compensation) in 

distribution systems was proposed. 

 

Several national standards and grid codes [11,12] predict 

operation of PV systems with power factor below unity. Most of 

the contributions consider usage of PV systems’ inverters as 

ancillary service providers [2–4,11–15] but some of them 

analyzed the influence of reactive power compensation on power 

system losses. In general, compensation of inductive reactive 

power with high share proliferation of PV systems is considered. 

 

In Reference [3] both economic and technical analysis of 

reactive power supply from distributed energy resources (DER) 

in microgrids is presented. Total operating costs of a grid-

connected microgrid containing PV and battery storage systems 

is considered. PV inverter losses are considered in the same way 

as in Reference [4]: the cost of reactive power is calculated as 

additional inverter power loss multiplied by the cost of the 

electricity. Multi-objective optimization incorporating technical 

and economic objectives is performed using a genetic algorithm. 

In the base case, a distribution system with high share of PV 

integration (80%) and batteries (40%) is considered. 

 

In Reference [5], a cost-benefit analysis of reactive power 

generation by PV inverters is given. The PV losses are 

considered in detail and cost of the produced kVArh is 
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estimated. Savings due to reactive power compensation are 

compared with average network losses (arbitrarily chosen in the 

range of 2–8%) and for load power factor range of 0.85–0.95. 

Detailed analysis of network losses is not given, neither is 

explicitly analyzed the case of low loading conditions. 

 

Reference [6] deals with the problem of line losses and operation 

costs minimization in distribution networks with a high level of 

DER connection. Although presented research does not give an 

explicit model for inverter losses, the optimization problem 

considers reactive power costs as a quadratic function. Both 

variable and opportunity costs of DERs are taken into 

consideration when formulating relations for calculating reactive 

power costs. The cost of relatively small amounts of generated 

reactive power is low with nearly exponential rise. 

 

In Reference [7] a reactive power and voltage control strategy is 

proposed in order to reduce overall losses in the wind farm. 

Reactive power/voltage sensitivity matrix is used to optimize 

power flows. Contribution of additional losses in wind turbines 

due to reactive power generation is not considered. 

 

Low voltage distribution networks are known to have a high R/X  

ratio, therefore competitiveness for reactive power generation by  

PV inverters also increases. Total network losses minimization 

of a low voltage distribution network, by optimal allocation of 

decentralized reactive power compensation is presented in 

Reference [8]. The proposed decentralized reactive power 

compensation by PV inverters and passive devices was able to 

maintain voltage deviations within allowable limits and network 

losses were efficiently reduced. Presented research also 

disregards inverter losses. 

 

New control strategies for PV inverters installed in low voltage 

distribution systems are presented in Reference [9]. It was shown 

that proposed strategies can compensate load imbalance, reduce 

overvoltages and minimize reactive power flows. Again, 

opportunity costs increase when generating reactive power was 

not considered. 
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In this article, the authors explore in more detail whether is it  

possible to use PV inverters to compensate reactive power in 

systems with different loading conditions and PV integration 

share index. This is done by comparing PV inverter losses with 

losses in MV distribution system alone. In fact, PV inverter 

losses increase when reactive power is being generated. These 

additional losses yield opportunity costs since active power 

generation must be reduced in order to generate reactive power. 

These additional opportunity costs for PV inverters operating at 

power factors less than unity is often neglected by researchers 

(e.g., in References [7–9]). This in turn could present a major 

obstacle for reactive power compensation by PV inverters for 

network losses reduction. When explicitly considered, PV 

inverter losses are occasionally calculated and compared with the 

help of approximations (e.g., in References [5,6]). It is the goal 

of this paper to find a suitable technique for comparing system 

losses and PV inverter losses.  

 

Results and conclusions drawn in this paper could be of interest  

for both distribution system operators (DSO) and PV DER  

owners. Presented results could be the basis for price assessment  

of reactive power delivery. On the other hand, DSO-s could  

consider presented results to determine the effectiveness of 

reactive power compensation in relation to system loading level 

and PV integration share index. Of particular interest for DSO-s 

is the transition period from traditional grids to smart grids, with 

small or medium PV integration, where only simple strategies 

for reactive power generation are possible due to lack of 

distributed and synchronized measurements and communication 

possibilities among network elements. 

 

Additionally, system losses due to reactive power flows  

constitute only a small part of total system losses and both total  

losses and losses due to reactive power flows have a quadratic  

relationship upon loading level. This could limit even more the  

application of PV inverters in low loading conditions or systems  

with low PV integration share index. Therefore, networks with  

high share of PV sources are the most prominent and interesting 

cases for overall network losses reduction by reactive power 

compensation with PV inverters. Nevertheless, reactive power 
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generation by sparse PV sources could also be proposed in some 

situations, even in low loading conditions. Both less favorable 

scenarios, will be further examined. 

 

In this paper, for a specific distribution MV system, the 

applicability of reactive power compensation by PV inverters, 

considering both loading level increase and PV share increase 

will be investigated. The rest of the paper is organized as 

follows: Sections 2 and 3 give theoretical summary of PV 

inverter’s capability for reactive power compensation and 

overview of distribution systems losses. Section 4 deals with cost 

analyses. In Section 5 simulation results are given for a typical 

distribution system with different loading conditions and 

different PV integration levels. Finally, the most important 

results and findings are given in Section 6. 

 

Analysis of Reactive Power Compensation by 

PV Inverters  
  
All distributed generators connected to the distribution system  

through power inverters are, in general, able to provide reactive  

power [4]. This possibility has been accounted for in several  

latest revisions of national Grid Codes [2,11,12], and thus most  

of the commercially available PV inverters are able to provide  

reactive power.  

 

The ability of PV inverters for reactive power (Q) supply is 

limited by: 

 

| |  √  
         , (1) 

  

where    is inverter’s rated power,   is inverter’s generated 

power (output power), and      is the reactive power limit of 

the inverter when supplying active power  . 

 

Different methods exist when determining inverter’s    and 

    . Here, it is assumed that the inverter is not intentionally 

oversized in order to increase the capacity for reactive power 

supply, and therefore it is assumed that there are no additional 
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investment costs to attribute to reactive power generating 

capabilities. Additionally, it is assumed that no curtailment of 

active power generation is done in order to increase     . This 

would create additional opportunity costs of several orders of 

magnitude higher than the considered ones. 

 

In cases when the PV system generates active power (i.e., 

sufficient irradiance for active power generation-daytime mode), 

the inverter losses are compensated by PV panels’ generated DC 

power (   ). 

 

Possibly, reactive power supply even in periods of low or no 

irradiance, i.e., no active power generation (nighttime mode or 

var at night mode) could be of benefit to the distribution power 

system. Several examples of such inverter topologies and control 

schemes can be found (e.g., [16–22]). To cover power losses 

during reactive power supply, the inverter has to absorb active 

power from the grid or from an internal energy storage. Most 

commercially available inverters lack the ability to operate in 

this mode. 

 

Several potential advantages of generating reactive power by PV 

inverters with respect to passive solutions can be emphasized:  

 inverters can generate both inductive and capacitive 

power, 

 generated power can be adjusted precisely and fast 

when needed, 

 there is no need for additional investment costs if 

existing inverters are used. 

 

In the next sections, potential drawbacks of the proposed usage 

of PV inverters for reactive power compensation will be 

analyzed in more detail. 

 

Distribution System Losses  
Specific Reactive Losses  
 

The following considerations emphasize losses generated by 

reactive power flow. To compare losses generated within 

different system components, specific reactive losses are 
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introduced. The equation for specific reactive losses is as 

follows: 

 

        
       

 
, (2) 

  

where         is the power loss due to reactive power flow, and   

is the reactive power causing the loss.         can be expressed in 

W/kvar or in percent value.  

 

Cables and Overhead Lines 
 

At no load conditions, power cables absorb capacitive reactive 

power as given: 

 

         
       (3) 

  

where U is the line voltage,   is the angular frequency,    is the 

unit cable capacitance, and   is the cable length. 

 

With loading increase, inductive reactive power also rises and 

consequently the overall cable reactive power is: 

 

   (
 

 
)
 
      

       
     [(

     

  
)
 
 

 ]   
(4) 

  

In Equation (4),    is cable’s natural power:     
 √     ⁄  

    ⁄   where    is cable’s unit inductance and    is the cable’s 

surge impedance. For low-load conditions, the ratio (       ⁄ )  

can be neglected and cable’s reactive power reduces to Equation 

(3). Of course, when calculating overall losses, the power flow 

due to loads must also be considered.  

 

Cable inductance and capacitance are uniformly distributed 

along the cable and therefore produce losses equivalent to a 

distributed load [23]. Total losses in cables and lines are 

therefore: 
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       (5) 

  

where    is cable’s unit resistance and I is the total current: 

 

        
     

   (6) 

  

      is the load current (due to load’s apparent power 

     ) and     is the cable’s reactive current (due to   ).  
 

Losses due to     are: 

 

          
 

 
      

    
 |(

     

  
)
 
  |  (7) 

  

From Equation (7), losses due to cable reactive current flow 

increase with the third power of cable length and decrease with 

cable loading for         . For         , net cable reactive 

power becomes inductive and losses          start to increase 

again. No load operation is the worst-case scenario in this 

context, when losses are determined by Equation (3). 

 

To compare losses due to reactive power flow at different points 

in the system, specific reactive losses were introduced in the 

previous section. In case of reactive power flow generated only 

due to inherent cable capacitance, given by Equation (3), specific 

reactive losses are given by: 

 

         
 

 
      

   

 

(8) 

 

When considering reactive power flow attributed to loads with 

power factor below unity, for loads uniformly distributed along 

the line, losses and specific reactive losses are given by the next 

equations, respectively: 

            
 

 
(
     
 
)
 

     (9) 

and: 

            
 

 
     

  
  
   (10) 
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      is the load’s relative reactive power (      
        ).             depends on cable type, cable length and 

relative reactive power of the load.  

 

Table 1 gives the calculated unity values of reactive power 

generated in cables at no load conditions (Qc,cap), the length at 

which specific cable losses due to reactive power flow reach 0.1 

% (     ) at no load, and the       values for some standard 20 

kV cable types. It can be observed that the       values are in 

accordance with typical lengths of actual medium voltage 

distribution lines (feeders). In the case that       equals 10 %, 

            is in the range 0.15–0.3 %, for considered cable 

types. 

 
Table 1: Unity values of reactive power generated in cables at no load 

conditions (Qc,cap), the length at which specific cable losses due to 

reactive power flow reach 0,1 % (     ) at no load, and the       values 

for some standard 20 kV cable types (cable parameters are given in 

Appendix). 

 
Cable 

(mm2) 

Qc,cap 

(kVAr/km) 

      (km)   
  

 
Cable 

(mm2) 

Qc,cap 

(kVAr/km) 

150 (Cu) 31.5 17.5 0.0031 150 (Cu) 31.5 

150 (Al) 31.5 13.6 0.0052 150 (Al) 31.5 

185 (Al) 34.2 14.6 0.0043 185 (Al) 34.2 

240 (Al) 38.0 15.9 0.0036 240 (Al) 38.0 

 

Results presented in the previous table will be used to estimate 

the range of system loadings for which compensation of reactive 

power (both capacitive and inductive) could be done with 

reduction of overall losses. 

 

Transformers, Capacitors and Inductors 
 

A similar approach can be used to estimate         for HV/MV 

transformers. In this case, transformer resistance is a 

concentrated parameter and therefore there is no 1/3 reduction as 

is the case for lines with uniformly distributed parameters. 

The transformer resistance can be calculated from transformer’s 

rated power   , line voltage  , and the resistive part of 

transformer’s short circuit voltage   : 
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  (11) 

 

Combining the transformer reactive power loss formula (  
   ) 

with Equation (11), the following expression is obtained: 

 

     
  
   
                   (12) 

 

Equation (12) gives, in a manner similar to Equations (8) and 

(10), a fast way of transformer reactive losses estimation. For 

example, for a 20 MVA transformer with    of 1 % and   of 10 

%,      results in 0.1 %. 

 

For capacitors, a loss of 15 W/kvar, or 0.15 % is assumed, 

according to Reference [5]. For inductors, a loss (  ) of 0.5 % is 

assumed (similar to transformers), but losses as low as 0.2 % can 

also be found. 

 

PV Inverters  
 

PV Inverter efficiency is defined as [4]: 

 

  
 

   
 

 

       
  (13) 

  

where   is inverter’s generated power (output power),     is the 

input DC power from PV modules, and       are inverter’s 

losses. 

 

      can be approximated with a second order polynomial 

function of   [4]: 

 

     ( )                      
   (14) 

  

In the previous equation    is a constant that depends on losses at 

no load conditions,          are the power electronic losses 

related to voltage, and         
  are the losses related to the 

square of current. Inverter losses and efficiency are usually given 
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as a function of the generated active power, since inverters 

normally work with unity power factor. 

 

Measurements performed while inverters provided reactive 

power beside active power, and thus working with reduced 

power factor, demonstrated that Equation (14) can be 

generalized substituting   with inverter’s apparent power   [4]: 

 

     ( )                      
   (15) 

  

Equation. (13) can be modified in the same way, when the 

inverter is providing reactive power. Inverting (13),       for 

inverter generating apparent power  , and with known efficiency 

curve, can be obtained according to: 

 

     ( )  
   ( )

 ( )
   (16) 

  

In the following discussion, efficiency curve of a 208 kWp 

inverter, with peak efficiency of 96.4 % and           , 

given in Reference [4], is considered. 

 

Furthermore, it is useful to distinguish two different working 

conditions [5]: 

 

 Night mode—in this case, only reactive power is 

generated and the total       is attributed to reactive 

power generation, i.e.,              ; 

 Daytime mode—both active and reactive power are 

generated and only additional losses due to inherent 

increase of   when reactive power is generated, are 

attributed to reactive power, i.e.,         

     ( )       ( ). 
  

Since apparent power does not increase linearly with reactive 

power, the         during daytime are generally much lower than 

        during nighttime. 
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Figure 1 gives         for the analyzed inverter, as function of the 

power factor and for different inverter’s active power output. It 

is clear that inverter’s apparent power is limited by    (1), and 

therefore the power factor can only decrease to a value of output 

power (in p.u. of   ). The convenience of the presented 

representation lies in the possibility of easy comparison of 

inverter’s specific reactive power losses and system losses or 

savings. By knowing the overall system losses        , one can 

easily find the range of inverter’s output power factor, and as a 

consequence the range of reactive power that can be supplied, 

when inverter losses         are lower than distribution system 

losses        . It is clear that this would additionally limit 

reactive power capabilities of the inverter. 

 

Cost Analysis  
 

While performing cost analysis for capacitor banks and inductors 

both operational and investment costs are considered. On the 

other hand, for PV inverters only opportunity costs are assumed, 

since no oversizing of inverters is presumed. Considered 

opportunity costs are due to losses in the compensating device 

and dependable upon the cost of kWh. Furthermore, no 

additional operational costs due to maintenance costs or due to 

inverter’s lifetime decrease caused by increased output current, 

are considered, although increase of inverter’s apparent power 

influences its lifetime [24,25]. 

 

The investment cost of a capacitor (inductor) can be integrated in 

the cost of generated kVArh by considering the annuity term [3]: 

 

  
(   )  

(   )   
  (17) 

  

where   is the interest rate, and   is investment lifetime. 
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Figure 1:         for analyzed inverter, as a function of power factor and 

for different active power output of the inverter. 

 

Annual cost of investment is given by: 

 

                (18) 

  

where    is investment cost per kVAr, and   is the capacity of 

the compensating device. 

 

Losses cost can be calculated from the following equation: 

 

                        (19) 

  

where      is the cost of kWh. 

 

Cost of the generated kVArh with the compensating device can 

be obtained by summing annual investment cost reduced to an 

hourly base and losses cost: 

 

       
(
         
  

        )

 

 
    

  
               

(20) 
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where    is the number of hours per year during which the 

compensating device is in operation. If constant operation 

throughout the year is presumed,    is equal to 8760, and the 

       is minimal. With the yearly operating hours decrease, a 

significant increase in        is observed. For intermittent 

operation of the compensation device, the        term becomes 

large and the compensation cost increases. 

 

Presented calculations show the amount of costs that the DER 

owners should be compensated for in order to generate reactive 

power in a profitable manner. Different approaches are adopted 

by distribution network operators for charging consumers for 

reactive energy consumption. For example, in Germany, 

distribution network operators charge (i.e., penalize) the 

consumers if their power factor is lower than 0.9 on average [5]. 

Similar solution is adopted in Croatia, where the consumers are 

charged if their power factor is lower than 0.95 on average. On 

the other hand, in Spain, if a DER unit provides reactive power it 

receives an incentive, given in percent of the price of active 

energy (kWh). In both cases (Germany and Croatia) of consumer 

penalization for low power factor or incentive for power factor 

improving, the price of reactive power is not directly linked to 

the cost of generation, but it is obvious that the cost of 

generation of reactive power by PV inverters should be lower 

than compensation by the operator. 

 

Simulations  
 

For simulation purposes, a radial distribution MV network 

(based on a part of a characteristic Croatian MV distribution 

system) connected to a 110/20 kV substation, has been modeled 

in NEPLAN (Figure 2.). Two 110/20 kV power transformers of 

40 MVA rated power, supply the distribution network which 

consists of 170 km underground cable lines and 34 km overhead 

lines. Power lines with 150 mm
2
 cross section are predominant in 

the modeled network.  

 

17 predominantly underground cable type feeders of different 

length supply a composite load with residential (cos = 0.98) 

and industrial (cos = 0.8) type loads. 
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Figure 2: Schematic diagram of the simulated distribution network. 

 

For simulation purposes, PV plants with inverters of 500 kVA 

rated power are considered. For each loading condition (low, 

medium, high), two PV penetration levels are analyzed: first, 

with one PV source, and second with one PV source per feeder 

(17 feeders × 500 kVA = 8.5 MVA). Position of the PV source 

was varied in the following manner: 

 

 Installation at the sending end of the feeder, 

 Installation at 2/3 of the feeder length, and 

 Installation at the end of the feeder. 

 

Total composite load measured (modeled) at the 110/20 kV 

power transformers is given in Table 2. In the same table the 

power losses and the number of transformers in operation can be 

observed. 
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Table 2: Active and reactive power levels, and total losses at the 

substation for three loading conditions. 

 

Loading      (MW)     (MVAr)       (kW) Nr. Transformers 

Low 9.4 −2.8 52 1 

Medium 39 5.5 353 2 

High  79 20.7 1308 2 

 

Various simulations have been performed in order to compare 

PV inverters’ specific reactive losses and system losses decrease 

(savings) due to reactive power generation. Comparing losses in 

PV inverters, Figure 1, and power savings due to reactive power 

generation, conditions in which power savings are larger than 

losses in inverters can be determined and thus there is net overall 

power savings in the system. 

 

Firstly, overall system losses are determined for various loading 

conditions. It was shown in Section 3 that for every analyzed 

network element there is a quadratic relationship between power 

flow and losses. As can be seen from Figure 3, the quadratic 

relationship is preserved when considering the system as a 

whole: in fact, an approximately quadratic relationship between 

overall system loading and system losses can be observed. In a 

manner similar to the one presented in Section 3, overall losses 

(     ) are separated to losses due to active power (       ) and 

losses due to reactive power (       ). The latter one will be 

further analyzed, since the focus of this research is to determine 

the viability of targeted reactive power generation by PV 

inverters in order to decrease overall system losses. 

Approximating the quadratic function between         and total 

system load P (           
 ), results in a quadratic function 

coefficient a of 0.02 %/MW. 
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Figure 3: Losses as function of overall system load. Graph gives overall 

losses (     ) – blue line, losses due to active power (       ) – green line, 

and losses due to reactive power (       ) – red line. 

 

It must be noted that not only is the absolute value of the         

important (both in the PV inverter and the system), but marginal 

losses/savings, or increment/decrement of losses due to reactive 

power generation is of great importance. In other words, it is the 

slope of the curve for a particular loading condition that will 

determine savings rate due to reactive power generation. With 

linear loading level increase a linear specific losses/savings 

increase can also be observed. Therefore the losses curve slope 

(increment/decrement) due to active power is greater than the 

losses curve slope due to reactive power. As a consequence, 

compensation of losses by reactive power generation will always 

be less efficient than compensation with active power generation 

in distribution networks. 

 

Simulations of different scenarios always start with PV inverter 

generating only active power i.e., with unity power factor. Then, 

reactive power is gradually increased, until it reaches the reactive 

power limit given by Equation (1), similar to References [4,6]. 

10 20 30 40 50 60 70 80 90 100 110
0

0.2

0.4

0.6

0.8

1

1.2

 S/S
r
 /%

 L
o
ss

 /
M

W

 

 

 P
loss

 P
lossP

 P
lossQ



Advances in Energy Research 

19                                                                                www.videleaf.com 

The difference of power losses in the case with and the case 

without reactive power generation equals power savings due to 

reactive power generation [4]: 

 

       
               

|    |
  

 

(21) 

  

where        are the specific reactive power savings,         are 

the overall power losses when the generated reactive power 

equals zero,         are the power losses when reactive power has 

been generated and thus inverter’s power factor is below 1, and 

     is the reactive power generated by the PV inverter. 

Absolute value of Qgen is introduced in order to obtain correct 

results for both inductive and capacitive reactive power. 

 

One PV Source Per Distribution Network  
 

One PV source of 500 kVA rated power is considered to be the 

case with minimum PV dispersion rate. In the first scenario a 

low loading condition is considered (9.8 MW, 25% of 

transformer’s rated power; cos = 0.75). In this case, only one 

110/20 kV power transformer is in operation, while the other 

transformer is switched off. Owing to a large number of 

underground cables a high capacitive reactive power is generated 

(–2.8 MVAr). The total system losses are around 0.5%. 

 

Figure 4. presents the results for low loading conditions scenario 

and one PV source installed at the beginning of a feeder. 
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Figure 4: Specific reactive power savings as function of PV inverter’s 

power factor for low loading conditions and PV inverter installed at the 

beginning of a feeder. ‘*’ marks PV inverter losses with color 

corresponding to the same active power level. 

 

Although overall system losses are around 0.5%, it can be 

observed that specific power savings vary between 0.3 and 0.7 

‰, with maximum savings at             and cos = 0.95. 

Furthermore, from Figure 4 and Figure 5 it is evident that 

maximum specific savings are achieved for inverter’s high 

power factor, while at lower power factor the savings are also 

lesser. 

 

In order to easily compare system and PV inverter losses, PV 

inverter losses are also given in Figure 4. It is important to point 

out that savings on the system level due to reactive power 

generation are always lower than specific reactive losses in the 

PV inverters. Therefore, for the analyzed scenarios of low 

system loading and low DER installation levels, energy savings 

with PV inverters are practically not feasible. This is also true for 

passive reactive power compensation (i.e., compensation with 

shunt inductors in this case), where losses are one order of 

magnitude higher than possible savings. 

 

During low system loading conditions there is obviously no need 

for congestion reduction, however benefits from voltage 
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regulation capabilities by reactive power generation with PV 

inverters could justify inherent additional losses. This could be 

particularly important in systems with high proportion of 

underground cables (as in the system considered in simulations). 

In fact, MV cables loaded below their natural power produce 

capacitive reactive power thus raising terminal voltages for a 

prolonged period of time, which in turn stresses equipment 

insulation and shortens its expected lifetime. 

 

When the PV source is installed near 2/3 of a line, slight 

variation of results is observed, although savings could be 

potentially maximized, since maximum compensation of cable 

capacitive reactive power is achieved [23]. Obtained results for 

the described case are presented in Figure 5. 

 

 

 

 

 

 

  
Figure 5: Specific reactive savings as function of PV power factor for 

low loading conditions and PV inverter installed at 2/3 of a feeder. 

 

Varying PV source position along the feeder almost no 

difference in specific power savings has been detected. 

Therefore, it can be concluded that for this case calculated 

specific power savings are not sensitive to the position of the PV 

source along the feeder.  
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Minor variation of specific savings for different loading 

conditions are also observed, Figure 6. Between low and 

medium loading conditions specific savings range from 0.05 to 

0.8 ‰ 

 

 
 
Figure 6: Specific reactive savings as function of PV power factor for 

medium load conditions and PV inverter at 2/3 of a feeder. ‘*’ marks PV 

inverter losses with color corresponding to the same active power level. 

 

On the other hand, for high loading conditions (Figure 7), 

significantly higher savings are detected, independently of PV 

source position. This is in accordance with Equations (10) and 

(12), since specific reactive losses in cables and transformers 

depend on relative reactive power  . Although total system 

savings are higher, they are still lower than PV inverter losses. 

The only exception occurs for the case of low PV inverters 

active power generation (     ), where positive power balance 

exists for power factor in the range 0.97–1.00 (extrapolated from 

the graph). In terms of reactive power, only modest levels of 

reactive power (        ) generation are acceptable in order to 

have a positive energy balance. Therefore, for low PV dispersion 

rates, no practical conditions, where positive energy balance is 

achieved, are found. This is also true for passive compensation 

methods, since savings in the simulated cases are below the 

assumed losses of 0.5%. 
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Figure 7: Specific reactive savings as function of PV power factor for 

high load conditions and PV inverter at 2/3 of a feeder. ‘*’ marks PV 

inverter losses with color corresponding to the same active power level. 

 

One PV Source per Each Feeder  
 

One PV source per each feeder is considered to be the case of 

medium PV dispersion rate (8.5 MVA total peak power). 

Although different control schemes are proposed for finding the 

optimum level of reactive power generation (e.g., [2,11,22,26–

28]), in this research, uniform reactive power generation of 

individual PV sources is assumed. In fact, the focus of the 

research was to investigate reactive power generation influence 

on the overall system behavior. Additionally, it is our intention 

to find the technical limits for reactive power generation when 

simple strategies for reactive power generation is assumed. 

 

In medium PV dispersion rate scenarios, an increase in savings 

for higher loading conditions is possible (Figure 8). However, 

only a narrow range of power factors, i.e., reactive power levels 

exists with positive energy balance. The allowable power factor 

for the case of low active power generation by PV inverters 

(     ) is 0.88 or higher (i.e., maximum reactive power equals 

       ). For scenarios with higher generation of active power, 

the allowable power factor varies in the range of 0.97–0.99 thus 

allowing reactive power delivery in the range of 10–12%  . For 

low and medium loading (Figure 9) conditions, there is again a 
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very narrow range of operating conditions with positive energy 

balance. 

 

 
 
Figure 8: Specific reactive savings as function of PV power factor for 

high loading conditions and PV inverters installed at 2/3 of each feeder. 

‘*’ marks PV inverter losses with color corresponding to the same active 

power level. 

 

Maximum        is achieved for PV inverters operating at a 

higher power factor. The savings gradually decrease when power 

factor deviates from unity. This is due to the fact that with 

system’s total reactive power decreasing, marginal losses also 

decrease (see Equations (10) and (12) and Figure 3). 

 

 
 

Figure 9: Specific reactive savings as function of PV power factor 

for medium loading conditions and PV inverters installed at 2/3 of 

each feeder. 
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With the increase of PV dispersion rate a slight difference 

between relative system savings and PV inverter losses is 

possible, and consequently favorable energy balance is feasible, 

although for a very restricted range of PV inverter’s operating 

power factors. This is in accordance with Reference [5], where a 

simplified assessment of savings due to reactive power 

compensation and hence lower losses is given. Although PV 

inverter losses and system power savings are compared taking 

into consideration energy costs in both cases, similar conclusions 

can be drawn: it is economically attractive to use PV inverters 

for reactive power compensation in scenarios with high network 

losses and/or substantial reactive power flows, as long as only a 

small amount of inverter’s apparent power capacity is used for 

reactive power generation. Similar conclusions are reached in 

Reference [3], where more complex situations are considered. 

However, even in highly optimized microgrids with PV sources 

and batteries, reactive power delivery has diminishing technical 

benefits. Analyses presented herein try to give a technical 

comparison (i.e., detailed losses calculation) with a special 

emphasis on network losses that consequently narrow the set of 

operating scenarios with positive energy balance. 

 

In the case of higher PV dispersion rate and a higher level of 

reactive power generation, a PV power factor level can be 

determined when reactive power at transformer reaches zero. As 

previously mentioned, this research was not focused on reactive 

power generation control schemes, therefore the optimum 

operation point, with maximum absolute power savings, was not 

determined. However, maximum relative power savings are 

achieved for PV source operating at a high power factor. 

 

Finally, it must be stressed that there are other benefits apart 

from lowering system losses when reactive power generation is 

considered. The inclusion of PV sources, as well as other 

dispersed generation units, in a local/global distribution network 

voltage regulation system is the most important one. Therefore, 

when considering reactive power generation by PV inverters and 

their ancillary services to the distribution system operator, an 

economic justification for such operating regime (lower power 

factor) can easily be found. 



Advances in Energy Research 

26                                                                                www.videleaf.com 

Conclusions  
 

In this article, the influence of reactive power generation by PV 

inverters on overall system losses is analyzed. The comparison 

between savings and losses is based on specific reactive losses 

which are defined as part of overall losses that can be attributed 

to reactive power, divided by the reactive power. Presented 

research takes into consideration traditional distribution 

networks with low to medium PV dispersion rates and without 

the capability to determine the optimum operational point for the 

entire system (i.e., without corresponding communication 

media). 

 

 

Theoretical analyses show that system specific reactive losses 

depend on underground cable type feeder length, its electrical 

characteristics and both active and reactive power loading levels. 

Therefore, losses in different systems will vary in a different 

manner and reactive power generation will also cause different 

saving rates. On the other hand, specific reactive losses in PV 

inverters will depend on inverters’ efficiency curves, generated 

active power and set power factor. 

 

To compare specific reactive losses in PV inverters and savings 

due to reactive power generation, numerous simulations were 

performed. For simulation purposes a typical 20 kV radial 

distribution system (based on data from an actual Croatian 

distribution system) was modeled. 

 

In general, PV inverters can provide reactive power during 

nighttime and during daytime. During nighttime, inverter losses 

are attributed entirely to the reactive power generation and are 

generally higher than specific losses due to reactive power flows 

in the distribution system. Therefore a negative power balance is 

observed (losses are larger than savings) and therefore nighttime 

operation was not further considered in simulations. 

 

During daytime operation, only additional losses in PV inverter, 

caused by reactive power generation, are attributed to reactive 

power. This unlocks the possibility for reactive power generation 
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by PV inverters thus lowering system losses and achieving 

savings greater than additional losses that occur in PV inverters. 

Therefore, different scenarios were simulated and analyzed to 

compare system savings and additional PV inverter losses during 

daytime operation. 

 

Several parameters were considered and varied in performed 

analyses: overall system loading, PV inverters number, active 

power generation level and PV sources power factor, and 

inverter installation position. Among them, overall system 

loading conditions influence the most the value of specific 

savings due to reactive power generation. It was shown that the 

increase in overall system loading increases system savings 

when reactive power is generated by PV inverters. However, a 

positive energy balance is achieved only for cases when inverters 

operate with a high power factor. This means that overall system 

energy savings can be achieved only for high PV sources 

dispersion rates and high loading conditions. In low and medium 

loading conditions, additional losses in PV inverters lead to a 

negative energy balance. 

 

Once more it must be emphasized that, apart from lowering 

system losses when reactive power generation is considered, 

there are other benefits. In fact, inclusion of PV sources, in a 

local/global distribution network voltage regulation system could 

provide a valuable asset to the distribution system operator, and 

an economic justification for such operating regime (lower 

power factor) can easily be found. These observations are the 

base for future research. In fact, our intention is to extend 

presented research and consider the capabilities and limitations 

of distribution network voltage regulation with the aid of 

dedicated PV inverters. Moreover, it will be investigated whether 

independent operation with simple control strategies for each PV 

inverter (readily applicable rules for reactive power generation) 

could provide satisfactory results at the distribution system level, 

or whether more complex control strategies are needed. 
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Appendix A 
 

Table 3: Considered cable parameters: cross section, cable’s unit resistance   ,  

cable’s unit inductance   , and cable’s unit capacitance   , [29]. 

 
Cable (mm2) R1 (Ω/km)    (mH/km) C1 (µF/km) 

150 (Cu) 0.124 0.39 0.251 

150 (Al) 0.206 0.39 0.251 

185 (Al) 0.164 0.39 0.272 

240 (Al) 0.125 0.36 0.302 
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Abstract   
 

A transition to a sustainable energy system is essential. In this 

context, smart grids represent the future of power systems for 

efficiently integrating renewable energy sources and active 

consumer participation. Recently, different studies were 

performed that defined the conceptual architecture of power 

systems and their agents. However, these conceptual 

architectures do not overcome all issues for the development of 

new electricity markets. Thus, a novel conceptual architecture is 

proposed. The transactions of energy, operation services, and 

economic flows among the agents proposed are carefully 

analysed. In this regard, the results allow setting their activities’ 

boundaries and state their relationships with electricity markets. 

The suitability of implementing local electricity markets is 

studied to enforce competition among distributed energy 

resources by unlocking all the potential that active consumers 

have. The proposed architecture is designed to offer flexibility 
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and efficiency to the system thanks to a clearly defined way for 

the exploitation of flexible resources and distributed generation. 

This upgraded architecture hereby proposed establishes the 

characteristics of each agent in the forthcoming markets and 

studies to overcome the barriers to the large deployment of 

renewable energy sources. 

 

Keywords  
 

Electricity Markets; Power System; Conceptual Architecture; 

Distributed Generation; Flexible Resources; Local Electricity 

Markets 
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Operator; VPP- Virtual Power Plants; WEM- Wholesale 

Electricity Market; WMO- Wholesale Market Operator 

 

Introduction  
 

A transition from a fossil-fuel-based energy system to a 

decarbonized one is key to performing a cost-effective strategy 

to mitigate climate change [1] and achieve the 2 °C threshold 

aim of the Paris agreement. Within this context, renewable 

energy sources (RESs) represent the most promising technology 

for the transition and the future system. RESs are almost free-

emission technologies and, during the last few years, RESs 

achieved economic competitiveness against conventional energy 
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sources. However, their deployment in traditional power systems 

is not absent of challenges. The stochastic nature of renewable 

generation, the non-storable characteristic of electricity in a cost-

effective way, and the low elasticity in demand associated with 

its difficulties to participate in electricity markets [2] make their 

variability a major issue with a wider impact on smaller systems. 

Moreover, the final energy consumption will tend to become 

electric in order to reduce emissions. Thus, future loads will 

impose new demands and challenges to the power system such 

as the massive penetration of electric vehicles (EV) to electrify 

transport. 

 

In order to overcome this problem, the smart grid concept was an 

accepted solution for some time now. Smarts grids are electricity 

networks that intelligently integrate their users’ actions to 

efficiently deliver economic, secure, and sustainable electricity 

[3]. The implementation of smart grids implies broad and 

sophisticated functionalities of electric transport and distribution 

systems, improving their flexibility, allowing bidirectional 

energy flows, and facilitating RES and demand response (DR) 

integration. The demand response is based on developing active 

participation of customers with new requirements that take into 

account technology and equipment for customer 

communications, relations, and services. However, just with the 

participation of demand, the security of supply will still be 

jeopardized with larger levels of stochastic production associated 

with renewable generation. Thus, storage systems will also be 

required to provide flexibility and ensure reliability to the system 

[4]. Moreover, the batteries’ cost reductions make them a key 

component in the future power systems [5].  

 

Currently, the electricity sector finds itself making three classes 

of transformations: firstly, the improvement of the current 

infrastructure; secondly, the addition of the digitalization of 

power systems, which is the essence of communications and data 

generation in smart grids; thirdly, business process 

transformation to perform, in addition to the traditional activities, 

new ones, or providing infrastructure and data to agents such as 

aggregators and virtual power plants (VPPs). These agents do 

new activities related to meeting customer needs and 
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expectations in a more efficient way than the traditional 

centralized system. These three transformations were approached 

in several different ways, which were mainly described on a very 

abstract level [6] or focused on specific aspects such as just 

information and communication technology (ICT) [7]. Different 

standardization bodies developed specific concepts such as the 

American National Institute of Standards and Technology 

(NIST) framework and roadmap for smart grid standards [8] and 

the European Smart Grid Architecture Model (SGAM) [9]. 

However, the necessary new activities, agents, and interactions 

among them in the future electricity markets are not clearly 

defined and authors still characterize them in different ways. 

Therefore, it is necessary to align specific agents to established 

practical conceptual architectures as suggested by Neuriter et al., 

[10].  

 

The functionality of the future power systems and markets may 

look quite different according to the local social, regulatory, or 

economic environment. Nevertheless, they have common 

applications and requirements for digital processing and 

communications to implement advanced control in all elements 

of the power system, allowing for bidirectional communication 

and energy flows [8], understanding the automation of processes 

and systems as digital processing to retrieve data and perform 

actions. According to this context, smart grids enable greater 

information management and efficiency compared to 

conventional power systems, thus allowing the exploitation of 

the benefits associated with RES, demand response, storage 

systems, and real-time competition and response in local 

markets. Local markets are arising as a new mechanism to 

provide an efficient allocation and pricing of the growing 

distributed generation (DG) and flexible demand [11,12].  

 

Thus, smart grids are emerging as a solution for the future of 

power systems [13]. This broad concept that comprises many 

different agents, actors, and technology was approached in 

different ways. Its future faces different problems and sub-

problems, which were widely studied. According to Reference 

[14], some of these are operation and management, energy 
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storage, security, stability, and protection, demand control, or 

service restoration, among others. 

 

For instance, some authors proposed multi-agent systems that 

optimize resource scheduling in smart grids [15,16]. These 

agents enable the system to behave in a more reliable and 

efficient way. However, the description of these agents does not 

follow any standardized premise. The authors of References 

[17,18] proposed energy management systems in smart grids. 

The agents as in Reference [15] did not include a clear definition 

of the agent boundaries of action or relationships and presented 

conflicts between them. A review of agent-based models was 

presented in Reference [19], where the necessity of 

harmonization between studies was highlighted. 

 

In order to tackle the previously mentioned standardization 

problems, different meta-architectures were developed. These 

conceptual architectures provide a family of ontologies to map 

smart grids and guidelines on how to use standards [7]. The main 

two developments were the previously mentioned NIST work 

and SGAM.  

 

In the United States of America (USA), the NIST created 

relevant conceptual models for the smart grid. NIST considered 

the approach that the smart grid can be divided into seven 

domains [8]. These domains and their sub-domains enclose the 

conceptual roles and services, including stakeholders, 

interactions, and types of services. On the other hand, the M/490 

working group on reference architectures created the SGAM, 

which can be seen as a similar effort on the European level. 

SGAM is based on NIST and proposes a model with five 

interoperability layers, five domains, and six zones, as can be 

seen in Figure 1. Thus, every element in the model can be 

located in a three dimension grid according to its 

interoperability, domain, and zone characteristics [9]. As in the 

case of NIST, SGAM requires stronger integration between the 

design and the use cases and formal semantics [20], as it lacks of 

precise descriptions.  
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Figure 1: Smart Grid Architecture Model (SGAM) iterations, layers, and 

planes. Own elaboration based on Reference [8]. 

 

Highly correlated with smart grid development, the three novel 

agents of aggregator, storage, and virtual power plant (VPP) are 

being developed. In all these cases, several authors published 

studies on the topic. However, if the case of smart grids is still 

not clear and no standard definitions are used, VPP, storage, and 

aggregators offer an even wider range of variation and 

disagreement. The importance of these three agents is relevant 

for the conception of smart grids since these agents are crucial 

for the security and reliability of power systems with increasing 

levels of renewable penetration [21]. For instance, some authors 

optimized VPP bidding strategies [22–24], renewable energy 

integration [25,26], the use of demand response in smart grids 

[27], or the usage of RESs at the residential level [28,29]. 

However, there exists a lack of a standardized definition, 

interactions, and roles performed by a VPP.  

 

Demand response is also stated to have an increasing role in 

power systems due to its potential capacity to help manage 

renewable variability [30]. Work was done in analyzing the cost 

of automated DR systems [31], the suitability of different 

customers [32], the evaluation of the action performance [33,34], 

or its optimization in smart grid programs [35]. Moreover, its 

role among active consumers at the distribution level is gaining 

importance [36]. Storage is seen as the key technology to enable 



Advances in Energy Research 

8                                                                                www.videleaf.com 

RES integration in the future power systems [4,38]. Under this 

paradigm, storage systems are already a key agent in the power 

system as in the case of the Tesla Battery of South Australia 

[38]. However, the particularities and services that they provide 

are far from being homogeneous or clear among scholars and 

systems. Finally, in a similar line, aggregators were approached 

in different ways by authors and regulators, but also lack a clear 

common definition [39]. Moreover, authors do not share a 

common view on the size that optimal aggregation should have. 

For instance, while the authors of Reference [40] argued that 

aggregation is only profitable at large levels, the authors of 

Reference [41] defended that, even at low levels, aggregation 

offers benefits. In sum, agents are not clearly defined and the 

interactions between them vary among authors.  

 

The conceptual architecture here developed is based on the NIST 

framework [8] and builds on providing the relationships and 

interaction design between the different agents. These agents can 

be performed by different entities or one entity, company, or 

organization that could hold more than one of the agents’ 

responsibilities. Reference levels of power, voltage, and 

minimum bidding levels were parameterized to be chosen 

depending on the system, thus providing an easy way to 

implement the conceptual architecture to any power system. 

Thus, the proposed conceptual architecture can be applied to any 

type of power sector, independently of the level of 

decentralization and its size.  

 

The main contributions of this paper are the following:  

 A novel conceptual architecture for the development of the 

next-generation electricity markets to unlock all the hidden 

potential of flexible and distributed energy resources, taking 

into special consideration the potential benefits for active 

consumers, is proposed based on the analysis of the 

shortcomings of the current standardized models that can be 

found in the literature. This model provides a path that 

policy-makers can follow to eliminate barriers to integrate 

Distributed Energy Resources (DER) in a competitive way 

at distribution level. 
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 A complete description of the main roles/activities that 

should be assumed by the different agents in the proposed 

architecture is provided based on an ontological and a 

service-oriented analysis. 

 A detailed proposal of the interactions that would occur 

among agents of the developed architecture is presented. 

These interactions were carefully analyzed from all points 

of view: energy flows, operation services, and economic 

transactions. 

 The impacts on the performance of the conceptual model 

associated with the inclusion of local energy markets are 

analyzed and presented in this paper. This could help 

overcome the current flaws in real-time trading. 

 

 

The rest of the paper is structured as follows: Section 2 outlines 

the NIST methodology used for building the proposed design to 

upgrade the current one. Then, the specific agents proposed for a 

standardized architecture are developed in Section 3. Finally, in 

Section 4, some conclusions are drawn. 

 

Materials and Methods  
 

The power system and market conceptual design methodology is 

described in this section. This method is framed under the 

framework of the NIST roadmap for smart grids [8]. The 

methodology proposed by the NIST was considered as a base to 

develop smart grid conceptual architectures by several authors 

and other standards [9,43]. In this regard, this methodology was 

selected as a meta architecture to develop the proposed upgrade 

of the existing architecture.  

 

According to Reference [7], the first action is the specification of 

the roles/services that should be expected from the general 

implementation of smart grids. In addition to the traditional 

roles/services that are inherent in an electricity distribution 

system (i.e., generators and retailers), some additional agents 

should be expected from the combination of the new 

environmental requirements and advanced technology. 
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In this regard, the smart grid agents need to be designed to 

enable the system to successfully respond to the following needs: 

 

 Providing a full technical and economic integration of 

distributed generation. This generation is generally difficult 

to integrate because of the low size, intermittent production, 

quality problems, and inability to provide operation 

services.  

 Providing enhanced services and opportunities to the 

customers, allowing more tailored trading of their 

demand/generation resources, including interaction with 

retail energy and services markets/products. 

 Providing an enhanced operation of the distribution system, 

both in normal conditions (such as reconfiguration for more 

efficient operation or for more secure supply) and in faulty 

conditions in order to allow a faster and more effective 

reaction to faults (fault location, reconfiguration, self-

healing, etc.). 

 Providing information services, based on measurements, to 

actors in the field of the energy supply such as aggregators, 

energy services companies (ESCOs), VPPs, etc. 

 Providing the ability to accommodate and manage the 

presence of new loads at the customer level, such as the 

massive connection of electric vehicles. 

 

It is important to highlight that the implementation of these 

agents can require the participation of new entities or the 

redesign of functions that will have to be performed by existing 

organizations. 

 

A conceptual architecture is necessary to design a system 

capable of carrying out the roles/services that smart grids must 

perform according to the abovementioned needs. At this point, it 

is necessary to define a set of concepts that can be widely used 

along the description of the architecture:  

 

 Agent: a specific function, capability, or sum of services 

played by an entity that cannot be split. In some systems, 

one entity can have in its business portfolio duties of several 

agents of this conceptual architecture.  
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 Activities: things that an agent does or has the capability to 

do.  

 Component: a basic part from which something is made; 

the physical assets that are intrinsic to each agent.  

 Transaction: agreement between two agents (one buys and 

the other one sells) to exchange goods, services, or financial 

instrument. 

 

In order to align the architecture with the required services of the 

system, an ontological definition is required according to 

Reference [7]. For doing so, the methodology proposed in NIST, 

shown in Figure 2, was used. 

 

According to this procedure, four architectural levels must be 

considered to design the agents: business, information, 

automation, and technology. All these levels must be described 

to answer the four required layers: conceptual, logical, physical, 

and its implementation.  

 

After this first context analysis, the interactions among the 

different agents were carefully studied to satisfy the required 

relationship needs among them. The entities required to 

implement a smart grid are, in general, quite standard; however, 

some agents’ activities assigned to these entities may not be so 

established and, in some cases, can be a bit confusing in the 

literature, where different approaches to the same agents can be 

found. 
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Figure 2: National Institute of Standards and Technology (NIST) conceptual 

architecture mapped onto the architecture matrix service orientation and 

ontology. Own elaboration based on Reference [8]. 

 

The next section is devoted to presenting the novel conceptual 

architecture. Firstly, each agent is defined based on the existing 

knowledge and literature, and the activities expected for the 

agent are identified. According to these activities, the necessary 

physical components that each agent owns are described. This 

includes assets like physical generators, transmission lines, etc. 

Finally, the power flows, operating service, or economic 

transactions of each agent with the rest of them are described to 

fulfil the expected new requirements and functionalities of smart 

grids. 

 

Discussion of Agent Conceptual Architecture 

for Market Implementation  
 

The agents and nomenclature required for the upgraded 

conceptual architecture proposed in this paper are depicted in 

Table I. The integration of different types of distributed 

generation, storage, and demand response resources to provide 

firm power production, as well as the active participation of the 

customers, were considered in detail.  
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Table 1: Summary of agents and elements considered in the future electricity market framework. 

 

Agents Characteristics 

Active consumers Self-generation, flexible demand, buying/selling electricity, and operation services with a proactive 

perspective [43] 

Generators Electricity generation and procurement of operation services  

Virtual power plants (VPPs) Buying/selling electricity and operation services from their distributed generation portfolio to 

different agents in a coordinated way 

Aggregators Buying and selling of small and medium demand resources to sell it to different agents in a 

coordinated way  

Storage Highly flexible elements that can consume, generate, and provide operation services 

Transmission system operator 

(TSO) 

Ensures power quality and security at a transmission level 

Transmitter Owns transmission grid and in charge of its maintenance 

Distribution system operator 

(DSO) 

Ensures power quality and security at a distribution level 

Distributer Owns distribution grid and in charge of its maintenance 

Wholesale market operator 

(WMO) 

Ensures independency and the good functioning of the wholesale market 

Local market operator (LMO) Ensures independency and correct functioning of the local market 

Retailers Provides electricity supply to consumers, buys excess of self-generated electricity 

Key Concepts Definition 

Smart grids An electric grid with an additional communication system that allows a better management of the 

system [44] 

Demand response  Changes in electric usage by end-use customers from their normal consumption patterns [45] 

Smart metering All agents in the system have smart meters that provide data acquisition, transmission, processing, 

and interpretation [46].  

Self-generation Share of the total energy production directly consumed by the energy production system owner 

(based on Reference [47]) 

Distributed generation  Power generation within distribution networks [48] 

Parameters Definitions 

VHV Voltage threshold defined as high voltage in the system parameters  

EW-S Minimum energy required to sell electricity in the electricity market during a period of time unit 

(PTU) 

EW-B Minimum energy required to buy electricity in the electricity market during a PTU 

EL-S Minimum energy required to sell electricity in the local electricity market during a PTU 

EL-B Minimum energy required to buy electricity in the local electricity market during a PTU 

POS-T Minimum power required to participate in operation services at transmission level 

POS-D Minimum power required to participate in operation services at distribution level 
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The conceptual architecture was completed with the transactions 

allowed between agents, as summarized in Table 2, where 

economic, energy, and operation service transactions between 

the different agents are proposed. A matrix representation of the 

allowed transactions among agents is shown in different colors 

in this table. The possible transactions from the agent in a row to 

the agent in the column are represented by triangles. For 

instance, position T12 shows the transactions from consumers to 

generators, which are only economic, as consumers just pay 

generators for consuming electricity. On the other hand, T21 

shows how generators provide energy to consumers. Another 

example could be position T43, where aggregators provide power 

flows and operating services to VPPs. In exchange for this, T34, 

VPPs make economic payments to aggregators. 

 
Table 2: Summary of the transactions among agents on the proposed smart grid 

framework (▲: economic transaction; ▲: energy transaction; ▲: operation 

service transaction). 

 

 Consumers Generators VPP Aggregators Storage TSO 

Consumers  ▲ ▲▲▲ ▲ ▲ ▲▲ 

Generators ▲  ▲▲▲  ▲ ▲ 

VPP ▲▲ ▲▲  ▲ ▲▲ ▲ 

Aggregators ▲  ▲   ▲ 

Storage ▲ ▲ ▲▲▲   ▲ 

TSO ▲ ▲ ▲ ▲ ▲  

Transmitter       

DSO ▲  ▲ ▲ ▲  

Distribution       

WMO  ▲ ▲  ▲  

LMO ▲ ▲ ▲  ▲  

Retailers ▲ ▲ ▲    

 Transmitter DSO Distribution WMO  LMO Retailers 

Consumers ▲ ▲▲ ▲ ▲ ▲ ▲▲ 

Generators ▲ ▲ ▲ ▲   

VPP  ▲   ▲  

Aggregators  ▲     

Storage ▲ ▲ ▲ ▲ ▲  

TSO       

Transmitter       

DSO       

Distribution       

WMO       

LMO       

Retailers    ▲   
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The different agents must accomplish these transactions 

(economic, energy, or service) in a coordinated way, based on 

what is required to interchange information with the rest of the 

participants in the power system. Traditional and new entities 

coexist in the proposed model. Agents whose activities change 

from traditional models are described in more detail in this 

chapter, while traditional ones are described when some of their 

original characteristics change. 

 

Active Consumers  
 

Consumers are the end-users of electricity, and they use it to 

perform specific activities (industrial, commercial, or 

residential). Three different types of consumers are considered 

depending on their connection point to the grid as follows: 

 

1. Low voltage (LV): Consumers. The voltage supply is lower 

than VHV kV, and they are connected to the LV distribution 

network. They are usually residential or small commercial 

customers. 

2. High voltage (HV): Consumers to distribution. Connected 

to the distribution power system with a voltage larger than 

VHV kV. They are typically medium industrial and 

commercial consumers. 

3. High voltage (HV): Consumers to transmission. Connected 

to the transmission or sub-transmission power system level 

with a voltage larger than VHV kV. They are typically large 

industrial and commercial consumers. 

 

Consumers used to be a static agent that only consumed energy. 

Currently, this activity can be complemented with the production 

of electricity through self-generation, providing demand 

response resources, and being an active participant in electricity 

markets.  

 

Consumers can be understood as a sum of loads that can own the 

metering equipment. Recently, it is becoming more and more 

common that customers may build their own generation 

resources, especially by using renewable resources. These 

generation facilities may range from a few kW to several MW. 
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When generated electricity exceeds the demand, it can be sold to 

the main grid through retail companies that will be responsible 

for ensuring the economic compensation to small consumers by 

providing an electricity net balance with the system specified 

prices.  

 

Regarding demand response resources (DRRs), they may exist in 

the customer facilities as a part of the demand that can be 

reduced/incremented according to the prices in the operation 

markets. Currently, it is becoming common that consumers own 

electric vehicles and small storage systems that can be operated 

in a smart way by aggregators or themselves [49] to have the 

possibility to offer operation services. Consumers should have 

the required communication systems to provide DRR in this 

case. Consequently, and depending on their size, consumers may 

require communication systems with other agents. For example, 

large flexible consumers will require direct communication with 

the TSO if they are connected to the transmission grid or direct 

communication with the distribution system operator (DSO) if 

they are connected to the distribution system. On the other hand, 

small and medium consumers will just interact with aggregators. 

 

The consumer’s main traditional transaction is to buy electricity 

from the grid and pay for it. Consumers can also now sell 

electricity to the grid and, eventually, may offer DRR directly to 

the DSO in a case where the size of the operable load is higher 

than the required POS-D. Additionally, these DRRs could also be 

offered directly to the transmission system operator (TSO) if 

they are larger than POS-T or through the aggregator. Regarding 

the economic transactions, consumers pay for the electricity 

consumed to retailers if they do not directly access the markets. 

If they do, they pay for energy to the wholesale market operator 

or the local market operator, to whom they can also sell 

electricity for dynamic balancing. Additionally, they can also 

establish bilateral contracts with generators or VPPs. Regarding 

the operation services, consumers receive payments for the use 

of their flexible resources from the TSO, DSO, aggregators, 

VPPs, and generators, depending on who uses their flexibility. 

Finally, since consumers are the end-users of the system, they 

defray most of the incurred costs, such as transmission and 
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distribution system usage, market and system operators, etc. 

They may pay them directly to the involved agents or, more 

commonly, they make a single payment to the retailer who 

divides it up with the rest of agents that receive payments from 

the consumer. 

 

Generators  
 

An electricity generator is an agent that owns the facilities to 

convert any type of primary energy into electricity.  

 

The main activity of generators is to produce the electricity that 

is used by consumers. Moreover, generators have the capability 

to provide operation services (OSs), which are mandatory in 

some cases and optional in the rest. Optional OSs may be traded 

in markets or through contracts. Both energy and operation 

services can be provided to other agents via markets or bilateral 

contracts. Moreover, the regulation in most countries enforces 

the obligation to provide some type of primary (spinning) 

reserve to the TSO from any committed generator [21]. 

 

In addition to the generators and turbines, the generation plants 

have the control and communication systems to ensure the 

correct operation to supply the electricity to the grid in a reliable 

and secure way. New generators can also own the new assets 

regarding substations and transmission lines. Traditional 

generators were large centralized power plants, normally far 

away from consumers. Now, electricity generation also occurs at 

the distribution level and lower scales, which is known as DER 

[8]. Thus, electricity generators can be differentiated regarding 

their connection point with the grid (transmission or 

distribution), size, and dispatchability. Thus, generators can be 

bulk generators if they have large sizes and are connected to the 

transmission network, or they can be connected to the distributed 

network as DER. Moreover, a key characteristic of generating 

technologies is if they have the capability of varying their power 

output at will. Therefore, generating technologies can be 

differentiated in dispatchable and non-dispatchable technologies. 

It is common today for renewable generators to include batteries 

in their facilities to operate as conventional generators and 
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provide operation services. Among all technologies, they can 

also be categorized as renewable (green), non-renewable 

(orange), nuclear (yellow), and renewable with storage (blue). 

The most common ones are the following: gas, coal, fuel, 

Combined Heat and Power (CHP), nuclear, hydroelectric, wind, 

solar photovoltaics (PV), solar thermal, and biomass. These 

classifications of technologies based on their connection point, 

dispatchability, and availability can be seen in Figure 3. 
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Figure 3: Generator technology types. 

 

Generators mainly receive payments for the energy they produce 

and the operation services they offer. Generators provide 
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electricity to the grid they are connected to (transmission or 

distribution), and this electricity can be managed by the 

generators or via a VPP that operates its assets. Regarding the 

operation services, they also provide them at the network level 

they are connected to. These services can be provided to the 

transmission and distribution operators if they meet the system 

operation service requirements (POS-T, POS-D). Thus, generators 

produce electricity that they sell in the wholesale market, local 

market (if connected to distribution), or via bilateral contracts to 

consumers, VPPs, and storage agents in exchange for economic 

transactions. Moreover, generators can also provide operation 

services via markets or contracts with the TSO, DSO, VPPs, and 

storage, receiving in exchange for them economic transactions. 

On the other hand, they can also purchase operation services 

from VPPs and storage agents. Finally, generators may pay fees 

for participating and using Wholesale Electricity Market 

(WEM), LMO, and the transmission and distribution grids (if 

connected to them). 

 

Virtual Power Plants (VPPs)  
 

VPPs are defined as an entity that integrates small and 

geographically distributed generators connected to the 

distribution system with the objective to provide firm and 

tradable generation.  

 

VPPs integrate small and disperse generation to perform as a 

single entity in the wholesale market and power system [25]. 

Therefore, VPPs behave as a traditional generator in the system, 

providing energy but also operation services. VPPs help small 

generators, usually with no control capability, to become a viable 

and fully qualified generator in the market. The VPP provides 

this control capacity for them (primary and secondary reserve 

and voltage regulation) so that they can compete in energy and 

operation services and markets. The generation resources 

included in one VPP can easily be modified or switched on or off 

providing the required flexibility for operation purposes. This 

flexibility can also be obtained from the DRR by interacting 

directly with large consumers or through demand aggregators for 
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small and medium-size demand resources. Energy storage may 

be also a key asset when providing VPP services. 

 

The generators belonging to a VPP are usually spread out over a 

limited geographical area. The basic activities, relations, and 

minimum conditions in the framework of the proposed model are 

shown in Figure 4. 
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Figure 4: Virtual power plant (VPP) activities and relations. 

 

VPPs agents may own or control generators such as renewables, 

cogeneration plants, traditional thermal generators, or storage 

systems. Moreover, VPPs need to have the same communication 

and control needs available as the traditional generators. These 

requirements should be more complex due to the fact that the 

VPP has to control large amounts of very distributed resources 

downstream and, in some cases, very small amounts according to 

their rated power. Therefore, their communication and 

computing systems have to be more complex to participate in 

energy markets.  

 

Regarding its transactions, VPPs interact with many agents. 

VPPs buy electricity from DG generators connected to the 

distribution grid and storage agents, or from the local energy 

market. VPPs sell the electricity to the different markets 

(wholesale or local). Regarding operation services, VPPs 
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purchase them from medium consumers connected to 

distribution, aggregators, and storage facilities. These are offered 

to DSO (if they are larger than POS-D), TSO (if they are larger 

than POS-T), or to other generators via bilateral contracts. 

Regarding their economic transactions, VPPs purchase 

electricity from generators and storage to sell them. Bilateral 

contracts can also be established between VPPs and consumers, 

retailers, or storage. Between storage and VPPs, bidirectional 

energy flows may exist. Finally, VPP agents receive payments 

from the TSO, DSO, and generators after providing the above-

mentioned services. In order to obtain these services, VPPs have 

to purchase them from consumers, aggregators, and storage 

systems. The VPP is not supposed to pay any fee for 

participating in the market or using the transmission or 

distribution grids, as these costs will be translated to the 

generators that they operate or the consumers that buy electricity 

from them. 

 

Aggregators  
 

An aggregator is an entity that groups different consumer agents 

of a power system to represent and operate them as a single 

agent that participates in the operation service markets [40,51]. 

 

Its main activity is to put into value for the system the small 

customer demand response resources that, when independently 

considered, are not valuable for other network operators. Thus, 

they unlock potential resources based on economies of scale 

[39]. The aggregator manages the customer demand by 

clustering small (a few kW) demand resources with similar 

characteristics, or combining them to provide valuable resources 

to the operator, in terms of size, duration, advance notification 

time, etc. These products are able to compete in quality and price 

with those offered by other actors like generators. One special 

type of aggregator activity is the electric vehicle charging 

management, which manages the EV load charging process (and 

discharging) in a specific EV concentration point or area, with 

the objective to manage this special and flexible load and to 

provide additional storage to the system. Aggregators are also 

responsible for managing the small generation so that they can 
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offer DRR products combining load and generation. The 

aggregator requires tools to evaluate the individual consumer 

response (or in low aggregation levels as in the case of 

residential customers) so that it may evaluate and foresee the 

main parameters of the customer response such as reduced 

power, duration, up and down ramps, etc. Then, it may proceed 

to the associated settlement when the transaction is completed. In 

addition, aggregators may also implement on/off control for 

small generators. 

 

The basic activities, relations, and minimum conditions for the 

aggregator in the proposed model are shown in the Figure 5. 
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Figure 5: Aggregator activities and relations. 

 

The aggregator’s main components include an extensive 

communication facilities system and computational capability. 

The first has to provide fast and reliable performance, and the 

second needs to properly receive the requests from the network 

operators and respond to them using suitable resources without 

compromising the customer requirements and expectations.  

 

The aggregator’s main clients are VPPs, DSO, and TSO, to 

whom they provide operation services and power in exchange 

for economic payments. These operation services are provided 

according to the minimum required levels at distribution (POS-D) 

and transmission (POS-T). Moreover, they may also offer their 

services to other actors such as energy suppliers (retailers) and 
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generators so that they may balance their buy/sell portfolio if 

necessary. Since all their resources come from consumers, 

aggregators have to pay consumers for their resources. These 

economic incentives that they have to provide are crucial for the 

seamless operation of this agent and to unlock the disaggregated 

opportunities. 

 

Storage  
 

This agent consumes and generates electricity and has the ability 

to store it for using it afterward.  

 

Storage is rapidly becoming a key technology in energy systems. 

Storage systems can help balance and flatten the electricity load 

profile. They are characterized by very fast responses, which 

provide storage with the capability to efficiently deliver 

operation services such as frequency response, black-start 

capability, load following, or capacity mechanisms [51]. 

Additionally, storage can participate in the wholesale market, 

leveling the load, competing with other peak power plants [52], 

and balancing short-term deviations. Storage was pointed out as 

one of the key factors to ensure reliable large renewable 

penetration in power systems [4], mainly because of its ability to 

balance the excess and deficit of renewable production, thereby 

avoiding curtailment and also helping the system operator.  

 

This agent has the capability to store energy in other forms such 

as thermal, potential, mechanical, or chemical. This includes 

technologies such as pumped hydro, flywheels, molten salts, 

hydrogen, and electrochemical batteries [53]. The storage agent 

also has to have available information and control systems to be 

allowed to participate in the electricity market.  

 

The storage agent implements power and energy transactions 

with the grid it is connected to (distribution or transmission). If 

connected to the transmission grid, storage injects and absorbs 

electricity from the grid to perform its activity and provide 

operation services with a minimum power (POS-T) to the TSO that 

manages the transmission grid. If connected to the distribution 

grid, the storage may exchange power and operation services 



Advances in Energy Research 

24                                                                                www.videleaf.com 

with a minimum size (POS-D) not only in the distribution grid and 

the DSO but also through VPP. These could be implemented 

through bilateral contracts, which can occur for aggregating 

capacities to better participate in the markets. With respect to 

economic transactions, storage can receive payments from the 

wholesale market, local market, and VPPs for the energy sold. It 

can also receive payments from the TSO, DSO, VPP, and 

generators for operation services. Storage can also buy electricity 

from the wholesale market, local markets, and VPPs, and it may 

have to pay for the associated fees of markets and grid assets. 

 

Transmission System Operator  

 

This agent ensures the correct operation of the transmission 

system. Its main activities are to guarantee secure operation of 

the power system. This agent has to obtain the resources to 

operate the network not only from traditional generators but also 

eventually from VPPs, large customers, and storage as proposed 

in the architecture. To do so, the TSO needs information that is 

provided by the WMO, transmitter, and other agents connected 

to the transmission grid. The TSO is committed to balancing the 

system and identifying network restrictions, which requires a 

reliable monitoring and control capability either for committed 

generators or VPPs and, eventually, demand response resources, 

directly managed or through aggregators. These control signals 

require fast and reliable communication.  

 

For doing so, the TSO needs to have assets to ensure the 

information and measurements flow is available, regarding the 

operation of the transmission network through a control center. 

The communication and cooperation between a DSO and TSO 

are essential in this new conceptual architecture. Furthermore, 

the TSO also has to manage exchanges with other power systems 

considering the capacity of the interconnections.  

 

In the proposed model, the TSO has to also consider the use of 

resources to operate the transmission network not only from 

traditional generators but also eventually from VPPs, large 

customers connected to transmission, and storage. All these 

operation services require a minimum but homogeneous power 
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(POS-T) for all participants that is determined according to the size 

of the system. Agents need to fulfil these requirements to 

compete in equal conditions. The TSO rewards economic 

payments in exchange for operation services to generators, 

VPPs, aggregators, storage systems, and consumers connected to 

the transmission network. As the main beneficiaries of the 

reliable and secure operation of the transmission grid are 

consumers, they pay the maintenance of the TSO via fees. 

 

Transmitter  
 

This agent is in charge of carrying the electricity from the bulk 

generation to the distribution system. The activity that it 

performs is to transport the electricity throughout the assets that 

it owns. Moreover, the transmitter has to plan and build (usually 

in a regulated framework) new lines, as well as reinforce the 

ones to account for future demand perspectives. It also verifies 

the connection procedure of new-generation capacity.  

 

This agent has a physical infrastructure between the large 

generators and the distribution grid or large consumers. This 

includes high-voltage transformers and transmission lines. 

 

This agent is highly regulated since it is a natural monopoly [54]. 

Therefore, the only transactions of this agent are the received 

fees from generators, storage, and consumers. The users of the 

transmission system bear the costs of its maintenance and 

modernization via taxes. 

 

Distribution System Operator  
 

This agent refers to the entity in charge of ensuring the operation 

of the distribution system. The DSO plays the important role of 

managing the distribution system. Moreover, since distributed 

generation is usually embedded in the distribution system, the 

system behavior increases in complexity (direction of energy 

flows, distribution operation constraints, etc.). To account for 

this situation, the DSO needs to have the necessary resources, 

which come from the customer resources directly operated or, if 
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desirable, through aggregators. The following new roles that 

DSOs realize are of extreme importance:  

 

 Enhancement of the competition and usage of different local 

resources to manage technical constraints at a distribution 

level, allowing the optimization of network planning and 

solving congestions at the distribution level [55]. 

 Provision of the forecast and availability of flexible 

resource to both TSO and local market operators, helping 

both to accurately predict and contrast the reliability of the 

resources [56]. 

 Improvement of power quality monitoring and control 

strategies associated with the inclusion of distributed energy 

generation at the distribution level [57]. 

 

Therefore, this agent needs to have assets to ensure the 

information and measurement flows are available regarding the 

operation of the distribution network, allowing the detection or 

prediction of undesirable conditions (current flows or voltages), 

and finding the resources to cope with the situation. According 

to this fact, fast and reliable communication channels with the 

TSO, aggregators, VPP, and generators connected to the 

distribution system are crucial. Moreover, they also own control 

centers to safeguard the operation of the system. 

 

In the proposed model, the DSO has to also consider the use of 

resources to operate the network, not only from traditional 

generators but also eventually from VPPs, large customers, 

aggregators, and storage. All these operation services require a 

minimum but homogeneous power (POS-D) for all participants 

that is dictated by the size of the system. Agents need to fulfil 

these requirements to compete in equal conditions. Thus, the 

DSO is able to provide economic payments in exchange for 

operation services to generators, VPPs, aggregators, storage 

systems, and consumers connected to the distribution network. 

On the other hand, since the beneficiaries of the safe and secure 

operation of the distribution grid are consumers connected to the 

distribution, they pay for the maintenance of the DSO via fees. 
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Distributor  
 

This agent is in charge of carrying the electricity at the final 

stage of the delivery, between the transmission grid and the final 

consumers connected to distribution.  

 

Traditionally, the only objective of this agent was to provide the 

physical infrastructure between the transport grid and the final 

consumers. However, its activities are now larger due to the 

amount of information that they manage generated by smart 

meters. Therefore, it became an information provider too, since it 

manages all the telemetry and metering infrastructure. This agent 

as traditionally highly regulated since it was considered a natural 

monopoly [54]. Nevertheless, efforts to make the sector more 

competitive are arising [58].  

 

A new critical activity for the distributor is as the information 

provider, being responsible for gathering measurements and 

other information of the rest of the agents so that they may 

evaluate the response. For doing so, the distribution agent owns a 

large number of physical assets. Among them are medium- and 

low-voltage grids, transformers, and consumer’s telemetry 

equipment; the distributor also owns a large advanced metering 

infrastructure (AMI) that collects large quantities of information. 

After this, thanks to a measured data management (MDM) 

system, all this information is filtered, processed, and organized 

in order to obtain valuable information for the correct 

functioning of the system.  

 

The entities in charge of this agent have to maintain, monitor, 

and improve the physical assets and provide the collected 

information. Therefore, the only transactions of this agent are 

received fees from generators, storage, and consumers. The users 

of the distribution system bear the costs of its maintenance and 

modernization via taxes. 
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Wholesale Market Operator  
 

This agent is an entity that provides a service, whereby the offers 

to sell electricity are matched with bids to buy electricity, 

ensuring the balance between them [60,61]. 

 

The main objective is to ensure the correct and transparent 

functioning of the economic transactions associated with the 

power sector, as well as organizing the different electricity 

markets, including wholesale, future markets, and the collection 

of all the bilateral contracts over the counter (OTC) that have an 

impact on the system. This information has to be provided to the 

TSO to ensure the correct functioning of the system.  

 

The WMO is an independent actor in liberalized frameworks, 

strictly regulated. The WMO is characterized by a trading 

platform that it controls in order to manage all the bids to buy 

and sell products. One of its main tasks is to couple the market 

by matching the sell and buy offers.  

 

Regarding transactions among agents, the generators, storage, 

and the consumers bear the costs associated with the WMO, 

paying the fees directly or via a third party. Regarding energy 

transactions, a minimum level for buying (EW-B) and selling (EW-

S) electricity in this market is established depending on its size. 

Generators and VPPs offer electricity in the market and are 

compensated with cash flows. These come from the retailers and 

consumers that participate in the market. Storage has the 

capacity to buy and sell electricity to obtain benefits. Thus, cash 

flows between storage and the WMO are bidirectional. 

 

Local Market Operator  
 

Currently, local electricity markets (LEMs) are probably the 

least developed component of smart grids. The implementation 

of electricity markets in the last 20 years did not result in a 

significant reduction in the price ties of the energy or the 

increment of opportunities for most of the final consumers. Local 

markets are being designed to bring competitive advantages to 
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these consumers, by implementing local trading (peer-to-peer) 

either directly or through aggregators and VPPs [43].  

 

LEMs need to be reliably established to enhance the fair trading 

for customer-owned renewable generation and flexible 

resources. 

 

This requires the development and implementation of dynamic 

and automatic trading platforms, for the negotiation of energy for 

short periods of time (shorter than the ones applied to wholesale 

markets) and probably closing a minute before delivery. LME 

platforms have to offer consumers, aggregators, and VPPs the 

chance to virtually trade energy services in a geographically 

constrained area [61]. These markets complement wholesale 

markets and bilateral contracts that do not have the capability to 

react in real time to the myriad of small demand resources and 

distributed generation [62]. The LMO manages and operates the 

LEM from an independent perspective, enabling a more dynamic 

trading of electricity.  

 

Its main activity is to promote the diversity and competitiveness 

of the market, while ensuring the correct functioning of it by 

matching buying and selling bids. Furthermore, they have to 

monitor all the energy transactions to communicate them to the 

DSO to ensure a reliable operation under the technical limits. 

This information is provided according to the geographic control 

area of the DSO associated with the LEM. 

 

The main components that characterize the LMO are the trading 

platforms that it controls to manage all the bids to buy and sell 

products. All these agents have to be in a local area and 

interconnected in a distribution grid. This allows a fast 

negotiation process and a dynamic response to prices. 

 

Due to its role of market operator, the LMO receives payments 

from all the agents participating in this market. The local market 

manages payments among the participating agents; to do so, a 

minimum level for buying (EL-B) and selling (EL-S) electricity in 

these markets is established depending on its size. While 

generators and VPP agents receive payments for the energy 
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traded, consumers and retailers pay for it. As in other markets, 

the storage has bidirectional energy flows, having the capacity to 

buy and sell electricity. Finally, consumers, storage, and 

generators pay an established fee for participating in the market 

directly or throughout a third party. 

 

Retailer  
 

Electricity retailers are entities that bridge the gap between 

consumers and the wholesale markets [60]. The activities of this 

agent do not change significantly from the traditional one. They 

buy the electricity in the market and sell it to their customers. 

Nevertheless, in the proposed model, the self-generation 

becomes a common possibility for small customers, being the 

interaction for these customers directly handled by retailers. 

These interactions translate in contracts with consumers to 

absorb the self-generation excess and economically compensate 

them afterward. 

 

The retailers do not have specific components on their assets. 

They play a role of intermediary, thus owning strong 

communication and prediction systems for optimizing their 

performance.  

 

This agent needs to interact for energy trading with wholesale 

and local markets. They can also sign these transactions through 

bilateral contracts with generators and VPPs. For these reasons, 

they need reliable and secure communication and information 

channels. Moreover, according to the proposed architecture, 

retailers are also allowed to interact with customers and 

aggregators for portfolio balancing purposes, needing for that the 

capability to interact through dynamic pricing (not control 

capabilities) with the customers. They are also responsible for 

implementing the self-consumption or net balance contracting, 

needing for that information about the customer buying and 

selling electricity. Retailers are also responsible for paying the 

fees in representation of consumers to the different market 

operators. In sum, interactions between retailers are with 

customers, aggregators, VPPs, generators, and market operators. 
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Conceptual Architecture and Interactions among 

Agents  
 

The above-described agents establish a series of relationships 

among them as summarized in Table 2. More specifically, the 

figures below map the different interactions that take place in the 

newly proposed conceptual architecture. Thus, these figures 

explicitly depict each of the transactions above explained. 

 

Figure 6 shows the transactions among agents associated with 

the physical commodity (electricity), which can be due to power, 

operation services, or balancing requirements. The blue arrows 

show transactions among agents related to energy; for instance, 

generators can supply power to the grid if they are connected to 

generation. In contrast, if they are connected to the distribution 

grid, they can supply its energy to the grid or through a VPP if 

their capacity is small. Another example can be storage, which 

has the capability to provide or purchase electricity from the 

grid. Depending on which grid (transmission or distribution) it is 

connected to, the energy fluxes will vary. The green arrows 

represent the operation service transactions. These are related to 

frequency and voltage control, energy imbalance, or system 

protection [21]. It can be seen that these transactions are applied 

to the transmission or distribution grid, depending on which grid 

the resources are connected to. Afterward, these operation 

resources at the distribution level can be managed at higher 

levels by the TSO thanks to the communication between DSO 

and TSO.  

 

Figure 6 shows the economic transactions among agents, 

differentiated depending on if they are associated with an energy 

supply, bilateral contracts, operation services, balancing of own 

assets, fees, and grid usage transactions. Thus, blue arrows refer 

to an economic payment associated with a power exchange, 

dashed blue arrows show energy bilateral contracts, green arrows 

represent payments related with operation services, green dashed 

arrows represent payments for balancing portfolios or demands, 

orange arrows represent fees, and gray arrows represent taxes for 

the usage of the grid. For instance, aggregators receive payments 

for operation services from the DSO, TSO, and VPP, but they 
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pay these operation services to consumers. Retailers buy energy 

from wholesale and local markets and bilateral contracts with 

VPPs and generators. Afterward, this energy is sold to 

consumers that pay for it. On the other hand, the transmitter 

agent and the distributor agent only receive payments associated 

with taxes, which are only paid by consumers, storage, and 

generators, the agents that are considered the final users of the 

infrastructure. Specifically, only agents connected to the 

distribution grid pay to the distributor.  

 

Finally, some agents associated with energy services can also 

balance their own portfolio to optimize their performance in the 

market. These last arrows can be seen as green dashed lines. 
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Figure 6: Conceptual architecture with physical transactions. 
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Figure 7: Conceptual architecture with economic transactions. 

 

Conclusions  
 

This paper presented a novel conceptual architecture for the 

development of the next-generation electricity markets. The 

architecture helps unlock all the hidden potential of flexible and 

distributed energy resources, taking into special consideration 

the potential benefits for active consumers. The novel 

architecture was proposed based on the analysis of the 

shortcomings of the existing models that can be found in the 

literature. This model provides a path that policy-makers can 

follow to eliminate barriers to integrate DER in a competitive 

way at the distribution level. 

 

In this new paradigm with a massive integration of renewables, 

the need for electricity storage and for enhancing the value of 

demand response resources forces agents’ services and 

transactions to appear. The proposed new architecture focuses on 

agents who enable flexible resources to be exploited such as 

storage, virtual power plants, and aggregators. These agents are 

already operating in some systems and emerging in others. 

However, the model includes the transactions among them based 

on an ontological analysis. Furthermore, the transactions among 

the presented agents are separated in energy, operating services, 
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and economic transactions, which were clearly analyzed and 

described regarding the offered services, taking into account the 

technical restrictions. This results in a clear proposal of how the 

future electricity markets could be implemented. 

 

This architecture also presents and characterizes the flexible 

resources available in the next-generation electricity markets, 

paving the way for its transactions. This flexibility can be 

available for two functions: to provide operation services, and 

the fast and dynamic balancing of electricity consumption and 

generation at different network levels. Three types of flexibility 

were shown in the proposed conceptual architecture. Similar to 

traditional generators, intermittent renewables with batteries are 

also able to provide flexibility. Consumers with self-generation 

and batteries can also become a flexible resource for the systems. 

This also helps them optimize their electricity cost by unlocking 

resources and allowing them to use their flexibility with an 

economic purpose. Finally, electric vehicles will also become a 

major source of flexibility in the system. Even though they are a 

concrete application, the massive electrification of transport 

gives as an opportunity to provide flexibility to the system. EVs 

can be described as consumers with self-generation and batteries 

if vehicle-to-grid chargers are implemented, or just as flexible 

consumers if only grid-to-vehicle chargers are installed. 

 

Another novel element is the inclusion of local electricity 

markets in the conceptual architecture. Currently, these markets 

are gaining importance and interest due to their capability of 

reacting to the novel scenario of larger intermittency and 

decentralized generation at the distribution level. However, their 

relationships with other agents of the system were not previously 

studied from an ontological perspective. These relationships 

were carefully studied and stated. LEMs represent a valuable 

tool to exchange energy locally in a more dynamic and cost-

efficient way for the power system (grid loss reduction). 

Furthermore, they also present an opportunity for 

decentralization and enhancement of competition in real time. It 

is important to highlight the need to have a fast and reliable 

communication channel between the local market operator and 
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the DSO. The latter provides the technical restrictions that 

determine under what limits energy can be traded in these LEMs. 

 

Finally, future work should assess the implementation of a case 

study with the proposed architecture to assess how the model 

enhances a more competitive electricity market and how agents 

are integrated in existing systems. It is also necessary to develop 

a clear cost–benefit analysis of the implemented model to gain 

knowledge of it. Moreover, simulations of the market behavior 

under different time domains also remain as a future objective.  
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Abstract  
 

When manual harvesting of sugarcane was discontinued in many 

regions of Brazil, interest in power generation by burning the 

bagasse and straw in cogeneration units rose. Exergy analysis is 

often applied to increase the thermodynamic yield of these plants 

by identifying irreversibility and work availability. Conversely,  

pressure for adopting clean energy requires these systems to  be 

evaluated for suitable environmental performance. This study 

identified and discussed the thermodynamic and environmental 

effects of scaling up systems that operate according Rankine cycle 

with reheating. Ten scenarios have been designed considering 

different levels of steam pressure and addition rates of straw 

remaining in the sugarcane cultivation. The thermodynamic 

analysis revealed a 37% improvement in the exergy efficiency 

and 63% of increasing in power generation to raise the steam 

pressure from 20 to 100 bar. Moreover, the use of 50% of 

residual straw into units operating at 100 bar can more than 

double the amount of electricity exported. If addressed 

considering a life cycle perspective, the use of straw improves the 

environmental performance of the cogeneration for Climate 

Change and Particle Matter Formation but provides additional 

impacts in terms of Water and Fossil resources depletions. 
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Cogeneration; Sugarcane Biomass; Exergy Analysis; Life Cycle 
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Introduction  
 

Sugar and alcohol production stands out as one of Brazil‘s main 

productive activities. The sector has expanded since the 

international market opened to this fuel and mechanisms to 

commercialize surplus electricity for the production network 

have been created [1,2]. As a result, the companies of the internal 

sugar-alcohol sector have been seeking to raise competitiveness 

by improving agricultural productivity and industrial income, and 

by reducing losses along the production chain. In this second 

branch of actions, the reuse of agricultural wastes mostly in the 

form of bagasse and straw, is particularly noteworthy. 
 

No longer merely a complementary source of ethanol 

production, these sources of biomass are used in the cogeneration 

cycles, with the purpose of increasing the supply of electric 

energy and then exporting it to the grid [1,3]. An expressive trend 

of expansion in this field is expected in the next few years. This is 

because: (i) Brazil still falls short of fully exploring its energy 

potential in sugarcane biomass [1,4,5]; (ii) the installed capacity 

for cogeneration from biomass is 143 GW, representing 9.3% of 

the domestic energy supply in 2014, and the national commitment 

is to increase this contribution to 23% by 2030 [6]; (iii) the country 

has signed international agreements aimed at sustainable 

development and reduction of greenhouse gas (GHG) [7] and 

cogeneration from biomass is one of the most promising options 

of the Brazilian strategy for accomplishing these goals [8]. 

Another reason for expanding the so-called ‗bioelectricity‘ refers 

to the increasing availability of plant material that supplies the 

process. Straw offers are increasing due to the Agro-

environmental Protocol, an agreement established in 2007 between 

the main internal producers of sugarcane, the União da 

Agroindústria Canavieira (UNICA), the sugarcane producers‘ 

guild, and the Government of the State of São Paulo.  
 

According to the agreement, since 2014 there can be no 

clearing of cultivated areas by burning biomass in sites that can 

be mechanically harvested, and in areas where there is no 

appropriate technology for mechanization, and sugarcane 

burning was scheduled to stop at the beginning of 2017 [9–12], 

as actually happened. 
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Even with so many benefits, the use of renewable sources in 

cogeneration plants can be improved in terms of the simultaneous 

generation of electricity and heat [13]. The exergy analysis, an 

approach based on the 2nd Law of Thermodynamics, has been 

used for this purpose, obtaining expressive results as compared 

to the classical analysis, restricted to the 1st Law [14]. Exergy 

analysis allows to identify the main irreversibility sources in a 

thermal power system (i.e., its inefficiencies) [15,16]. A survey 

of technical literature on the subject shows the existence of many 

recent works about the thermodynamic assessment of 

cogeneration systems. Dewulf et al. [16] and Torchio [17] 

analyzed the advantages of using exergy analysis in the selection of 

technical performance indicators in cogeneration systems. 

Similarly, Ensinas et al. [18] and Dias et al. [19] applied an 

exergoeconomic indicator to assess the thermodynamic 

performance of processing sugarcane ethanol, with a view to 

identifying opportunities to lower irreversibility associated to 

this process. It must be noted, however, that all these surveys are 

limited to using the sugarcane bagasse as cogeneration cycle fuel. 

 

The recent higher demands for ethanol and electrical power have 

led some authors to look into the thermodynamic behavior of 

modern cogeneration technologies (i.e., substituting backpressure 

steam turbines for condensing extraction steam turbines) able to 

operate under severe conditions of pressure and temperature. 

Pellegrini and Oliveira Jr. [20] approached the issue by verifying 

the energetic performance of cogeneration units installed in 

ethanol plants whose boiler exit steam pressure ranges from 21 to 

120 bar. Similar analyses have also been carried out by Bechara et 

al. [21], Colombo et al. [22], Dias et al. [23] and by Oliverio and 

Ferreira [24]. Even though the increase in straw availability is a 

predictable corollary from the termination of burning techniques 

[3,12,25,26], the implications of using this biomass, e.g., 

associated with the bagasse, over the thermodynamic performance 

of cogeneration systems are still insufficiently understood [5,27]. 

Alves et al. [1] and Cardoso et al. [4] assessed the export potential 

of Rankine cycle electricity supplied with different additional 

rates of bagasse and straw. Following different approaches, these 

authors reached the conclusion that the electrical efficacy of 

cogeneration varies linearly with the increase of straw for 
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specific levels of system operation. Menandro et al. [5] have 

pointed out how important it is to keep an amount of straw in the 

field so as to recycle nutrients and regulate the humidity of the 

soil. The recovery of straw also was the subject of exergy analyses 

carried out by Palacios-Bereche et al. [28], Bechara et al. [21] and 

Modesto et al. [29]. It is revealed to be a promising alternative 

with potential yet be still explored. 

 

The aforementioned studies are restricted, however, to industrial 

processes and operations. Contrary to such a perspective  Dewulf  

et  al.  [16]  and  Murphy  et  al.  [30]  adopt  scopes  based on 

the concept of life cycle in order to assess energetic systems. Gil 

et al. [31], Moya et al. [32], Nogueira et al. [33], and Ometto and 

Roma [34] have all applied systemic approaches to assess the 

conversion of heat into work in the sugar and alcohol industry.  

 

Kadyala et al. [35] and Shen et al. [36] resorted to an extensive 

domain in order to quantify the environmental impact of the 

generation of electricity out of different biomass sources, but the 

thermodynamic analysis was only focused on counting 

Cumulated Exergy Demand. Guerra et al. [37] and Donke et al. 

[38] employed stringent Life Cycle Assessment (LCA) and exergy 

analysis in the investigation of environmental and thermodynamic 

positive aspects, respectively  of cogeneration through biomass 

and the functioning of a multipurpose plant for the production of 

ethanol from sugarcane, corn and sorghum, but their surveys are 

narrowed to the use of bagasse as the only energy source. 

 

To the best of our knowledge, no research verifying concurrently 

the thermodynamic and environmental consequences of 

cogeneration using both bagasse and straw for different 

operation conditions of the system has been carried out. This 

study proposes a contribution to the topic by addressing such 

effects from the increased scale of production of cogeneration 

systems operated with sugarcane biomass. Hence, scenarios with 

different process conditions have been designed and modeled. 

The option for the reheating technique on Rankine cycle is 

another unique feature of the research, as this approach is typical 

of thermoelectric plants [39] and only recently has been tested in 

conditions such as that one. We expect this initiative to provide 
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elements for designing technically efficient and less 

environmentally aggressive cogeneration units, and for 

subsidizing public policies oriented toward energy management 

and planning in Brazil. 

 

Agricultural Process Description 
 

Agricultural production of sugarcane was based on the 

technology most frequently used in   the state of Sao Paulo, 

Brazil‘s main producer,  in recent years.  In the period between 

2005 and  2014, the crops grown in the region recorded an 

average agricultural productivity of 82 t/ha [40]. Chemical 

fertilizers—potassium chloride (KCl), single superphosphate 

(SSP), and urea—are used to meet the sugarcane nutritional 

needs. Vinasse, filter cake, and ashes from the industrial stage 

are also applied to the soil as complementary sources of macro 

and micronutrients. Moreover, adjusting the soil acidity by liming 

and the use of agrochemicals—carbofuran, diuron, glyphosate, 

hexazinone, and tebuthiuron—for pest control are often 

necessary practices [41]. Mechanized harvesting in the region 

accounted for over 95% of the total [42]. After being transported 

to the industrial unit, the sugarcane is washed, chopped and 

shredded before grinding. Wet route juice extraction (imbibing 

46%) provides bagasse. Prior to fermentation, the sugar juice is 

heated and purified in a rotating filter (which generates filter 

cake), and concentrated in set of evaporators of indirect contact 

[33]. 

 

An average industrial productivity of 83 L C2H6O/t sugarcane 

can be obtained by using Saccharomyces cerevisiae for the 

alcoholic fermentation of the sugar juice. The process is carried 

out  in batch reactors at controlled temperatures, acidity levels, 

and oxygen concentrations. Fractional distillation takes place at 

atmospheric pressure before reaching azeotrope point. The 

anhydrous form of the alcohol (99.5% v/v) is obtained only after 

the hydrated solution (95% v/v) is subjected  to a rectification 

column. Vinasse is generated during the operations of ethanol 

distillation and rectification, at a ratio of 10–13 L/L anhydrous 

ethanol [34,43]. 
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Industrial System Description 
 

Most Brazilian cogeneration plants run on Rankine cycles 

without reheating. The novelty of applying the reheating 

technique on cogeneration plant is described in Figure 1. The 

theoretical basis for proposing this approach derived from 

previous initiatives described by Moran and Shapiro [39], 

regarding efficiency improvement in similar thermoelectric 

plants.  

 

Reheating consists of extracting superheated steam after its  

expansion through the first stage of the backpressure turbine and 

reheating it on the steam generator prior to reinjecting it into the 

second stage of the turbine. The so-called optimum extraction 

pressure ranges from 20 to 25 bar, depending on the 

thermodynamic properties of the high-pressure steam in each 

scenario [44]. After reheating, the steam flow is reinjected into 

the second stage of the turbine and expands through this 

equipment until the condenser pressure is reached. A generator 

converts the mechanical energy generated by the steam expansion 

into electricity. The energy efficiency of this operation is 

approximately 95% [38]. 

 

Dry saturated steam is extracted from the turbine at about 2.5 bar 

in order to supply the thermal demand of the distillery and for 

reaching the deaeration set point (110 ◦C) [37]. The boiler 

feedwater pump pressure is designed to overcome the maximum 

possible fluid flow at the maximum design operating condition. 

For each scenario, a discharge pressure 20% higher than the 

boiler pressure was considered,  to overcome drum operating 

pressure,  pressure drop in tubes and in order to include  a safety 

margin. This correction factor is usually applied on boiler 

systems and a feedwater control valve adjusts the flow. 
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Figure 1: General scheme of a Rankine cycle with reheating steam for power 

cogeneration plant. 
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Table 1: Cogeneration scenarios with different operational scale sources of biomass consumption. 

 

Process 

stage  

Parameter (unit) Value 

Distillery Sugarcane crushed per crop (tsc) 2,000,000 

Distillery operation period per crop (day) 180 

Total bagasse produced (wet basis) (kg/ 

tsc) 

280 

Working day (h) 24 

Anhydrous ethanol production (kg/tsc) 64.7 

Moisture of bagasse (%)  50 

Bagasse Lower Heating Value (kJ/kg ) 7,565 

Steam consumption (kg/ tsc) 400 

Electricity consumption (kWh/ tsc) 30 

 Bagasse consumption (wet basis) (t/h) 129 

 Straw consumption
(a)

 (wet basis) (t/h) 38 

Cogeneratio

n system 

Steam pressure (extraction)  

vs. 

Thermal efficiency of the boiler 

P (bar) ɳ (%) 

20 78 

45 82 

67 86 

80 88 

100 88 

Efficiency of the electrical generator (%) 95 

Steam pressure (distillery) (bar) 2.5 

Steam pressure (condensation) (bar) 0.10 

Condensate temperature in the deaerator 

(°C) 

110 

Isentropic pump efficiency (%) 85 

Straw 

production 

Total straw produced (wet basis) (kg/ tsc) 165 

Moisture of straw (%) 15 

Lower Heating Value (kJ/kg) 12,960 

Electricity consumption (kWh/ tsc) 5.6 
 

(a) Straw consumption is only related to scenarios VI–X;  

(b) Dias et al. [45,46]; 

(c) Efficiencies of steam generator, electrical generator, pumps and steam turbine are based on Guerra et al. [37], Dias et al. [19,46]. 
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Turbine exhaust steam feeds a condenser unit at about 0.1 bar of 

pressure. The liquid fraction also passes through the deaerator 

prior to being reintroduced into the boiler, closing the cycle 

[37,45–47]. According to Cortez [48], about 57% of the electric 

consumption in the distillery is attributed  to sugarcane 

preparation and crushing. The remaining demand triggers 

ancillary equipment (boiler blowers, pumps, injectors, and 

stirrers), automation systems, and industrial instrumentation. 

Electricity surplus is commercialized with the grid owners. 
 

Still in the field, the straw to be used in the cogeneration unit is 

compressed into rectangular bales (250–500 kg) to be transported 

to the distillery, where it will be cut and minced by hammer mills 

[25]. Under these conditions, the biomass can be fed to the boiler 

with the bagasse. Table 1 presents the main process parameters 

of the same system. Such data have also been used to model 

cogeneration and its interface with the ethanol manufacturing, in 

order to evaluate both the thermodynamic and environmental 

profiles of each scenario. 
 

Methodology  
 

The methodology established to fulfill the objectives of this 

study takes into account five steps: 
 

(i) formulation of scenarios that represent different operational 

scales of cogeneration from sugarcane biomass (bagasse and 

straw); (ii) verification of the thermodynamic performance 

profile of each scenario from exergy analysis; (iii) use of the 

LCA technique to examine the performance of scenarios from an 

environmental perspective; (iv) performing an investigation of the 

obtained results in order to identify agents causing impacts in 

both dimensions of the analysis; and (v) verification of the 

effects stemming from the synergy of thermodynamic and 

environmental indicators when applied in the scale up analysis of 

the cogeneration process. 
 

Case Scenarios Definition 
 

The formulation of scenarios was based on the average 

technological pattern as practiced at autonomous distilleries 

located in the state of São Paulo which export electricity to the 
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concessionaire. This geographic coverage was selected because, 

as mentioned before, the zone leads the production of sugarcane 

in Brazil, accounting for 61% of all domestic production [49]. 

The definition of the cogeneration technology standard took into 

account two criteria: (i) the operational scales of the units; and 

(ii) the specifications of the thermodynamic cycle. The 

operational scale was defined by the properties of superheated 

steam at boiler exit, which ranges from 20 bar up to 100 bar [19]. 

According to Guerra et al. [37] most cogeneration units located in 

São Paulo are running the Rankine cycle in this range of pressure 

without reheating. 
 

Table 2: Cogeneration scenarios with different operational scale sources of 

biomass consumption. 

 
Scenario Straw used as 

heat source 

High Pressure Steam State 

Functions 

P (bar) T (°C) 

I (–) 20 412 

II (–) 45 457 

III (–) 67 483 

IV (–) 80 495 

V (–) 100 511 

VI (+) 20 412 

VII (+) 45 457 

VIII (+) 67 483 

IX (+) 80 495 

X (+) 100 511 

 

The specification of the thermodynamic cycle depends on many 

parameters but the amount and characteristics of biomass added 

to the system are amongst the most important. In addition to the 

whole bagasse produced in sugarcane crushing, high-

performance facilities also consume sugarcane straw (leaves and 

tips) as heat source [38].  

 

Conversely, the use of straw to protect the agricultural soil [2] 

and the high rates of chlorides and silica associated with it – that 

may cause, respectively, rupture in the internal tubes and fouling 

in the boiler [24] – restricted the dosage of this renewable source 

in the cogeneration system. Under all these circumstances, the 

study evaluated two conditions in terms of straw utilization: (i) 
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non-consumption; and (ii) use of 50% w/w of the total amount of 

straw produced in the fields. Table 2 shows ten realistic scenarios 

established to support the investigation after the aforementioned 

conditions were met. The signal (+) indicates presence of straw 

in the boiler feed and (–) its absence in the same flow. Other 

stages of the process to produce electricity out of sugarcane 

biomass are invariable, regardless of the scenario under analysis. 

 

Thermodynamic Evaluation  
 

Exergy can be understood as the maximum work obtainable 

from a matter, heat or work flow as it converges to the 

thermodynamic equilibrium with the components of the 

environment [50].  The reference environment is in stable 

equilibrium, whose intensive state of temperature, pressure and 

chemical composition remains unaltered and where the 

substances are found in abundance in nature. In the cogeneration 

system under analysis, the working fluid is water and the 

reference environment temperature and pressure are respectively 

25 ◦C and 1.0 bar [44]. Thermodynamic analysis comprises an 

exergy balance that has been specifically carried out for the 

cogeneration system. This approach was adopted in order to 

estimate the irreversibility profile distribution (i.e., the exergy 

destruction) along the Rankine cycle stages: boiler, turbine, 

condenser, and ancillary equipment. 

 

The scenarios described above, for which the exergy balance has 

been applied, were represented by using the software Engineering 

Equation Solver (EES)® (F-Chart Software, Madison, WI, USA) 

[51]. EES provides thermodynamically robust data and solutions 

for energy systems, being useful for designing multivariate 

problems. In this study, EES was employed to develop an analysis 

that a certain parameter is varying within a suitable range in 

order to find the optimum result. The algebraic equations used 

for modeling the thermodynamic behavior at each step of the 

Rankine cycle follow mass and energy conservation principles 

[37]. The mass balance equation for a steady-state system can be 

written in the rate form as shown in Equation (1): 
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where  ̇  and  ̇  represent mass flow rates of the working fluid, 

respectively, entering and exiting the system. Likewise, energy 

rate balance regarding a steady-state system was described in 

Equation (2): 

 

∑ ̇ 

 

  ̇   ∑ ̇ 
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 ̇  and  ̇  are energy rates that also enter and exit the system, 

respectively. The heat rate provided to the system is  ̇, whereas 

the work transfer rate was defined as   ̇. 

 

The exergy balance is performed by combining the steady flow 

mass and energy equations with the expression for the entropy 

generation (i.e., involving the 1st and 2nd Laws of 

Thermodynamics). The entropy balance concerning a steady-

state system is indicated in Equation (3): 

 

∑
 ̇

  
 

  ∑ ̇ 

 

    ̇     ∑ ̇ 

 

   (3) 

 

where  ̇    and    are the entropy generation rate and the 

temperature of the control volume. The parameters si and se are 

the specific entropy rates of input and output flows circulating 

throughout the boundaries of the system. 

The exergy destruction rate   ̇     of each single stage of the 

Rankine cycle has been calculated by applying the exergy rate 

balance considering the steady-state system (Equation (4)): 

 

 ̇        ̇     ̇    ∑ ̇  

 

 ∑ ̇  

 

 (4) 

 ̇   is the work transfer rate    ̇  for each stage of the cycle 

whereas   ̇  and   ̇  refer to exergy rate entering and exiting the 

system, respectively. The exergy associated with the heat 

transfer rate   ̇    has been calculated using Equation (5): 
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)  ̇ 

 

 (5) 

 

In this case, T0 is the reference environment temperature and Tj is 

the system boundary temperature.  

 

According to Kotas [50] the general expression of exergy rate is 

obtained from the sum of four components, i.e., kinetic, 

potential, chemical and physical (Equation (6)): 

 

 ̇    ̇       ̇       ̇      ̇                                        (6) 

 

The kinetic exergy   ̇   is related to orderly particle trends, 

while the potential exergy   ̇   refers to its elevation. The 

chemical exergy   ̇   takes into account differences in 

concentration and molecular structure [44]. In the present 

initiative, the kinetic and potential components were omitted due 

to the negligible effects over each single step under analysis. 

Since the working fluid is only water, there is no chemical 

exergy involved, thus the exergy rate associated with a matter 

stream will be estimated by its physical exergy rate   ̇   that 

can be calculated by Equation (7): 

 

 ̇    ̇     ̇[               ] (7) 

 

The parameters    and    are, respectively, the specific enthalpy 

and entropy at the reference environment temperature.  

 

Exergy destruction rates associated to water and condensate 

pumps, deaerator vessel and desuperheater system were 

calculated separately, using the Equations (1)–(7). In the present 

study, this group of single units was generically defined as 

ancillary equipment. 

 

The thermodynamic analysis has been carried out from process 

indicators as: (i) Exergy efficiency (expressed as %); (ii) 

Specific net power output and the amount exported to the grid 

(kWh/t sugarcane); and (iii) Cooling tower and deionized boiler 
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make-up water consumption (kg/t sugarcane). The exergy 

efficiency of the system (   ) was assumed as the ratio between 

the useful exergy it provides (i.e., the exergy content of the 

thermal energy demanded by the industrial processes and also 

the net power output from cogeneration) and the total exergy fed 

to the boiler (Equation (8)) [37]. Eboh et al. [13] agree that     is 

the most suitable parameter for evaluating the thermal system 

performance: 

 

     
 ̇       

 ̇     

  
 ̇      ̇    

 ̇     

 (8) 

 

 ̇    represents the exergy rate of process steam that is 

consumed for the production of ethanol (Equation (7)). The 

 ̇           ̇      refer to, respectively, the cogeneration net 

power output and fuel exergy rate.  

 

According to Oliveira Jr. [44] the exergy content of the fuel can 

be estimated by its Lower Heating Value. In the present study, 

the boiler feed is composed of bagasse and straw. Their exergy 

rates are assessed by Equation (9) and from data described in 

Table 1: 

 

 ̇       ̇                    ̇              (9) 

 

The  ̇     consists of the difference between total power 

generated and the power consumed by pumping water and 

condensate within the Rankine cycle. The total power generated 

by the turbine generator set is calculated by combining the 

electric generator efficiency (Table 1) and mass and energy 

balances (Equations (1) and (2)) with isentropic efficiency (  ), 

which can be assessed by Equation (10) for each stage of the 

steam turbine. 

    
           

               
 

     

     
   

 (10) 

The    and    are actual specific enthalpy entering and exiting 

the real system, respectively. The specific enthalpy for isentropic 

process is   
   . For all scenarios, a steam turbine with an 

isentropic efficiency    = 85% was adopted. Likewise, by using 
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isentropic pump efficiency, it is possible to estimate the power 

consumed by the pumps by combining Equations (1) and (2). 

The turbine and pumps have been modelled as adiabatic systems. 

Net power exported to the Brazilian grid can be understood as 

the electricity delivered to the electricity supplier, calculated as 

the difference between the net power output and the power 

destined for distilling ethanol [37], presented in Table 1. 

 

Besides, the quality of the turbine exhaust steam is assessed by 

knowing the specific enthalpy and temperature (two 

independent, intensive thermodynamic properties) using EES 

database [51]. For all case scenarios, no potential turbine blade 

erosion problems caused by moisture were found, since the 

simulations showed minimum exhaust steam quality of 95%. 

Figure 1 exemplifies results for a scenario in which the boiler is 

fed only by bagasse and superheated steam leaves the unit at 67 

bar and for exhaust steam quality (at the outlet of the turbine) of 

95.2% (45.8 °C and 0.1 bar). 

 

The cooling tower and deionized boiler make-up water 

consumption can be assessed by applying Equations (1) and (2) 

on the cooling tower, desuperheater and deaerator. Deionized 

water is used to supply only the desuperheater and deaerator. It 

was adopted that 90% of total saturated steam used for ethanol 

production returns as condensate into the deaerator vessel and 

5.0% of the cooling tower recirculating water flow is lost to 

drifting, evaporation, and removal of solids [37]. 

 

Environmental Impacts Assessment  
 

Environmental performance was determined according to the 

Life Cycle Assessment (LCA) technique. LCA is a diagnostic 

methodology, evaluating environmental impacts of a product (or 

process) along its entire life cycle. This approach encompasses 

all the anthropic interferences over the environment from the 

extraction of natural resources, which are necessary for its 

production (or installation), to its final disposal (or 

decommissioning) [52]. 
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An LCA is comprised of four phases: Goal and Scope definition, 

Life Cycle Inventory analysis (LCI), Impact assessment (LCIA) 

and Interpretation [53]. The purpose of the study and some of its 

structural elements (e.g., the functional unit for the analysis; 

dimensions of the system; criteria for data collection and data 

quality; treatment of multifunctional situations; and methods for 

impact assessment) are established during the Goal and Scope 

definition phase. LCI identifies and collects data for quantifying 

environmental aspects, i.e., inputs and output matter and energy 

flows associated to each stage of the life cycle crossing the 

boundary defined between the system and the environment. In 

the LCIA, potential adverse effects over the environment and 

human health, provided by the environmental aspects, are 

expressed in terms of descriptors of impacts. This diagnosis is 

called environmental impact profile of the product (or process) 

under analysis [52]. 

 

The environmental impact profiles for the scenarios defined in 

this study have been determined by attributional LCA, following 

a ‗cradle-to-gate‘ approach, whereby only the production chain 

is considered. In general, the product system is composed by two 

anthropic stages: (i) the sugarcane cultivation; and (ii) the 

ethanol production, to which the cogeneration is directly 

associated. Although the focus of this research is the generation 

of surplus electricity, the main product of the autonomous 

distillery is anhydrous ethanol. Thus, in order to avoid a possible 

influence of this parameter on the thermodynamic and 

environmental analyses, we decided to keep the fuel production 

rate constant. This simplified the study for: (i) the amount of 

sugarcane produced in the agricultural stage becomes fixed; and, 

therefore; (ii) the amount of bagasse generated in the milling is 

also invariable for all scenarios. 

 

During the LCI phase, environmental aspects have been 

estimated according to Equation (11). Figure 2 depicts the stages 

of a generic supply chain. 
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Figure 2: Generic description of the supply chain of a product 

 

In that arrangement, the ‗Stage 1‘ refers to the industrial ethanol 

processing and ‗Stage n‘ the very first anthropic action 

performed in order to extract material and energy resources from 

the environment: 
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          is the sum of occurrences of a certain environmental 

aspect (i) throughout the supply chain;       is the environmental 

aspect (i) due to a certain stage (s) of the supply chain, and    

represents the amount of product obtained in the same stage (s). 

The factor    ⁄    refers to the ratio between the consumed 

inputs (I) and the product (P) in a certain stage of the supply 

chain. 

 

Once each environmental aspect has been estimated, the LCIA 

phase performs the calculation of the category indicators of 

environmental impact by using Equation (12): 

 

     ∑(               )

 

 (12) 

     is the indicator for a certain environmental impact category 

(c) and       is the impact factor (or the characterization factor) 

to be applied in order to describe the total contribution of certain 

amount of an environmental aspect (         ) in terms of an 

impact category associated to it. 

 

4.4. Effect of Synergy between Thermodynamic and 

Environmental Indicators within the Scale up Process 

In the final stage of the study, the thermodynamic and 

environmental dimensions were associated for a coordinated, or 

synergetic, verification of the trends of the cogeneration scale 
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up. As suggested by standard ISO [53] for similar cases, the 

development took place out of normalized and dimensionless 

indicators of each strand, obtained from Equations (13) and (14): 
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 ̇    
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 ̇         

 

(13) 

 

 

 

      
    

      
 (14) 

          is the normalized exergy destruction indicator for 

scenario (j). This value is obtained from the ratio between the 

quotient of   ̇        – the total exergy destruction by the 

cogeneration cycle of (j) –  and  ̇    , and  ̇          the 

maximum exergy destruction among all scenarios. Likewise, 

      represents the normalized indicator for a certain impact 

category (c) under the assumptions considered for each scenario 

(j), whereas        refers to the maximum value of the indicators 

regarding environmental impact (c) considering all scenarios. 

The combined indicator       for scenario (j) can be calculated 

by taking into account both normalized indicators as described in 

Equation (15): 

 

                        (15) 

 

Be it noted that the value of       was determined for each 

situation by the simple product among the normalized indicators. 

This decision was made to avoid possible distortions deriving 

from the use of coefficients or even of mathematical operators, 

due to the overlap of one dimension of analysis over the other. 

 

Life-Cycle Modelling  
 

This study followed the ISO 14044 standard guidelines [53]. 

The software SimaPro 8—version 8.1.1.16 (PRé Consultants 

BV, Amersfoort, The Netherlands) was applied in order to 

prepare the LCI and to perform the LCIA. The calculations 

performed for every scenario were based on technological and 

operative requirements of a typical autonomous  distillery  of  
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anhydrous  ethanol  (Table 1). The Functional Unit (FU) (i.e., a 

calculation basis for which resource consumption and emissions 

occurring along to the life cycle under analysis are related) 

established to this LCA was ‗to provide 1.0 MWh of electricity 

to the Brazilian electric grid from cogeneration using sugarcane 

as biomass in a Rankine cycle with reheating of high pressure 

steam‘. 

 

The Product System (Figure 3) includes the agricultural stage of 

sugarcane cultivation, and the industrial subsystems of synthesis 

of C2H6O (99.5% v/v) and cogeneration of heat and electricity. 

The sugarcane and straw transportation from the fields to the 

industrial facility is also a stage of the same arrangement, as well 

as the returning of vinasse, filter cake, and distillery ashes to the 

farms. 

 

Regarding data sources, secondary data were collected to model 

most of the stages included in the product systems. The LCI built 

up for the agricultural stage considered data obtained from 

[37,54–63]. The manufacturing of urea, SSP, and KCl was 

adapted from the datasets ―Urea, as N, at regional 

storehouse/RER U”, “Single superphosphate, as P2O5, at regional 

storehouse/RER U”, and “Potassium chloride, as K2O, at 

regional storehouse/RER U‖ from the Ecoinvent database [55]. 

 

The syntheses of agrochemicals were addressed by a similar 

approach: carbofuran: ―Carbofuran, at regional storehouse/RER 

U‖; diuron: ―Diuron, at regional storehouse/RER U‖; and 

glyphosate: ―Glyphosate, at regional storehouse/RER U‖ are 

datasets also available in Ecoinvent [55]. In contrast, the 

manufactures of hexazinone and tebuthiuron were modeled from 

the generic inventory ―Pesticides unspecified,       at regional 

storehouse/RER U.‖ Moreover, the datasets ―Limestone, milled, 

loose, at plant/CH U‖ (Ecoinvent) and ―Diesel, at refinery/I/US‖ 

(from the U.S. Life Cycle Inventory Database—USLCI) have 

also been adapted in order to represent inputs and outputs 

associated to the production of those ancillary materials in Brazil 

[49]. Chemical fertilizers and other inputs transportation was 

modeled after considering average distance values. Regarding 

transoceanic displacements, as it occurs with KCl, data from 
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SeaRates© (SeaRates LP, Edinburgh, UK) [64] were used. 

Finally, the modeling of the electricity generation considered 

data from [65], adjusted for the Brazilian 2015 grid [49,66]. 

 

The stages of ethanol production and cogeneration received a 

different treatment, being modeled from primary data, obtained 

from a distillery whose operational conditions satisfactorily 

matched the technological pattern of most similar plants located 

in the State of Sao Paulo. These datasets were checked against 

typical indicators of the sugarcane sector, obtained from 

[18,36,61–63,67,68] for reliability. Infrastructure elements and 

capital goods were disregarded after a screening analysis 

indicated that those issues had negligible influence on the 

environmental performance. 

 

In terms of data quality, the Temporal Coverage for data collection 

comprised the period 2013–2015. Due to the reasons already 

mentioned, the Geographical Coverage included the state of São 

Paulo, and Technological Coverage represents the technical and 

operative status presented before in Section 3. An average 

distance of 32 km between the cultivation areas and the 

industrial facility has been defined, based on surveys conducted 

by Sugawara [60] for productive units located in the zone.  This 

specification was evenly adopted for modelling every road 

transportation in the system (sugarcane, straw, vinasse, filter cake, 

and ashes). We excluded from the environmental analysis any 

flow whose cumulative contribution was less than 2.0% of the 

total amount of mass (or energy) entering or leaving any stage of 

the life cycle. Environmental significance was also applied as a 

cut-off criterion for system modeling, as specified in ISO 14044 

[53]. 

 

The multifunctional situations identified in the product system 

were dealt with by allocation procedures [53]. For scenarios IV–

X, the allocation of the environmental loads generated in the 

agricultural stage of sugarcane and straw occurred by mass 

criterion, resulting in a partition of [92.4: 7.60]. Mass allocation 

was also applied to sugarcane milling and, thus, the 

environmental loads accumulated in this stage were divided 

between bagasse and sugar juice in the ratio [21.5: 78.5]. The 
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approach for distillery products (ethanol, vinasse, and filter cake) 

was slightly different. Because of the high market interest in 

C2H6O, the loads totaled up to that stage were fully attributed to 

it. As for cogeneration, we decided that allocation should follow 

an energy criterion. For this reason, the load sharing factors 

among surplus electricity, electricity consumed at the distillery, 

and process steam were specifically determined for each 

scenario, ranging from (16.8–40.4), (7.60–9.20) to (51.9–74.0), 

respectively. Considering the criterion used, there was no 

attribution of environmental loads to the ashes. 

 

Potential environmental impacts due to emissions occurring 

throughout the product system were calculated by the method 

ReCiPe—midpoint (H) version 1.11 [69] considering the impact 

categories of Climate Change (CC), Particulate Matter 

Formation (PMF), Water Depletion (WD), and Fossil Depletion 

(FD). 

 

The absence of impact assessment methods focusing specifically 

the Brazilian biomes [70] motivated a survey regarding such 

topic and the methodological approach provided by ReCiPe  was 

consistent with the expectations of this investigation. Moreover, 

the selected impact categories are coherent with a processual 

arrangement which associates transformations in the agricultural 

and industrial domains, as it is the case with cogeneration in an 

autonomous ethanol distillery. 
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Figure 3: Schematic description of the Product System under study. 
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Results and Discussion  
Thermodynamic Analysis  
 

Figure 4 depicts results of thermodynamic indicators for each 

analyzed scenario. Regardless whether or not straw is being 

burned in the boiler, both the exergy efficiency and the net power 

output tend to increase as the steam extraction pressure rises. An 

increment of steam pressure conditions in the Rankine reheating 

systems can reflect in an exergy efficiency improvement of up to 

37% for scenarios with no added straw (I–V). Moreover, the total 

electricity generated at the maximum operating pressure of the 

boiler, 100 bar in scenario V, reached 144 kWh/tsc, a growth of 

about 63% in relation to scenario I in which steam exits the boiler 

at 20 bar. These findings can be explained by the exergy 

diagnostic to be described and discussed below. 

 

In terms of net power exported, when the specific consumption of 

the distillery is deducted from the total electricity produced, the 

difference between V and I is even more remarkable, reaching 

102%. For scenarios in which bagasse is fed to the boiler 

together with 50% w/w of the straw generated   by the 

agricultural stage (VI–X), the specific production rates of total 

and exported electricity are naturally higher than those on the 

previous set. This finding comes from the direct comparison 

between scenarios with identical conditions of pressure and 

temperature for the extracted steam. In terms of power output, the 

addition of straw was converted in increases ranging from 65 

(scenarios IV→IX and V→X) to 74% (I→VI), whereas for 

power exported to the grid,  benefits ranged from 76 (V→X) to 

110% (I→VI). Conversely, when incorporating straw to the 

biomass to feed the cogeneration, the energy  gains between 

extreme pressures (VI and X), of 54% to net power output and 

69% to exported electricity, are lessened in comparison to the 

counterparts operating exclusively with bagasse (I and V). These 

findings encourage further studies to estimate the rate of return 

on investments made in cogeneration systems with reheating, 

which were designed to operate at high pressures.  

 

In terms of water consumption, there was no significant trend 

from varying the  boiler  pressure design. A reduction in water 
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consumption for the cooling tower would only occur by 

increasing the exergy efficiency of the Rankine cycle that 

depends on the heat rejection in the tower-condenser assembly. 

The phenomenon occurs because of the increase of thermal 

transfer from the biomass to the cycle working fluid as the boiler 

pressure and its thermal efficiency rise. It is worth mentioning that 

increases in energy transfer and boiler efficiency boost the 

electricity generation, but they also raise the rates of heat 

rejection, thus predisposing that more water is consumed to 

replace the losses in the tower to evaporation, drag and purge 

[44]. 
 

 
Figure 4: Thermodynamic indicators results for each process scenario: (a) Net 

power; (b) Water consumption. 
 

In contrast, the addition of straw to the system  significantly  

affects  water  consumption. When compared to their 

counterparts (I–V), the VI–X scenarios showed 15% increases in 

deionized water demand, and approximately 2.6 times make-up 

water expenditure  in  the  cooling  tower. This effect does not 

come as a surprise since the additional energy provided by the 

straw was used for the production of power output in the cycle, 

with the steam circulating through the stages of the turbine and 

rejecting the heat via the condenser and evaporative tower 

assembly, causing an expected increase of make-up water supply. 
 

In fact, an additional source of energy in the boiler results in a 

greater thermal energy transfer from biomass to working fluid 

and consequently increases the electricity generation. 

Nevertheless, once again it causes more heat rejection and, then, 
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more make-up water is needed to supply the losses in the cooling 

tower [15,71]. Table 3 details the exergy destruction for each 

proposed scenario based on exergy balances applied on every 

single step of the Rankine cycle and on the overall cogeneration 

unit. The highest exergy destruction derives from the boiler, 

mostly due to the irreversibility generated by thermal transfer and 

the intrinsic nature of the combustion process,  which is carried 

out into   the furnace.  If such irreversibility cannot be eliminated 

since the combustion process is associated  to an increase of 

entropy,  it would be at least be possible to reduce it by 

implementing three actions: (i) improving operational control (in 

terms of proper purge rate control); (ii) adjustment of the air-fuel 

ratio; and (iii) review of the technological concept adopted for 

the configuration working pressure–insulation. Most of these 

practices are currently applied on  high  pressure boilers, which 

rely on advanced technological concepts during their project 

design and operation. This results in lower energy losses and 

better thermal efficiencies as it was noted in the data collected by 

Guerra et al. [37]. These conclusions help explain the decrease of 

boiler exergy destruction in high-pressure cogeneration systems. 
 

All these options can reduce losses in terms of convection and 

radiation, which occur both in the pressure vessel and pipes 

[13,72]. According to Oliveira Jr. [44], an increase of the steam‘s 

working pressure, combined with the concept currently adopted 

for construction of high-pressure boilers, would also reduce 

energy losses and irreversibility. The result justifies the 

decreases regarding the total exergy introduced by the biomass 

from 69 to 58% as the boiler pressure rises, both from scenario I–

V, and from VI–X. 
 

For scenarios I–V, the exergy destruction in the turbine increased 

63% (1.90%→3.10%). This rise is associated with greater energy 

conversion over the turbine stages due to the increase of steam 

flow that generates more shaft work. A similar behavior was 

noticed in the turbine with added straw, with a 54% increase in 

the exergy depletion taking place from VI→X. Figure 5 

consolidates the exergy diagnostic presented in Table 3. The 

exergy contributions related to the condenser were not indicated 

in this picture. Nevertheless, these values can be estimated by 

difference in relation to the totality. 
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Table 3: Exergy destruction of each stage of the cogeneration cycle. 

 
Exergy Destruction 

(kWh/tsc) 

Scenarios 

I II III IV V VI VII VIII IX X 

Boiler 405 376 355.1 345 340 609 565 534 519 511 

Turbine 11.2 14.1 16.5 17.7 18.3 21.3 26.6 30.1 31.0 32.8 

Condenser 6.51 5.90 6.48 6.49 6.52 16.8 16.8 16.8 17.7 16.8 

Ancillary equipments 8.82 10.0 10.6 11.8 11.8 15.1 15.9 18.6 19.5 19.5 

Useful exergy 157 183 200 208 213 223 261 286 298 306 
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The overall exergy efficiency of the system rises with increasing 

boiler pressure, regardless of whether or not the straw is 

incorporated into the biomass. However, for similar conditions of 

pressure and temperature, the exergy efficiency with a mixture of 

bagasse and straw was always lower than that obtained only with 

bagasse. This occurs because the estimate of these parameters 

depends on the balance between energy sources, heat (as steam to 

process) and electricity, in the power generator. Thus, under the 

same operating conditions, the higher the fraction of energy used 

in the form of steam, the greater the efficiency of the Rankine 

cycle of cogeneration. In the case of cogeneration, steam is a 

final product; when it is extracted from the turbine to be used in 

the distillery, it no longer participates in the conversion processes 

in the turbine and generator, in which there are associated 

irreversibility and significant rates of exergy destruction. 

 

In this study, steam consumption for ethanol production was the 

same for all scenarios (400 kg/tsc). The additional thermal energy 

in the boiler from straw burning was largely transferred to the 

working fluid, converted into mechanical energy in the turbine, 

and, then, into electricity in the power generator. Every single step 

in this arrangement causes an additional irreversibility to the 

process. Examining this approach, comparisons between exergy 

efficiencies for cogeneration systems become more reasonable 

when analyzing scenarios with the same thermal energy feed in 

the boiler and steam consumption in the process. 

 

 
 

Figure 5: Consolidated exergy analysis for each case scenario. 
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No significant fluctuations of exergy destruction in the 

condenser have been noticed when pressure and temperature in 

the boiler were increased. The parameter remained stable around 

1.10% for scenarios I–V and of about 2.00% for VI–X. The 

results indicate that the losses occurred    in the condenser are of 

―low quality energy‖ and, hence, have little potential to bring 

about change. This energy is, therefore, in thermodynamic and 

chemical conditions, quite close to the form of energy 

environment, almost reaching the ‗dead state‘. Based on this 

diagnosis, recovering the energy lost in the condenser would not 

be recommended. Finally, for all scenarios assessed, the exergy 

destruction in the ancillary equipment rose gradually as the 

boiler pressure increased. As mentioned before, boosting the 

working pressure and improving the boiler technological concept 

provide greater heat transfer to the working fluid. Thus, there is 

considerable capacity for work fluid recirculation and, 

consequently, more work is consumed by the condensate pumps 

and feed pumps, resulting in an important rate of exergy 

destruction. Although we noted that the greater the operating 

pressure, the greater exergy destruction rate in the turbine and 

ancillary equipment, the global energy balance to the 

cogeneration system is positive. Additionally, an improvement 

on cycle exergy efficiency is projected, offset by the lower 

exergy destruction rate in the steam generator. 

 

Environmental Analysis  
 

The LCA carried out in this investigation allows the 

identification of both the stages of the life cycle with major 

contribution on environmental impacts and the most impactful 

substances. Table 4 displays an overview of the environmental 

performance profiles for generating 1.0 MWh of electricity along 

the different scenarios under analysis. Figure 6 rearranges this 

data in order to highlight the consequences of incorporating 

straw to the biomass. Generally, a steam pressure output increase 

is accompanied by environmental impacts reduction with respect 

to all evaluated categories. Despite the inclusion of straw as a 

supplier of energy, the impact reductions ranged from 26 (I–V) to 

27% (VI–X) for all analyzed categories. 
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The decrease in systemic impact can be explained by the exergy 

analysis presented in Section 5.1. As discussed before, the higher 

pressure provided an overall reduction of irreversibility of the 

cycle and consequently an improvement on exergy efficiency. 

This enabled an increased surplus electricity to be exported to 

the concessionaire from the same consumption of energy inputs. 

 

Still in this preliminary approach, it is important to observe how 

the results from Table 4 strongly depend on the allocation criteria 

adopted for the treatment of multifunctional situations. As the 

steam and electricity consumptions in the distillery are the same 

for every scenario because the production of ethanol was 

established as a modeling assumption, the environmental loads 

associated with those flows will be lower as the generation of 

surplus electricity increases. 

 

When comparing the results obtained with and without straw, 

there were different behaviors in each impact category (Figure 6). 

Regarding CC, the use of straw reduced the emissions of GHG for 

all pressure conditions. These effects were even strengthened 

according to the increase in pressure (I→V and VI→X). Thus, the 

performance comparison when the system operates at 20 bar (I vs. 

VI) projected an impact reduction of 8.4% from the straw 

addition, whereas at 100 bar (V vs. X) this depletion  was 9.7%. 

This occurs because there is no longer burning sugarcane straw 

in the fields, and part of it is used in the boiler under controlled 

conditions to convert thermal energy into useful work in the 

cogeneration system.  

 

The process of manual sugarcane harvesting includes a prior 

cleaning of the field. This takes place by burning straw, and is 

justified by several reasons, including: (i) to cause an increase in 

soluble solids (◦ Brix) and plant fiber due to the drying of the 

stalks; and (ii) to facilitate harvesting and making it less costly 

[48]. The conditions under which straw burning is carried out in 

the field favor the formation of reduced carbon compounds, also 

of biogenic origin, in particular non-methane volatile organic 

compounds (NMVOCb), carbon monoxide (COb), and methane 

(CH4,b)—the latter being a gas that integrates the cast of CC 

precursors. 



Advances in Energy Research 

31                                                                                www.videleaf.com 

 

Table 4: Environmental performance profiles for the assessed scenarios. 

 
Impact 

Category 

Unit Scenarios 

I II III IV V VI VII VIII IX X 

CC kg CO2eq 165 142 130 125 122 151 129 118 113 110 

PMF kg PM10eq 19.7 16.9 15.5 14.9 14.6 17.4 14.8 13.5 13.0 12.7 

WD m
3
 4.27 3.54 3.37 3.37 3.12 6.81 5.69 5.33 5.19 4.93 

FD kg oileq 7.81 6.71 6.15 5.91 5.78 8.02 6.84 6.24 5.99 5.88 
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Figure 6: Comparing the effects of straw use in the cogeneration for equivalent 

process conditions in terms of: (a) Climate Change (CC); (b) Particulate Matter 

Formation (PMF); (c) Water Depletion (WD); and (d) Fossil Depletion (FD). 
 

In contrast, when straw burning occurs in the boiler, it improves 

emissions of biogenic carbon dioxide (CO2,b), formed from 

carbon fixed taken from the atmosphere (CO2,air) by means of 

sugarcane photosynthesis. The method used by the IPCC for 

quantification of CC does not acknowledge CO2,b as a precursor 

of CC, considering its emission rate in equilibrium with that of 

CO2,air  [54]. Finally, it  should be highlighted that the benefits 

provided by straw burning in the boiler surpass the additional 

impacts caused by its baling, transporting, and milling. The 

agricultural stage, the cogeneration, and sugarcane transportation 

were responsible for the impacts of CC with respective 

contributions of 72%, 16%, and 5.4%, for scenarios I–V. When 

straw is consumed in the process (VI–X), a decrease (to 68%) in 

the contribution of the agricultural stage is confirmed, at the 

same time that increases in cogeneration (19%) and transport 

(5.7%) occur. Lastly, straw baling accounted for 1.3% of impacts 

for CC. The most important precursor of CC for all the scenarios 

was CO2 from land transformation, contributing to 51% of the 
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total impact. There are also air emissions of dinitrogen monoxide 

(N2O) due to the oxidation of N-fertilizers because of the 

sugarcane burning, vinasse and filter cake application, and the 

diesel combustion in agricultural machinery, accounting for 22% 

of the category impact. They are followed by emissions of fossil 

CO2 (19%) from diesel combustion in machinery, application of 

urea, and lime. Finally, emissions of CH4,b, which in scenarios I–

V are due to the burning of sugarcane crops, add up to 3.3% of 

CC impacts. 
 

Regarding PMF, the use of straw in the boiler provided better 

results in all pressure conditions. The reductions of 12% from I 

vs. IV, and 13% for V vs. X are mainly related to the controlled 

conditions in which the intrinsic energy of straw is converted into 

useful work in the steam generator. The precursors of PMF are 

concentrated both in the agricultural stage and the cogeneration 

system. In the set I–V, these processes accounted for 90% and 

9.4%, respectively, and in VI–X, the agricultural stage 

participated with 88%, whereas the contribution of the 

cogeneration reached almost 12%. Releases of particulate matter 

with diameter Φ < 2.5 µm (PM < 2.5) provided the greatest 

inputs for PMF impacts for all the assessed scenarios. These 

pollutants represented 89% of the impacts in I–V, and 91% in 

VI–X. Straw burning for manual harvesting and combustion of 

diesel in agricultural machines were responsible for 97% and 

96% of emissions in each case. Cogeneration contributed with 

3.2% in I–V, and 3.8% in VI–X, respectively. If straw is used in 

the boiler, emissions were lower because of the combustion 

control. In this case, the emission of particulate with diameter Φ < 

10 µm (PM < 10), typical for the cogeneration, falls from 9.2 to 

6.9%. Nitrogen oxide emissions (NOx) accounted for 1.7% and 

1.6% of impacts, respectively, in I–V and VI–X. The results 

suggest (i) low contribution of NOx for PMF; and (ii) a small 

influence of straw in the emission of this pollutant. Using straw 

in cogeneration resulted in significant reductions of the impacts 

for CC and PMF. However, Figure 6 shows that this option 

worsened the impacts for WD and FD. Regarding WD, there was 

an average increase of 59% in water consumption as 1.0 MWh of 

electricity is exported to the concessionaire. This effect is mainly 

associated with the cogeneration system, and can be explained 

through the thermodynamic analysis.  
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As discussed in Section 5.1, the additional heat transfer from 

biomass (bagasse + straw) to the working fluid raises the net 

power output but also increases the rate of heat rejected in the 

condenser. Consequently, a higher flow of water make-up to 

replace losses in the cooling tower is needed. WD was based on 

consumption of water from river (91%) to meet the demand of 

the cooling tower. 
 

In terms of FD, the use of straw did not cause a substantial 

increase on environmental impacts. We estimate impacts of 7.81 

and 8.02 kg oileq/MWh of surplus electricity for scenarios I and 

VI, respectively. The small difference,  2.6%,  between these 

results is not so significant.  Furthermore,  by raising the 

working pressure, the impacts of FD tend to approximate. The 

exergy analysis clearly explains this issue, since the increase in 

overall exergy efficiency leads to greater generation of electricity, 

which compensates the additional fossil consumptions caused by 

the steps of baling, transporting, and milling the straw. Therefore, 

and as one might expect, in scenarios V and X, the gap of impact 

for FD resulted in an even smaller increase (1.1%). From a 

process perspective, the expenditure of fossil fuels in scenarios I–

V is concentrated on the agricultural stage (73%) and the 

transport of sugarcane (27%). Conversely, in VI–X there is an 

increase in absolute consumption figures, due to the processual 

arrangement introduced by straw in the product system. For this 

reason, the contribution of the agricultural stage is then reduced 

to 69% and the transport of sugarcane dropped to 25%. The 

additional steps of baling, transporting, and milling straw now 

represent 2.6%, 2.1%, and 0.7%, respectively. The main natural 

resource associated with this category is crude oil (99%), from 

the diesel used in agricultural machinery and trucks. 

 

Combined Thermo-Environmental Analysis  

 
Table 5 shows results of the combined indicator ( CIc,j), obtained 

from the correlation between normalized environmental 

indicators of each analyzed impact category (NCC, NPMF, NWD 

and NFD), and its homologue related to the energetic dimension 

(NExD), for scenarios I–X. 
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Table 5: Combined indicator for scenarios I–X. 

 
      Scenarios 

I II III IV V VI VII VIII IX X 

NCC × NExD 1.000 0.561 0.410 0.359 0.331 0.693 0.422 0.320 0.281 0.261 

NPMF × NExD 1.000 0.559 0.410 0.358 0.332 0.669 0.405 0.306 0.271 0.252 

NWD × NExD 0.627 0.339 0.258 0.234 0.205 0.758 0.451 0.350 0.313 0.283 

NFD × NExD 0.974 0.545 0.400 0.349 0.323 0.758 0.460 0.348 0.307 0.287 
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A primary observation of the data reveals that CIc,j decreased as 

the pressure of the steam leaving the boiler increased, regardless of 

adding straw. This trend is confirmed for any of the impact 

categories analyzed. Therefore, each series worst synergetic 

performances are obtained when the Rankine cycles operates at 

20 bar (I and VI). Performance gains are more noted when 

moving from 20 bar to 45 bar (I→II and VI→VII). From 45 

upwards, CIc,j = f (∆P) oscillations  become  increasingly  

smaller,  tending  towards  constant values. 
 

A great similarity is observed between the results of CIc,j derived 

from the synergy between NExD and NCC, NPMF and NFD for 

scenarios I–V. This suggests that the normalized values of those 

environmental indicators are in fact quite similar. The same trend 

is manifested between NCC and NPMF, and NWD and NFD for 

scenarios VI–X. The indicator describing synergy between 

exergy destruction and WD shows a behavior which is distinct 

from the others. In this case, a gradual increase of the values is 

observed for the same pressure, due to the addition of straw,  

which ranges from 21 (I vs.  VI) to 38% (V vs.  X). For this 

indicator,  the improvement observed in terms of increasing 

energetic efficacy was not enough to compensate the greater 

demand of cooling water. 

 

Conclusions  
 

This study intended to verify the thermodynamic and 

environmental performance caused by an increased scale of 

production on electricity cogeneration systems powered by 

biomass and sugarcane. Scenarios were elaborated from different 

boiler operating pressures. The effect of using cane straw as an 

additional source of biomass for the system was also examined. 

The thermodynamic analysis indicated that increasing pressure 

and temperature conditions in the Rankine reheating systems can 

mean an exergy efficiency improvement of up to 37% in the 

highest pressure scenarios. Moreover, these results show a direct 

impact on the thermal energy conversion of fuels into useful 

work, resulting in an improvement of up to 63% over the net 

power output for the same heat source. 
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The improvement of thermodynamic performance associated to 

the system operating at higher pressures also meant reduced 

environmental impacts in all categories analyzed. For high 

pressures, the analysis shows a potential reduction of up to 27%. 

Regarding the use of straw, the thermodynamic analysis 

identified that the incorporation of 50% of the straw generated in 

the field into the biomass used in the cogeneration has the potential 

to double the surplus electricity if the system operates at 

pressures close to 100 bar. 

 

The environmental analysis revealed positive and negative 

impacts in relation to the use of straw: by adopting this source of 

renewable energy, it is possible to expect reductions of impacts 

for Climate Change (CC) and Particulate Matter Formation 

(PMF), but it increases negative effects for Water and Fossil 

Depletions (WD and FD). If the system operates at 100 bar, the 

reductions of impact for CC and PMF reach 9.7% and 13%, 

respectively. For the same operational condition, however, there 

were increases in terms of environmental damage of 58% and 

1.1% for WD and FD, respectively. Therefore, when comparing 

the environmental performance of the cogeneration scenarios 

with or without straw, one should consider the impact categories 

to be prioritized prior to project design. 

 

The evaluation of the proposed case scenarios from an 

environmental perspective provided     a different and systemic 

perception to the analysis. From the diagnosis provided by the 

LCA, it is possible to realize that the implementation of effective 

process improvement measures, even if limited to specific stages 

of the life cycle of a certain product, can lead to systemic 

reductions of adverse outcomes caused by anthropogenic 

activities. For this specific case, the results also revealed potential 

environmental improvements over the ethanol production. 
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Abstract  
 

Narrowband powerline communication (NB-PLC) systems 

represent a key step for the real development of smart grids’ 

applications in the medium voltage (MV) and low voltage (LV) 

networks. This article sums up the results of a complete 

experimental measurement campaign aimed at investigating the 

low voltage NB-PLC channel in the frequency range from 9 to 

500 kHz in various sites (i.e., rural, urban etc.) located in 

France. The noise features in time-frequency representation are 

studied at five different sites between the transformer substation 

and the smart electricity meter. The main contribution of this 

study consists in estimating the theoretical channel capacity 

which constitutes a major interest for the users and actors of the 

electrical system. The channel capacity calculation shows 

reliable results in the US Federal Communications Commission 

(FCC) band (a few Mbits/s). The quality of the communication 

in the FCC band enables to integrate new smart grids’ 

applications and services based on the existing NB-PLC 

communication for advanced metering infrastructure (AMI). 
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Introduction  
 

Nowadays, the integration of smart grids’ applications is based 

on grid-integrated near-real-time communications between 

various elements. The smart grid concept has been particularly 

promoted as a solution to evolve the traditional power grids by 

the adoption of the ―Internet of Things‖ (IoT) technology. This 

one provides interactive real-time network communication 

between the users and the smart devices deployed and/or 

connected to the network through various technologies [1–3]. 

Regarding the smart grid platform, as can be seen in Figure1, 

many applications of the IoT are already deployed. Examples 

include smart metering which aimed at performing a remote 

reading and monitoring of key information to manage electricity 

consumption [1]. 

 

Additional smart grid applications, that integrate renewable 

energy sources (e.g., solar and wind energies), are currently in 

development [4]. Another original application, that involves the 

electrical vehicle (EV) in vehicle-to-grid (V2G) applications, 

consists in managing the state of the network by analyzing its 

response to the peak demand [5]. The industrial sector is 

particularly attractive to control machines, controllers and 

sensors. In this context, communication technologies can offer 

connections between simple industrial devices (i.e., sensors, 

actuators and motors) and high-level devices (i.e., computers, 

programmable controllers, distributed control systems etc.) [4]. 

 

Smart home is also an attractive application, because it is based 

on the connectivity of many devices inside a home. The aim is 

to establish a continuous monitoring and control of the smart 

equipment connected to the indoor network [1,6]. 
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Figure 1: Examples of smart grids’ applications based on the Internet of 

Things (IoT) technology. 

 

Numerous articles highlight that hybrid communication 

architectures are typically used to include the IoT in most of 

smart grids’ applications. These kinds of architectures combine 

wired (e.g., serial bus, Ethernet, power line communication 

(PLC)) and wireless (e.g., Bluetooth, Wi-Fi) infrastructures. For 

instance, Salvadori et al.  have evaluated a hybrid network 

architecture, which is composed of   a wired infrastructure, a 

wireless sensor network, a PLC, and a controller area network, 

implemented in an underground electric substation power 

distribution [7]. This digital system has been particularly 

proposed for condition monitoring, diagnosis, and supervisory 

control applied to smart grids. Oliveira et al. have proposed a 

statistical modeling of the hybrid PLC-wireless channels’ 

characteristics in in-home facilities in the frequency range 

between 1.7 and 100 MHz [8]. Zhang et al. have recently 

modeled the hybrid communication architectures between 

several inverters, smart meters, a data concentrator, and a 

control center router used in distributed solar photovoltaic 

applications [9]. In that case, several types of communication 

technologies have been evaluated (i.e., LoWPAN, wireless LAN, 

NSP broadband wireless, PLC, and Ethernet). 
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From a literature review, most of hybrid architectures use the 

PLC technology. Regarding the smart metering applications, 

narrowband (i.e., frequency range between 9 and 500 kHz) 

powerline communication (NB-PLC) technologies are deployed 

to optimize, monitor, and protect the MV and LV electrical 

networks. That is the reason why this study focuses on the 

characterization of the outdoor NB-PLC communication. 

 

The NB-PLC is currently framed by many standards that 

include the European Committee    for Electro-technical 

Standardization (CENELEC) band (i.e., from 9 to 148.5 kHz), 

the US Federal Communications Commission (FCC) band (i.e., 

from 10 to 490 kHz), and the Japanese Association of Radio 

Industries and Businesses (ARIB) band (i.e., from 10 to 450 

kHz) [10–13]. According to these standards, many 

communication protocols have been developed. The G1-PLC 

protocol deployed in France is based on a single carrier 

modulation technique [14]. Other protocols, such as IEEE 

1901.2, ITU-T G.henm, powerline intelligent metering 

evolution (PRIME) and G3-PLC, are based on the multicarrier 

technologies with data rate less than 1 Mbps [15–17]. 

 

As can be seen in Figure 2, the quality of the NB-PLC in the 

MV and LV networks depends on three main characteristics: 

impedance discontinuities, attenuation of the communication 

channel that can be modeled using a transfer function, and 

noise levels generated by distribution cables. 

 

 

 
 

Figure 2: Example of narrowband powerline communication (NB-PLC) 

channel representation in the low voltage (LV) network. 
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Regarding the MV network, many technical issues are 

described in the literature. Some authors have modeled and 

characterized the MV cables [18,19]. In particular, the key 

features (attenuation and impedance) of the MV cables show 

considerable variations both depending on how the signal is 

injected into the cable, and the type of cable.  The injected 

signal in the MV network need the use of a coupling system to 

connect the NB-PLC transceiver to the MV cables in safety 

conditions. Artale et al. have proposed such a coupling system 

[20]. Xie et al. have studied the impact of the transformer on 

the NB-PLC channel, and the noise interferences in the MV 

cables [21]. 

 

The LV network is still much more interesting to study, because 

many advanced smart metering interfaces (AMI) are currently 

widely deployed. Examples include the PRIME standard 

developed by Iberdrola in Spain for advanced metering, grid 

control and asset monitoring applications [15]. In France, the 

G3-PLC has been implemented by Enedis to efficiently manage 

the AC grid [16,17].  In that case, the AMI interface is based on 

the communication between a concentrator installed      in the 

transformer substation and many smart electricity meters 

installed at the customers’ side. It is important to note that the 

number of smart meters per medium voltage/low voltage 

(MV/LV) transformer depends on the topology of the network 

(i.e., rural, urban, residential, or industrial) [5]. In that case, the 

NB-PLC noise features seriously affect the reliability of power 

line communication can be analyzed through a time-frequency 

representation. These NB-PLC parameters have recently been 

characterized in the many countries and the results have been 

discussed in the literature [4,22–32]. For example, Pereira et al. 

have pointed out the impact of the attenuation and the 

impulsive noise generated by the inverters on the NB-PLC [4]. 

In that case, many real experiments using a G3-PLC modem 

were conducted in Brazil in an industrial environment. Chu et 

al. have analyzed the main characterization results of NB-PLC 

such as access impedances, interferences, and attenuations in 

the frequency band between 30 and 500 kHz [33]. In this study, 

the measurements were performed in China in a typical urban 



Advances in Energy Research 

7                                                                                www.videleaf.com 

underground network. Kaiser et al. have highlighted the cyclo-

stationary properties of the NB-PLC noise [23]. Niemany et al. 

have discussed the cyclic structure of G3-PLC noise system 

operating in the CENELEC 3–148.5 kHz band [24]. This study 

was performed in the USA in several urban usage environments. 

Finally, Bai et al. have proposed a comprehensive comparison 

and analysis of noise in time-frequency domain [34]. This 

analysis is based on measurements performed in China and in 

Italy. Even if many studies are available in the literature, a few 

works have been performed on the French LV network, while 

France has inspired smart metering, and standards such as the 

G3-PLC. The manuscript proposes the following two main 

contributions: 

 

(1) The first one consists in analyzing the noise 

characteristics in time-frequency representation, the 

transfer functions measured in five different sites (i.e., 

urban, rural, sub rural, urban dense 1, and urban dense 2) 

in several LV networks in France. This activity is 

conducted in partnership with Enedis. The analysis of the 

noise profiles is of utmost importance to develop robust 

techniques to improve the communication between the 

smart meter and the data concentrator, and the data rate, 

latency, reliability and security. 

(2) The second one consists in estimating the channel capacity 

in various LV sites.  This study has     a major interest, 

particularly to support new IoT dedicated to smart grids’ 

applications and services. 

 

In  this  manuscript,  the  methodological  aspects  of  this  

study  are  described  in  Section 2.  In particular, the 

measurement sites located in France are presented. Moreover, 

the experimental measurements’ setup and scenarios in time-

frequency representation are explained. Section 3 discusses the 

main results:  the spectral analysis of the NB-PLC noise in the 

various locations,  the analysis    of the long-time variation of 

the power spectral density of noises using time–frequency 

algorithms, the cyclo-stationary behavior of noise, the 

measurement of the transfer function and the signal-to-noise ratio 

(SNR), and the estimation of the channel capacity in the 
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CENELEC A and FCC bands. Finally,  a discussion is 

presented in Section 4 to compare our results with existing ones 

recently described in the literature. 

 

Experimental Measurement Setup and Methods  
Identification of Measurement Sites  
 

Noise level depends on loads’ profiles, density of 

interconnections, quality of connections and the distance 

between communication nodes. Noise profile is important in 

areas with a high connection density, lighting loads and non-

linear loads, as well as the types of distribution [27,33,35]. In 

this manuscript, five sites in different locations around the city 

of Tours in France were chosen to study the noise profiles. 

Several topologies with various electrical features were also 

chosen to get a better understanding of the dynamic behavior of 

the network, such as information about the traffic inside the NB-

PLC and especially, at two different points of the network: in 

the transformer substation, and on the customer side in parallel 

to the smart electricity meter. In rural networks, the overhead 

cable length may typically extend up to 1 km, when the number 

of loads is very low. However, the residential and industrial 

networks are characterized by a high density of loads 

connected to a short length of underground cables [33]. 

 

As can be seen in Figure3, the sites can be classified into five 

categories: rural, sub rural, urban, urban dense 1, and urban 

dense 2. For each kind of site, a transformer supplies a variety of 

installations for several customers. The main characteristics 

and details of the LV distribution cables, and the number of 

customers within the same branches of each site, are described 

below: 

 

• Rural site: the rated power of the transformer equals 250 

kVA can supply 89 customer installations. The transformer 

and the smart electricity meter are connected using a 200-

m long underground cable and a 164 m twisted overhead 

connection cable. One producer is connected to the 

network. 

• Sub rural site: the rated power of the transformer equals 
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400 kVA. It supplies 142 customers. The transformer and 

the smart electricity meter are connected through a 220-m 

long underground cable. No producer is connected to the 

network. 

• Urban site: it represents a residential site. The rated power 

of the transformer equals 250 kVA. It supplies 250 

customers. The transformer and the smart electricity meter 

are connected using a 335 m of 150 mm2 aluminum 

underground cable, and a 10 m twisted overhead connection 

cable with a 4 × 35 mm2 section. No producer is 

connected to the network. 

• Urban dense 1 site: the transformer is directly integrated in 

a building. Its rated power equals 400 kVA. It can supply 65 

customers. The transformer and the smart electricity meter 

are connected through a 115 m aluminum underground 

cable. No producer is connected to the network. 

• Urban dense 2 site: It does not have the same features as 

the urban dense 1. The transformer is also implemented in 

a building, but its rated power equals 650 kVA. It can 

supply 359 customers. The transformer and the smart 

electricity meter are connected through a 62-m long 

aluminum underground cable. No producer is connected 

to the network. 
 

 
 

Figure 3: Five measurement sites in various locations of the city of Tours 

in France. 
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Experimental Procedure  
 

As described in the literature, noise can be classified into five 

categories that affect NB-PLC signals [28,29]. In particular, the 

perturbations depend on their duration, spectral occupation and 

amplitude. These five categories are named: colored 

background noise, narrowband noise, periodic impulsive noise 

asynchronous periodic impulsive noise synchronous, and 

aperiodic impulse noise. The first three categories have 

stationary characteristics, while the two last ones are impulse 

noises with a short duration, randomness, and high power 

spectral density (PSD). Their main features are given below: 

 

• Colored background noise corresponds to the 

superposition of several low signals that are present in the 

channel. This type of noise has a low decreasing PSD in 

the frequency domain. The dependence of the 

frequency-colored noise is very clear at low frequency, 

and its PSD is practically constant at high frequency. 

• Narrowband noise is composed of sinusoids coupled with 

the grid by either broadcast signals or electrical devices. 

Broadcast signals are typically amplitude-modulated 

sinusoids. 

• Periodic impulsive noise asynchronous to the mains is 

identified as an impulse train in the frequency band from 

50 to 200 kHz. It is generated by the switched-mode 

power supplies. 

• Periodic impulsive noise synchronous to the mains is 

caused by high power switching of semiconductor 

devices. 

• Aperiodic impulsive noise is composed of impulses of short 

duration and high amplitude caused by switching 

transients. 

 

Noise characteristics, such as PSD, amplitude, inter-arrival 

time, in time-frequency representation require the use of two 

specific measurement protocols. 
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Measurement of Noise Power Spectrum in the Transformer 

Substation  

 

As can be seen in Figure 4, noise power spectrum is captured 

with a spectrum analyzer (reference: PXA N9030A, Agilent 

Technologies, Santa Clara, CA, USA) both with linear video 

signal averaging and RMS detection. The sweep time is set to 

412.4 ms, which corresponds to twenty periods of the network. 

During this sweep time, the frequency is sampled at 801 

frequencies in the band from 9 to 500 kHz. The bandwidth 

resolution (IFBW) has a constant value (i.e., 200 Hz). It is 

important to note that all measurements are carried out in the 

same configuration. 

 

Noise power spectrum is carried out in the transformer 

substation and at the customer side     in parallel to the smart 

electricity meter with single phase coupling.   As can be seen in 

Figure 5, a capacitive coupler is used. It is equivalent to a 

bandpass filter from 1 kHz to 1 MHz. 

 

 
 
Figure 4: Spectral setup measurement protocol. 
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Figure 5: Electrical schematic of the NB-PLC capacitive coupler. 

 

Temporal Measurement Setup  

 

As can be seen in Figure 6, the measurement system designed to 

capture the time variations includes a Tektronix 5054 

oscilloscope. This kind of equipment is characterized by a high 

real-time measurement accuracy with a sample rate of 20 Giga 

samples/s, and a resolution of 8 bits per caliber. A sampling 

frequency equal to 2.5 Ms/s is adopted. The oscilloscope is 

connected to the LV-network through the capacitive coupler 

described in Figure 5. A high impedance voltage probe 

(reference: P5200A, Tektronix, Beaverton, OR, USA) is used to 

synchronize the temporal noise measurement with the 50 Hz 

mains frequency. For each measurement, the acquisition of the 

set of data lasts 20 ms to analyze the noise amplitude in greater 

detail. 

 
 
Figure 6: Temporal measurement setup in the transformer substation. 
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Measurement Scenarios  

 

The noise temporal and frequency characteristics can be 

extracted from specific scenarios. The first scenario consists in 

measuring the noise PSD at the same time of the day in all sites. 

The aim is to get a better understanding of the noise profile 

variations at a specific time (i.e., 10 a.m.) depending on the 

various locations. At that time, the number of loads connected 

to the network is low. 

 

Many measurements are carried out at 2 p.m. to study the long-

time variation of the noise PSD. The choice of this specific time 

is due to the increase of the number of loads connected to the 

electrical network. The measurements are carried out both in 

the transformer substation and the customer installation. The 

aim is to compare the noise PSD measurement at 2 p.m. with 

the measurement at  10 a.m. The results will be discussed in the 

next sections of the manuscript. All measurements are 

performed during the day, because it is impossible to measure 

the noise PSD at night. 

 

The last scenario focuses on the cyclo-stationary behavior of 

NB-PLC noise in time-frequency representation. The duration 

of one orthogonal frequency division multiplexing (OFDM) 

does not exceed one mains period. Regarding the G3-PLC 

protocol, the duration of one OFDM frame is between 20 and 190 

ms.   The duration of one PRIME OFDM frame varies between 

145.65 and 581.63 ms.   The short time variation in the meter 

side was presented in a previous work [35]. The results will be 

analyzed in the next sections of the manuscript. 

 

Measurement Protocol of the Transfer Function  

 

The measurement of the transfer function is performed between 

the transformer substation and the customer’s electrical 

installation. In some cases, these two points of the grid may be 

composed of several hundreds of independent electricity meters. 

Thus, it is difficult to use the same vector network analyzer 

(VNA) both for transmission and reception. 
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Equation (1) gives the expression of the transfer function (H(f 

)) which corresponds to the ratio between the received signal 

(Y(f )) and the injected signal (X(f )). 

 

As can be seen in Figure 7, in this study, two VNAs are used. 

The first one acts as a signal generator (VNA-TX). The second 

one is used as a receiver (VNA-RX). Two NB-PLC single 

phase couplers enable to couple the signal with the power line, 

and to decouple it from the power line on the receiver side. The 

access impedance of each VNA is equal to 50 Ω. For all 

measurements, the number of points was set to 201 in the 

frequency band ranging from 9 to 500 kHz. The resolution 

bandwidth (RBW) is equal to 300 Hz, and the sweep time is set 

to 5 s per measurement. 

 

 
 

 
VNA RX

VNA TX

Y f
H f

X f





     (1) 

 

 
 
Figure 7: Transfer function measurement setup. 

 

Main Experimental Results and Discussion  
Noise Power Spectral Density Analysis at a Specific 

Time  
 

During one week, many measurements were performed at 10 

a.m. in the five sites described in the previous sections of the 

manuscript. For each site, the aim is to measure the noise power 

spectrum in two specific locations: in the transformer 

substation, and at the smart electricity meter (i.e., at the 

customer side). The noise PSD is carried out during a sweep 
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time equal to 412 ms. This duration is very close to the OFDM 

frame time in the PRIME and G3-PLC protocols. 

Figure 8 gives the evolution of the noise PSD in the 

transformer substation. Regarding the customer side, the 

experimental results are summed up in Figure 9. 

 

Firstly, all sites have the same trend line in terms of background 

noise level. For instance, regarding the site named ―Urban dense 

1‖, this level decreases from 80 dB µV at 50 kHz to 40 dB µV at 

500 kHz. It corresponds to a reduction of more than 40 dB. It is 

important to note that the rural site exhibits the lowest values of 

noise. 

 

Secondly, for each site, the narrowband noise can be 

characterized both on the transformer and the customer sides. 

Interferences due to the radio broadcasting with the PLC 

transmission are the source of this narrowband noise Therefore, 

many peaks can be measured; each one corresponds to  a 

frequency of a station (e.g., Europe 1 with a frequency equal to 

183 kHz, Radio Monte-Carlo (RMC) with a frequency of 216 

kHz, or Radio Tele Luxembourg (RTL) with a frequency of 234 

kHz). 

 

Thirdly, frequency impulsive harmonics, such as at the frequency 

equal to 100 kHz, may originate from the switching of electrical 

devices that are connected to the same PLC network (e.g., TVs 

and phone chargers). These harmonics have a strong impact at 

the customer side. At the transformer side, their impact is much 

more moderate. 

 

Finally, in comparison with the transformer side, the noise level 

at the customer side is low, because the number of loads 

connected to the customer’s electrical installation is not 

important at  10 a.m. In that case, the transformer plays a key 

role. It is important to note that this one is connected to all 

installations within a site. However, noise measured in the 

transformer substation is the sum of noise generated by all 

domestics loads connected to the same branch. 
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Figure 8: Noise power spectral density (PSD) in the transformer substation. 

 

 
 

Figure 9: Noise PSD at the customer side at the smart electricity meter. 

 

Noise Power Spectral Density Evolution at Different 

Times of the Day  
 

Figures 10 and 11 show the evolution of the noise PSD 

depending on the frequency in the transformer substation and 

the customer’s electrical installation respectively. The aim is to 

compare the experimental measurements performed at 10 a.m. 

and 2 p.m. To simplify the analysis, the measurements from the 

sub rural and urban dense 2 sites are discussed. 
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The background noise is mostly constant over the period of a 

few hours. Even if a few variations can be occasionally 

measured, the trend line of the background noise is low. It may 

be explained by the increasing usage of the electrical 

appliances at the customer side. The narrowband noise and the 

impulsive noise are still present at the same frequencies. They 

remain in the range from 40 to 60 dB µV, except at the lower 

part of the spectrum, where it can rise to 80 dB µV. 

 
 

Figure 10: Noise power spectrum in the transformer substation. Measurements 

performed at 10 a.m. and 2 p.m. 

 

 
Figure 11: Noise power spectrum in the smart electricity meter. Measurements 

performed at 10 a.m. and 2 p.m. 
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Noise Cyclostationary Behavior  
 

The PLC channel may vary abruptly when the network 

topology changes, particularly when the devices are plugged in 

or out, and when they are on or off. The objective of this section 

is to study this short-time variation of the impulsive noise. The 

measurement results in each transformer substation of four 

different sites (i.e., sub rural, rural, urban, and urban dense 1 

sites) are discussed. 

 

The discussion is based on the evolution of the noise PSD in 

the time-frequency domain. So,  the Wigner-Ville transform can 

be used (see Equation (2)). This kind of transformation enables 

to identify exactly the components of the signals both in the 

time and frequency domains. From the Wigner–Ville transform, 

it is also possible to define the distribution of energy in the 

time-frequency domain (see Equation (3)): 

 

 , ( )
2 2

ie f
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     (2) 

 ,x xw t f dtdf E

 ∬       (3) 

 

The use of an analysis and smoothing window is used to limit the 

interferences. Thus, it warrants a good accuracy of the results. To 

achieve this, an algorithm was developed with the MATLAB 

software tool. This algorithm uses the pseudo Wigner-Ville 

transform smoothed with an analysis window both to fix the 

frequency and temporal resolution. The magnitude of each 

signal in the time domain was captured during one period of the 

mains (i.e., 20 ms). The measurements were also synchronized 

with the mains. Figures 12–15 sum up the main results. 

 

Summary of the Results for the Sub Rural Site  

 

Figure 12 gives the pseudo Wigner-Ville transform analysis for 

the sub rural site in the time- frequency domain. The results 

exhibit several forms of noise. 
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A periodic time-variant noise can be identified. This one is 

synchronized to half of the mains’ frequency (i.e., 10 ms). This, 

it represents the components of the cyclo-stationary noise. The 

spectrograms also show that periodic noises are typically 

generated at frequencies lower than 50 kHz. Finally, periodic 

interferences can be identified at frequencies higher than 50 kHz, 

but the PSD of these disturbances remains at a low level in 

comparison with the low-frequency disturbances. 

  

 
 

Figure 12: Pseudo Wigner-Ville transform analysis for the sub rural site in the 

time-frequency domain. 
 

Summary of the Results for the Rural Site  
 

Figure 13 gives the pseudo Wigner-Ville transform analysis for 

the rural site in the time-frequency domain. In that case, the 

channel exhibits a periodic time-varying response. Moreover, it is 

composed of a cyclo-stationary noise component. This periodic 

impulsive noise appears in the form of bursts every 10 ms. It 

represents the periodic impulsive noise which is synchronized 

with the mains’ frequency. 

 

The spectrograms of the measured signals show that periodic 

noises are typically generated at frequencies lower than 30 

kHz. Periodic impulsive noise can also be observed at 

frequencies higher than 300 kHz. However, the PSD of these 

disturbances remains at a low level in comparison with the low-

frequency disturbances. 



Advances in Energy Research 

20                                                                                www.videleaf.com 

 
 
Figure 13: Pseudo Wigner-Ville transform analysis for the rural site in the 

time-frequency domain. 

 

Summary of the Results for the Urban Site  

 

Figure 14 gives the pseudo Wigner-Ville transform analysis for 

the urban site in the time-frequency domain. From the time 

variation, several forms of noise can be observed. 

A high impulsive noise is generated periodically every 10 ms. It 

appears for very short durations, and with a high PSD in the 

frequency range lower than 20 kHz. The amplitude of the 

pulses is about 1 V in the time domain. 
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Figure 14: Pseudo Wigner-Ville transform analysis for the urban site in the 

time-frequency domain. 

 

Summary of the Results for the Urban Dense 1 Site  

 

Figure 15 gives the pseudo Wigner-Ville transform analysis for 

the urban dense 1 site in the time-frequency domain. The 

periodic impulsive noise is generated in the form of bursts. The 

time- frequency representation shows an important PSD in the 

frequency range lower than 20 kHz. 
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Figure 15: Noise at the urban dense 1 site. 

 

Transfer Function Analysis and Signal-to-Noise Ratio  
 

Figure 16 gives the results of the transfer function analysis 

for each site. Regarding the urban and urban dense sites, the 

attenuation is less than the rural and the sub rural site one. 

The strong attenuation in the rural site is mainly caused by 

the line attenuation of the overhead cables. 
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Figure 16: Results of transfer function analysis for each site. 

 

The signal-to-noise ratio (SNR) is an indicator of  the quality 

of the PLC transmission.   From   a literature review, the 

reliability of NB-PLC technologies such as the G1-PLC and 

G3-PLC can be summed up in Figure17. It represents the bit 

error rate (BER) for each kind of modulation depending on the 

quality of the transmission in terms of SNR-values. 

 

As can be seen in Figure17, the G3 Alliance fixed the minimum 

accepted BER level (i.e., 10 −4). So, it enables to evaluate the 

performances of the G3-PLC technology. Table1gives the SNR 

threshold that allows communication with a maximum BER 

equal to 10−4.  
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Table 1: SNR maximum value for the G1-PLC and G3-PLC technologies. 

 
Modulations G1  

(S-FSK) 

G3  

(D8PSK) 

G3  

(DQPSQ) 

G3  

(DBPSK) 

G3  

(Robo) 

SNR 

(TEB: 10−4) 

12 dB 9.6 dB 5.6 dB 2.5 dB −1.2 dB 

 

 
2

10 logdB

Pe H f
SNR

Pn

 
  
 
 
 

           (4) 

 

As can be seen in Equation (4), in this study, is the SNR-

parameter corresponds to the ratio between the power of the 

received signal in the receiver side and the power of the noise 

measured at the same point of the electrical network [36,37]. In 

this study, the received signal and the noise are measured 

simultaneously at noon. 

 

 
 

Figure 17: Reliability of the G1-PLC and the G3-PLC technologies: source 

G3-PLCTM Alliance [38]. 

 

As can be seen in Figure 18, the evolution of the SNR shows 

negative values in the low frequencies for all sites and 
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especially, in the sub rural site. When the SNR tends to zero,  

the white noise and  the PLC signal have an equivalent power. 

When the SNR is lower than zero, the noise has a higher power 

than the PLC signal. When the SNR is higher than zero, the 

noise has a lower value than the PLC signal. 

 

 
 
Figure 18: Calculated signal-to-noise (SNR) evolution depending on the 

frequency in the transformer substation. 

 

The quality of the network in the urban dense 1 and urban dense 2 

sites enables to use less complex transmission techniques. 

Moreover, it offers higher transmission rates. Many 

technologies, such as the PRIME and G3-PLC communication 

protocols, are based on the OFDM modulation. It can operate in 

two modes of transmission: a normal mode and a robust mode. 

The G3-PLC communication protocol uses either the 

differential binary phase shift keying (DBPSK), differential 

quadrature phase shift keying (DQPSK) or differential 8-Phase 

Shift Keying (D8PSK) modulation for each of its 36 subcarriers. 

It incorporates error correction by convolutional coding and 

Reed Solomon coding. The robust mode works identically 

except that it also applies a repetition of the bit to be transmitted 

which must be equal to four times. The aim is to increase the 

transmission reliability, but it strongly limits the useful rate. 
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Estimation of the Channel Capacity  
 

The capacity of a channel is the maximum theoretical bit rate 

that it can support. It is important to note that the bit rate on a 

noisy channel is limited. Its limit both depends on the 

bandwidth of the transmission channel and its SNR [38–40]. 

The spectral capacity per dimension of the sub channel is given 

by (5): 

 

 1 2C 1N

i if log SNR              (5) 

 

The next sections of the manuscript describe the estimation of the 

channel capacity for two specific bands: the CENELEC A and the 

FCC bands. 

 

Estimation of the Channel Capacity in the CENELEC A 

Band  

 

Figure 19 shows the results of the estimation of the channel 

capacity in the CENELEC A band i.e., from 35.9 to 90 kHz. The 

noise power, denoted as Pn in Equation (4), can be extracted 

from the average noise measurements of each site. In that case, 

it is important to fix the power of the transmitted signal (see the 

Pe-parameter in Equation (4)) according to the G3-standard. 

Finally, the number of subcarriers is constant (N = 36) with the 

∆f -parameter (see Equation (4)) equal to 1.5 kHz. 
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Figure 19: Estimation of the channel capacity in the CENELEC A band. 

 

Estimation of the Channel Capacity in the FCC Band 

 

Figure 20 shows the results of the estimation of the channel 

capacity in the FCC band i.e., from 150 to 487 kHz. The noise 

power can also be extracted from the measurements of each site. 

In that case, the signal power of the transmitter is equal to 66 

µV. The number of subcarriers is fixed (N = 72) with the ∆f -

parameter equal to 4.7 kHz. 
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Figure 20: Estimation of the channel capacity in the FCC band. 

 

Summary of the Results  

 

The mean values per site are depicted in the CENELEC A and 

FCC band (see Table 2). 
 

Table 2: Mean channel capacity value per site. 

 
Mean 

Channel 

Capacity 

Urban Dense 1 Urban 

Dense 2 

Sub Rural Rural Urban 

CENELEC A 

(kbits/s) 

238 170 216 102 136 

FCC (Mbits/s) 1.58 1.73 2.21 1.31 1.92 

 

These theoretical capacity values per subcarrier both in the 

CENELEC A and FCC bands are very sufficient for the AMI 

application which requires 2.4 kbits/s in the G3-PLC 

communication. 

 

Regarding the urban dense 1 site, the channel capacity depends 

on the location. The high capacity is particularly obtained in the 

FCC band. 
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The capacity in the FCC band is much more interesting, because 

it varies from 1.3 Mbits/s in the rural site to 2.2 Mbits/s in the 

sub rural site. In conclusion, the FCC band represents an 

attractive band for the integration of IoT in new smart grids’ 

applications. 

 

Discussion  
 

From all measurement results described in the previous 

sections of the manuscript, the PLC channel reveals different 

classes of noise. The background noise and the narrowband 

noise are measured in the transformer substation and at the 

customer side in the frequency domain. Such results can be 

found in the literature for other countries [23,33,34]. However, 

in these articles, the narrowband noise is not characterized at the 

same frequency due to frequency variation of the broadcast 

station in each country. 

 

In this article, the temporal characteristics of the noise of the 

PLC channel are also presented at the transformer side. Table 3 

sums up the noise characteristics in various sites (i.e., urban 

dense 1, sub rural, rural, and urban). 

 
Table 3: Summary of the noise temporal features in various sites. 

 
Type of 

Noise 

Main 

Characteristics 

Urban 

Dense 1 

Sub Rural Rural Urban 

Stationary Magnitude 50 mV 50 mV 50 

mV 

100 mV 

Periodic 

impulsive 

Magnitude 100 mV 50 mV 200 

mV 

700 mV 

Cycle time 10 ms 10 ms 10 ms 10 ms 

Duration 3 ms 2 ms 2 ms 1 ms 

Aperiodic 

impulsive 

Magnitude >1 V >500 mV >2 V >400 mV 

Duration 1 ms 2 ms 2 ms 2 ms 

 

Comparing to the noise characterization, the temporal 

characteristics depend on the locations. For example, the same 

kind of information can be detected in the LV network in Italy, 

in Germany,  in the USA and in China [32–34]. 

Borovina et al. have studied the channel transfer function in a 

rural distribution grid characterized by overhead lines between 
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the transformer substation and the smart electricity meter [41]. 

The authors have particularly pointed out a strong attenuation 

between 65 dB and 25 dB. As can be seen in Figure16, the 

results described in this manuscript present many similarities in 

terms of frequency selectivity and attenuation values. Chu et al. 

have characterized the transfer function in a typical urban 

underground network [32].  The results exhibit a variation of 

the transfer function between −30 dB and −50 dB which is 

close to the measurement results described in this manuscript, 

and especially in the frequency range from 200 to 500 kHz. The 

NB-PLC transmission in the residential and urban dense sites is 

more interesting in comparison with the rural sites. The PLC 

communication strongly depends on the cables’ length and 

types. From a complete literature review, the LV networks have 

similar topologies (e.g., type and length of cables, customers 

per phase) in the world, which may explain the similar results. 

 

The performance objectives of the physical layer (i.e., PHY 

layer) may not seem trivial for specific equipment, such as the 

smart electricity meter, and the data concentrator because of the 

noise characteristics and especially, its temporal and frequency 

variations. At the medium access control layer (i.e., MAC 

layer), different technologies are developed to offer stability 

through different methods to code the transmitted signal and the 

non-synchronization of the system with the mains’ frequency. 

 

In this article, the signal-to-noise ratio, and the channel capacity 

estimated between two points of the network are of utmost 

importance in the FCC band despite the harsh grid conditions in 

terms of noise and distance. Thus, the behavior of the 

communication layers affects directly the application level 

results which explains the success of the French smart metering 

interface named Linky based on the G3-PLC technology. This 

theoretical NB-PLC channel capacity enables to add some 

smart grids’ applications which also require a low data rate 

using the existing AMI infrastructure. 
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Conclusions  
 
This manuscript highlights the results of a complete 

experimental measurement campaign aimed at investigating the 

LV NB-PLC channel in the frequency range from 9 to 500 kHz 

in various sites (i.e., rural, urban etc.) located in France. In 

particular, the aim is to fully characterize the noise 

characteristics of the PLC channel in time-frequency 

representation. 

 

The time-frequency analysis shows the dominance of the cyclo-

stationary noise. The short-time variation analysis shows 

impulsive noise due to a high number of loads connected to the 

network. Even if these loads may be switched on and off, the 

background noise is mostly constant over the period of a few 

hours. At the customer side, the noise variation is more 

important in comparison with the noise profile measured in the 

transformer substation. 

 

The performances of the NB-PLC transmission can be calculated 

from the measurement results of the transfer function, and the 

noise PSD. The analysis of the SNR-values shows a good 

transmission capacity in the PLC channel. The channel capacity 

corresponds to the maximum theoretical bit rate, which this 

channel can support in the five topologies chosen in this study, 

based on the measured noise profiles. The results point out that 

the channel capacity is better in the FCC band. 
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Abstract  
 

This paper presents an efficient algorithm to solve the multi-

objective (MO) voltage control problem in distribution networks. 

The proposed algorithm minimizes the following three 

objectives: voltage variation on pilot buses, reactive power 

production ratio deviation, and generator voltage deviation. This 

work leverages two optimization techniques: fuzzy logic to find 

the optimum value of the reactive power of the distributed 

generation (DG) and Pareto optimization to find the optimal 

value of the pilot bus voltage so that this produces lower losses 

under the constraints that the voltage remains within established 

limits. Variable loads and DGs are taken into account in this 

paper. The algorithm is tested on an IEEE 13-node test feeder 

and the results show the effectiveness of the proposed model. 

 

Keywords 
 

Coordinated Voltage Control; Distributed Generation; On Load 

Tap Changer; Multi-Objective Voltage Control; Fuzzy Logic 



Advances in Energy Research 

3                                                                                www.videleaf.com 

Introduction  
 

Due to rapid industrialization and growth of residential and 

commercial sectors, the electrical energy requirements have 

increased significantly over the last decades. In this situation, 

renewable energy becomes a very important factor in the 

electrical distribution system. This type of generating unit is 

known as distributed generation (DG), and these generators will 

supply a large portion of demand and many of them will be 

directly connected to the distribution network. The DGs may 

trigger variations in voltage and can cause a change of direction 

in the power flow. The voltage rise depends on the amount of 

energy injected by the DG and, therefore, it is a limiting factor 

for the DG capacity. Many researchers have studied DGs and 

their impact on the voltage, the reduction of the losses in the 

active and reactive power, and the maximization of the DG 

capacity [1–3]. In [4] a minimization of loss was used to 

determine the optimum size and location of DG. 

 

On the other hand, a review of the literature shows that many 

works have been done assuming that the loads in the electrical 

network are fixed. There are only a few works that use variable 

loads [5–9]. In this paper, all the loads of the analyzed networks 

are varying in time to better reflect system operation. Three 

different models of load variation are utilized. Each model 

represents the measurements of the change in consumption of 

customers for 48 h (data provided by Hydro-Québec). 

 

Coordinated voltage control (CVC) in distribution network 

adjusts the voltage in pilot buses. CVC uses the multi-objective 

problem to minimize the voltage variation at the pilot buses [10]. 

Several methods have been proposed to solve the optimization of 

the multi-objective (MO) voltage control problem. In [10] a 

genetic algorithm (GA) was used to determine an optimal 

weighted solution of the MO problem. In [11] a simpler 

evolution scheme for MO problems is proposed; this algorithm 

uses the local search for the generation of new candidate 

solutions. 
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Some researchers [10,12,13] solve the MO voltage control 

problem converting the objectives into a single objective (SO) 

function; in this case, the objective is to find the solution that 

minimizes or maximizes this single objective. The optimization 

solution results in a single value that represents a compromise 

among all the objectives [13]. 

 

Other researchers [13–15] work with the objectives of the MO 

problem separately, resulting in a set of solutions called the 

Pareto frontier. This causes the difficulty to find an optimal 

solution since there is no a single solution. Therefore, a decision-

maker (DM) is necessary to choose the most appropriate 

solution. This feature is useful because it provides a better 

understanding of the system because all the objectives are 

explored. This method leads to find the weighted minimum of 

the objectives. Thus, the constraints and criteria specified of each 

objective are important to find the Pareto frontier. 

 

Electrical power systems are very difficult to control with 

traditional methods due to highly complex and nonlinear 

behaviors. Fuzzy logic can overcome these difficulties. In 

[16,17] a fuzzy logic technique was introduced to solve the 

optimal values of MO voltage control problem. The solution set 

is usually not a singleton set. The problem requires the 

objectives functions to be linear and it also requires the value of 

the minimal solutions of the system. To solve this problem, 

fuzzy logic can be used closely with other optimization 

technique [18]. 

 

Previous methods adequately solved the problem of MO voltage 

control problem using DGs in distribution networks obtaining 

optimum values of voltage and reactive power [3,4,10,16,19–

23]. There is no research that calculates the value of the reactive 

power of the DG using the optimal values of the MO voltage 

control problem in distribution network with variable and 

unbalanced loads. 

 

To overcome the problems cited above, this paper proposes a 

new method called coordinated voltage control using Pareto and 

fuzzy logic (CVCPF). This technique finds the optimal values of 
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the MO voltage control problem and finds the optimal value of 

reactive power of the DG. CVCPF maintains the voltage of the 

buses into the established limits, minimize the losses of the 

network, and minimizes the voltage variation in the pilot bus. 

This new method is tested on an IEEE 13-node test feeder using 

variables and unbalanced loads. 

 

CVCPF uses Pareto optimization for solving the MO voltage 

control problem; the objectives of the MO problem are resolved 

separately. This paper uses fuzzy logic to find the optimal 

reactive power of DG to inject in distribution system. Fuzzy 

logic analyzes the voltage difference      between the reference 

voltage         and the optimal voltage of pilot bus (        ) 

to find the reactive power of DG that minimizes voltage error. 

 

The original contributions of this paper consist basically in 

combining the following:  

 

(1) Variables and unbalanced loads with DGs in distribution 

network are investigated. 

(2) CVCPF uses two optimization techniques. Pareto 

Optimization to find the optimal voltage and fuzzy logic 

to calculate the optimal value of reactive power of DG. 

(3) CVCPF uses the reactive power of DG as a control 

variable to minimize the voltage variation. 

(4) The objectives of the MO voltage control problem are 

resolved separately. 

 

The rest of this paper is organized as follows: Section 2 presents 

the classical CVC. Section 3 presents coordinated voltage 

control using Pareto and fuzzy approach (CVCPF). Simulation 

results are presented in Section 4 and, finally, in Section 5 the 

conclusions are given. 

 

Coordinated Voltage Control (CVC)  
 

Richardot et al. in [10] demonstrated that CVC for transmission 

networks can be successfully applied to a distribution network. 

Based on this work, it is presented in the following subsections 

the optimization model considered in this paper. 
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Objectives Function  
 

The voltage variation at the pilot buses, the reactive power 

production, and the generator’s voltage deviations are coupled 

variables and are tied together. Any increase or decrease in 

voltage at pilot buses will increase or decrease the reactive 

power production and generator voltage respectively. These 

objectives are modelled as follows: 

 

Voltage at Pilot Bus  

 

The first objective is to minimize the variation in voltage at the 

pilot buses. In a mathematical form, the objective can be written 

as follows: 

 

   ∑      [  (  
   

   )  ∑     
         ]

 
 (1) 

 

where: 

 

         are the sets of pilot and generator buses indices; 

  
   

             are set-point voltage, actual voltage and 

voltage deviation at bus i, i.e., the difference of voltage values 

between two computing steps;     
   is the sensitivity matrix 

coefficient linking the voltage variation at bus i and bus k, 

respectively,              weighting factor and regulator gain, 

respectively. 

 

Reactive Power  

 

The second objective is the management of the reactive power. 

This objective is modelled as follows: 

 

   ∑   
 
[ (     

  

  
   )  ∑     

         ]
 

    (2) 

 

where: 
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    is the set of generator buses indices;          
     are actual 

and maximum reactive power generations at bus i;  

 

     ∑    ∑   
   

        is the uniform set-point 

reactive power value within the regulated area;     
   is sensitivity 

matrix coefficients linking, respectively, voltage variation at bus 

i and bus k.    
 
        are weighting factor and regulator gain, 

respectively. 

 

Voltage at Generators  

 

The third objective is the minimization of the generator’s voltage 

deviations. The mathematical model is as follows: 

 

   ∑   
 [  (  

   
   )     ]

 
           (1) 

 

where: 

 

   is the set of generator buses indices;   
   

             are the 

set-point voltage, actual voltage and voltage deviation, 

respectively, at the bus i, i.e., the difference of voltage values 

between two computing steps.   
         are weighting factor and 

regulator gain, respectively. 

 

Constraints  
 

The constraints are presented as follows: 

 

Reactive Power Constraint  

 

In this work, one of the main objectives is to control the 

production of the reactive power of the DG. In [3] an acceptable 

power factor is of ±0.91. 

 

     ∑    ∑   
   

             (2) 

 

 

where: |  |    
   . 
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Technical Compliance Voltage  

 

The compliance of constraints of voltage on the pilot and 

generator buses is used to determine the safe operation values. In 

distribution networks an acceptable steady voltage range is 

considered within ±3% of the operating voltage at DG [24]: 

 

   [  
      

   ]           

           (3)         

|   |     
            

 

Weights Constraints  

 

The weights of the objectives are important because they give 

priority to an objective that depends on the conditions of 

operation. For example, if the voltage on the pilot bus is outside 

of the limits, the weight for this objective will be higher than the 

other two; however, these weights are related as described in 

relation Equation (6): 

 

       
 

    
            (4) 

 

     
 
   

  are weighting factors for bus i. 

 

Coordinated Voltage Control Using Pareto and 

Fuzzy Logic (CVCPF)  
 

This section presents the Pareto optimization to find the optimal 

voltage on the pilot bus and the determination of reactive power 

of DG using a fuzzy approach. 

 

Pareto Optimization  
 

The classical methods consist of converting the MO problem 

into a single objective (SO) problem. The solution of this SO 

problem yield a single result that depend of the selection of the 

weights. On the other hand, Pareto optimization optimizes all 

objectives separately. 
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Figure 1 shows that Pareto optimization calculates a set of 

solutions called the Pareto frontier, which can optimize the 

maximum possible number of objectives. In this work, we use 

Matlab  to find the minimum of multiple functions using a 

genetic algorithm and obtain the Pareto frontier subject to the 

linear equalities             . All objectives and constraints 

are changing in the real-time set considering the actual needs and 

capabilities. This Pareto frontier is obtained by using the 

dominance relationship among different solutions. 

 

 
 

Figure 1: Pareto optimization scheme for a multi-objective problem. 

 

The algorithm needs to choose only one solution to this set of 

solutions using a new condition decision-maker (DM) [8]. 

For each set of solutions, the decision-maker (DM) calculates the 

minimum of the sum of the three objectives; the set of solutions 

that have the minimum is selected: 

 

      ∑     
 
                       (5) 

 

where: 

 

f is the minimum sum of the objectives of the set of solutions. N 

is the number of objectives.    is the weight of the objective j. 

   is the objective j of the MO voltage control problem. 
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Fuzzy Logic  
 

Fuzzy logic is an extension of traditional Boolean relations 

where the system is not characterized by simple binary values 

but a range of truths from 0 to 1. The input and output of the 

system are ―somehow‖ related [20]. Fuzzy logic is increasingly 

utilized in distribution networks. 

 

Two of the most important types of fuzzy control are: the 

Mamdani and Sugeno models. The Mamdani model allows 

expressing the available prior knowledge of the system, whereas 

the Sugeno model simplifies the calculations of the output. The 

Sugeno output can be either linear or constant and the final 

output is a weighted average of each rule’s output; so, its process 

does not require defuzzification. It works well with optimization 

and adaptive techniques and has a guaranteed continuity of 

output surface. Finally, the Sugeno model is well suited to 

mathematical analysis [25]. 

 

In this work, the Sugeno model will be used and its mathematical 

model has the following form: 

 

                                       (6) 

 

In a zero-order model, the output level   is a constant (   ). 

Each output    of each rule has a weight     [12]: 

 

                                                 (7) 

 

where       are the membership functions for input 1 [25]. The 

average estimate is then given by the equation: 

 

              
∑     

 
    

∑   
 
   

                 (8) 

 

CVCPF uses fuzzy logic to calculate the optimal reactive power 

of DG. Figure 2 shows the fuzzy logic reactive power controller. 

The input signal is the error (  ). This error (     is varying 

over the range                        where         
                                     . The output of the 
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fuzzy logic is the variation of the reactive power. The output of 

the controller is the voltage variation. The PID generates an 

output based on the difference between the power factor 

calculated by fuzzy logic and output power factor of the 

network. The three linguistic labels define voltage: Low, 

Normal, and High. The input membership (Gaussian) functions 

are shown in Figure 3. 

 

 
 
Figure 2: Fuzzy logic reactive power factor controller. 

 

 

 
 

Figure 3: Input fuzzy membership functions. 

 

Design of Reactive Power of DG  
 

In this work, this model is a single-input and single output 

(SISO) controller (Figure 2). Using relation Equation (8): 

 

                                   (9) 

 

The set of fuzzy rules are as follows: 
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                                        (10) 

 

                            
 

The advantage of the Sugeno model is that the output can be 

found using the average estimate formula [25]. 

 

       
∑     

 
   

∑   
 
   

                  (11) 

 

where: 

 

         are the outputs of the respective fuzzy rules.    
            when        is the membership function for input 1. 

 

Solution Algorithm  
 

The algorithm flow chart is illustrated in Figure 4. The steps 

followed to solve the MO voltage control problem are as 

follows: 

 

Step 1: System Data: Define input variables; the algorithm 

acquires the network values. 

Step 2: Analyze and complete the objective functions. The 

objective functions are calculated from Equations (1) to 

(3) and the constraints Equations (4) to (6). CVCPF 

calculates the three weights corresponding to F1, F2, and 

F3 and finds a set of solutions (Pareto frontier). 

Step 3: Decision-maker (DM) calculates the fitness solution. 

Step 4: Fuzzy logic 

 

Figure 4 shows the step 4. The error (  ) is calculated: 

 

                               (12) 
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Determination of the rules: Equation (12) shows the rules. 

 

Determination of the output stage: The final output is computed 

according to Equation (13). Finally, the reactive power of DG is: 

 

                        (13) 

  

                                     
 

Determination of the optimal reactive power reference: The 

reactive power is computed using Equation (4): 

 

     ∑      ∑   
   

          (14) 

 

Finally, the PID removes the error of the power factor. 

 

Step 5: Control: According to the voltage at the pilot bus and the 

optimal reactive power reference, the control action is 

calculated on the OLTC and the PF of the DG. 

 

Step 6: With the data from step 5, CVCPF calculates new values 

for the distribution network using the OpenDSS program 

[26]. 

 

Step 7: If voltage values at the pilot buses, reactive power 

reference, and voltage at generators are within the limits 

go to step 8; if not, return to step 1. 

 

Step 8: End. 
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Figure 4: Flow chart of the proposed algorithm. 

 

Case Study  
 

The proposed method is tested on IEEE13 Node Test Feeder 

shown in Figure 5, 4.16 kV distribution network. The technical 

data of the network is given in [27]. In this work, for Case 1, 2, 

and 3 only a DG with 1.290 kW connected at the 675 bus is 

considered [4]. For Case 4, this work uses three DGs. 
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Figure 5: IEEE 13 Node Test Feeder3.5.1. Fixed and Variable Loads 

 

Table 1 shows the default unbalanced loads values for the 

network IEEE 13 (fixed values). In the second column of the 

Table 1, the three basic loads are displayed. (1) Constant 

Impedance Load Model (Constant Z); (2) Constant Current Load 

Model (Constant I); and (3) Constant Power Load Model 

(Constant PQ). In this study, three different cases are analyzed 

where variable loads are added to the fixed network loads; each 

case represents the measurements of typical change in 

consumption of customers in a 48 h horizon (data provided by 

Hydro-Québec). Table 2 shows the cable line configuration for 

an IEEE 13 node test feeder. Figure 6 shows these three cases on 

the pilot bus in active power (bus 671). 
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Table 1: Spot Load Data for IEEE 13. 

 
Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 

 Model kW kVAr kW kVAr kW kVAr 

634 Y-PQ 160 110 120 90 120 90 

645 Y-PQ 0 0 170 125 0 0 

646 D-Z 0 0 230 132 0 0 

652 Y-Z 128 86 0 0 0 0 

671 D-PQ 385 220 385 220 385 220 

675 Y-PQ 485 190 68 60 290 212 

692 D-I 0 0 0 0 170 151 

611 Y-I 0 0 0 0 170 80 

 TOTAL 1158 606 973 627 1135 753 

 
Table 2: Cable line configuration for IEEE 13 node test feeder. 

 
Node R 

(Mile) 

X 

(Mile) 

Distance Config. X/R 

Ratio 

650–632 0.3465 1.0179 0.378 601 2.9376 

632–633 0.7526 1.1814 0.094 602 1.5697 

632–645 1.3294 1.3471 0.094 603 1.0133 

632–671 0.3465 1.0179 0.378 601 2.9376 

645–646 1.3294 1.3471 0.056 603 1.0133 

671–684 1.3238 1.3569 0.056 604 1.0250 

671–680 0.3465 1.0179 0.189 601 2.9376 

692–675 0.7982 0.4463 0.094 606 0.5591 

684–611 1.3292 1.3475 0.056 605 1.0137 

684–652 1.3425 0.5124 0.151 607 0.3816 

671–692    Switch  

633–634 1.10% 2%  XFM-1  
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Figure 6: Variation of the load in kW at Bus 671. 

 

In Figure 6 and in the Table 3, we can see the maximum load 

variations. Case 1 is 16.27 and 16.49 kW at hours 42 to 43 and 

43 to 44, respectively; Case 2 is 34.28 and 37.38 kW at hours 2 

to 3 and 43 to 44, respectively; and Case 3 is 39.66 and 37.73 

kW at hours 25 to 26 and 26 to 27, respectively. 

 
Table 3: Maximum load variations in Case 1, 2 and 3. 

 
Case 1 (kW) Case 2 (kW) Case 3 (kW) 

Hour Bus 

671 

Variat

ion 

Hou

r 

Bus 

671 

Variati

on 

Hour Bus 

671 

Varia

tion 

43 68.69 16.27 3 86.38 34.28 26 85.59 39.66 

44 52.20 16.49 44 58.62 37.38 27 47.86 37.73 

 

Simulation Results  
 

The proposed method (CVCPF) is compared with two other 

methods (OLTC and OCVC). 

 

In the method OLTC, the only equipment used for the voltage 

control is the OLTC. This is the typical case of a distribution 

network nowadays. The connection of DG and the variable load 

will fundamentally alter the feeder voltage profile then the 
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OLTC performs control voltage. The reactive power injected 

from the DG is zero in this method; furthermore, the DG does 

not participate in the regulation of the voltage. 

 

Optimal Coordinated Voltage Control (OCVC) proposes a 

solution for the MO voltage control problem using only Pareto 

optimization. This method proposes a balanced participation in 

the reactive power of DG connected to the distribution network. 

In OCVC, the weighting factors vary dynamically depending on: 

(1) the value of the voltage at the pilot bus, (2) the value of the 

voltage at the bus generator, and (3) the value of the reactive 

power available [10]. 

 

The difference between CVCPF and OCVC is that CVCPF uses 

two techniques to calculate the optimum values. OCVC uses 

only Pareto to get the optimum values whereas CVCPF uses 

Pareto and fuzzy logic. To calculate the reactive power given by 

DG, CVCPF uses fuzzy logic according to the optimum values 

given by Pareto. 

 

The effect of reactive power of DG on the voltage profile and the 

variable load in the network is shown in Figures 7–9. In all three 

cases, the reactive power input of CVCPF and OCVC are almost 

equal. The difference is the voltage variation; in the CVCPF 

method it is lower than in the other methods (Table 3). 

 
 

Figure 7. Voltage at bus 671 (phase a) with respect to reactive power input. 

Case 1. 
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Figure 8: Voltage at bus 671 (phase a) with respect to reactive power input. 

Case 2. 

 
 

Figure 9: Voltage at bus 671 (phase a) with respect to reactive power input. 

Case 3. 
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For the case study, the constraints of Equations (4) and (5) will 

be: 

 
|  |                       (15) 

 

                            (16) 

 

In the method ―without‖, the network does not perform any 

voltage control. The DG and variable loads cause voltage 

variations. 

 

Case 1: 

 

In Figure 7, we can see that when the voltage reaches the upper 

limit allowed, the Objective 1 of the MO voltage control 

problem is the priority (Equation (1)). The voltage at hour 20 

(OCVC line) reaches the maximum allowed value; OCVC 

maintains the voltage close to the reference value. Objective 2 of 

the MO voltage control problem is not the priority (Equation 

(2)), so the reactive power of the DG decreases and the reactive 

power input increases. 

From hour 21, the profile voltages are similar. However, in 

CVCPF the voltage is close to one (1 p.u.). Reactive power input 

is similar in these two methods. 

 

In the hours 43 and 44 (maximum load variations), the variation 

of voltage in reactive power is similar in the CVCPF and OCVC 

methods. 

 

Case 2: 

 

At hours 3 and 44 (maximum load variations) of Figure 8 and 

Table 4, the voltage variation in CVCPF is smaller than in the 

other methods. At hour 3, OLTC has a lower variation than 

CVCPF but the voltage on the bus 671 is not within the limits 

(Figure 8). In the hours 3, 22, 39, and 44, we can see that each 

time that the CVCPF line crosses the OCVC line; the voltage 

variation in CVCPF is smaller than the other methods. 

Additionally, at this time, the reactive power input between 
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CVCPF and OCVC is almost similar. So, CVCPF used DG 

reactive power to reduce the voltage variation. 
 

Table 4: Voltage variation. Case 2. CVCPF, OCVC, and OLTC methods. 

 
Case 2 

 Hour Variation (V p.u.) 

 CVCPF OCVC OLTC 

Maximum 

load variation 

3 0.065 0.081 0.033 

44 0.016 0.026 0.033 

Line crosses 3 0.065 0.081 0.033 

22 0.026 0.053 0.033 

39 0.021 0.032 0.038 

44 0.016 0.026 0.033 

OCVC 

variation is 

higher than 

0,025 V 

3 0.065 0.081 0.033 

4 0.023 0.039 0.024 

10 0.028 0.029 0.036 

11 0.028 0.029 0.036 

22 0.026 0.053 0.033 

35 0.028 0.029 0.029 

39 0.021 0.032 0.038 

44 0.016 0.026 0.033 

 

When the voltage variation on the method OCVC is higher than 

0.025 p.u. (Table 4), the voltage in CVCPF is lower. This can be 

observed at the hours 3, 4, 10, 11, 22, 35, 39, and 44. At these 

hours, there is a small difference between the reactive power 

input of CVCPF and OCVC. Fuzzy logic is better suited to 

voltage changes caused by the variation of the load. Therefore, 

fuzzy logic achieves a more efficient management of reactive 

power. 

 

Case 3: 

 

At hours 26 and 27 (maximum load variations) of Figure 9, the 

voltage variation in CVCPF is similar than in the other methods. 

In all the time, voltage variations in CVCPF and OCVC have not 

exceeded the value of 0.025 p.u. Similarly, the reactive power 

input for CVCPF and OCVC are similar. 

 

The losses of active and reactive power for CVCPF and OCVC 

are always lower than other proposed methods (Figure 10). 
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Figure 10: Losses. Active and reactive power for Case 2. 

 

Figure 11 shows the reactive power delivered by the DG for 

Case 3 using CVCPF and OCVC methods. The reactive power 

varies according to the needs of the network. Then, the reactive 

power of the DG helps the distribution network to maintain a 

stable voltage and reduce loss. 

 

 
 
Figure 11: Reactive power generated by the DG for Case 3 with CVCPF and 

OCVC methods 

 

For the simulation, the OpenDSS and Matlab programs are used. 

We have used OpenDSS for unbalanced load flow. The method 
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uses an OpenDSS server to communicate with Matlab; thus, 

OpenDSS data and Matlab can work together. 

 

Case 4: 

 

The IEEE 13 Node Test Feeder has three DGs. The DG1 is 

located on the bus 675 and has a capacity of 360 kW. The DG2 

is located on the bus 671 and has a capacity of 630 kW. Finally, 

The DG3 is located on the bus 632 and has a capacity of 300 kW 

[28]. Variable load 1 is used in this case. 

 

The Figure 12 shows that the voltage at the pilot bus is always 

within the limits. However, in CVCPF the voltage variation is 

less. 

 

 
 

Figure 12: Voltage at pilot bus with respect to reactive power input. Case 4. 

 

Conclusions  
 

A new algorithm, called CVCPF, for resolving the MO voltage 

control problem in distribution networks is presented. The three 

objectives considered in this paper are: voltage at pilot bus, 

management of the reactive power and voltage in generators. 

CVCPF uses a combination of optimization techniques (Pareto 
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optimization and fuzzy logic) to find the optimal values for the 

MO voltage control problem. 

 

The performance of the CVCPF is evaluated on an IEEE 13 node 

test feeder. Variables and unbalanced loads are used, based on 

real consumption data, over a time window of 48 h. Three such 

profiles are used in the study, varying in the amount of the load. 

The results are compared with those obtained from the methods 

OCVC and OLTC as well as from the case of no voltage control. 

 

This work demonstrates that CVCPF reduces the voltage 

variation more than the other methods. 

 

This work shows also that optimal integration of the DGs in the 

distribution network helps to maintain stable voltage and to 

reduce loss. 

 

CVCPF includes the use of decision-maker; in this study the 

fitness solution was used but various options are possible. The 

use of CVCPF could be advantageous with respect to the 

development of a flexible system for network operators, by 

applying different settings at the decision stage, according to 

specific circumstances. Further research is needed on this topic. 
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Abstract  
 

It was found that thermoacoustic solar-power generators 

with resonant control are more powerful than passive 

ones. To continue the work, this paper focuses on the 

synthesis of robustly resonant controllers that guarantee 

single-mode resonance not only in steady states, but also 

in transient states when modelling uncertainties happen 

and working temperature temporally varies. Here the 

control synthesis is based on the loop shifting and the 

frequency-domain identification in advance thereof. 

Frequency-domain identification is performed to modify 

the mathematical modelling and to identify the most 

powerful mode, so that the DSP-based feedback controller 

can online pitch the engine to the most powerful resonant-

frequency robustly and accurately. Moreover, this paper 

develops two control tools, the higher-order van-der-Pol 

oscillator and the principle of dynamical equilibrium, to 

assist in system identification and feedback synthesis, 

respectively.   

 

Keywords  
 

Thermoacoustic Engines; Dynamical Equilibrium; 

Resonant Control; Limit-Cycle Generators 

 

Introduction  
 

Thermoacoustic dynamics can be represented into a feedback-

loop interconnected by the heat-transfer dynamics of heating 

source and the acoustic dynamics of working gas. On the 

interface with the acoustic subsystem, the heating subsystem in 

the loop is affected by the temperature fluctuation that is 
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algebraically dependent on the acoustic pressure and the entropy 

fluctuation thereon. Meanwhile, the heat-flux fluctuation from 

the heating subsystem initiates acoustic velocity that excites the 

acoustic motions distributed in the chamber [1-2], and thus forms 

the feedback loop. Imposed on those mean-flow conditions 

which characterize large loop-gains, the thermoacoustic 

dynamics can become linearly unstable up to limit-cycling 

(nonlinear vibration), or even up to mean-flow buckling 

(turbulence, streaming, vortex, etc). Such thermoacoustic 

instability can be utilized for fast-time propulsion in 

thermoacoustic engines [3-6], but should be suppressed in 

combustion chambers to avert a variety of combustion 

instabilities [7-10].  

 

Due to the mean-flow bucking, acoustic motions begin to 

disappear when the amplitude of acoustic vibration exceeds 

some level of the mean-flow pressure, and then bulk motions of 

fluid are instead observed. This compressible-flow nature limits 

the power-rating of an individual thermoacoustic engine. To 

such a situation, suppressing mean-flow buckling but keeping 

thermoacoustic instability is a remedy. The control of mean-flow 

buckling was usually through passive approaches, such as re-

shaping the chambers [11-14], changing the working gas [15], 

re-designing the heat regeneration [16-22], etc., based on the 

analysis of computation fluid dynamics as in [23-24, 11] for 

example. As indicated in the literature of combustion instabilities 

[25-28], suppression of mean-flow buckling is usually 

accompanied by reduction of acoustic motions. This implies in 

thermoacoustic engines that control of mean-flow buckling in 

outer layer will reduce the harvest of thermoacoustic power, 

without being combined with active control of thermoacoustic 

motions in inner layer. There are numerous strategies of active 

control for thermoacoustic propulsion ever presented in the 

literature, for instance, [29-34]. Furthermore, unlike Stirling 

engines, the thermoacoustic engines are AC machines as such, so 

a standing-wave thermoacoustic engine with an AC current 

generator and under resonant control can has much larger power-

rating than traveling-wave thermoacoustic engines [35-36, 1].  
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With low cost at manufacture and materials, thermoacoustic 

engines suit to build thermoacoustic solar-power plants 

distributed in poor lands or home rooftops [37-38]. Without 

considering the mean-flow buckling, this paper focuses on the 

robustly resonant control of thermoacoustic dynamics for power 

amplification. Therein the regenerator is designed to have less 

thermal capacity and higher bandwidth than those in passive 

thermoacoustic engines to make effective the heat-flux actuation 

on the acoustic resonator. The van der Pol oscillator (VDP) was 

ever applied as an open-loop controller that switches a photo 

valve at a single resonant-frequency [36]. This simple controller 

may work well in lab, but in real operation it is unable to keep 

the resonance all the time, since the working temperature is 

always of uncertainty and time-variance. This paper comes to 

remedy such a situation by developing the feedback controller 

that is capable of operating thermoacoustic engines always at 

resonance in a real-time fashion.       

 

The feedback controller is developed in two steps: the first is the 

system identification in frequency domain, and the second is the 

synthesis of feedback control. Frequency-domain identification 

is to offline identify the power rating at each frequency where 

the photo-valve switching is effective, as well as to adjust the 

mathematical model served for the feedback-control synthesis. 

The synthesized feedback-controller is then programmed into a 

dsPIC chip that online pitches the engine to the most powerful 

frequency robustly and accurately. In the frequency-domain 

identification, the frequency generation is mainly performed by 

the higher-damping VDP (HD-DVP), which is extended from 

the conventional VDP in [36] for more accurate generation and 

faster modulation of frequencies. The HD-VDP in series with a 

low-pass filter is then programmed into the dsPIC chip that 

generates genuinely sinusoidal signals with preset frequencies.  

 

As we know, analog circuits lack communication ports, crystal 

oscillators have no reliable low-frequency outputs, and general-

purpose computers transport signals to peripheral devices too 

slowly. Moreover, linear vibrators, rather than limit-cycle 

generators, after temporal discretization produces no sustained 

oscillations or cause significant shifts in frequency in the long 
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run. Therefore all of these are not candidate frequency-

generators for the present application. In fact, there are two 

potential frequency modulators: one is by data scheduling [39-

43] and the other is by online sinusoidal function [44-45]. One 

characteristic of the data scheduling for frequency generation is 

the low-resolution in the low-frequency span. This method is not 

suitable for being applied to frequency-domain identification, 

since the frequency responses of thermoacoustic wave are very 

sensitive near resonant frequencies. On the other hand, with the 

DSP-based limit-cycle generator, the frequency resolution can be 

pushed to be as large as allowed by hardware, which is usually 

more than 16 million. Moreover, there is usually a variety of 

peripherals in a dsPIC chip served for communication and 

control purposes. As for the method of on-line sinusoidal 

function, the high-computation burden will retard the capability 

of filtering color and white noises out of the process of signal 

generation.   

 

Because the detection of shifts on natural frequencies takes a 

while, the open-loop VDP control becomes incapable of keeping 

the standing waves at resonance all the time, thus making the 

power rating much less than the expected. To this, a sensor of 

acoustic pressure is installed inside the resonator, the output of 

which is then sent to the feedback controller that generates 

control signals to switch the photo valve. The feedback dynamics 

is to-be-synthesized based on the loop shifting to robustly keep 

sustained oscillation of thermoacoustic wave at the most 

powerful resonant-frequency. Furthermore, the control algorithm 

is parametrically gain-scheduled by the time-variant working-

temperature to guarantee resonance in both of transient state and 

steady state. 

 

Here the feedback-dynamics is synthesized following the 

principle of Dynamical Equilibrium, which is specially 

developed to deal with the relay nonlinearity arising from the 

photo-valve switching. The Dynamical Equilibrium 

accompanied by the discipline of Describing Function [46-52] 

can predict the asymptotical behavior of the closed-loop 

dynamics. With the Euler discretization [53-55], the feedback 

controller is then programmed into a dsPIC chip. Therein the 
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Euler discretization transforms the feedback dynamics into an 

iterated computation of addition and multiplication to utilize the 

DSP-engine fabricated for fast calculation of addition and 

multiplication of floating numbers in a dsPIC chip. 

 

Synthesis of Frequency Generators  
 

In this work, the frequency generator served for frequency-

domain identification is essentially a van der Pol oscillator with 

higher-order damping (HD-VDP) in series with a first-order 

linear filter. Consider the class of HD-VDP in series with a low-

pass filter: 
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Therein the internal variable y  in Equation (1) is the output of 

the HD-VDP with the nth-order nonlinear damping, which is 

sent to the filter of Equation (2) that shapes y  toward a 

genuinely sinusoidal output z . The filter of Equation (2) also 

functions the normalization of the limit-cycle amplitude to one. 

The dynamics of Equations (1)-(2) asymptotically outputs a 

sustained, genuinely sinusoidal oscillation with amplitude 1 and 

(angular) frequency  . Moreover, the transience is getting 

shorter along with increasing values of the damping order n ,  

the damping adjuster  ,  and the pre-scaled amplitude a .  
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Figure 1: Synthesis of HD-VDP oscillators. 

 

The HD-VDP dynamics in Equation (1) can be realized by a 

linear dynamics G  feedback-coupled with a y -dependent static 

gain )(y  as plotted in Figure 1(a). The transfer-function of the 

linear dynamics G  is 
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wherein s  is the independent variable of the Laplace Transform. 

The nonlinearity )(y  is memory-free and can thus be 

represented as an equivalent gain eqk  dependent merely on the 

amplitude of the HD-VDP output y , rather than the frequency 

 . Based on the discipline of Describing Function, e.g. in [46], 

the equivalent gain of the nonlinear feedback in Figure 1(a) can 

be derived as follows. 

 

In the polar-coordinated phase plane of ),( yy  , set cosry   

and sinry  , where the amplitude r  and the phase   are 

considered slowly time-variant. The nonlinear feedback in 

Figure 1(a) becomes 

 

)cos(sin)( 22 brryy nn     

 

  2sincossincos2/ 22110 dcdcc , ],[   , (5) 

 

 

which has been expanded by Fourier series. Therein, 
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It can be found by numerical calculation that those amplitudes of 

higher modes, id  for 1i , are significant smaller than 1d - the 

amplitude of the oscillation at the natural frequency   of the 

linear dynamics G . That is, the higher modes will be firstly 

filtered out of the loop by the single-degree vibrator G  in 

Equation (3) and later by the low-pass fitter in Equation (2).     

Therefore, to a proper accuracy, the equivalent gain )(rkeq  of 

the feedback gain )(y  is 
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r

d
rkeq

1)( 
      

(8) 

 

which, inferred from Equation (7), is time-variant in the sense of 

time-averaging over a cycle of oscillation. Explicitly,  
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That is, 
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Substituting the exponential expression of co-sinusoidal 

functions:  
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into Equation (10) yields  
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That is,  
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Equation (13) can be further rephrased as 
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As a result, the equivalent gain eqk  is found to be  
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(15) 

 

In Figure 1(b) are plotted the root-locus of 

)/()(;0)(1 22  sssGskG  and the equivalent gain eqk  

versus the amplitude r . Let us tract the interaction between the 

closed-loop eigenvalues and the equivalent gain eqk  of the 

nonlinear feedback until the dynamical equilibrium is reached. 

Suppose the initial amplitude is larger than a , the closed-loop 

eigenvalues start running at West Gauss, and hence the 

amplitude r  begins to decrease, which in turn reduces the 

equivalent gain eqk , pushing the closed-loop eigenvalues toward 

East Gauss. However, eigenvalues being at East increases the 

amplitude r , and at the same time increases eqk , which pulls the 

eigenvalues back to West Gauss. Conceptually back and forth, 

the closed-loop eigenvalues have to asymptotically stop at the 

equilibrium point on the imaginary axis corresponding to 

0eqk . This implies that the steady-state exhibits in limit-cycle 

with the amplitude a  and the (angular) frequency  . Suppose 

the initial amplitude is smaller than a , by the same analysis, the 

close-loop eigenvalues evolve into the same equilibrium point, 

yielding the same sustained oscillation.  

 

The transfer-function of the filter of Equation (2) is 
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the amplitude ratio of which from the HD-VDP output y  to the 

filtered output z  is the inverse of a  when y  is oscillated at the 

frequency  . Therefore, the output of the frequency generator is 

normalized to one. Meanwhile, those higher modes implied by 

the nonlinear feedback are refined out of the loop through the 

low-pass filter of Equation (16).        

 

The damping adjuster   indicates the strength of the damping, 

so increasing   will shorten the transience up to limit cycling. 

However, this enlarges the shift of the limit-cycle frequency way 

from the preset frequency  . To remove such a trade-off 

between steady accuracy and transient dexterousness, we can 

reduce the damping adjuster  , but increase the damping order 

n . This is the main advantage of the HD-VDP over the 

conventional VDP according to 1n  in [36]. 

 

DSP-based Implementation of Signal 

Generators  
 

By choosing three state variables: yx 1 , yx 2 , and zx 3 , 

the state-space realization of the dynamics in Equations (1)-(2) 

becomes  

2

22

1
)!1(!

)!2(
)2/( x

nn

n
axu nn











 

 

 

u

x

x

x

ax

x

x







































































 0

1

0

02

00

010

3

2

1

1

2

3

2

1











 

 

 



Advances in Energy Research 

12                                                                                www.videleaf.com 

 


















3

2

1

100

x

x

x

z

      

(17) 

 

It appears as a feedback-interconnected form: ),;( axfu  ; 

BuxaAx  ),( ; Cxz  , where the preset frequency  , 

the pre-scaling amplitude a , the damping adjuster  , and the 

damping order n  constitute the time-varying parameter that can 

be on-line scheduled in a time-averaging fashion. 

 

 

 
 

Figure 3: Topological analyses upon temporal discretization  
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Figure 2: Frequency-modulation with the DSP-based HD-VDP signal 

generator. 

 

The frequency modulator in Equation (17) is then implemented 

into a dsPIC chip with the Euler discretization as follows. 

Continuous-to-digital conversion of Equation (17) yields 
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where k  and j  are fast-time and slow-time sampling indexes, 

respectively. The system matrices ),(   can be on-line 

calculated in a slow-time fashion; explicitly, 
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where T  is the fast-time sampling period that is short enough to 

make the above Taylor-series expansion accurate even with few 

terms, say, 2N  or 3  as T  is 001.0 second.  

 

At the present time kt  the dsPIC merely stores the current state 

kx , and the update of state from kx  to 1kx  at next instant is 

fulfilled by the DSP-engine performing addition and 

multiplication of floating numbers according to Equation (18). In 

the sense, any time can be treated as the initial time, which 

makes the real-time processing best efficient. Moreover, the 

intervals of state update are held identical to those in computer 

simulation, so that the real-timed operation matches the 

dynamics that has been verified by off-line calculation, thus 

achieving robust implementation. At any instance, a pulse-width 

modulated (PWM) signal in line with the output y  is sent to the 

gate-driving circuit of the switched power converter that drives 

the photo valve. 

 

Figure 2 records the performance of the DSP-based HD-VDP 

frequency modulator, which visualizes the accuracy in frequency 

and the real-time fashion of frequency modulation with the 

second-order damping 2n . As shown in Figure 2, the limit-
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cycling frequency and amplitude of the digital HD-VDP out of 

temporal discretization are accurately kept at those of the 

continuous HD-VDP. This fact can be investigated through the 

Root Locus of 

s
T

e
s

s
sG 2

22
)(

~ 





            

(20) 

where the sampling time T  virtually arouses 2/T  time-delay 

from the zero-order holding (ZOH) in digital signal processing, 

as shown in Figure 3(a). Figure 3(b) shows its dominated root-

locus for the case:  2*64.14  and 005.0T .  

 

As shown in Figure 3(b), the dominated root-locus of the 

discretized version G
~

 is stretched to an ellipse from the circle of 

the continuous version G  and moved left by the ZOH-implied 

time-delay. Fortunately, both are topologically equivalent in the 

sense that one can be obtained from the other merely by scaling 

and shifting, and their equilibrium points ),( k  coincide with 

each other in the imaginary axis. Therefore, the digital HD-VDP 

is asymptotically equivalent to the continuous HD-VDP, in both 

of which limit-cycling frequencies and amplitudes will be 

identical even beyond a reasonable range of sampling speeds. In 

this case, the dominated root-locus of the digital version begins 

to diverge from the topology of the continuous root-locus as the 

sampling time T  approaches 15% of the oscillation period. Then 

the asymptotical behavior of the digital HD-VDP becomes 

unpredictable; it often appears as instability or asymptotical 

stability, rather than limit cycling.    

 

Frequency-Domain Identification  
 

Modified from that in Hong and Chou [1], the thermoacoustic 

solar-power generator is designed as in Figure 4. It is assembled 

by the alternative current generator, the acoustic resonator, the 

thermal storage, and the photo valve that consumes very little 

power on switching. At the head end of the resonator, the heat-

flux resulting from sunlight gives rise to the entropy rate that 

changes the fluid density there, which in turns initiates acoustic 

velocity. Therein, the heat-flux excitation expanding and 

contracting the fluid acts as a source of acoustic wave that rides 
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on the working gas and arrives at the load end to push and pull 

the piston, generating AC electricity. A frequency controller 

comes to online keep the switching of the photo valve at the 

most powerful natural-frequency, which drives standing waves 

up to resonance and thus increases mechanical power 

enormously. 

 

 
 
Figure 4: Active thermoacoustic solar-power generators. 

 

 
 

Figure 5: System identification in frequency domain. 
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The thermoacoustic engine behaves like a heat-driven Webster’s 

horn, which takes the acoustic velocity 0u  sourced from the 

heat-flux excitation q  at the head end and drives the piston at 

the tail end. Therein the source velocity 0u  is  

 

P

q
u



 1
0




      

(21) 

where P  stands for the ambient pressure and   for the specific 

heat-ratio of the working gas, both of which are design 

parameters. 

 

As an example, let the solar heat-flux excitation be 500q
2

mW , the length of resonator be 3 m , the projection area of 

the reflector be 
27m , the working gas be the air, and the ambient 

pressure be the atmosphere. Then the HD-VDP frequency 

generator in Section 2 is put into work on the system 

identification in frequency domain. The identified data is 

collected into Figure 5- a pair of bode plots, which shows the 

perturbed amplitude of the head pressure Pp /0  and its phase 

difference   with the head velocity 0u , versus the switching 

(angular) frequency of the photo valve. Known from the 

principle of AC power, the real power is  

 

  cosˆˆpuPOW
     

(22) 

 

where û  and p̂  are the root-mean-square values of 0u  and 0p , 

respectively, cos  acts as the power factor, and   is the 

coefficient of flow leakage [1].  

 

From the Figure 5, the advantage of resonance upon power 

ratings can easily be observed. A frequency modulator is thus 

necessary to online keep the photo valve at the most powerful 

resonant-frequency. For robustness and accuracy, such a 

frequency modulator should be a feedback controller. In the next 

section, we extend the methodology of the HD-VDP presented in 



Advances in Energy Research 

18                                                                                www.videleaf.com 

Section 4 into the principle of Dynamical Equilibrium for 

synthesizing such a feedback controller.  

 

The Principle of Dynamical Equilibrium  
 

As an instructional example, let us consider the feedback loop of 

Figure 6(a), wherein the linear time-invariant dynamics )(sG  

(with memory) is feedback-coupled with the saturation as an 

example of static nonlinearity )(eu   (without memory). 

Figure 6(b) plots the root-locus of the linear dynamics )(sG , 

0)(1  skG ,  and the approximated gain of the static 

nonlinearity  , euk /ˆ  . Therein, the triple ),,( iii ek  , 

2,1i , denotes that the root-locus crosses the imaginary axis at 

ij,0( ) as ikk ˆ  to  which the corresponding value of ie  is 

known from the right-side diagram of Figure 6(b). The temporal 

response of the input e  to the nonlinearity   is affected by the 

closed-loop eigenvalues that are online moved along the root 

locus by the positive gain euk /ˆ  , which in turn determines the 

response of the input e . Therefore, the interaction between the 

closed-loop eigenvalues and the e -dependent feedback-gain 

determines whether the closed-loop of Figure 6(a) exhibits in 

asymptotical stability, limit cycling, or instability. This is called 

here Dynamical Equilibrium.   

 

Let 0e  denote the initial value of the input e , and define the  

saturation-gain satk  by satsat eu / . In the sequel is the detailed 

presentation of the principle of Dynamical Equilibrium. 

 

 (I) 2kksat   
 

1) 20 ee  : As shown in Figure 6(b), the dominated 

eigenvalues of the closed-loop are initially located in East 

Gauss- the unstable region. The amplitude of e  begins to 

increase, and thus the feedback gain k̂  of the nonlinearity 

decreases in the meanwhile, which in turn moves west the 
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closed-loop eigenvalues along the root-locus of )(sG . As the 

root-locus crosses the imaginary axis onto West Gauss- the 

stable region, the feedback-gain k̂  tends to increase since the e -

amplitude is decreasing, which in turn moves east the closed-

loop eigenvalues p . Therefore, the closed-loop eigenvalues are 

forced to stop at ),0( 2j - the equilibrium points.  

 

That is, the input e  will asymptotically behave sustained 

oscillation as a limit cycle with frequency 2 . As for the 

amplitude a  of this limit cycle, it will be close to 2/ kusat , but 

the exact value has to be calculated by the discipline of 

Describing Function, similarly as shown in Section 2. If the 

saturation degenerates into a relay, corresponding to 0sate , 

the e -amplitude is )/()/4( 2kusat  rather than 2/ kusat . That 

is, the equivalent gain eqk  of the relay nonlinearity is 

satu)/4(   over the limit-cycle amplitude, the value of which is 

especially accurate for low-passed G  or powerful actuation. 
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Figure 6: Dynamical Equilibrium Approach. 

 

102 eee  : By a similar deduction, the closed-loop will 

asymptotically exhibit in limit-cycle with the frequency and 

amplitude identical with those of Case (I)-1). 

 

2) 10 ee  : A pair of closed-loop eigenvalues starts running 

at East Gauss. They move in the direction that the equivalent 

gain eqk  increases, so the closed-loop poles have no chances to 



Advances in Energy Research 

21                                                                                www.videleaf.com 

cross the imaginary axis. Thus the closed-loop system is 

unstable. 

 

(II) 12 kkk sat   

 

1) 10 ee  : As shown in Figure 6(c), the dominated poles start 

running in West Gauss, and thus move in the direction that the 

equivalent gain eqk  increases without possibility of arriving at 

East Gauss. The closed-loop system is thus asymptotically 

stable. Moreover, the dominated poles will stop at the locations 

associated with satkk  , which specify the approximated 

performance in terms of  ,   and n  as shown in Figure (c). 

Therein, the damping ratio is approximated by sin , the rising 

time is by n/8.1 , and the settling time is by /6.4 .2) 

10 ee  : By similar analysis, the closed-loop system is to be 

unstable. 

 

(III) 1kksat   

 

The closed-loop eigenvalues always stays in East Gauss, thus the 

closed-loop system is unstable. 

 

Summarily, the main idea of Dynamical Equilibrium is to tract 

the interaction between the closed-loop eigenvalues and the 

equivalent gain of the static feedback until the dynamical 

equilibrium is reached. In conjunction with the discipline of 

Describing Function, the amplitude and frequency of limit cycle, 

if any, can be accurately figured out. Moreover, the principle of 

Dynamical Equilibrium reveals that the initial trigger also affects 

the asymptotical behavior, which can be stability, limit-cycle or 

instability.    

 

Synthesis of Feedback Control  
 

For robust power-amplification at resonance anytime, a sensor is 

installed to online monitor the acoustic pressure at the head end 
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of the resonator. The sensor’s output signals are transported to 

the feedback controller. Such a feedback-controller plays as a 

plant-in-loop frequency modulator that generates resonant 

signals to keep the photo-valve switched at the most powerful 

frequency. Moreover, it will parametrically be gain-scheduled by 

the working temperature in real operation.  

In the feedback synthesis, the photo valve functions as a relay 

nonlinearly with the equivalent gain being rqsat /4 , where r  is 

the limit-cycle amplitude and satq  is the present heat-flux 

excitation. For the feedback synthesis and DSP-based 

implementation, the thermoacoustic dynamics [1] under control 

is made dimensionless by  

 

0
~/~~ ppp  、 0

~
/

~~
TTT  , 0/ AAA , 0

~
/ TR  ,  (23) 

 

where 0
~p , 0

~
T  and 0A  stand for the pressure, the temperature 

and the effective cross-section area at the head end, respectively, 

and   for the compressibility of working gas. The independent 

and dependent variables are made dimensionless by 

 

/0tct   ( 00

~
TRc  ), /xx , 

00
~)/( pc


  ,  (24) 

where   is the length of the acoustic resonator, and 0c  is the 

reference speed of sound. The dimensionless time, the 

longitudinal coordinate, and the Rayleigh’s displacement are 

denoted by t , x  and  , respectively. The heat-flux excitation 

q  at the head end and the piston speed v  at the tail end are 

made dimensionless by 

 

q
pc

q
00

~
)1( 




, 
0c

v
v  .      (25) 

 

As a result, the non-dimensional dynamics of the entire engine 

has the same form as the original dynamics [1]. 
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Figure 7: Feedback-representation for the entire dynamics. 

 

As shown in Figure 7, the entire dynamics has been represented 

by the thermoacoustic dynamics coupled with the internal 

feedback of load dynamics and the external feedback of control 

dynamics. Referring to Figure 7, let the plant G  denote the 

thermoacoustic dynamics internally feedback-coupled with the 

load dynamics, and let the to-be-synthesized feedback dynamics 

denoted by K .  

At first, the feedback synthesis is guided by the Rayleigh 

criterion for thermoacoustic engines [1]: 
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(26) 

where the TE  stands for the mechanical energy of the 

thermoacoustic vibration. Based on this criterion, if the feedback 

dynamics K  is as simple as a positive constant-gain, then the in-

phase between the acoustic pressure and the heat fluctuation at 

the lead end leads the dynamics away from asymptotical 

stability. In conjunction with the relay constraint from the photo-

valve switching, the engine tends to limit-cycle oscillation. 
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If the sunlight is strong enough, such a simple Rayleigh-based 

feedback is capable of sustained power generation. However, 

this encounters four aspects of difficulty: 

 

(D1) With the load dynamics, the oscillation frequency is usually 

away from the resonant frequency, which decreases the 

acoustic pressure and the power factor, thus restraining 

power amplification. 

 

(D2) The oscillation of the closed-loop will comprise multiple 

frequencies, causing engine knocks. 

 

(D3) Unavoidable uncertainties usually happen in modelling, 

which decentralize the performance of feedback control. 

 

(D4) In real operation, the thermoacoustic dynamics is 

parametrically dependent on the working temperature, with 

which the constant feedback-gain is unable to deal.  

 

For the difficulty (D1), an East-Gauss zero is added into the 

feedback transfer-function to adjust the location of the 

equilibrium point on the imaginary axis, so that the limit-cycle 

frequency is pitched to the damped natural-frequency. Here we 

choose the Pade’s first-order approximation of time delay as the 

nominal feedback 0K :  

 

s

s
sK
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(27) 

 

which provides the zero z /2  in East Gauss. 

 

As for the difficulty (D2), we apply the technique of loop 

shifting to guarantee single-frequency resonance, as explained by 

the Figure 8 and the following texts thereupon. Firstly, 

decompose the plant dynamics G  into a nominated dynamics 

0G  plus the residual dynamics 0R : 
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00 RGG  ,         (28) 

 

where 0G  comprises the dynamics of the most powerful mode 

within the effective frequencies of photo-valve switching, and 

0R  contains the dynamics of the other modes. Secondly, adjust 

the value of   of 0K  to numerically obtain a satisfactory root-

locus of 0)()(1 00  sGskK , wherein the equilibrium pitches 

to the most powerful frequency. Thirdly, let the feedback 

dynamics K  be the dynamics 0K  feedback-coupled with the 

relay function in series with the estimation of the residual 

dynamics R , as shown in Figure 8(b). In the case that the 

estimated residual R  is coincidental to the real residual 0R , the 

entire dynamics in Figure 8(b) is identical to that of Figure 8(a), 

which thus guarantees sustained power generation at single 

resonance of the most powerful mode. The resulting feedback 

dynamics is of high order, so we can program it into a dsPIC 

chip to take advantage of the DSP-engine therein. It online 

generates switching signals to the power converter that drives the 

photo valve. 

 

However, the estimated residual R  is unusually identical to the 

real residual 0R , which arouses the difficulty (D3). To this, we 

need to perform a robust analysis to assess the affordable sizes of 

uncertainty. Let the dynamics of Figure 8(b) be equivalently 

represented by Figure 8(c). Following the signal flow, one can 

reorganize the dynamics of Figure 8(c) into the equivalent 

feedback-connection between the generalized plant M  and the 

relay function, as shown in Figure 8(d). Therein, the generalized 

plant M  is 

 

)( 0000 RRKGKM 
    

(29) 
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Secondly, investigate whether the generalized root-locus of 

0)(1  skM  is topologically close to the nominal root-locus 

of 0)()(1 00  sGskK .  

 

 
 

Figure 8: Synthesis of feedback frequency modulator. 

 

Figure 9 plots the root-locus of 0)(1  skM  when the real 

residual 0R  is perfectly estimated by R . Due to pole-zero 

cancellation in West Gauss, this root-locus is topologically 

identical to the nominal root-locus, thus keeping the same power 

amplification. Figure 10 plots the generalized root-locus when 

the estimation of the residual dynamics has 7% discrepancy in 

the natural frequencies. As indicated by Figure 10, its topology is 

very close to the nominal one from the viewpoint of Dynamical 

Equilibrium in Section 5. From the equilibrium points of the 

other modes, we can still infer that the asymptotical oscillation 

has tiny components of some other modes, other than the most 
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powerful mode. Figure 11 records the temporal responses of the 

acoustic pressures at the tail end of the acoustic resonator, with 

uncertainties %0 , 5% and 7%, respectively. The engine knocks 

are unobservable from Figure 11, thus the high-order feedback 

from the loop-shifting should work well in practice. In fact, a 

tiny engine knock still exists in practice, which is detectable 

from the close view of Figure 11, as shown in Figure 12. 

 

 

 
 

Figure 9: The Root locus of generalized plant M , 0RR  . 
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Figure 11: Temporal responses under temperature uncertainties. 

 

 
 

Figure 10: The Root locus of generalized plant M , %7 . 

 

 

 

 

 

 

 



Advances in Energy Research 

29                                                                                www.videleaf.com 

 
 
Figure 12: Close view of Figure 11. 

 

To deal with the difficulty (D4), thermal couples are installed 

inside the resonator to online measure the working temperature, 

by which the nominated feedback 0K  and the estimated residual 

R  are online gain-scheduled. This keeps resonance even in the 

transience of temperature variations. The set of feedback 

dynamics to the difficulties (D1)-(D3) at a matrix of 

temperatures is stored in the dsPIC chip for the purpose of gain-

scheduling in a real-time fashion. As a final verification, the 

thermoacoustic solar-power generator is put to experiments in 

lab with the working temperature being controlled. Figure 13 

records the responses under the feedback control and the open-

loop VDP control, when the working temperature is slowly time-

variant from 22.5 to 27.5 degrees centigrade. Figure 13 clearly 

illustrates the benefits of applying the strategy of feedback 

control. That is, the conventional resonance can be generalized 
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into the transient resonance by the feedback frequency-

modulation. 

 

 

 
 

Figure 13: Measured temporal responses under time-variant temperature. 

 

Currently, we are taking the polymer dispersed liquid crystal 

(PDLC) as the photo valve in performing system identification 

and feedback control, which consumes less than 5W per square 

meter, very little in comparison with the power harvested. 

Combined with power driver, it costs less than one hundred 

dollars per square meter. As shown in the Figure 4, the 

thermoacoustic engine developed here needs much less area of 

PDLC than the previous design in [1]. Furthermore, one 

acoustic-pressure sensor is implemented in the head end of the 

resonator for feedback control, and a thermal couple is in the 

middle for gain-scheduling the controller. Roughly speaking, for 

a 3m-long thermoacoustic engine, the ambient pressure is better 

ranged from 0.45-1.0 atm, and the heal-flux should be more than 

200W per square meter to achieve a proper working-

temperature, ranged from 15-40 degrees centigrade.  
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For further study on the active design on thermoacoustic engines, 

we also record the following findings: 

 

(1) In normal summer of southern Taiwan, a 3m-long engine 

needs almost 10 minutes before reaching the asymptotic 

operation. After that, the feedback controller can 

automatically adjust the engine at the maximum power-

rating in a real-time fashion.  

(2) Smaller engines are more power-efficient and need less time 

to reach resonance. 

(3) In the 3m-long engine, as the amplitude of acoustic vibration 

exceeds almost 20% of the environmental pressure, acoustic 

behavior begins to disappear and mean-flow fluctuation is 

instead observed. Moreover, this situation is getting 

apparent along with engine length. 

(4) For the present, the efficient switching frequencies of 

available photo-valves are less than 100Hz, so that the 

engine size cannot be as small as best, which limits the 

power efficiency.  

 

Conclusions  
 

In convention, the resonance was merely considered for steady-

state behavior. Via feedback control, this paper extends the 

conventional resonance into the resonance for transient 

oscillation. For sustained power-amplification, the present design 

applies the transient resonance to keep the thermoacoustic solar-

power generators at resonance anytime in real operation. In 

advance of the controller design, the higher-damped van-der-Pol 

oscillator is created as an improved frequency generator for 

system identification in frequency domain. Both the signal 

generator for frequency-domain identification and the feedback 

controller for online operation are synthesized with the principle 

of Dynamical Equilibrium newly developed in this paper. The 

frequency-domain identification makes possible to modify the 

mathematical modelling and identify the most powerful mode. 

The developed controller is observed to robustly operate the 

engine always at the maximum power-rating.  
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Abstract  
 

In this paper, identification of an appropriate hybrid energy 

storage system (HESS) architecture, introduction of a 

comprehensive and accurate HESS model, as well as HESS 

design optimization using a nested, dual-level optimization 

formulation and suitable optimization algorithms for both levels 

of searches have been presented. At the bottom level, design 

optimization focuses on the minimization of power loss in 

batteries, converter, and ultracapacitors (UCs), as well as the 

impact of battery depth of discharge (DOD) to its operation life, 

using a dynamic programming (DP)-based optimal energy 

management strategy (EMS). At the top level, HESS 

optimization of component size and battery DOD is carried out 

to achieve the minimum life-cycle cost (LCC) of the HESS for 

given power profiles and performance requirements as an outer 

loop. The complex and challenging optimization problem is 

solved using an advanced Multi-Start Space Reduction (MSSR) 

search method developed for computation-intensive, black-box 

global optimization problems. An example of load-haul-dump 

(LHD) vehicles is employed to verify the proposed HESS design 

optimization method and MSSR leads to superior optimization 
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results and dramatically reduces computation time. This research 

forms the foundation for the design optimization of HESS, 

hybridization of vehicles with dynamic on-off power loads, and 

applications of the advanced global optimization method. 

 

Keywords  
 

Nested Optimization; Hybrid Energy Storage System; Surrogate-

Based Optimization Method; Electrified Vehicles 

 

Nomenclature  
 
Acronyms IM Maximum current across 

the switch 

ACC Electric accessories MBT Battery parallel number 

DOD Depth of discharge MUC UC parallel number 

DP Dynamic programming n_BT Number of battery 

replacements during the 

reference time 

EMS Energy management 

strategy 

NBT Battery series number 

EREV Extended range electric 

vehicle 

NUC UC series number 

ESS Energy storage system Pacc Nominal power of the 

accessories 

EV Electrified vehicle PBT Actual output power of 

the battery pack 

GA Genetic algorithm PBT_cell Power of the battery cell 

GO Global optimization Pcycle Total power of the driving 

cycle 

GS Global space Pdem Power demand 

HESS Hybrid energy storage 

system 

PUC Actual output power of 

the UC pack 

HEV Hybrid electric vehicle PUC_max Maximal power of the UC 

pack 

ICE Internal combustion 

engine 

PUC_min Minimal power of the UC 

pack 

LCC Life-cycle cost Q(k) Battery cell capacity at 

the discrete step k 

LHD Load haul dump QBT Nominal capacity of the 

battery pack 

LS Local space QBT_cell Nominal capacity of the 

battery cell 

MS Medium space Qloss Percentage of capacity 

loss 
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MSSR Multi-Start Space 

Reduction 

Qloss_y  Battery capacity loss 

within the reference time 

NFE Number of function 

evaluations 

R Gas constant 

PEV Pure electric vehicle RT Reference time 

PHEV Plug-in hybrid electric 

vehicle 

RBT Internal resistance of the 

battery pack 

SBGO Surrogate-based global 

optimization 

RBT_cell Internal resistance of the 

battery cell 

SM Surrogate model RdsON Transistor resistance 

SOC State of charge RF Diode resistance 

UC Ultracapacitor RUC Internal resistance of the 

UC pack 

  RUC_modu

le 

Internal resistance of the 

UC module 

Variables SoCBT_ce

ll(k)  

Battery cell SOC at the 

discrete step k 

Ah Ah-throughput SoCUC 0 Initial value of the UC 

SOC 

B Pre-exponential factor SoCUC 

end 

End value of the UC SOC 

BTcap Capital cost of battery SoCUC H Upper limit of the UC 

SOC 

CkWh_BT Referential cost of battery SoCUC L Lower limit of the UC 

SOC 

CkWh_DC  Referential cost of DC/DC 

converters 

SoCUC  SOC of the UC pack 

CkWh_e  Referential cost of 

electricity 

SoCUC 

min 

Lower limit of the UC 

pack SOC 

CkWh_UC Referential cost of UC t Discrete time 

CUC Capacity of the UC pack 
f
t  Fall time 

CUC_mod

ule 

Capacity of the UC 

module 

tf Rise time 

Costcap Capital cost T Number of sample points 

Costope Operating cost of 

electricity 

Ten Absolute temperature 

Costrep Replacement cost Top Operation time 

CRF Capital recovery factor U Mean utilization of 

vehicles 

C_Rate Discharge rate UOCV_cell Open circuit voltage of 

the battery cell 

DCcap Capital cost of DC/DC 

converter 

UCcap Capital cost of UC 

DODBT Battery DOD VBT Voltage of the battery 

pack 

EBT Energy consumption of 

the battery pack 

VBT_cell Voltage of the battery cell 
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EC Energy consumption of 

the UC pack 

VF Diode forward voltage 

EUC Stored energy of the UC 

pack 

Vm Maximum voltage across 

the switch 

EffDC Efficiency of the low-

voltage DC/DC converter 
VUC UC voltage change 

f Frequency of the switch VUC(k,

k1) 

Voltage change of UC 

from k-1 step to k step 

i Interest rate VUC Voltage of the UC pack 

IBT_cell Battery cell current VUC_max UC pack voltage in a fully 

charged condition 

IBT_max Maximal discharge current 

of the battery pack 

VUC_min Lower limit of the UC 

pack voltage 

IF(AV) Diode average current VUC_mobil

e 

Voltage of the UC module 

IT(rms)  Transistor RMS current Whrs LHD’s working hours 

 

Introduction  
 

With their highly efficient electric drives and electric energy 

storage systems (ESSs), electrified vehicles (EVs) provide 

promising transportation and construction solutions with high 

energy efficiency, extra-low emissions, reduced maintenance 

cost, as well as the possibility to use renewable energy to replace 

fossil fuels [1–3]. One of the shared features of pure electric 

vehicles (PEVs), plug-in hybrid electric vehicles (PHEVs) and 

extended range electric vehicles (EREVs) is their large battery 

ESS that contributes to a large proportion of the overall cost of 

the EVs and frequently has a much shorter life than the vehicle 

itself. The initial investment and later replacement costs of the 

battery ESS present a major obstacle to the wide adoption and 

commercialization of EVs. Considerable research has been 

devoted to the effective thermal management of battery ESS and 

these efforts have largely eliminated the negative temperature 

impact to battery life. On the other hand, there is still less 

understanding and effective techniques to address the strong 

negative influence of battery use patterns, including the current, 

depth and frequency of charge/discharge, to the degradation of 

battery performance and shortening of battery life. For heavy-

duty transportation and construction applications with large and 

dynamic on-off power loads, how to effectively extend the life 

and reduce the life-cycle cost (LCC) of the large battery ESS 

becomes a critical issue. Typical examples of these applications 
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include construction and mining vehicles, and load-haul-dump 

(LHD) vehicles. 

 

The electric ESS technologies, including battery ESS and 

ultracapacitor (UC) ESS, for EVs have been extensively studied 

[4,5]. At present, Li-ion batteries are the most widely used 

vehicular ESS due to their high energy density, compact size, 

and reliability [6]. During operations, the battery ESS in EVs 

experiences frequent charge and discharge to deal with the 

dramatic and frequent power variations. These variant power 

flow in and out of the ESS are either due to the direct power 

demands from a PEV or caused by the need from a hybrid 

electric vehicle (HEV) to allow its internal combustion engine 

(ICE) to work at relatively constant speed and torque outputs for 

higher fuel efficiency. These dynamically changing loads impose 

negative impacts on battery life, thereby increasing the LCC of 

the ESS and the EVs [7,8]. To better serve the rapidly growing 

PEV and PHEV markets, lower battery ESS LCC and extended 

operation life are demanded. Although the energy capacity and 

operation life of the battery ESS can be increased either 

increasing the size of lower-cost batteries with lower power 

density, or utilizing high performance and power density 

batteries at a higher cost, both solutions lead to increased ESS 

cost. On the other hand, UC has very high power density and 

cycle life with limited energy density. The combination of 

batteries and UCs to form a hybrid ESS (HESS) can potentially 

utilize the advantages of both batteries and UCs, not only have 

better combined power and energy capacities, but also have 

extended the battery life and enhanced the overall performance 

of the ESS [9,10]. HESS architectures can be classified into three 

major types: passive parallel, semi-active, and fully active. Each 

topology has its own strengths and limitations. Identification of 

the appropriate architecture becomes the first and foremost step 

in HESS design. In addition to the batteries and UCs, the HESS 

also relies on a large DC/DC converter to regulate the DC 

voltage internally and an energy management strategy (EMS) 

controller to ensure the effective and efficient operations of the 

HESS and its components. Optimized EMS is also an important 

part of HESS design. 
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In the performance and cost model of HESS, battery capacity 

loss is a critical factor, and battery performance degradation 

modeling is the key for quantitatively evaluating the life and 

LCC under given ESS operation [7,11–13]. Few papers, though, 

have studied the impact of depth of discharge (DOD) to the 

battery operation life and capacity loss. Furthermore, another key 

functional component of the HESS is its DC/DC converter. In 

the past, the converter efficiency was simply modeled as a 

constant loss factor, or using an input power indexed look-up 

table [14,15]. Due to the large voltage variation of the UCs, as 

well as the significant and variant power loss of the DC/DC 

converter, a more accurate converter power loss model is needed 

for the HESS’ EMS. 

 

A number of previous studies have focused on the optimization 

of HESS component size and development of appropriate EMS 

[16,17]. It is essential to consider the operation control of the 

HESS during its design optimization since the EMS and HESS 

component size are closely coupled, making the HESS design a 

complex task [18–20]. To perform design optimization of 

complex HESS, multi-objective optimization has been used in 

recent research. Xu et al. [21] introduced a two-loop 

optimization for fuel cell EVs to obtain the optimal fuel 

economy and system durability. Song et al. [12] proposed to 

minimize both of the HESS cost and the battery capacity loss. 

Herrera et al. [22] presented an adaptive EMS and an optimal 

HESS component sizing method for a HESS-based tramway. 

Shen et al. [19] intended to minimize the overall ESS size while 

maximizing the battery cycle life applied in a midsize EV. Other 

authors tend to formulate a nested optimization with the EMS in 

an inner loop and component size in an outer loop. Hung et al. 

[23], for example, created a simple but innovative integrated 

optimization approach for obtaining the best solution of HESS, 

and also developed a nested structure in [24] to minimize the 

consumed power for the in-wheel motors of EVs. Furthermore, 

Murgovski et al. [25] designed a novel methodology to optimize 

the battery size and EMS based on convex optimization for 

PHEVs. More research efforts on using convex optimization for 

design optimization of EVs can be found in [14,26–28]. 
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The design optimization of the hybrid electric propulsion system 

and its HESS uses system modeling and simulations as objective 

and constraint functions, producing complex, non-unimodal and 

computation-intensive optimization problems that require a 

global optimization (GO) search program to solve. The needs to 

optimize the EMS that controls the operation of the HESS and to 

optimize the sizes of HESS components, batteries, UCs and 

DC/DC converter, for a given HESS architecture, add additional 

complexity to the design optimization problem. The nested 

component size and HESS control optimization lead to a very 

computation-intensive problem. Traditionally, classical GO 

methods, such as genetic algorithm (GA) [29], have been used in 

dealing with various global optimization problems. These 

methods are generally effective as long as the objective and 

constraint functions are not too complex, and the hundreds and 

thousands of objective/constraint evaluations lead to longer, but 

manageable computation time. However, the intensive 

computation and long computation time of this HESS design 

optimization problem made traditional GO search algorithms 

impractical to use. Surrogate-based global optimization (SBGO) 

method has been introduced to address this particular issue by 

introducing surrogate modeling or metamodeling in the search, 

to dramatically reduce the number of evaluations of the 

computationally expensive objective/constraint functions, and to 

concentrate on the most promising region of the global optimum 

[30,31]. As an advanced SBGO approach, the Multi-Start Space 

Reduction (MSSR) search algorithm [32], developed in the 

authors’ recent work, is designed for solving computation-

intensive, black-box global optimization problems. 

 

To solve the HESS component size and EMS optimization 

problems, a nested HESS design optimization formulation based 

on the HESS performance/power-loss model and its optimal 

operation, and a dedicated global optimization search method 

that combines Dynamic Programming (DP) and MSSR SBGO 

has been introduced. The HESS performance and power-loss 

model includes the battery performance degradation model and 

DC/DC converter power loss model. The DP is used to find the 

optimal EMS of the HESS, and the MSSR GO search method is 

used to optimize the sizes of the HESS components. The HESS 
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design optimization for an LHD is used to illustrate the newly 

proposed method. In addition, compared to the optimal solution 

selected from Pareto front in our prior work [8], the solution 

obtained in this paper has more advantages, including fewer life-

cycle cost and replacement cost as well as longer working hours, 

which indicates that the proposed method can achieve a better 

solution. The remainder of this paper is organized as follows: in 

Section 2, the adequate architecture of the HESS for the LHD 

application is identified and the performance and power-loss 

model of the HESS is introduced. In Section 3, a nested, dual-

level optimization problem, consisting the lower-level DP-based 

EMS control optimization and the higher-level component size 

optimization using an LCC model, is presented. The principles 

and major steps of GA and MSSR algorithms are compared in 

Section 4. The electrified LHD and its HESS design optimization 

example using the proposed new method is discussed in Section 

5. Conclusions and a summary are presented in Section 6. 

 

HESS Architecture and Performance/Power-

Loss Model 
Topology  
 

According to the existing studies, the topology of HESS can be 

categorized into three major types, including passive parallel, 

semi-active, and fully active topologies. The passive parallel 

topology combining both the battery and UC together without 

any electronic converters is the simplest method with easy 

implementation and low cost while the UC essentially acting as a 

low-pass filter [33]. The fully active topology can entirely 

decouple the battery and UC with DC bus and voltages using one 

electronic converter for each of these components, supporting 

flexible operations. However, fully active topology has 

considerably increased complexity and system cost, as well as 

decreased system efficiency, due to the use of two full-sized 

DC/DC electronic converters [34]. 

 

Semi-active HESS topology, as shown in Figure 1, is the most 

widely used configuration at present with only one bidirectional 

DC/DC converter (Bi-DC/DC) between the UC and the DC bus, 

whose function is to allow a wider range of UC voltage and to 
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offer high power instantly when needed in charging or 

discharging. The batteries are connected directly to the DC bus 

for maintaining its voltage because the battery voltage only 

changes slightly during operation comparing to the UC. This 

topology has the ability to use the UCs more effectively 

compared to passive parallel topology and has relatively low cost 

and high efficiency compared to fully active topology, and the 

UCs are used in complementary to reduce the peak power and to 

extend the operation life of the batteries [8,35]. In practice, 

electric accessories (ACC) also need to be powered by the 

HESS, and these accessories usually have stable energy 

consumption. A low-voltage unidirectional DC/DC converter (L-

DC/DC) is then added to draw energy from the DC bus, as 

illustrated in the dotted box in Figure 1. 

 

HESS

+

-

DC 

Bus
Inverter Motor

Bi-

DC/DC

Battery

UC

L-DC/DCACC

 
 

Figure 1: Semi-active HESS topology. 

 

HESS Performance and Power-Loss Model  
Battery Performance Degradation Model  

 

The capacity degradation of batteries is defined as a percentage 

that equals the capacity loss divided by the nominal capacity 

after a period of operation. Normally, the batteries need to be 

replaced when the value exceeds 20%. Over the past few years, 

researchers focus on studying the performance degradation of the 

batteries as they often need to perform frequent charge and 

discharge operations. There have been considerable efforts to 

build models from different aspects, such as parasitic side 

reactions, solid-electrolyte interphase formation, resistance 
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increase, etc., which lead to a capacity loss in battery [36,37]. 

Wang et al. [38] presented a semi-empirical life model based on 

the equation described by Bloom et al. [39], including three 

parameters (Ah-throughput, temperature, and discharge rate) 

shown in Equation (1) based on a large cycle test matrix: 

 

 
0.55

loss h

en

31,700 370.3 _
exp [   ]

C Rate
Q B A

R T

  
 


     

(1) 

 

where Qloss is the percentage of capacity loss, B is the pre-

exponential factor, R is the gas constant, Ten is the absolute 

temperature in K, Ah is the Ah-throughput, which is dependent 

on the cycle number, DOD, and full cell capacity and can be 

expressed as Ah = (cycle number)(DOD)(full cell capacity), 

and C_Rate is the discharge rate. 

 

Based on this model, Masih-Tehrani et al. [11] built a battery life 

model to calculate the initial cost and 10-year replacement cost. 

Song et al. [12] performed a battery degradation experiment on 

the LiFePO4 cell (3.3 V and 60 Ah) to calibrate the parameters 

indicated in Equation (2) and to verify the model accuracy: 

 

 en

15,162 1,516 _
0.824

loss h
   0.0032

C Rate

R T
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     ,            (2) 

 

To further explore the relationship between the battery capacity 

and cycle number at different DOD and C-rate, battery 

performance degradation model in Equation (2) is employed and 

the results in Figure 2 are obtained based on the 

MATLAB/Simulink model by setting the temperature as 303.15 

K. It can be noted in Figure 2a that with the increase of the DOD 

from 50% to 80%, the cycles would be decreased from 5,000 to 

3,000 with a C-rate of C/2 (30A). The similar tendency is that 

battery operating at a lower C-rate will achieve longer cycles 

demonstrated in Figure 2b from 0.3C to 2C (80% DOD). 

Through simulation results, it can be clearly seen that DOD and 

C-rate have a great influence on the battery capacity degradation. 

Therefore, it is essential to consider the impact of DOD within 

the battery degradation model when quantitatively evaluating the 

capacity loss during the HESS optimization 
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                   50% DOD

                   60% DOD

                   70% DOD

                   80% DOD

 
 

(a) 

 

                   0.3C

                   0.5C

                   1C

                   2C

 
 

(b) 

 

Figure 2: Relationship between the battery capacity vs. cycles: (a) at different 

DOD (C/2); (b) at different C-rate (80% DOD). 

 

Battery Equivalent Circuit Model  

 

Equivalent circuit models have been widely studied since they 

have relatively few parameters derived from empirical 

experience and experimental data and can be able to describe the 

dynamic characteristics of the battery with decent accuracy. 

These models normally use electrical components (resistances 

and capacitors) to depict the process of charging and 

discharging. As the simplest yet most effective equivalent circuit 

model, the Rint model [40], shown in Figure 3a, is adopted to 

represent the battery behavior. 
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The current can be calculated as follows: 

 
2 1/2

OCV_cell OCV_cell BT_cell BT_cell

BT_cell

BT_cell

( 4 )

2

U U R P
I

R

   



,    (3) 

where OCV_cell
U , BT_cell

P , and BT_cell
R  are the open circuit voltage, 

the power, and the internal resistance of the battery cell, 

respectively. 

 

The state of charge (SoC ) at the discrete step k ( BT_cell
( )SoC k ) is 

defined as the current capacity ( ( )Q k ) divided by the nominal 

capacity of the battery cell ( BT_cell
Q ): 

 

BT_cell BT_cell
( ) ( ) / 100%SoC k Q k Q 

                                         
(4)

 
 

With a timestep of t , the SoC  at the next step is as follows: 

 

BT_cell BT_cell BT_cell BT_cell
( +1) ( ) ( ( ) / ) 100%SoC k SoC k I k t Q   

    
(5) 

 

 

In terms of the battery pack, assume that the pack is formed via 

BT
N  series and BT

M  parallel battery cells [12]: 
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where BT_cell
V  represents the voltage of the battery cell, and 

BT
Q , 

BT
R , and 

BT
V  are the nominal capacity, the internal resistance, 

and the voltage of the battery pack, respectively. 

 

UC Equivalent Circuit Model  

 

With an increasing use of UCs in different applications, their 

modeling is indispensable for system design, condition 

monitoring, and performance evaluation. In the literature, 

numerous UC models have been reported, which can be mainly 

divided into empirical models and equivalent circuit models. As 

with the previous battery modeling method, the UC model is 

shown in Figure 3b. 

 

Suppose that the pack is composed of the UC modules via 
UC
N  

series and 
UC

M  parallel [12]: 

 

 

UC UC UC_module UC
/C M C N  ,      (9) 

 

UC UC UC_module UC
/R N R M  ,    (10) 

 

UC UC_module UC
V V N  ,                        (11) 

 

where UC_module
C , UC_module

R , and UC_module
V  denote the nominal 

capacity, the internal resistance, and the voltage of the UC 

module, while UC
C , UC

R , and UC
V  denote the same meanings of 

the UC pack. 
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Figure 3: Equivalent circuit models: (a) battery cell; and (b) UC module. 

 

The relationship between UC
SoC , UC

V , and stored energy ( UC
E ) 

of the UC pack can be deduced in Equations (12) and (13): 

 

UC UC UC_max
= /SoC V V ,

                                        
(12) 

 
2 2

UC UC UC_max UC_min
0.5 (1 )E C V SoC     ,

            
(13) 

 

where UC_max
V  and UC_min

V  are the UC pack voltage in a fully 

charged condition and the lower limit of the UC pack SoC . Due 

to the simplified UC model used in this paper, the variation of 

UC
C  with UC

V  has not been considered. It can be inferred from 
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Equation (13) that UC pack can release 75% of its stored energy 

when the 
UC

SoC  drops from 100% to 50%. Therefore, the 

UC_min
SoC  is generally set more than 50% from the efficiency 

perspective. Given the fact that UCs have long cycle times (more 

than 500,000 cycles), their capacity loss will not be considered in 

the model. 

 

DC/DC Converter Power Loss Model [S 

 

As the connection between the UC and the DC bus, the DC/DC 

converter can not only regulate the voltage but control the power 

supply of the UC. In order to increase the accuracy of the 

simulation process, a voltage doubler boost converter introduced 

in [41] is simulated in MATLAB/Simulink to develop a power 

loss model. This converter circuit diagram is displayed in Figure 

4. 

 

 
 
Figure 4: Voltage doubler boost converter. 

 

The five main losses in converter including switch turn on loss, 

switch turn off loss, switch conduction loss, diode conduction 

loss, and diode recovery loss. The switch losses can be 

calculated by collecting the fall and rise time of the switch from 

data sheet. We assume switch voltage and current have a linear 

behavior shown in Figure 5.  
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Figure 5: Switch voltage and current. 

 

Therefore, the losses can be calculated as follows: 
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  2
switch cond dsON T(rms) s
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    2
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where tr and tf are the rise and fall time available on the data 

sheet, Vm and Im are the maximum voltage and current across the 

switch, f is the frequency of the switch, ns and nd represent the 

number of switches and diodes, RdsON is the transistor resistance, 

IT(rms) and IF(rms) are the RMS current of each switch and diode, 

which are computed over the overall sampling time period by 

assuming these currents equal to zero outside the conduction 

period, VF is the diode forward voltage, IF(AV) is the diode 

average current, and RF is the diode resistance. 

 

In addition, a high frequency transformer shown in Figure 4 is 

used between the switches and capacitors for isolation and 

voltage translation requirements. The main transformer losses 

consist of copper losses, eddy current losses and hysteresis loss 

in the core of the transformer. In this work, it is assumed that the 

total transformer loss is 1% of the net output power. Moreover, 

power losses in inductor and capacitors are ignored and ideal 

components are considered. When the voltage across the diode is 

negative and diode is in reverse-bias mode, it is assumed that the 
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diode is open circuit and no power loss during this mode is 

considered. 

 

Nested Optimization of HESS  
Problem Formulation  
 

The performance of the HESS is affected by three aspects: 

driving cycle, component size, and EMS. Accordingly, a nested, 

dual-level optimization framework can be formulated in Figure 6 

based on given driving cycles to minimize the life-cycle cost of 

HESS.  

 

Yes

Select a set of parameters from the space

Use DP based optimal EMS

The current solution meets the 

constraints?

Compare and update the current best solution 

until the stopping criteria are satisfied

No

Global optimization methods

Obtain the results:

EC, Qloss, and DOD related factors

LCC model

EMS

Component

Size

\ 

 
Figure 6: Structure of the nested optimization framework. 

 

DP-based optimal EMS is nested within component size to 

obtain the minimum energy consumption (EC), i.e., every 

evaluation of a component size requires the optimization of the 

EMS. HESS component size (NBT, MBT, NUC, and MUC) and 
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battery DOD (DODBT) are acted as optimization variables 

dependent on the DC bus voltage as well as the maximal output 

current of HESS, and the performance requirements are 

employed as constraints. 

 

Initially, the ranges of optimization variables need to be defined 

as the design space. Then, global optimization methods will be 

used to find the optimal solution within the design space and the 

key steps of the nested optimization are as follows: 

 

(1) Select a set of parameters as the input from the design 

space based on the search method of the optimization 

algorithm. 

(2) DP-based optimal EMS is used to evaluate the 

corresponding EC, Qloss, and DOD-related factors. 

(3) The results obtained by DP are utilized to achieve the 

objective function via the LCC model. 

(4) If the current solution meets the constraints, compare 

and update the best solution and then terminate until 

the stopping criteria are satisfied. Otherwise, repeat the 

steps (1) to (3) until the global stopping conditions are 

met. 

 

DP-based EMS  
 

The DP is widely applied to solve the problem of EMS for 

HESS-based vehicles [42–44]. In this paper, the DP 

implemented by Song et al. [44] is employed aiming at 

minimizing the EC of the given power profiles, with an objective 

function and constraints listed as follows: 
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where 
BT
E  and 

UC
E  are the energy consumption of the battery 

pack of UC pack, respectively, 
dem
P  is the power demand, cycle

P  

is the total power of the driving cycle, UC_L
SoC  and UC_H

SoC  are 

the lower and upper limits of the 
UC

SoC , UC_0
SoC  is the initial 

UC
SoC  value, UC_end

SoC  is the end 
UC

SoC  value, UC_min
P  and 

UC_max
P  are the minimal and maximal power of the UC pack, and 

BT_max
I  is the maximal discharge current of the battery pack. 

 

The power of the battery and UC needs to satisfy the power 

demand shown in Equation (19), where 
BT
P  and 

UC
P  represent 

the actual output power of the battery and UC packs after 

considering the efficiency of the DC/DC converter: 

 

 

dem BT UC
( ) ( ) ( )P k P k P k  ,                                          (19) 

 

UC voltage UC
V  and voltage change UC

V  are regarded as the 

state and decision variables of DP, respectively. UC
( , 1)V k k   in 

Equation (20) represents the voltage change of UC from k-1 step 

to k step. Besides, the energy consumption of UC and battery can 

be calculated via Equations (21) and (22): 

 

UC UC UC
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BT BT
( ) ( ) ( )E k P k t k   ,                                           (22) 

 

LCC Model  
 

The LCC model is established including the capital cost, 

operating cost, and replacement cost. These costs can be 

calculated based on the following equations: 

 

cap cap cap cap
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cap kWh_BT BT BT BT_cell
=BT C N M E   ,               (25) 

 

 

cap kWh_UC UC UC UC_cell
=UC C N M E   ,           (26) 

 

cap kW_DC acc UC_max
= ( )DC C P P  ,                  (27) 

 

In terms of the operating cost and replacement cost, Equations 

(28) to (31) are listed as follows: 
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All the variables mentioned in Equations (23) to (31) have listed 

in Table 1 to improve the readability. In addition, we assume that 

vehicles can operate 360 days a year and batteries need to be 

replaced when the loss exceeds 20%. ( )ceil  is the function 

obtaining the higher integer of its argument to calculate the 

_n BT . 

 
Table 1: Variables in the LCC model. 

 
Variable Definition Unit 

Costcap Capital costs of battery, UC, and DC/DC 

converters 

€/year 

BTcap  Capital cost of battery € 

UCcap  Capital cost of UC € 

DCcap  Capital costs of battery, UC, and DC/DC 

converters 

€ 

CRF [45] capital recovery factor 1/year 

i interest rate % 

RT reference time years 

CkWh_BT  referential cost of battery €/kWh 

CkWh_UC  referential cost of UC €/kWh 

CkW_DC  referential cost of DC/DC converters €/kW 

Costope  operating cost of electricity €/day 

CkWh_e  referential cost of electricity €/kWh 

T number of sample points for the driving cycle / 

Top Vehicles operating time hours/day 

U mean utilization of vehicles % 

Qloss_y  battery capacity loss within the reference time % 

n_BT number of battery replacements during the 

reference time 

/ 

Costrep  replacement cost of the battery €/year 

 

Global Optimization Algorithms  
 

In order to solve this complex and challenging optimization 

problem, global optimization algorithms such as GA and MSSR 

are introduced respectively to attain the best solution. 

 

GA  
 

The basic principles of GA were first formulated by Holland 

[29]. As a classical optimization method, GA is inspired by the 
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mechanism of natural selection, a biological process in which 

stronger individuals are likely to be the winners in a competing 

environment [46]. It operates on a population of individuals 

(potential solutions), each of which is an encoded string 

(chromosome), containing the decision variables (genes) [47]. 

The structure of GA is composed by an iterative procedure with 

the following five main steps and the flowchart is shown in 

Figure A1 in the Appendix: 

 

(1) Produce an initial population. 

(2) Evaluate the fitness function of each individual of the 

population. 

(3) Select individuals from the current population to be 

parents. 

(4) Generate the next population via crossover and 

mutation. 

(5) Iterate steps (2) to (4) until the stopping criteria are 

fulfilled. 

 

MSSR  
 

As a more efficient SBGO approach, MSSR uses a kriging-based 

surrogate model (SM), a multi-start scheme, and alternating 

sampling over the global space (GS), the reduced medium space 

(MS), and the local space (LS) to carry out the global 

optimization search. The flowchart of MSSR is illustrated in 

Figure A2 in the Appendix. 

The complete MSSR global optimization can be divided into two 

parts, the initial process (steps (1) to (3)) and the search loop 

(steps (4) to (10)), which are listed as follows [32]: 

 

(1) Design of experiment: using optimized Latin 

hypercube sampling to generate sample points in the 

entire design space. 

(2) Evaluate the expensive function with these sample 

points and store the results in the sample set. 

(3) Rank all expensive samples based on their function 

values (add a large penalty factor of 10
6
 to the value if 

the point does not meet the constraints). 

(4) Build the kriging-based SM. 
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(5) Determine which space should be explored based on 

the present number of iterations. The global search, 

medium-sized search, and local search will be 

implemented in the process. 

(6) Define the size of the search space according to the 

expensive sample set. 

(7) Utilize the multi-start local optimization method to 

optimize the kriging-based SM in the defined space. 

(8) Store the local optimal solutions obtained from the 

database “potential sample points” and select better 

samples. If there is no better sample, two new samples 

from the unknown area will be selected. 

(9) Evaluate the expensive function with the selected 

sample points and update the order of the expensive 

samples in step (3). 

(10) Terminate the loop if the current best sample value 

satisfies the stopping criteria. Otherwise, update the 

SM and repeat the steps (4) to (9) until the stopping 

criteria are satisfied. 

 

Dynamic On-off Power Loads Example: LHD  
 

As a dynamic on-off power loads application, LHD will be used 

in this paper as an example to verify the proposed HESS design 

optimization method. LHDs are one of the most commonly used 

equipment in the mining industry and are employed to load the 

ore at the draw points or in the stopes and to haul it to the ore 

passes or the mining trucks. Due to the dramatic and frequent 

power variations, a HESS-based LHD is presented to improve 

the efficiency and extend the battery life. 

 

LHD Data Description  
 

Figure 7 illustrates a driving cycle of LHDs, which can be 

divided into six phases: towards draw points, bucket loading, 

leaving draw points, hauling, bucket emptying, and reversing. 

The power demand shown in Figure 8 was collected from the 

underground mine field tests of a 14-ton diesel-electric LHD, 

where the duration is 370 s, the sampling frequency is 1 s, and 

the peak power is 287.1 kW. Figure 8 includes three complete 
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driving cycles, the maximum power of each bucket loading 

phase is 287.1, 269.6 and 279.5 kW, respectively. It can be seen 

that the power demand is high during the bucket loading phase, 

while relatively low in other phases. 

 

Ore pass or truck

2

LHD

1

3 4

5

6

A B

Draw points

1 Towards draw points

2 Bucket loading

3 Leaving draw points

4 Hauling

5 Bucket emptying

6 Reversing

 
 

Figure 7: Driving cycle of LHDs. 

 

287.1 kW 269.6 kW 279.5 kW

 
 
Figure 8: Power demand of an LHD. 

 

The key parameters of the battery cell and UC module are listed 

in Table 2, which are provided by the manufacturers (China 

Aviation Lithium Battery, Hongzhou, China and Maxwell, San 

Diego, CA). For the DC/DC power loss model, a 3D efficiency 

map illustrated in Figure 9 can be generated by changing the 

input voltage varied from 250 V to 750 V and load power 

between 50 kW and 250 kW. 

 

The objective function, i.e., the life-cycle cost of HESS, can be 

calculated by Equation (32). LHD’s working hours (Whrs) is set 

as the constraint of the optimization not only because it is an 

important design index for the powertrain system but because it 



Advances in Energy Research 

26                                                                                www.videleaf.com 

has the relationship with the variables and needs to be computed 

every time by DP algorithm, listed in Equation (33). 

 
Table 2: Key parameters of the battery cell and UC module. 

 
Battery Cell UC Module 

Nominal voltage (V) 3.3 Nominal voltage (V) 48 

Nominal capacity (Ah) 60 Nominal capacity (F) 165 

Stored energy (kWh) 0.198 Stored energy (kWh) 0.053 

Internal resistance (mΩ) 1.5 Internal resistance (mΩ) 6.3 

 

 

 
 
Figure 9: DC/DC converter efficiency map. 

 

Whrs equals the total capacity (Ah) of the battery pack divided by 

the demand capacity (Ah) that can be calculated from the output 

power of battery and accessories as well as DODBT. 

Optimization variables including HESS size and battery DOD 

are shown in Equation (34): 
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where LCC is in €/day, PBT is the battery power obtained by DP, 

Pacc is the nominal power of the accessories, EffDC is the 

efficiency of the low-voltage unidirectional DC/DC converter, 

which is set as 90% in this paper, t is the discrete time and 

normally equals to 1 s, and T is the number of sample points for 

the driving cycle. 

 
Table 3: Parameters for the DP algorithm and LCC model. 

 
 Coefficient Value Unit 

DP algorithm T  370 s 

UC_L
SoC  50 % 

UC_H
SoC  100 % 

UC_0
SoC ( UC_end

SoC ) 100 % 

UC_min
P  -250 kW 

UC_max
P  250 kW 

BT_max
I  0.5C A 

LCC model i  2.5 [45] % 

RT  10 [48] Years 

kWh_BT
C  500 [22] €/kWh 

kWh_UC
C  4,000 [22] €/kWh 

kW_DC
C  150 [22] €/kW 

kWh_e
C  0.05 [45] €/kWh 

U  60 [48] % 

en
T  303.15 K 

acc
P  5 kW 

 

As for the design space, DODBT from 50% to 80% is added as a 

new continuous variable compared to our work in [8]. NBT 

belongs to an even number from 170 to 200 due to the working 

range of the DC bus (400 V–720 V) as well as for easy 

arrangement. MBT ranges from 6 to 10 because of considering the 

constraint and the influence of DODBT. The numbers of NUC and 

MUC are dependent on the installation space and converter 

voltage and power. 
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All the parameters for the DP and LCC model are defined in 

Table 3. The interval of the UC voltage is 2 V. According to the 

operating characteristics of the LHDs, assume that they work 24 

hours per day and 360 days per year. 

 

Optimization Results  
 

To apply GA to solve this problem, the fitness function shown in 

Equation (32) is used to evaluate the status of each solution and 

the ranges of variables are also listed in Equation (34). However, 

as GA is not directly applicable to constrained optimization 

problems, the constraint illustrated in Equation (33) is handled 

by using penalty function. Besides, due to the fact that the first 

four variables are discrete and the other one is continuous, which 

belongs to a mixed integer problem, the first four variables need 

to be converted to integers before the DP algorithm. 

 

According to the structure of the nested optimization framework 

shown in Figure 6, DP-based EMS and LCC model require to be 

evaluated for obtaining the fitness function of each individual. 

Using the GA MATLAB codes developed by our research team, 

only a few parameters including variable range (Equation (34)), 

population size, number of generations, crossover rate, and 

mutation rate need to be modified, which are exhibited in Table 

4. 

 
Table 4: Parameters for the GA. 

 
Coefficient Value 

Population size 10 

Number of generations 30 

Crossover rate 1.0 

Mutation rate 0.01 

 

Given that numerous battery LHD products, such as Atlas 

Copco’s Scooptram ST7 Battery and RDH Mining Equipment’s 

MUCKMASTER 300EB and 600EB, have an average operating 

time of 4 hours, the constraint is set as hrs
4W  . After more than 

126.23 hours of computation, the best result is 230.81 €/day and 

the corresponding variables are BT
198N  , BT

10M  , UC
12N  , 
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UC
2M  , and 

BT
0.5534DOD  . Figure 10 displays the 

optimization process history of the problem. GA has been found 

to be able to converge to the optimum within 30 generations 

after several generations of function evaluations. Due to the fact 

that the optimization problem has changed to the unconstrained 

one, the solutions shown in Figure 10 are all feasible solutions. 

All the calculations in this paper are performed on a computer 

with Intel Xeon E5-2620 v3 CPU (2.40 GHz) and 32 GB RAM. 

 

        Feasible solutions

 
 
Figure 10: Iterative results of GA. 

 

The nested optimization problem proposed in this paper is 

computationally expensive because it takes around 30 minutes to 

calculate the DP every time. Therefore, how to reduce the 

number of the expensive evaluation is crucial for a desirable 

optimization tool. 

 

Using the same objective function, constraint, variables, and 

method of converting discrete variables to integers, the iterative 

results obtained by MSSR are presented in Figure 11 with 25 

sample points and 50 iterations. The solutions can be divided 

into feasible and infeasible solutions according to whether the 

solution satisfies the constraint 
hrs

W . The computation time is 

49.13 hours and the best result is 194.07 €/day achieved from the 

45th evaluation. The variables of the best solution are BT
170N  , 

BT
7M  , UC

14N  , UC
1M  , and BT

0.7793DOD  . 
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      Infeasible solutions

      Feasible solutions

      Best solution

 
 
Figure 11: Iterative results of MSSR. 

 

It can be seen from Figure 11 that after 25 sample points of 

training the number of infeasible solutions is decreasing; the 

optimal area can be found quickly with the increase of the 

number of function evaluations (NFE) and then a lot of searches 

nearby are conducted to compare the current results until 

satisfying the stopping criteria. 

 

To comprehensively compare the performances between GA and 

MSSR, all the results are demonstrated in Table 5. The LCC 

acquired by MSSR is 15.9% lower than that of GA; the 

computation time of MSSR only accounts for 38.9% of GA since 

the NFE of GA is almost three times that of MSSR, which means 

MSSR requires less NFE and appears to be the efficient and 

promising algorithm to solve the computation-intensive global 

optimization problem. The main reason is that although GA has 

found the feasible solutions, according to the its search feature, 

GA may require more iterations and NFE to converge to an 

optimal solution, which means that 126 hours of calculation is 

still not enough to achieve competitive results, while MSSR 

employs surrogate models to reduce NFE and has converged to 

an optimal solution within 50 hours. Besides, there are major 

differences between the best solutions obtained by two 

algorithms. In terms of the HESS component size, the number of 

batteries in MSSR is reduced by 40% and the number of UC is 

decreased by 42% when compared to GA. For battery usage 

strategy, the value of BT
DOD  in MSSR near the upper limit 

while the one of GA close to the lower limit. To be more 
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specific, GA employs more batteries with a narrower range of 

use whilst MSSR applies fewer batteries with a wider range. 

 
Table 5: The results of GA and MSSR. 

 
Algorithm LCC 

(€/day) 

Computation  

Time (h) 

NFE 
BT

N

 

BT
M

 

UC
N

 

UC
M

 

BT
DOD

 

GA 230.81 126.23 300 198 10 12 2 0.5534 

MSSR 194.07 49.13 101 170 7 14 1 0.7793 

 

In addition, to further consider the operating time of 5 hours and 

6 hours that are common for conventional diesel LHDs, MSSR is 

applied for the optimal design by changing 
hrs

5W   and 
hrs

6W 

, respectively. Iterative results of MSSR are illustrated in Figure 

12 and the results of two situations are presented in Table 6.  

 

      Infeasible solutions

      Feasible solutions

      Best solution

 
(a) 

      Infeasible solutions

      Feasible solutions

      Best solution

 
(b) 

 
Figure 12: Iterative results of MSSR: (a) 5 hours; (b) 6 hours. 
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Table 6: MSSR results for 5 hours and 6 hours. 

 
Constraint LCC 

(€/day) 

Computation 

Time (h) 

NFE 
BT

N

 

BT
M

 

UC
N

 

UC
M

 

BT
DOD

 

hrs 5W  214.79 45.41 94 200 9 12 2 0.6474 

hrs 6W  214.89 23.04 48 200 9 13 2 0.7623 

 

For hrs 5W , the best solution is achieved from the 33rd 

evaluation. For hrs 6W , the best solution is acquired from the 

28th evaluation. However, the LCC of hrs 6W  is almost the 

same as that of hrs 5W . To further explore the differences of 

three situations, Table 7 lists the results. 

 
Table 7: The results in three situations. 

 
Constraint LCC 

(€/day) 

Costcap 

(€/day) 

Costope 

(€/day) 

Costrep 

(€/day) 

Whrs 

(h) 

hrs 4W  194.065

2 

50.4694 32.5236 111.0722 4.0649 

hrs 5W  214.787

9 

70.3076 32.1997 112.2806 5.1594 

hrs 6W  214.889

3 

70.4418 32.1669 112.2806 6.0812 

 

Under the premise of satisfying the constraints, it is obvious that 

the LCC in Whrs > 4 is less than that of the other two situations 

mainly due to the Costcap caused by the differences in the number 

of battery and UC. With fewer batteries and wider DODBT, the 

battery loss, understandably, would be higher and thus increase 

the Costrep. It can also be seen from the trend of Costope that more 

batteries and UCs lead to higher efficiency and therefore lower 

Costope. With the same amount of batteries and nearly the same 

number of UCs, the number of replacements and the Costrep of 

Whrs ≥ 5 and Whrs ≥ 6 are the same, resulting in the similar LCC. 

 

In order to analyze the results shown in Table 7 and to illustrate 

the operation of the battery and UC, Figure 13 exhibits the UC 

voltage and battery power in three situations. UCs largely 

provide the power during the bucket loading phase by operating 

in a wide voltage range and be charged in other phases to ensure 

the battery power not too high and, hence, to extend the battery 
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life. The battery power of each situation is limited to 117.81, 

178.2 and 178.2 kW, respectively, calculated by the upper limit 

of the battery current (0.5 C). Consequently, the optimal 

operation of HESS derived from MSSR is that battery operates 

smoothly within the limit while UC functioning complementarily 

to the battery. Furthermore, the charge and discharge of UC 

should be determined accurately based on the DC/DC efficiency 

map for the purpose of reducing the energy consumption since 

this part of the energy loss is mainly generated by passing 

through the DC/DC converter. 
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624V

588V

606V

612V

 

 
(c) 

 

Figure 13: UC voltage and battery power in three situations: (a) 4 hours; 

(b) 5 hours; and (c) 6 hours. 

 

HESS vs. Battery-Only Options  
 

To quantitatively compare the performances of both HESS 

optimal obtained by MSSR and battery-only options, Table 8 

comprehensively shows the performances in three situations.  
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Table 8: The performances for both HESS and battery-only options. 

 
Constraint Option LCC 

(€/day) 
cap

Cost  

(€/day) 

ope
Cost  

(€/day) 

rep
Cost  

(€/day) 

C
E  

(104 kJ) 

loss
Q  

(10-4 %) 

hrsW  

(h) 

hrs 4W  HESS 194.07 50.47 32.52 111.07 1.6714 1.4371 4.07 

Battery-only 227.66 43.24 36.69 147.73 1.8855 1.7538 3.61 

hrs 5W  HESS 214.79 70.31 32.20 112.28 1.6547 1.1889 5.16 

Battery-only 269.97 65.28 36.68 168.01 1.8850 1.3784 4.53 

hrs 6W  HESS 214.89 70.44 32.17 112.28 1.6530 1.1874 6.08 

Battery-only 269.97 65.28 36.68 168.01 1.8850 1.3784 5.33 
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In addition, the battery current and capacity loss of the 

corresponding solutions are illustrated in Figure 14 to 

demonstrate the operation of the battery and its changes in 

capacity loss. It can be observed from the perspective of the LCC 

that the value of the optimal HESS solution is reduced by 

14.76%, 20.44%, and 20.41%, respectively, compared to the 

battery-only counterparts. Although the Costcap will be lower in 

battery-only options (without UC), the battery peak current is 

increased by 63.59%, 45.82%, and 45.82%, respectively (see 

battery current in Figure 14), which will definitely enhance the 

Qloss (18.06%, 13.75%, and 13.86%), presenting completely in 

the capacity loss in Figure 14, and thus raising the Costrep 

(24.82%, 33.17%, and 33.17%). In terms of the efficiency, 

solutions of HESS can also achieve better results since their 

flexible operation and capability to diminish the EC (11.36%, 

12.22%, and 12.31%) by effectively regulating the UC power. 

Less EC leads to lower Costope  (11.37%, 12.21%, and 12.30%) 

for the reason that the cost is calculated directly by the energy 

consumption as exemplified in Equation (28), and as a result, the 

Whrs of the HESS solutions are improved by 11.31%, 12.21%, 

and 12.34% compared to battery-only options. 

 

Accordingly, HESS solutions exhibit better performances both in 

cost and efficiency when compared to battery-only options. After 

wholly considering the results in the three situations, it can be 

found that in HESS solutions the average reduction of the LCC 

is 18.54% and the average decrease of the Ec is 11.97%, which 

shows that HESS is a more economical and efficient option. 
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520.1A

281.8A

             Battery-only

             HESS

 

             Battery-only

             HESS

 
 

(c) 

 
Figure 14: Battery current and capacity loss in three situations: (a) 4 h; (b) 5 h; 

and (c) 6 h. 

 

Comparison with Previous Work  
 

The optimal solution selected from [8] is 
BT

200N  , 
BT

6M  , 

UC
15N  , and UC

1M  . The BT
DOD  and the DC/DC converter 

efficiency were assumed as 100% and 95% at that time. Now, 

we still set the BT
DOD  as 100%, use the DC/DC converter 3D 

efficiency map, and try to set other conditions as same as the 

ones in this paper. Due to the solution in [8] was designed to 

meet six hours of working time, therefore, the HESS solution for 

hrs 6W  will be employed to make a comparison. 

 

It can be clearly seen from Table 9 that compared to the solution 

in [8], solution hrs 6W  obtained from MSSR has more 

advantages, including fewer LCC and replacement cost as well 
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as longer working hours. The difference in DODBT can have a 

great impact on the results listed in the Table 9. In terms of the 

HESS optimization variables, solution hrs 6W  has more 

batteries and UCs with narrower battery operating range, which 

can not only ensure the working hours but reduce the burden on 

batteries. On the other hand, although the capital cost of solution 

hrs 6W  is higher, its replacement cost is fewer because of the 

longer battery life. Consequently, the comparison results indicate 

that the better solution can be attained by adding the DODBT as 

the new optimization variables and using the advanced MSSR 

based global optimization search method based on the HESS 

performance and power-loss model. 

 
Table 9: The comparison results. 

 
Solution LCC 

(€/day) 

Capital 

Cost (€/day) 

Replacement 

Cost (€/day) 

DODBT 

(%) 

Whrs 

(h) 

[8] 232.28 50.85 148.98 100 5.27 

hrs 6W
 

214.89 70.44 112.28 76.23 6.08 

 

Conclusions  
 

HESS presents as an ideal solution for the heavy-duty EVs with 

dynamic on-off loads to extend the life of the batteries and to 

reduce the LCC of the EVs. The design optimization of the 

HESS involves architecture selection, component size 

optimization, and EMS optimization, forming a very complex 

and challenging problem. 

 

In this work, a nested, dual-level optimization problem has been 

formulated for the optimal design of HESS to minimize the LCC 

of electrified construction and mining vehicles with dynamic on-

off loads. In the design optimization of the HESS, the DP-based 

optimal EMS aiming to achieve the minimum energy 

consumption in the HESS operation control optimization has 

been generated through the inner loop, lower level optimization; 

and the HESS component size optimization to achieve the 

minimum LCC using the performance and power-loss model of 

the HESS has been accomplished through the outer loop, higher 

level optimization. The formulated optimization problem has 
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been solved using an advanced MSSR based global optimization 

search algorithm. Application of the method to the design 

optimization of the HESS of an LHD is used to demonstrate the 

capability and advantages of the new optimization problem 

formulation and solution method. The performance and costs of 

electrified LHD with optimized HESS and with pure battery ESS 

are compared quantitatively, showing the advantages of the 

HESS for the heavy-duty construction and mining vehicles. 
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Appendix 
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Abstract  
 

The first aim of the research presented here is to examine the 

effect of turbine control by comparing a passive open-loop 

control strategy with a constant rotational speed proportional–

integral–derivative (PID) feedback loop control applied to the 

same experimental turbine. The second aim is to evaluate the 

effect of unsteady inflow on turbine performance by comparing 

results from a towing-tank, in the absence of turbulence, with 

results from the identical machine in a tidal test site. The results 

will also inform the reader of: (i) the challenges of testing tidal 

turbines in unsteady tidal flow conditions in comparison to the 

controlled laboratory environment; (ii) calibration of acoustic 

Doppler flow measurement instruments; (iii) characterising the 

inflow to a turbine and identifying the uncertainties from 

unsteady inflow conditions by adaptation of the International 
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Electrotechnical Commission technical specification (IEC TS): 

62600-200. The research shows that maintaining a constant 

rotational speed with a control strategy yields a 13.7% higher 

peak power performance curve in the unsteady flow 

environment, in comparison to an open-loop control strategy. 

The research also shows an 8.0% higher peak power 

performance in the lab compared to the field, demonstrating the 

effect of unsteady flow conditions on power performance. The 

research highlights the importance of a tidal turbines control 

strategy when designing experiments. 

 

Keywords  
 

Tidal Energy; Experimental Testing; Acoustic Doppler Profiler; 

Strangford Lough 

 

Introduction  
 

The economic feasibility of offshore wind energy has reached 

unprecedentedly low strike prices in the recent Contracts for 

Difference (CfD) auction in the UK at £57.50/MWh in 2022/23, 

dropping 43% since 2012 [1]. The offshore renewable energy 

sector must drive to deliver other significant technologies that 

can achieve competitive levelised cost of electricity (LCOE). To 

deliver further cost reductions in an economically sustainable 

manner, developers must improve their technical understanding 

of a technology and gain experience of its performance in the 

real marine environment. 

 

Even though numerical models and various design codes and 

methods for rotational power generators such as wind turbines 

and hydropower turbines are well established and in general 

yield excellent results, these models still require validation 

through experimental testing [2,3]. It is noted from this model 

scale testing that Reynolds independence is a key consideration 

for non-dimensional comparison. 

 

To date there is limited published research on the experimental 

testing of prototype devices in the marine environment. 

However, Gaurier et al. [4] published a study comparing the test 
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results from the same turbine undertaken in different lab 

facilities. They conclude that turbulence characteristics in lab 

facilities need to be described more adequately to better assess 

performance results. Furthermore, Mycek et al. studied the effect 

of turbulence intensity on a model turbine in a circulating flume. 

The range of turbulence intensities used (3% and 15%) may be 

typical of what is found at a tidal test site and the results show 

that this change in intensity has a near negligible effect on the 

time averaged performance of the turbine [5]. 

 

To support the industry in understanding the challenges of tidal 

turbine performance assessment a series of studies have been 

undertaken by Queen‘s University Belfast at a significant scale 

in tank, lake and tidal environments. The experimental 

campaigns are described in Table 1 and related publications are 

cited. 

 
Table 1: Tidal Turbine Testing (TTT) project history. 

 

 

From this previous research and literature review it has been 

reported that experimental testing in an unsteady marine 

Project Date Experiment Description Publications 

TTT 2013–2014 o Tandem pushing tests in 

Montgomery Lake 

o Moored tandem tests in 

Strangford Narrows 

[6–8] 

TTT 2 2014–2015 o MaRINET (Marine 

Renewables Infrastructure 

Network) transnational access 

to Consiglio Nazionale delle 

Ricerche-Istituto nazionale per 

studi ed esperienze di 

architettura navale (CNR-

INSEAN) for turbine tests 

o MaRINET transnational access 

to Strangford Narrows for 

SCHOTTEL Hydro STG 50 

turbine (SCHOTTEL , 

Germany, Spay) tests 

[9–12] 

TTT 3 2015–2017 o Moored single turbine testing 

in Strangford Narrows 

o Towing tank testing in CNR-

INSEAN with Wave and Yaw 

Angles 

[13] 

http://www.insean.cnr.it/
http://www.insean.cnr.it/
http://www.insean.cnr.it/
https://en.wikipedia.org/wiki/Germany
https://en.wikipedia.org/wiki/Spay,_Germany
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environment results in power performance disparities when 

compared with steady flow testing. Jeffcoate et al. [7] reports a 

24% reduction in CP between steady and unsteady flows. 

Meanwhile, Starzmann et al. [11] report comparable power 

performance between steady and unsteady flows (only a 5% 

change in CP); however, the thrust performance was higher in the 

unsteady conditions relative to the steady conditions. In addition 

to this previous work, applicable studies have been conducted by 

other groups at a similar scale. The work of Forbush et al. [14] 

reports an 8% increase in performance with turbulent flow; 

however, the cross-flow tidal turbine used in this research sets it 

apart as a unique result, which may be specific to the rotor type. 

Blackmore et al. [15] performed repeat experiments in a 

circulating flume, the inflow characteristics were varied using a 

grid. The inflow velocity was maintained, while the Turbulence 

Intensity (TI) and length scale varied. The findings showed a 

10% reduction in CP with an increase in TI, conversely an 

increase in length scale resulted in an increase in CP. 

 

In all field experiment cases, the cause of power disparity 

between lab and field is partly attributed to uncertainty in the 

experiments. Further consideration of the source of uncertainty 

has identified two critical contributing factors: 

 

A crucial factor in the accuracy of performance measurements 

arises from the control strategy imposed on the tidal turbine. The 

capability of the control system to keep the rotor operating near 

its optimum Tip Speed Ratio (TSR), when driven by an unsteady 

and non-uniform inflow velocity, and avoiding ‗stall‘, is a key 

element in a successful commercial turbine. Similarly, the 

control strategy adopted during an experiment can increase the 

error bounds in derived performance indicators, such as CP. 

Control strategies used in previous tidal turbine performance 

testing vary. For devices at low Technology Readiness Level 

(TRL) scales [16], such as those used in laboratory scale 

experiments, an open-loop control may suffice [9]. However, 

more commonly, a closed-loop, proportional–integral–derivative 

(PID) feedback control strategy is found [17,18] in higher TRL 

devices. 
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It is recognised that in order to develop the industry, advanced 

control strategies require development and testing in highly 

parameterised conditions. Efforts are being made in this field in 

both research and industry. The use of overspeed, pitch or stall 

control strategies with peak power tracking, or surface mapping 

algorithms for condition monitoring purposes are under 

development [19,20]. Furthermore, future options may include 

the possibility of feed-forward algorithms such as those being 

trialled in the wind sector [21]. 

 

The second source of increased uncertainty comes from the 

increased variability of the inflow velocity. This is of particularly 

significance since the power density scales with the cube of the 

inflow velocity. Furthermore, both genuine variability and 

sampling errors are compounded in real velocimetry data. 

Separating and quantifying their effects requires care in 

calibration of instruments and data analysis. In order to promote 

consistent best practice in the power performance testing of 

Tidal Energy Converters (TECs), Johnstone et al. published best 

practices for the wave and tidal sector [22] which specifies the 

requirements for clear uncertainty analysis. Further to this the 

IEC (Geneva, Switzerland) published a Technical Specification 

IEC/TS 62600-200 [23]. The specification provides the 

methodology for determining an average value for velocity at a 

site, enabling the time average performance of a turbine to be 

captured and reported to a common standard. The IEC 

specification has been used in other research projects and across 

the industry [10,13,24] and will be used to guide the data 

analysis in this paper. 

 

In summary, the literature review has highlighted experiments 

where turbine testing in the lab has been compared to the field. 

The control strategy and inflow measurements are significant 

parameters that must reflect the device TRL and testing 

environment. In order to inform the sector of the significance of 

these parameters, the TTT turbine will be deployed in the lab and 

field, the derived performance results will be compared for two 

control strategies, and in a steady and unsteady inflow 

environment. The lab experiments will be used as an opportunity 

to calibrate and derive uncertainty metrics for the inflow, this 
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will then be applied to the field experiments and performances 

compared. 

 

Experimental Setup  
 

Under the TTT 3 project, both the laboratory and field tests were 

conducted using the same instrument, maintaining continuity 

between experiments. This was achieved by using the same 

turbine, velocity instruments and data acquisition system. The 

laboratory experiments were undertaken in the controlled steady 

environment of the towing tank facility CNR-INSEAN, Italy. 

The field test experiments were performed in the uncontrolled, 

unsteady environment of the tidal test site in Strangford 

Narrows, Northern Ireland (Lat: 54.381801°, Long: −5.556743°). 

 

The 1.5 m diameter turbine is pictured during operations in 

Strangford Lough in 2016 (Figure 1); the device dimensions can 

be found in the supplementary appendix of previous work [6] 

and remain consistent in this work. The rotor blades are an 

Eppler E387 airfoil geometry, each blade is 0.575 m long and 

features a pitch distribution similar to industrial wind turbine 

blades, with a root pitch angle of 32° which recedes to 13° at the 

tip of the blade. As this is not a commercial blade and is not 

designed to be scaled the significance of Reynolds independency 

is limited. 

 

 
 
Figure 1: Tidal Turbine Testing (TTT) device and rotor. 
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Flow Instrumentation  
 

Acoustic Doppler profilers (ADPs) are often used for tidal flow 

resource assessment, and are the given method for characterising 

inflow conditions by the IEC [23]. The Nortek 2 MHz 

‗Aquadopp‘ used in the experiments was the primary instrument 

for determining inflow velocity in these experiments. 

 

The experimental setup shown in this section relates to all work 

as part of the TTT 3 project. Please refer to referenced papers for 

further details on previous experimental setups [6,9]. The 

supporting gantry also hosts a Nortek ‗Vector‘ Acoustic Doppler 

Velocimetry (ADV) with the sample volume located at the apex 

of swept area at 16 Hz, this provided insight into the inflow 

turbulence. The deployment parameters for both instruments are 

given below. In accordance with the IEC standards for power 

performance assessment, the inflow measurements were taken at 

an upstream distance of between 2–5 equivalent diameters from 

the plane of rotation [23]. 

 

The geometrical setup can be seen in Figure 2 and is detailed in 

Table 2, where the parameter D2 has two values: one for the 

towing tank and one for Strangford Lough tests, respectively. 

difference was due to the location of suitable mounting points in 

the towing carriage. 
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Figure 2: Turbine, Acoustic Doppler profiler (ADP) and Acoustic Doppler 

Velocimetry (ADV) deployment Configuration. 
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Table 2: Turbine, Acoustic Doppler profiler (ADP) and Acoustic Doppler 

Velocimetry (ADV) deployment parameters. 

 
Parameter ADP ADV 

Strangfor

d 

CNR-

INSEAN 

Strangfo

rd 

CNR-

INSEAN 

Distance D1 (m) 0.30 m 0.30 m 0.86 m 0.86 m 

Distance D2 (m) 2.99 m 3.80 m 3.10 m 3.7 m 

Distance D3 (m) 1.75 m 1.75 m 1.75 m 1.75 m 

Power high high high high 

Transmit length N/A N/A 8 mm 8 mm 

Number of cells 20 20 N/A N/A 

Cell Size (m) 0.25 m 0.25 m N/A N/A 

Blanking Distance 

(m) 

0.25 m 0.25 m N/A N/A 

Co-ordinate 

System 

Beam Beam Beam Beam 

Sample Frequency 

(Hz) 

1 Hz 1 Hz 16 Hz 16 Hz 

Sample Period (s) 120–600 s 90–140 s 120–600 

s 

90–140 s 

 

Flow Instrumentation Validation  
 

Many ADP instruments have previously been independently 

calibrated and validated to verify the quality of factory settings. 

Shih et al. [25] demonstrated the close agreement between 

calibrations for two different ADP suppliers, RDI (Poway, CA, 

USA) & SonTek (San Diego, CA, USA) in a towing tank facility 

in 2000. More recently, Oberg et al. [26] performed similar 

experiments with the most recent instrument firmware, again 

using RDI and SonTek instruments. Little work has been found 

which independently calibrates the Nortek Aquadopp ADP used 

in this experiment; however, Elsäβer et al. showed discrepancies 

in time averaged velocities of up to 0.19 ms
−1

 between two 

instruments collocated in the field [27]. In order to ensure 

instrument accuracy, the ADP (2 MHz Aquadopp) was 

calibrated during the towing tests under conditions as close as 

were possible to the field. Seeding of the towing tank was 

required to improve the Signal to Noise Ratio (SNR). 
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To validate this ADP calibration against another independent 

instrument while working in the field, the Nortek Vector ADV 

was likewise calibrated during the tank work. 16 Hz Vector data 

was averaged over 1-s bins to match the ADP (2 MHz 

Aquadopp) data bins. All the calibration results are given in 

Table 3 and show the deviation of the instruments from their 

factory calibration. Each calibration equations were derived for 

U, V and W from the towing tests for the Aquadopp (ADP) and 

Vector (ADV) instruments. The linear equations demonstrate the 

precision and bias drift since the previous calibration (in mm/s) 

as yielded by the Nortek transform matrices for each instrument. 

Note the signs are chosen to make the output components have 

the same axis convention for both instruments. U is the main 

direction of inflow, along the turbine axis. 

 
Table 3: Deviation of Nortek instruments from factory calibration. 

 
Nortek Transform 

Matrix Output 

ADP—Aquadopp ADV—Vector 

x U = −1.0124x + 

4.97 

U = −1.0042x + 

6.4 

y V = −1.0124y + 0 V = +1.0042y + 

0 

z W = −1.0124z + 0 W = −1.0042z + 

0 

Bias in U (1 σ) −0.03% +0.05% 

Precision in U (1 σ) ±0.6% ±0.9% 

 

In summary, the calibration performed in the towing tank agrees 

closely with the factory calibration, showing less than a 

percentage difference in bias and precision. The same individual 

instruments, deployment parameters and locations were used 

during both the laboratory and fieldwork testing. Further 

validation of the results has been undertaken using the fieldwork 

data, further detail can be found in Appendix A. This provides 

confidence in instrument accuracy and draws attention to the 

high spatial variability in tidal flows, as discussed by Elsäβer et 

al. [27]. 
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Control Strategy  
 

The control of wind turbines is an established and mature area of 

technology. The control strategy involves multiple inputs and 

outputs [28] and more than one control loop, often extending to 

variables intended to optimise the performance of an array and 

its grid interface. 

 

In contrast, the original TTT 2 experimental design was an open-

loop load control, as shown in Figure 3. Control was provided by 

a binary array of resistors (5 values, each the double of the 

previous: 10.25 ohms, 20.5 ohms etc.). Thus, 32 load values 

could be placed on the DC-bus by switching combinations in and 

out. Electromechanical contactors select the load on command 

from the central Data Acquisition System (DAQ), based on a 

National Instruments Compact Rio (cRio) running Labview and 

further custom-made interface electronics and cabling. 

 

 
 
Figure 3: TTT 2 open-loop control and binary load. 

 

In developing the control system, a single control loop was 

included with only one process variable as the input (the rotor 
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shaft speed) and one output (the electrical demand placed on the 

alternator). A review of Proportional–Integral–Derivative (PID) 

control theory, developed in the mid 20th century, is presented 

by Bennet [29]. In order to incorporate a closed-loop PID load 

control, a linear regulator was used to place an electronic load on 

the turbine at the DC output terminals. The upgraded PID control 

loop is shown in Figure 4. An absolute rotary encoder was 

included to provide higher resolution of shaft speed for the PID 

loop. 

 

The PID control system was run as a Labview virtual instrument 

in the DAQ programme, which was written specifically for the 

project. Most of the programme‘s other features were identical 

for both TTT 2 (open-loop) and TTT 3 (PID; see Table 1 for 

project details). To control the turbine for the TTT 3 system, the 

user selects a chosen shaft speed (set point) and the system then 

attempts to maintain that speed independently of flow features in 

the field, or of towing speed in the laboratory. The PID 

parameters used were identical in both the field and towing tank; 

all the results under PID control were collected with the 

parameters set as in Table 4. 

 

 
 

Figure 4: TTT 3 closed-loop Proportional–Integral–Derivative (PID) 

control and programmable load. 
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Table 4: Proportional-Integral-Differential parameters. 

 
Symbol Description Value 

Kc Proportional constant 2.2 (no dimensions) 

Ti Integration time constant 0.003 (minutes) 

Td Differential time constant 0.001 (minutes) 

 

The proportional constant, Kc or gain was either positive or 

negative, depending on the rotational direction of the driveshaft. 

This also applied to the set RPM (Rotations per Minute) value in 

the control system. The tuning of the loop parameters was done 

in the field with the Zeigler and Nichols ‗ultimate cycling‘ 

method [30], followed by some minor optimisation by trial and 

error. It is worth noting that the ultimate cycling method gave 

adequate robustness and precision of control for our purposes 

and was only slightly adjusted with subsequent trial and error. 

 

Non-Dimensional Performance Characteristics  
 

As previously noted, the DAQ features a National Instrument 

Compact Rio, the cRio synchronises the various instrument and 

control data streams into a common format, timestamps them 

and outputs them as a data file for post-processing. 

To compare and analyse the performance of the turbine between 

the various experimental campaigns, the non-dimensional 

performance characteristics will be derived. These are shown in 

Equations (1) and (2) and provide the Tip Speed Ratio (TSR) 

and Coefficient of Power (CP). 

 

     
 ̅   

 ̅ 
         (1) 

 

     
 ̅ 

 

 
      ̅ 

           (2) 

 

where the rotational speed of the turbine ω was in rad/s, the 

turbine radius, r = 0.75 m, water density,               and 

the turbine area,           . The mean power,  ̅ was derived 

from the product of the rotational speed and mechanical torque 

measurements averaged over the period of the test window. Both 

non-dimensional performance indicators require a value for the 
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inflow velocity to the turbine ( ̅ ). To derive the mean current 

velocity, the method of bins, employed by the IEC 62600:200 

[23], was used. This method has been outlined in previous work; 

however the method has since been developed by the authors to 

account for bias introduced by the Doppler noise and thus 

determine the associated uncertainty in the inflow velocity. 

Further detail on the method and its development can be found in 

Appendix B and previous research [13]. 

 

Results  
 

The following section is presented in two subsections, time 

series results and derived performance (time averaged) results. In 

each subsection, the comparison between field and lab results 

will be made and a comparison of the two turbine control 

strategies (open loop and PID control). 

 

Time Series Results  
 

Figure 5 is a time series plot comparing the experimental data in 

the field (Strangford Lough) and the lab (CNR-INSEAN); the 

two experimental setups feature the PID controller and were 

conducted under the TTT 3 experiments in 2016/17. Turbine 

rotational speed, fluid inflow velocity and turbine output power 

are plotted as time series. Figure 5a shows the rotational velocity 

from the PID controller was set to 50 RPM for the field and lab. 

The stability in both sets of results are good with standard 

deviations of 2σRPM = 1.57 and 0.45 respectively for the field and 

lab. Subplot (b) shows the relative velocity of the water passing 

the turbine. One of the challenges of ADP and ADV 

deployments in towing tanks is maintaining a sufficient level of 

seeding in the water to suit the acoustic reflection and achieve 

strong SNR, this is not an issue in the field. For the lab velocity, 

the carriage encoder was used to derive the velocity and 

subsequent performance characteristics. The ADP results from 

the field show high flow variation (2σVel = 0.18) and this 

instability is carried through to the mechanical power of the 

turbine (see Figure 5c, while the steady conditions in the lab 

result in a steady power output. 
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Figure 5: Time series plot of (a) turbine rotational speed; (b) inflow velocity; 

and (c) mechanical power. (d) Tip Speed Ratio and (e) Coefficient of 

Mechanical Power using PID controller in the lab and field. 

 

The derived non-dimensional performance characteristics are 

shown in subplots (d) and (e). For the field results it is clear the 

TSR fluctuates with the inverse of the inflow velocity as 

expected. More significantly, the slight difference in TSR results 

in a significant difference in the CP. The lab results have a stable 

TSR and CP with 2σTSR = 0.16 and 2σCP = 0.03, while the 

fluctuating field results have lower mean value and higher 

standard deviation (2σTSR = 0.70 and 2σCP = 0.07). 

 

Figure 6 shows the time series results from the open loop 

controller and PID controller from Strangford Lough field 

campaigns in TTT and TTT 3. Time series were selected which 

had the same time-averaged velocity and the time series (and 

thus average) extends to circa four minutes in both cases. The 

TTT deployment in 2013 used an open loop control strategy 

setting a constant demand torque to the alternator, while the TTT 

3 deployment in 2016 used the PID (closed loop) control strategy 

with a set RPM, fluctuating the demand torque to maintain the 

constant RPM. Note the PID Control case exhibits the same 

results as shown in Figure 5. The open-loop control RPM time 

series (Figure 6a) has a higher standard deviation (2σRPM = 6.37) 
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than the equivalent closed-loop control time series (2σRPM = 

1.49). However, maintaining a constant RPM does not result in a 

constant power output due to the fluctuations in the inflow 

velocity as shown in Figure 6b. The inflow velocity for both 

experiments is derived from the IEC method of bins using the 

ADP data, as described previously. The mechanical power time 

series, Figure 6c, shows little difference in signal fluctuation 

between the two control methods, as confirmed by the standard 

deviations (2σPower = 110.58 and 109.88 respectively for open 

and PID control). The cause of the fluctuations has now been 

isolated to the inflow velocity fluctuations, as opposed to the 

type of control strategy, and can be considered independent of 

fluctuations in RPM. The further significance of these two 

control strategies can be seen in the derived performance 

characteristics. Figure 6d,e show the TSR and CP it is clear that 

while the PID experiences a more stable TSR value (2σTSR = 1.02 

and 0.70 Open and PID control respectively) the CP for both 

control strategies have similar fluctuations (2σCP = 0.06 and 0.07 

Open and PID control respectively). 

 

 
 
Figure 6: Strangford Lough time series plot of (a) turbine rotational speed; 

(b) inflow velocity; and (c) mechanical power. (d) Tip Speed Ratio (e) 

Coefficient of Mechanical Power. 
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Derived Performance Results  
 

The power performance characteristics of the Eppler rotor using 

the same experimental setup and PID control settings in CNR-

INSEAN and Strangford Lough are shown in Figure 7. The 

varying inflow experienced at Strangford Lough has been plotted 

in the figure using 0.1 ms
−1

 velocity bins associated with each of 

the time averaged reading (this is in accordance with the IEC 

standard [23]). Two trends are noted in to the uncertainty 

bounds; firstly, with increasing TSR, the uncertainty increases. 

This indicates the uncertainty from rotational speed, ω and 

inflow velocity  ̅  are the dominating sources. Secondly, the 

uncertainty bounds for low velocity bins (U0.8 – U1.0) are 

comparably greater than higher velocity bins (U1.1 – U1.4) at the 

same or similar TSR values. This may be due to the Signal to 

Noise Ratio (SNR) of the instrument being poor at these lower 

velocities, increasing uncertainty. The two curves show very 

close agreement at low TSR; however, as the power curves reach 

their peak, there is an 8.0% difference in CP and a 4.5% 

difference in the TSR for peak CP. The separation between the 

curves is maintained as the turbine approaches freewheeling. The 

uncertainty bounds in the results overlap, but there is also a 

number of data points well below the performance curve. This 

deficit in power performance is due to the unsteady inflow 

parameters and this outcome agrees with Starzmann et al. [11] 

and is also comparable with results from the flume experiments 

by Blackmore et al. [15]. This shows that turbine power 

performance is adversely affected by unsteady inflow. Further 

consideration of the inflow turbulence metrics and their 

significance on hydrodynamic performance must be considered. 
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Figure 7: Mechanical Power performance for Eppler Rotor in the lab and 

field using PID Controller. 

 

In its nature, a tidal test site will have a significantly varying 

inflow, this can be seen by the data points corresponding to the 

average velocity over which they were taken. Table 5 further 

shows this variation in velocities in accordance with the IEC 

standards for power performance of a tidal turbine [23]. Each 

data set in the velocity bins comes from a time averaged result of 

at least 2 min. 

 
Table 5: Tabulated results for Strangford Lough. 

 
Velocity 

Bin 

(ms−1) 

Mean Current 

Velocity, ( ̅ ) 
Mean Power 

Output, ( ̅ ) 
Mean SD of 

Power Output, 

(  ̅̅ ̅̅  
´ ) 

Number 

of Data 

Sets, n 

0.65–0.75 0.720 37.972 7.088 3 

0.75–0.85 0.802 100.929 45.999 6 

0.85–0.95 0.922 113.202 59.554 4 

0.95–1.05 1.012 193.498 94.951 13 

1.05–1.15 1.100 215.158 91.195 16 

1.15–1.25 1.183 264.867 78.834 8 

1.25–1.35 1.254 83.518 15.557 2 

 

In Figure 8, the average mechanical power performance of the 

PID control system can be seen to have a higher performance 

curve than the equivalent open loop control system. At peak 
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performance, the PID control turbine is 13.7% more efficient 

than the open-loop control turbine. 

 

 
 
Figure 8: Mechanical Power Performance of turbine in Strangford Lough using 

two control strategies. 

 

In addition to the increase in performance, the inclusion of the 

closed-loop control system improves the distribution of the data 

points across the CP-TSR curve. The open-loop control results 

have greater scatter, resulting in a comparatively poorer fit (R
2
 = 

0.84 and 0.96 for Open and PID Control respectively, Degrees of 

Freedom = 4). Furthermore, on the right-hand side of the curve, 

the closed-loop control system has reached a higher TSR, 

providing a fuller picture of the Eppler rotor performance curve, 

this is due to the control system having a higher variability in 

resistance, thus getting closer to freewheeling. 

 

Discussion  
 

The comparison of performance in turbine response during 

experiments in the lab and field show that the performance 

characteristics do change in the presence of unsteady inflow 

conditions. While there is a performance drop in CP between the 

lines of best fit of the steady lab conditions and the unsteady 

field conditions, the uncertainty bounds of the data points 

overlap suggesting the difference is with the region of 

uncertainty. In order to improve these uncertainty bounds, it is 
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suggested that increasing the number of samples/sample rate or 

increasing the number of bins in the projected area of the rotor is 

required. These options are limited when using an ADP due to 

their correlation with the Doppler noise source. This highlights 

the importance of instrument selection and setup for deriving the 

inflow performance. 

 

The method used to account for uncertainties shows robustness 

in its application in the field and lab. The use of ADPs to 

measure inflow in the field is appropriate in high flow 

environments, when characterising full-scale turbine 

performance, in accordance with the IEC standard. However, 

awareness of the ADPs‘ contribution to uncertainty in the 

derived performance characteristics is important. Due to the 

difficulty in maintaining sufficient seeding material in towing 

tanks, the appropriateness of ADPs remains a challenge; 

however, as shown in steady flow conditions, the carriage 

velocity is sufficiently accurate. Alternatively, Particle Image 

Velocimetry (PIV) measurements would be the favoured method 

in towing tanks. 

 

The comparison of the PID controller with a set RPM and open-

loop controller in unsteady inflow conditions (Strangford Lough) 

showed a 13.7% difference in peak CP. The reasons for this 

distinction in performance are shown in the time series results. 

Figure 6d shows that restricting the RPM with the PID controller 

reduces the fluctuation in the TSR over the period of the 

experiment. As the open-loop control experiences greater 

fluctuations in TSR, during experiments near peak performance 

the turbine will be operating at suboptimal TSR in the CP-TSR 

curve. This accounts for the reduction in scatter and higher 

performance at optimal TSR. However, the PID control with set 

RPM still results in a fluctuating TSR. In a commercial system 

where characterising the performance curve isn‘t the objective, a 

more appropriate control strategy would use a set TSR, or peak 

power tracking. This may require knowledge of both the turbine 

rotational speed and the inflow velocity. This is a consideration 

for further work. 
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Conclusions  
 

The experimental work presented in this paper successfully 

completed two experimental campaigns in CNR-INSEAN, Italy 

and Strangford Lough, Northern Ireland. The continuity of 

experimental equipment between the two sites provided the 

opportunity to investigate ADP and ADV calibration agreement 

with factory settings. It was found that both instruments closely 

agreed with the factory transformation matrices. 

 

The research has furthered the development of the IEC bin 

method [23] by the inclusion of a Doppler noise bias correction 

factor and a method for calculating uncertainties in the derived 

performance characteristics, with particular attention to 

uncertainties associated with inflow characterisation. 

 

The work has shown that the effect of unsteady inflow on the 

derived turbine power performance has a slight detrimental 

impact of circa 8%. This is in line with the findings of 

Starzmann et al. [11] and Blackmore et al. [15] and can be 

considered within the experimental accuracy. To clarify this 

further will require narrowing the confidence intervals and 

possible methods of doing this have been suggested. 

 

The two control types, representative of typical strategies in 

experimental and prototype devices, have shown that a PID 

feedback controller with set RPM helps achieve a distinctly 

higher performance curve than the open loop control system, 

when applied to the turbine operating in unsteady flow 

conditions such as Strangford Lough. This is critical to consider 

in experimental design. The fluctuating TSR, as a result of 

unsteady flow and constrained RPM, remains a weakness in the 

system if in the presence of large inflow fluctuations. For this 

reason, it is recognised as a suitable control strategy for 

characterising a turbine in unsteady flow conditions. Continued 

development of the PID control is an area of further work, using 

peak power tracking algorithms and a pre-defined power curve. 

The inclusion of these strategies will bring the device further in-

line with existing industry strategies and make experimental 

output more relatable to the sector. 
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Appendix A 
ADP Towing Tank Calibration Results 

 

To test the calibration equations shown in Section 2.2, the 

disagreement between Vector and Aquadopp velocity 

measurements in Strangford Lough were examined over 30 runs. 

These measurements were completely independently of all those 

used for the calibration. The inflow velocity in the Strangford 

was not necessarily well aligned with the turbine axis during all 

tests, so the magnitudes and the yaw angles for the inflow 

velocities were analysed. Poorer agreement between the two 

instruments was found at yaw angles of 15 degrees or more. 

 

In Table A1, the variable S expresses the disagreement between 

concurrent Vector and Aquadopp velocity measurements, as a 

percentage. The values predicted using the calibration data alone, 

as well as those obtained from the validation data, are tabulated. 

 
Table A1: Precision and bias of ADP and ADV. 

 
Variable S 

(Percentage 

Disagreement 

between Vector and 

Aquadopp) 

Prediction from 

Calibration 

Whole 

Validation 

Dataset 

Validation 

for Yaw 

within ±15 

Degrees 

Bias = Mean(S) −0.08% +1.03% +0.27% 

Precision  

=Standard 

Deviation(S) 

±1.1% ±2.53% ±2.02% 

 

The Aquadopp is evidently a very good unbiased estimator of 

mean inflow velocity for yaw angles under 15 degrees. 

 

The validation data utilises effectively 1.7 Aquadopp depth cells, 

where 5.7 are used over the full swept area. This means that the 

precision in the inflow velocity expressed as a standard deviation 

is expected to be very close to 1% when averaged over the swept 

area. 
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Appendix B 
Deriving Single Measurement for Inflow Velocity 

 

The IEC 62600:200 technical specification sets out the approach 

for determining the power performance of a device using ADP 

inflow data. The ‗method of bins‘ enables the velocities in the 

shear profile across the projected area of the rotor to be 

represented as an area weighted and power averaged single point 

measurement. 

 

Figure A1 illustrates this method, the projected area of the 

turbine is slices into a series of sections representing the depth 

bins of the ADP. Meanwhile, the tubular sections represent each 

sample, or time. For the set-up in the TTT 3 project, each depth 

bin is 0.25 m deep and each time period is 1 s. Each section has 

an area AK and a velocity measurement Ui,j,k,n (see nomenclature 

for definitions). 

 

The IEC approach to obtaining a single value for the flow across 

the swept area of the turbine during a given test case follows this 

sequence of equations [23]. Firstly, the power-weighted and area 

average for the projected area of the turbine for each period is 

calculated in Equation (A1), and illustrated by the thicker lines 

in Figure A1. 

 

 ̂      *
 

 
 ∑         

    
 
   +

 

 
      (A1) 

 

The equation uses the instantaneous velocity measurement in 

each of profiler depth bins (        ), which was cubed and 

weighted by the area of the depth bin (Ak). The sum of these is 

then divided by the total swept area (A) and cube rooted. This 

provides the power-weighted current velocity ( ̂     ) for each 

period. 
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Figure A1: Power-weighted current velocity calculation illustration. 

 

It is at this point that the adaptation of the IEC ‗method of bins‘ 

is introduced. All ADP measurements are subject to uncertainty 

from Doppler noise. The IEC method requires each 1 s sample at 

each depth cell to be cubed, as shown in Equation (A1), thus 

cubing the measurement error from Doppler noise. To correct for 

this, the Doppler noise bias correction method has been 

developed. To demonstrate the analytical derivation for the 

Doppler noise bias correction; let us take m as the mean and σ as 

the standard deviation of a normal variate. The variable q is 

introduced, which is related to the variance of the distribution as 

shown in Equation (A2). 

 

                                         (A2) 

  

In the case of power measurements derived from ADP data, it is 

the distribution of the cube of samples, (Xk)
3
, which have been 

obtained from the normal distribution N(m,σ) that is important. 

The effect of cubing a measurement with an included sampling 

error was first formally examined by Haldane in statistical 

biology [31]. Haldane showed that the mean of this resulting 

distribution exceeds m
3
 by the ratio R, as follows in Equation 

(A3). 

 

 

  (    )  (  
 )̅̅ ̅̅ ̅̅   ⁄              (A3) 
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The values of q and m, as defined above, are readily obtainable 

from the ADP data. We have called the ratio R the ‗Doppler 

noise bias‘, and R can be applied as a correction wherever the 

cube of a noisy velocity signal is sought and the ratio of m and σ 

is known. For the derivation of the power-weighted, area-

averaged velocity, as previously described in Equation (A1), this 

can now be re-written to include the bias correction factor 

derived, as shown in Equation (A3). The outcome of this is an 

unbiased velocity measurement and reduced uncertainty in the 

propagation of the performance metrics. 

 

 ̂      [
 

 
 ∑

        
    

      

 
   ]

 

 

        (A4) 

    

The datasets were averaged over periods between 2 and 10 min 

for the Strangford Lough testing. For CNR-INSEAN, due to the 

limited length of the tanks, the maximum averaging period was 

approximately 90 s; however, given the controlled nature of the 

experiments in the laboratory this was not considered to be an 

issue. The mean velocity for the data set ( ̅   ) is calculated from 

the power weighted values  ̂      over the time period from j = 1 

to j = L, the length of the run is in seconds. Lastly, the average 

for all the velocities recorded in the given current velocity bin is 

calculated. The velocity bin increments were set to 0.10 ms
−1

 and 

only flood phase of the tide is considered. These steps are 

described and equations defined in previous work [13,23]. 

 

The turbine‘s instrumentation as described earlier includes a 

torque sensor and rotational encoder on the driveshaft behind the 

rotor. These outputs provide the mechanical power (P, W) of the 

rotor in advance of drivetrain losses. Power is calculated using 

Equation (A5). 

 

 ́  
 

  
∑  ́     ́   
  
           (A5) 

 

The same velocity bin increments apply here also. When 

sampled over the same time period as the ADP data, the turbine 

data has more sample points (n), as it is sampled at 16 Hz as 

opposed to the 1 Hz sample frequency of the ADP. The 
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mechanical power performance can then be calculated using the 

non-dimensional performance characteristic, CP as previously 

described in Equations (1)–(2) inserting Equation (A4 and A5). 

The water density was set to 1000 kg∙m
−3

 and 1025 kg∙m
−3

 for 

laboratory and field data respectively. 

 

Propagation of Uncertainty 

 

Understanding of the propagation of instrument uncertainties is 

crucial to determining the confidence intervals of derived 

performance characteristics. Similar studies into the propagation 

of uncertainty have been conducted in this area before [32]. The 

previous work showed the significance of uncertainties in the 

torque, thrust and bending moments when propagated to derive 

the power performance coefficient. The propagation of inflow 

uncertainties was not specifically considered by Doman et al., 

due to the close control afforded by towing tank experiments. 

For experimental set-ups in real tidal flows, this exception can 

no longer be made. Therefore, the following section concentrates 

on the propagation of the velocity uncertainty from the ADP 

data, through the method of bins, used by the IEC technical 

specification (TS62600:200). 

 

To ascertain the uncertainty of the derived performance 

indicators of a tidal turbine, the uncertainty of each variable in 

the derived performance indicator must be pooled. Equation 

(A6) to (A8) shows the propagation of uncertainty equation 

associated with each of the performance indicators. 
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As Equations (A7) and (A8) show, the propagated uncertainty is 

most sensitive to uncertainties in the inflow velocity. The 

uncertainty variables are derived from the Root Mean Squared, 

RMS of bias and precision uncertainties, as shown in other work 

[13,32]. This is the case for all uncertainty parameters derived, 

with the exception of the inflow velocity uncertainty. The 

exception to the inflow velocity is due to the correction applied 

for Doppler noise bias in Equation (A6). This correction 

accounts for the bias uncertainty, leaving only the precision 

uncertainty, which is calculated in Equation (A9) 

 

 

  ́  (
 

√ 
) √ ⁄              (A9) 

 

 

Nomenclature 

 
Table A2: Nomenclature. 

 

Parameter Symbol Parameter Symbol 

Area of turbine 

(m2) 
  Turbine Radius (m)   

Velocity Bin 

Identifier 
i Sample Identifier s 

Time Instant 

Identifier 
j Extracted Thrust   

Depth Profile Bin 

Identifier 
k Mean Velocity (m/s)  ̅ 

Number of samples n Rotational Speed (rad/s)   

Density (kg/m3)   Standard Deviation σ 

Extracted Power   Two Standard Deviation (95% 

confidence interval) 

2σ 

Extracted Torque Q   
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Abstract  
 

In view of the existing verification methods of electric meters, 

there are problems such as high maintenance cost, poor 

accuracy, and difficulty in full coverage, etc. Starting from the 

perspective of analyzing the large-scale measured data collected 

by user-side electric meters, an online estimation method for the 

operating error of electric meters was proposed, which uses the 

recursive least squares (RLS) and introduces a double-parameter 

method with dynamic forgetting factors λa and λb to track the 

meter parameters changes in real time. Firstly, the obtained 

measured data are preprocessed, and the abnormal data such as 

null data and light load data are eliminated by an appropriate 

clustering method, so as to screen out the measured data of the 

similar operational states of each user; Then equations relating 

the head electric meter in the substation and each users’ electric 

meter and line loss based on the law of conservation of electric 

energy are established. Afterwards, the recursive least squares 
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algorithm with double-parameter is used to estimate the 

parameters of line loss and the electric meter error. Finally, the 

effects of double dynamic forgetting factors, double constant 

forgetting factors and single forgetting factor on the accuracy of 

estimated error of electric meter are discussed. Through the 

program-controlled load simulation system, the proposed 

method is verified with higher accuracy and practicality. 
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Introduction  
 

With the construction and development of smart grids, the 

power industry has entered an era of big data. Electric meter is 

an important part of acquiring big data which have received 

wide attention. According to reports [1], before and after the 

World Metrology Day on May 20, 2018, the State Grid 

Corporation of China has installed more than 457 million 

electric meters, covering the 99.57% of the user service area. 

Facing the huge amounts of electric meters with complex 

application sites, how to improve electric meters’ self-diagnosis 

and verification, and improve their status evaluation and analysis 

capabilities, has become the focus of power grid companies. At 

present, the main way for power companies to verify the 

accuracy of electric meters is to use professionals that regularly 

carry instruments and equipment to the site for periodic 

sampling inspection [2,3]. The existing calibration mode has 

some disadvantages such as high working intensity and long 

calibration cycle and low managed efficiency, so it is difficult to 

meet the requirements of the maintenance and replacement of 
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electric meter status. The measured results are directly related to 

grid security and whether the trade settlement between the two 

parties is fair and reasonable. However, the global power 

industry has not found yet a practical theory and technology that 

can accurately measure and monitor the operating errors of 

electric meters in real time. Therefore, in order to realize the 

change of the electric meter from the periodic replacement to the 

state replacement and to judge the operational error’s status of 

electric meter, it is imperative to find an efficient and accurate 

method for estimating online the operational errors of electric 

meters.  

 

With the development of smart grids and especially the 

popularization of Advanced Metering Infrastructure (AMI), 

power companies have acquired large-scale measured data. In 

recent years, some achievements have been made in the 

application of large-scale data measured from electric meters. In 

the research on anti-theft methods, the measured data of electric 

meters are used in gray correlation analysis [4,5], support vector 

machine and local anomaly factor algorithm [6] and estimated of 

loss in distribution line [7]. Through these methods, the 

identification of the substation and phase sequence, as well as 

the detection of the power stealing of the user substation, can 

effectively realize the location of abnormal power users. In 

addition, researchers have used measured data of electric meters 

to build a power consumption prediction model based on 

artificial neural networks, aiming at achieving accurate demand 

forecasting in the smart grid system as well as acquiring power 

consumption profiles for demand response purposes [8]. With 

the use of smart meters in smart cities, a data-driven 

probabilistic peak demand estimation framework using fine-

grained smart meter data and sociodemographic data of the 

consumers was proposed in [9], which drives fundamental 

electricity consumption across different categories. 

 

In the field of analysis of electric meter operational errors, there 

are relatively few studies in academic and industrial fields. In 

[10], Korhonen used automatic meter reading data to deduce a 

calculation method for the operating errors of electric meters. 

The applicability of the method depends on the user's power-
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consumption level, the number of user's meters and other factors 

and the method will not be able to accurately estimate the errors 

of an electric meter if the loss between the head meter and the 

users’ meters is large. Guo [11] proposed a method to solve the 

errors of electric meter by the generalized law of energy 

conservation, but the method of decomposing the reading matrix 

into the upper and lower triangular matrix is verbose and matrix 

is prone to failure. Due to factors such as data size and quality, 

data in some unit measurement periods can’t satisfy the 

requirements of independence and orthogonality, and the 

method lacks real-time performance. In [12] researchers 

described a method of online smart meter error calibration using 

meter reading data. The approach of data analysis using sum 

meter reading and branch meter reading in a tree topology grid 

was studied. An algorithm based on the combination of K-means 

clustering and regularization theory is proposed to evaluate 

smart meter errors precisely. The proposed method has a better 

solution, but there may still be small solution errors caused by 

random factors such as the inaccurate estimation of energy 

losses. A mathematical model of On-Off-Key (OOK) dynamic 

load current was built in [13], a mathematical model of dynamic 

load energy sequences is proposed and three dynamic load 

power modes are defined: transient, short-term and long-term, 

based on which, an algorithm for measuring the dynamic errors 

of electric meter was proposed. Results indicate that the 

dynamic errors of electric meters are closely related to the 

dynamic load power mode of driving and the characteristics of 

dynamic errors are quite different among different kinds of 

electric meter. In [14], an error verification device for harmonic 

electric meters was proposed, that can output different 

amplitudes, different phases, different frequencies of the voltage 

and current through a power source, then transform the data 

detected by the measured harmonic meters and from a reference 

standard error calculator, it can verify the metering errors of 

harmonic meters quickly. In [15], an estimation method for 

electric meter errors based on a parameter degradation model 

was proposed. The comprehensive influence of various error 

factors such as temperature, humidity and load under actual 

working conditions are considered, but the error parameters of 

electric meter can only be estimated in a short time and real-time 
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estimated tracking can’t be achieved. In [16], the adaptive 

variable weight method is introduced in the fuzzy analytic 

hierarchy process and the state evaluation model of the meter is 

established to solve the problem that the weight of the index 

remains unchanged, which ensures the influence of each index 

on the measurement error of the electric meter is dynamically 

reflected. Aiming at solving the electric meter failure prediction 

problem and based on historical failure data of electric meters in 

some regions, a smart meter fault identification model is 

proposed based on a C5.0 algorithm in [17] which shows the 

accuracy of the failure prediction model for smart meters is 

higher, achieving good prediction effects. Reference [18] adopts 

a stratified sampling method to sample the electric meters in 

typical areas with high humidity and heat and severe cold that 

have been running for one year and a sampling life tolerance 

model is established. Considering the effect of temperature and 

humidity in errors, based on the bathtub curve, a Weibull 

lifetime distribution model is established. In addition, some 

related electric power workers have analyzed the factors 

affecting the accuracy of electric meter measurement from the 

perspectives such as communication transmission harmonic 

characteristics, ambient temperature, operating load size, and 

data sampling method [19–22]. 

 

In summary, although some research results have been obtained 

in the application of electric meter measured data and online 

estimation of operational errors, there are still some 

shortcomings in estimating accuracy and real-time performance. 

Based on the existing research, an online estimation method for 

solving the operational error of electric meters by using the 

recursive least squares algorithm with double-parameter is 

proposed. First, the measured data in similar operational states 

of each power user is selected. Then the recursive least squares 

algorithm with double-parameter is applied to calculate the 

operational error parameter of the electric meter and the line loss 

parameter of the low-voltage substation simultaneously. As 

explained throughout this paper, the key contributions of this 

paper can be summarized as follows:  
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(1) Compared with the existing methods, the proposed 

method realizes online estimation of line loss parameters and 

electric meter error parameters simultaneously by using the 

double-parameter recursive least squares algorithm with double 

dynamic forgetting factors.  

 

(2) In addition, due to the introduction of double dynamic 

forgetting factors in the recursive least-squares algorithm, the 

flexible correction ability of the new data to the double-

parameter estimation is ensured. The forgetting factors are 

adjusted according to the frequency of measured data collection 

system, which enhances the real-time performance and the 

parameter changes can be better tracked, so a large number of 

electric meters can be checked online.  

 

The remainder of this paper is organized as follows: Section 2 

introduces the overall estimation framework of the solution of 

the operational error and the method of processing the data that 

will be useful for obtaining the measured data to satisfy the 

requirements of the estimation model. Section 3 constructs the 

theoretical model for estimating the operational error of electric 

meters, and the error parameter is calculated based on the 

double-parameter recursive least squares algorithm. Section 4 

presents the evaluation metrics and the methods to be compared 

in the case studies. Finally, the conclusions are presented in 

Section 5. 

 

Acquisition and Processing of Information of 

Electric Meters  
Implementing Scheme for Online Estimation of Electric 

Meter Error  
 

The online estimated method of electric meter operational error 

mainly includes four steps: firstly, information, which includes 

profile information from power marketing information systems, 

(this system is composed of people, computers and computer 

programs, for power market decision makers to collect, select, 

analyze, evaluate and distribute the marketing information 

timely and accurately) and measured data from electric meters 

(user-side and substation) should be acquired. Then the acquired 
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data is preprocessed by clustering to get rid of the abnormal 

measured data such as null data and light load data. Next, an 

online estimation model for the operational errors of electric 

meters is established and the electric meter errors based on the 

proposed double-parameter RLS algorithm are calculated. 

Finally, we simulate real data of electric meters by using a 

program-controlled load simulation system (the whole 

simulation system can simulate the power consumption of real 

substations, and support the adjustment of different power 

consumption conditions, different line losses and different error 

conditions) and using Mean Absolute Percent Error (MAPE) and 

Root Mean Square Error (RMSE) as the evaluation metrics for 

checking the accuracy of the estimated error result of the electric 

meter. The whole process is shown in Figure 1. 

 

Acquire  
Information  

Preprocess
Data 

Calculate 
Parameters 

Check 
Accuracy 

 
 

Figure 1: Online estimation process of electric meter errors. 

 

Required Electric Meter Information 

 

The information needed for online estimation of electric meter 

errors is as follows:  

 

(1) The profile information contains five types: 

 User’s information such as user number, name, address, 

category of power consumption, etc.  

 Electric meter’s information such as electric meter’s 

number, name, type, address, current transformer 

(CT)/phase voltage transformer (PT) ratio, etc.  

 Metering point record information of the user information 

collection system: metering point identification, number, 

name, address, classification, nature, main purpose type, 

metering point side, voltage level, etc. 

 Electrical parameters of the head meter in the low-voltage 

substation, such as voltage, average power factor, active 

energies, reactive energies, etc.  

 Main electrical characteristic parameters related to the load, 

such as load rate, operating load type, quality and 
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proportion of the power consumption, terminal voltage of 

users. 

(2) Measured data of electric meters which is collected by 

electric meters data acquisition system based on AMI.  

 

Though system schemes may be slightly different for different 

regions, a typical scheme is shown in Figure 2. The distribution 

transformer station as a unit forms the acquisition system, and 

the concentrator is installed under the common distribution 

transformer, which realizes the power consumption information 

collection of all users under the substation with a 

communication system, such as power line carrier (PLC), RS485 

or micro-power wireless. At the same time, it gathers calibrated 

meter data of the distribution transformer to realize the 

collection of the distribution transformer. According to the 

overall design scheme of the state grid corporation in China, the 

users’ collection structure of electricity information is a small-

scale centralized collection, with a unified upload to the master 

station [23].  

 

PLC /RS485 /Micro power wireless, ...

Local 
communication channel

user 
terminal

Power supply

Concentrator

Upload by 
Fiber or GPRS 

Standard 
electric meter

 
 

Figure 2: Electric meter data acquisition physical architecture based on AMI. 

Preprocessing Data Measured by Electric Meter  
 

The operational error of the electric meter generally refers to the 

relative error between the measured value and the actual value 
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collected during the operation, which can be deduced by the 

following formula [24]: 

 

real=
z z

z



 (1) 

 

where   is the measurement error of the electric meter; 
realz  is 

the actual electric energy value in the unit measured period, 

which can be understood as the actual electricity consumption 

(true value) through the electric meter; z  is the increment (view 

value) of the electric meter reading during the unit measured 

period. 

 

In order to meet the requirements of the error estimation model 

established and method proposed, which will be elaborated in 

Section 3, it is important to ensure the operational error 

parameters of the electric meter and line loss all be close to a 

certain value during the unit measurement period.  

 

However, in reality, the difference of the load level in the user 

terminal will change the current on the distribution line, the 

voltage at the delivery end of the substation side, and the voltage 

on the user side of the power supply, which causes the line loss 

rate of the distribution area not being constant and changing as 

the users’ load levels fluctuate.  

 

In addition, according to the working principle of the electric 

meter, on the one hand, the current and voltage fluctuation of 

line load will affect current and voltage of the sampling circuit 

of electric meters and the operation of the computing chip, such 

as the value of the load current and voltage cause the sampling 

circuit power consumption and heating changes and the 

harmonics of the load current and voltage affect the frequency 

characteristics of the sampling circuit [25]. These factors 

discussed above will affect the measured value of the electric 

meter. From this we can conclude that the errors generated by 

the electric meter in the work are not constant values, and the 

operational error of the electric meter becomes larger as the 

power factor decreases and increases as the relative value of the 

voltage and current amplitude changes. On the other hand, it is 



Advances in Energy Research 

11                                                                              www.videleaf.com 

called light load when the operational load current is below 

5%~10% of the rated current. The light load affects the creep 

performance of the electric meter and the working state of the 

current transformer, so that the accuracy of the electric meter is 

greatly affected and the measured data error is higher and it is 

necessary to remove the data measured under light load 

conditions. 

 

Therefore, in order to reduce the influence of the fluctuation of 

the load rate on the measurement error of the electric meter and 

line loss rate, it is necessary to ensure that the meter error and 

the line loss rate in the unit measured period have a certain 

value. It is also indispensable to cluster the collected electric 

meter measured data for the purpose of obtaining the measured 

value of the electric meter in a similar operating state. 

 

Thence, preprocessing the measured data collected by the 

electric meter combined with the improved fuzzy clustering 

algorithm [26] in the process of online estimation of operational 

error, in which the abnormal measured data such as null data and 

light load data are rejected. The clustering process for selecting 

the measured data in the similar operational states of each power 

user is shown in Figure 3. 

 

We sort the preprocessed data in the measured chronological 

order to form a head meter and every user meters’ matrix of the 

measured data, which are used as input variable for recursive 

least squares with double-parameter method. 

 



Advances in Energy Research 

12                                                                              www.videleaf.com 

Start

Read meters' measured data : 

 z1(t), z2(t),  , zi(t)  , zm(t)，y(t)

Determine the number of clusters based 
on the hill climbing method

Update the clustering centers V and 
membership degree matrix U 

Final cluster center and membership matrix

ΔJw(U,V) ε
N

Y

End of clustering

Calculate the initial clustering centers V0 , weighed index w and 
membership degree matrix U0 

Calculate JW(U,V) 

 
Figure 3: Flow chart of our improved fuzzy clustering algorithm clustering for 

measured data. 

 

The Solution Method of Electric Meter 

Operational Error  
Establishing an Estimated Model of Operational Error  
 

The typical power distribution topology is shown in Figure 4. A 

head electric meter is installed under a concentrator which is 

connected to a common distribution transformer. In the situation 

shown in the figure, the number of user meters is m. We 

consider the fact that the head electric meter under each 

distribution transformer has been calibrated, so the head electric 

meter is assumed standard. In addition, there is line loss in the 
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line topology of the power distribution area. Based on the law of 

conservation of energy, the reading of the head electric meter in 

the low-voltage substation is equal to the sum of the true values 

of the electric meters of each user plus any line loss of the power 

distribution area during the unit measured period (line loss refers 

to the loss of electric energy in the form of thermal energy in the 

process of transmission, substation, distribution and marketing 

from power plant to power user, generally referred to as active 

loss. The term
lossw mentioned in (2) refers to the entire process 

of power loss from the main transformer to the user electric 

meter). For any unit measured period, the electric meters reading 

in the station have the following relationship: 

 

0 loss

1

( ) ( ) ( )
m

i

i

t t ty y w


  , (2) 

 

where 
0 ( )ty  is the power supplied by the head standard meter 

during the t
th
 measured period;

loss ( )tw  is power loss between the 

head meter and each users’ meter during the t
th
 measured period; 

m is total number of users’ electric meters in the substation; 

( )i ty  is the real power consumption of the i
th
 user during the t

th
 

measured period, according to Equation (1), using ( )i ty  instead 

of 
real

z , the relationship between actual electricity consumption 

(true value) through the electric meters and the increment (view 

value) of the electric meter reading during the t
th
 measured 

period as follows: 

 

( ) ( )(1 ( ))i iit t ty z  , 
(3) 

  

where, ( )i tz  is power consumption of the i
th
 user measured by 

electric meter during the t
th
 measured period; ( )i t  is 

measurement error of the i
th
 electric meter. 

 

The specific calculation process of 
loss ( )tw  is as follows [27]: 

 
( ) ( )

( ) ( )
100

loss p

E t U t
w t K t


 , (4) 
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where E (MW∙h) is the active power of the head electric meter 

in the low-voltage substation; U  is the loss rate of voltage in 

low voltage lines (the voltage loss is the difference between the 

amplitude of the voltage at the beginning and the ending, and its 

value is approximately equal to the vertical component of the 

voltage drop when the voltage phase difference between the two 

ends is very small); Kp is the ratio of percentage of power loss to 

percentage of voltage loss which is related to the load power 

factor and the selected phase angle difference  between current 

and voltage of the head electric meter. 

 

U can be defined as follows: 

 

1 2

1

( ) ( )
( ) 100%

( )

U t U t
U t

U t


  , (5) 

 

where 
1U (kV) is the outlet voltage of the distribution side, 

usually taking the average value of three-phase electricity; 
2U

(kV) is the lowest point voltage on the user-side, if the low 

voltage is a single phase load, several low voltage averages must 

be measured. 

 

Kp can be written as follows: 

 

21 ( ( ))
( )

1 ( ( )) ( )
p

tg t
K t

X
t tg t

R









 , (6) 

 

where /X R  is the ratio of wire reactance to resistance;   is the 

phase angle difference between current and voltage of the head 

electric meter, which is the power factor angle and ( )tg t  can be 

written as follows: 

 

( )
( )

( )

Q t
tg t

E t
  , (7) 

 

where, Q (Mvar∙h) is reactive power of the head electric meter in 

the substation. 
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Figure 4: Topology of typical power distribution area 

. 

Parameter Estimation of Meter Error and Line Loss  
 

According to Equations (2), (4) and (6), using ( )t  and ˆ ( )tb  

replace 
( ) ( )

100

E t U t
 and ( )pK t  respectively, we obtain the 

recursive least squares with double-parameter equation as 

follows: 

 
T

0 ( ) ( ) ( )ˆ ˆ( ) ( )t t ty t t 
a b

Ζ Θ , (8) 

  

where,  T

1 2( )= ( ), ( ), , ( )mt z t z t z tΖ  is the matrix of measured data 

of each user meter during the t
th
 measured period; 

a1 a 2 a
ˆ ˆ ˆ= ( ), ( ), , ( )ˆ ( )

m
t t tt   



  a
Θ  is the matrix of error parameter to 

be estimated in each user’s meter, and define the electric meter 

operational error ˆ ( )i t  as follows: 

 

ˆ ˆ( ) ( ) 1i ait t   , 
(9) 

  

Through direct estimation of unknown parameters 

a1 a 2 a
ˆ ˆ ˆ= ( ), ( ), , ( )ˆ ( )

m
t t tt   



  a
Θ  and ˆ ( )tb  by recursive least squares 

with double-parameter algorithm. The electric meter operational 

error ˆ ( )i t  and the ratio of wire reactance to resistance /X R  

can be indirectly obtained. 
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A Recursive Least Square Scheme with Double-

Parameter 
 

When researching the measurement error of the electric meter 

and the loss of electric energy of the distribution line in the low-

voltage distribution area, two limitations in the RLS algorithm 

based on a single forgetting factor are noticed [10]: 

 

(1) The electric meter error parameter changes with the line 

loss parameter at the same rate. 

(2) In the formulation of the loss-function defined in the RLS 

algorithm of a single forgetting factor and the resulting 

recursive scheme in the subsequent formula, the error due 

to all parameters is classified as a single scalar term.  

 

Therefore, the algorithm has no way to realize whether the error 

is caused by one or more parameters. As a result, if there is drift 

in one of the parameters, then all parameters that cause the 

estimated overshoot or undershoot will be corrected in the same 

order. If the drift continues for a while, it may cause the overall 

performance of the estimate to deteriorate and may even cause 

the so-called estimate to be tightened or amplified, so the goal is 

to conceptually ‘separate’ the errors caused by each parameter 

and then apply a suitable forgetting factor for each parameter. 

 

Therefore, an estimated method is proposed which is based on a 

double forgetting factor. The recursive least squares with double 

parameter which can not only use the real-time measured 

information to modify the estimated result repeatedly but also 

can adapt to the situation where the different parameters change 

speed in the multi-parameter estimated is different. The method 

can simultaneously estimate the operational error of the Electric 

meter and line loss. The electric meter operational error 

estimated model established above shows that there are two 

unknown parameters ˆ ( )taΘ  and ˆ ( )tb  need to be estimated, so 

two forgetting factors a  and b  are introduced. And the 

residual cost function defining this estimated model is as 

follows:  
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(10) 

 

With this definition for the residual cost function, the first term 

on the right side of equation (10) only represents the error of the 

step t due to first parameter estimate, ˆ ( )taΘ  and the second term 

corresponds to the second parameter estimate, ˆ ( )tb
. Now, each 

of these errors can be discounted by an exclusive forgetting 

factor. Notice that ( )j
a

Θ  and ( )j
b  are unknown, and we will 

later replace them with their estimates ˆ ( )taΘ  and ˆ ( )tb . The 

swapping between the estimated and the actual parameters 

allows us to formulate the proposed modification to the classical 

Least Squares (LS) method with forgetting factors.  

 

Here, 
a  and 

b  are forgetting factors for the first and second 

parameters, respectively. Incorporating multiple forgetting 

factors provides more degrees of freedom for tuning the 

estimator and, as a result, parameters with different rates of 

variation could possibly be tracked more accurately. The optimal 

estimates are those that minimize the loss function and are 

obtained as follows [28]: 
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a
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, 
(11) 

Rearranging Equation (11), ˆ ( )taΘ  is found to be: 
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Similarly, ˆ ( )tb  will be: 
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For real time estimated, a recursive form is required. Using the 

analogy that is available between Equations (12), (13) and the 

classical form (8), the recursive form can be readily deduced: 

 

 T

0 ( ) ( ) ( )ˆ ˆ ˆ( ) ( 1) ( ) ( 1) ( )t t tt t t y t t     
a a a a b

ΖΘ Θ ΘK , (14) 

where: 

 
1

T T( ) ( ) ( )( ) ( 1) ( 1)at t tt t t


  
a a a

Ζ Ζ ΖK P P , (15) 

 
1

( )( ) ( ) ( 1)
a

tt t t


  
a a a

ΖP K P , (16) 

and similarly: 

 

 T

0 ( ) ( ) ( )ˆ ˆ ˆ( ) ( 1) K ( ) ( ) ( 1)b b b t t tt t t y t t       
a b

Ζ Θ , (17) 

where: 

 
1

T( ) ( ) ( )K ( ) P ( 1) P ( 1)b b b bt t tt t t   


   , (18) 

  

 T 1
( )P ( ) K ( ) P ( 1)b b b

b

tt t t


   . (19) 

In the two aforementioned equations, ( )j
a

Θ  and ( )j
b  are 

unknown, so we replace them with their estimates, ˆ ( )taΘ  and 

ˆ ( )tb , as is customary in similar situations, such as the 

‘separation principle’ in optimal control. The substitution is also 

justified when the actual and the estimated values are very close 

to each other or within the algorithm region of convergence. A 

convergence proof, or conditions for convergence of the 

algorithm under this assumption, remains open for future 

research. Upon substitution for ( )j
a

Θ , ( )j
b  and rearranging 

equations (14) and (17), we obtain: 

 

 T

0( ) ( ) ( )ˆ ˆ ˆ ˆ( ) ( ) ( ) ( 1) K ( ) ( 1)t t tt t t t t y t     
a a b a a a

ΖΘ Θ ΘK
 

, 
(20) 

 T

0( ) ( ) ( )ˆ ˆ ˆ ˆK ( ) ( ) ( ) ( 1) K ( ) ( 1)b b bt t tt t t t t y t       
a b b

Ζ Θ

, 
(21) 

for which the solution is: 
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Using the fact that ( )t
a

P  and P ( )b t  are always positive, it can be 

proved that the determinant of the matrix is always non-zero and 

therefore the inverse always exists. With some more 

mathematical manipulations, Equation (22) can be written as 

follows: 
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where,
a and

b are the forgetting factors corresponding to the 

two parameters ( )i t and /X R to be estimated, respectively, and 

the value range is [0, 1]. Considering that ( )i t is a fast variable, 

in order to ensure that the estimated result of ( )i t has better 

tracking performance, it should happen that 
a b  . 

 

Real-Time Adjustment of Forgetting Factors  
 

The abovementioned parameter estimation method uses the 

constant forgetting factor, which can only be used in slow time-

varying systems. However, in the actual problem of electric 

meter error estimation, the dynamic characteristics of the system 

do not always change according to the same law, and sometimes 

change rapidly. Sometimes the change is very slow, and 

sometimes there is a mutation. If a small forgetting factor is 

selected according to the fast change of the parameter, the 

information obtained from the data is less when the parameter 

changes slowly which will cause the parameter estimation error 

to increase exponentially, which is very sensitive to interference. 

If we choose a large forgetting factor based on the slow change 
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of parameters, it can memorize data that is far away and it will 

be insensitive to sudden changes in the system parameters. 

Therefore, if a constant forgetting factor is chosen, satisfactory 

results cannot be obtained. 

 

According to the characteristics of the estimation parameters 

required, appropriate automatic adjustment methods are selected 

for the forgetting factors 
a  and 

b , respectively. The specific 

algorithm is as follows [29,30]: 

 

Forgetting factor a corresponding to the electric meter 

operational error estimated parameter: 
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where, 0 ( ) 1
a

t  , (0,1)R  is the observed noise variance, in 

this paper, its value is 0.5, 
2 ( )e t is the variance of the estimated 

value. 

 

Forgetting factor
b corresponding to the line loss estimated 

parameter: 
1

ˆ ˆ1( ( ( ) ( 1))b b bR t t 


 
 

    , (26) 

 

Case Analysis  
Accuracy of Error Estimated under Different λ  
 

In order to verify the validity of the proposed method and the 

necessity of adopting the dynamic double forgetting factors 

method, we select a typical electricity low-voltage substation of 

urban residential users as an analysis case. The research area 

contains a head electric meter and three hundred user-side 

electric meters. The actual measured electric meter data from 

January 2016 to December 2018 in one substation are analyzed. 

The collection frequency of electricity consumption of ordinary 

residential users is 24 h. We eliminate abnormal data such as 

light load data and null data by appropriate clustering methods 
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and obtaining the measured data preprocessed as the analysis 

samples. The operational error recursive estimated curves of 

some electric meters solved by the proposed method are shown 

in Figure 5. The y-axis represents the error rate of the electric 

meter (error rate is the percentage form of ˆ ( )i t , which 

represents the extent that the measured value of the electric 

meter deviates from the true value of the electric meter; when 

the error rate exceeds 2%, the electric meter is defined as an 

error-over meter), x-axis represents the frequency of data 

acquisition, the output frequency of the error analysis result is as 

the same as the frequency of the measured data acquisition, 

which is generated once a day. 
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Figure 5: The operational error recursive estimation curves. (a) represents the 

error rate recursive estimation curve of No.33 electric meter. (b) represents the 

error rate recursive estimation curve of No.74 electric meter. (c) represents the 

error rate recursive estimation curve of No.100 electric meter. (d) represents the 

error rate recursive estimation curve of No.180 electric meter. 

 

It can be seen from Figure 5 that the estimated consequence of 

the double dynamic forgetting factors recursive least squares 

algorithm is shown by the blue line which is closest to the real 

error of the electric meter, and the convergence speed of the 

algorithm is faster than the other two algorithms; The estimated 

consequence of the double constant forgetting factors algorithm 

is shown by the red line. The estimated accuracy is not as high 
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as the double dynamic forgetting factors algorithm. Because 

different estimated parameters change at different rates, the 

constant forgetting factors can’t be made according to the 

change rule of the parameters and the adjustment also causes the 

convergence speed of the algorithm to be slower. The estimated 

effect of the single forgetting factor algorithm is shown by the 

black line. As can be seen from the figure, the calculation 

accuracy of the single forgetting factor is the lowest because the 

line loss rate is regarded as a certain value so that the total power 

consumption of each user’s electric meter in the unit measured 

period generates a large error, thereby causing a large 

interference to the estimated error of the user electric meter and 

resulting in greatly reduced accuracy of the estimated 

operational error of the electric meter. It also leads to recursive 

estimated curves are unstable with the circumstances of large 

noise.  

 

Therefore, the forgetting factor should be automatically adjusted 

as the dynamic characteristics of the estimated parameters 

change. When the system parameter changes are abrupt, the 

small forgetting factor should be automatically selected to 

improve the sensitivity of the identification. When the system 

parameters change slowly, a large forgetting factor should be 

automatically selected in order to improve the recognition 

accuracy based on the memory length. 

 

Distribution of Meter Error Rate under Different λ  
 

In order to verify the effectiveness of the proposed method and 

analyze the influence of forgetting factors in different situations 

on the estimated value of the meter errors we use the typical 

urban residential station mentioned in Section 4.1 as the research 

object. The measurement data collected by 300 electric meters in 

this area are used as the input variable of the algorithm, and the 

simulation results are shown in the following figure. 

 

Figure 6 shows the online estimated results of the operational 

errors of all the user electric meters under a station. From Figure 

6, we can conclude that the estimated results based on the 

double dynamic forgetting factors recursive least squares 
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algorithm have the highest accuracy, the double forgetting 

factors is the second, and the single forgetting factor is the 

worst. Therefore, the double dynamic forgetting factor are 

introduced by simultaneously estimating the operating error 

parameters of the electric meter and line loss parameters for 

ideal real-time online estimation of the operational error of 

large-scale user electric meters under a power substation can be 

obtained.  

 

0 50 100 150 200 250 300

number

-15

-10

-5

0

5

10

e
rr

o
r
 ra

te
/(

%
)

0 50 100 150 200 250 300

number

-15

-10

-5

0

5

10

15

e
rr

o
r
 ra

te
/(

%
)

0 50 100 150 200 250 300

number

-15

-10

-5

0

5

10

15

e
rr

o
r
 ra

te
/(

%
)

(a).  Meters error estimated under single constant λ (b).  Meters error estimated under double constant λ

(c).  Meters error estimated under double varying λ  
 

Figure 6: Result of operational error of 300 meters under different states of λ. 

 

Estimation of Line Loss Rate  
 

There are many factors affecting grid power loss. For 

distribution grids below 380/220 V, the users’ power load has a 

significant impact on the line loss rate of the power distribution 

area. The user electrical load is the most important power 

consumption factor of the power supply system. Therefore, the 

power load determines the losses of the power supply system. 

The numerical distribution of the load and the spatial 

distribution of each load point affect the loss of the multi-branch 
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line. The load curve reflects the variation of the load within a 

certain time interval. It is inevitable to increase the equipment 

capacity to meet the safe and stable power supply if the electric 

load curve fluctuates greatly, which resulting in an increase in 

line loss. 

 

For three types of electricity users in industrial, commercial, and 

urban residents, choosing their typical distribution area as the 

analysis object to calculate the network loss rate respectively, 

and still selecting the measured data of electric meter from 

January 2016 to December 2018 as data source. 

 

Figure 7 shows the estimated results of the line loss rate of 

different type power distribution stations. The black curve 

represents the type of the substation occupied by industrial 

users. Since industrial users are in high-load power state all the 

year round and the load curve fluctuates greatly, the result that 

line loss rate of this type distribution area is the largest, which is 

between 3.3% and 3.8%; The blue curve represents the type of 

commercial-based area, the electrical load characteristics are 

similar to industrial stations, but the overall electricity 

consumption is lower than that of the industry, which is between 

2.4% and 3.1%; The red curve represents the type of the power 

distribution stations are main occupied by ordinary residents. 

When compared with industrial users and commercial users, we 

could get the result that the residential electricity load is the 

lowest, but resulting in a large fluctuation in the line loss rate of 

the distribution area due to the influence such as season, 

holidays and other factors have created the large fluctuations in 

the power load. The line loss rate ranging from1.5% to 2.6%. 
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Figure 7: The estimated line loss rate results. 
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Error Detection Rate Analysis  
 

In order to further analyze the accuracy of the error rate of 

electric meters estimated by the proposed method, the actual 

operation state of the typical station user can be fully simulated 

in the laboratory environment through the programmable control 

load simulation system of the substation. The entire simulation 

system can simulate the power of the real substation and support 

the adjustment such as different power usage conditions, 

different line losses, and different electric meter error conditions. 

Therefore, the power consumption and line loss status of four 

types which include typical industrial users, commercial users, 

urban residents and rural residents are simulated respectively by 

using this simulation system and the real error of the electric 

meter are obtained. 

 

In practice, the power consumption levels of different industries 

are quite different. The power consumption of industrial areas is 

the highest, followed by commercial areas. Compared with rural 

areas, in developed cities, residents consume more electricity. 

Therefore, the simulation system is used to simulate the power 

consumption of four type users: industrial, commercial, rural 

residents and urban residents. In the simulation process, it is 

guaranteed that all factors except the power consumption of 

different types of users are the same, such as the frequency of 

data collection and the number of users. In the simulation, set 

the data collect frequency to 1 hour, and the number of user’s 

electric meters is p. 

 

Then MAPE and RMSE are used as the index for evaluation. In 

the online estimation of electric meter error, the smaller MAPE 

and RMSE values indicate the higher accuracy of the estimated 

error parameters. MAPE and RMSE can be expressed as: 
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where, p is the total number of users in the simulation; ˆ
i  and 

i  

are the estimated value and actual value of the measurement 

error of the i
th
 electric meter respectively. 

 

As shown in Figure 8, under the situation that multiple 

simulation experiments are performed for each type of user, the 

missed detection rate and over-detection rate of the error 

estimation method proposed in this paper are analyzed. Through 

statistical calculation and analysis, the missed detection rate and 

over-detection rate of industrial users and commercial users are 

lower than for ordinary residents and the overall rate of missed 

detection is lower than the over-detection rate. The detection rate 

is below 1%. It can be inferred that the proposed method is 

applicable to the real-time online estimation of the operational 

errors of electric meters with high precision, and can also realize 

the estimation of the operational error for large-scale electric 

meters. 
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Figure 8: The false detection rate of electric meter errors. 
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Conclusions  
 

In order to study how to estimate online the errors of electric 

meters, this paper proposes a double-parameter recursive least 

squares estimation method and a double-varying forgetting 

factor strategy that is in line with the development trend of AMI. 

The case analysis results show that the estimated performance of 

the double-varying forgetting factor is better than other 

estimation methods, such as the double-constant forgetting 

factor and single constant forgetting factor, and its false 

detection rate is below 2%. Moreover, the proposed method can 

simultaneously estimate the parameters of the electric meter 

error and line loss, and improve the accuracy of the online 

estimation of electric meter errors. In addition, the estimation 

method proposed is based on the elimination of abnormal data 

such as light load data and null data, although how to reduce the 

above discussed effects in the process of the data processing and 

algorithm solving needs further study. 
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Abstract  
 

Methane aromatization is a promising technology for the 

transformation of natural gas into liquid products, but suffers 

from the problem of catalyst deactivation by coke. A two-zone 

fluidized bed reactor has been proposed as a tool to counteract 

the catalyst deactivation, by providing continuous catalyst 

regeneration in the same vessel where the main reaction is 

carried out. This work shows the effect of the main operating 

conditions (carburization temperature, reaction temperature, 

carburization time, nature of regenerating agent and feed flow 

and height of the hydrocarbon entry point). Optimal reduction 

time and temperature were 1 h and 350°C. Best conversion and 

selectivity were achieved at 700°C without catalyst deactivation 

in the TZFBR. 

 

Keywords  
 

Methane Aromatization; BTX; Fluidized Bed Reactor; TZFBR; 

MoHZSM-5 

 

Introduction  

 
A problem for the use of methane from remote sources is the 

transportation from the reservoir, because gas pipelines are only 

functional for relatively short distances. Since many deposits of 

natural gas (NG) are in remote off-shore locations, in the mid-
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1990s investors started projects that envisioned the building of 

floating liquid natural gas (LNG) facilities [1]. British Petroleum 

(BP) forecasts that LNG will substitute pipeline gas as the most 

frequent form of inter-regionally traded natural gas in the early 

2020s [2]. 

 

However, liquefaction is an energy-demanding process. When 

considering all steps (production liquefaction, transport and 

regasification) the cost of liquefying and regasification 

represents about 40% of the process. To avoid these costs, gas 

transport in the form liquid substances at room temperature has 

been proposed. These liquids are obtained with processes known 

as “gas to liquid” (GTL), which transform methane, through 

chemical reactions, into a liquid fuel. One of the most promising 

GTL processes is based on the aromatization of methane. From 

the first study of Wang [3] research has been extensively carried 

out on this subject. However, achieving a technologically viable 

process involves improvements in the catalyst, increases in 

conversions and yields and stability of the process. Most of these 

investigations are collected in three reviews, those of Ma et al. 

[4], Mamonov et al. [5], and [6]. They show the large amount of 

research, and therefore interest, in the methane aromatization 

reaction. 

 

It is commonly accepted that Mo/ZSM-5 catalyst is the most 

efficient for this process [7-9]. The reaction takes place in two 

periods: an induction period (activation of the catalyst) and 

another in which the reaction of aromatization takes place. 

During the first period, a molybdenum carbide is formed. 

Despite this not being the main reaction, it is very important 

since it activates the catalyst to subsequently carry out the 

aromatization reaction. This period of induction occurs during 

the first minutes of the reaction and is the time when the active 

phase of the catalyst is formed (molybdenum carbide). In the 

second period we can distinguish the stages of methane 

activation, dimerization, oligomerization, and cyclization. In the 

methane activation, the first phenomenon that happens is the 

chemisorption of methane on the metal, as indicated by Xu et al. 

[10], although there are authors who believe that methane 
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adsorption is carried out through interaction of this one with the 

OH groups of the zeolite [11]. 

 

Once methane has been activated, the reaction to the other 

products is immediate [12]. The next step of the reaction is the 

formation of the C2s (dimerization) which, as well as the 

activation of the methane, takes place in the metal part of the 

catalyst. The mechanism of this step is still under discussion. 

Some authors propose CH∗3 

 

as being responsible for dimerization, either as CH+3, CH−3 or 

CH3· [13-17]. In contrast, another study suggests that it is CH∗2 

[14] and others associate it with carbide or indicate it as CH∗x 

[10,18-22]. 

 

After C2s formation, the next step is the formation of the 

aromatic compounds. The rapid disappearance of C2s eliminates 

the kinetic and thermodynamic limitations [12], which favor the 

reaction going forward. This last stage no longer occurs in 

molybdenum, but in acid sites of the zeolite. So, the compounds 

formed on the metallic sites migrate toward the acid centers of 

the zeolite [18,23]. In this stage all the authors agree that the 

acidity of the zeolite allows for an increase in the chain length 

(oligomerization) and its subsequent cyclization. The 

mechanisms of reaction in this stage are by carbocations and by 

hydrogen transfer. 

 

The formed C2s migrate toward the Brønsted acid center of the 

zeolite, where they interact with the protons, so that each proton 

passes from the acid center to one of the carbons forming the 

carbocation (or carbenium ion) C2H+5 

 

The formation of the carbocation is by physical adsorption of the 

hydrocarbon by van der Waals interactions with the structure of 

the zeolite. The alkenes increase the length of their chain within 

the zeolite channels. Carbocations are joined in different 

reactions until reaching C6H12, at which point there are two 

possible outcomes: that it reacts with C2H+5, formed in previous 

steps, so that after its union it breaks, being responsible for 
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C6H+11 and ethane; or by protonation of C6H12 give C6H+11 and 

H2. In either case C6H+11 

 

is obtained, which cyclizes instantaneously and, after successive 

transfers of hydrogen and protolysis, forms benzene. 

 

In addition to benzene, which is a majority product because its 

geometry and size coincide with that of the zeolitic pore, toluene 

and naphthalene are also observed. Toluene can be formed from 

the methyl ion, formed in the initial steps, by reacting with 

benzene. Naphtalene can be formed from the reaction of benzene 

with the carbocation C4H+7 

. 

An important drawback to overcome in this process is the 

formation of coke which deactivates the catalyst (at 700°C the 

selectivity to coke is close to 30%). The first type of 

carbonaceous deposits comes from the activation of the catalyst, 

that is to say, they are produced when the molybdenum is 

carburized. In turn, during the carburization of molybdenum, two 

types of carbonaceous deposits can be distinguished: the carbides 

themselves and coke. Coke, unlike carbide, does not participate 

in the reaction, on the contrary, it is carbon that is placed on the 

catalyst preventing the reaction from being carried out. This type 

of coke stays in the metal, blocking the first step of the reaction. 

 

The second type of deposits occurs in oligomerization processes 

and cyclization, while the hydrogen transfer stages and 

protolysis take place. This coke also prevents the reaction, but in 

the second step of it, and may be responsible for sealing the 

pores of the zeolite. However, a small amount of this coke 

allows a decrease in the presence of extremely acid centers that 

are capable of decomposing hydrocarbons [18,24]. 

 

Although deposits occur at two moments of the reaction and in 

two different locations, there are three different types of coke: a 

graphitic one located in the channels of the zeolite, a second 

graphitic coke, located in the carbide, and finally one coke poor 

in hydrogen (or pre-graphitic) located on the outer surface of the 

catalyst particles. The hydrogen-poor coke (CHx) is formed both 
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on the metal carbides and on the zeolite, being the main 

responsible for the catalyst deactivation [10]. 

 

The Two Zone Fluidized Bed Reactor (TZFBR) is an effective 

way to counteract the effects of catalyst deactivation, as several 

previous studies have proved in a variety of reactions [25,26]. In 

this type of reactor, two zones are created in a fluidized bed by 

the simple procedure of feeding into the hydrocarbon stream at 

an intermediate point of the bed and placing an oxidizing stream 

at the bottom of the reactor. The desired reaction and the coke 

formation occur in the upper zone and the catalyst regeneration 

in the lower zone. This reactor would be an advantageous 

alternative to the operation in packed bed reactors, which would 

need cyclic operations, with several reactors in parallel, some of 

them being employed for the reaction while others are being 

regenerated. If packed bed reactors were used, the operation 

would be unsteady, which makes the downstream processing 

more difficult. Another alternative is to use a circulating 

fluidized bed, where the catalyst is regenerated in a fluidized bed 

and the reaction is produced in another fluidized bed. This is a 

well-known system, widely employed in FCC, but keeping the 

catalyst circulation while avoiding the mixing of hydrocarbons 

and air is a complex task. The comparison of a conventional 

fluidized bed and the TZFBR for methane aromatization was 

made in a previous study [27], where we found that a stable 

operation was achieved. However, a study on the effect of 

operating conditions was not presented. In the present work, the 

TZFBR is proposed to carry out methane aromatization and the 

optimal work conditions will be studied by modifying several 

operation parameters. 

 

Materials and Methods  
Catalyst Preparation  
 

The catalyst employed in this work was ZSM-5/bentonite/Mo 

with a mass ratio 70.7/23.6/5.67. The specific surface calculated 

by BET method was 222 m
2
/g and the particle size between 160 

and 320 micrometers. More details about the preparation method 

were presented in a previous paper [28]. The need to incorporate 

a binder material such as bentonite is a consequence of the small 
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particle size of zeolite and the low hardness that would cause 

attrition under fluidization conditions. However, the zeolite-

binder interaction can affect the structural and textural properties 

of the zeolite and modify the performance [29]. So, an 

optimization of this catalyst was proposed with emphasis on the 

effects of thermal treatments during the main stages of the 

preparation procedure [28]. 

 

Two Zone Fluidized Bed Reactor  
 

The fluidized bed reactor was a 27 mm ID, 300 mm long quartz 

cylindrical tube equipped with a porous quartz distributor plate 

located inside an electrical furnace. Reactants were fed using 

mass flow controllers (Alicat Scientific). The catalyst was 

reduced in situ under a hydrogen flow at 350°C or 450°C for 6 h 

before reaction. The operation ranges were as follows: 

temperature = 675–725°C, catalyst weight = 12 g and relative 

gas velocity for the fluidized bed reactor (ur = u0/umf) = 2–4. The 

exit gases of the reactor were maintained at 200°C in order to 

avoid condensation of products and were analyzed with an 

online gas chromatograph (Varian, CP 3,800). Benzene, toluene, 

xylene and naphthalene, were separated using a VF-624 ms 

capillary column (0.32 mm × 30 m) and determined by a flame 

ionization detector (FID). Unreacted methane, hydrogen, ethane, 

ethylene, acetylene, and nitrogen were separated by a molecular 

sieve and analyzed by a thermal conductivity detector (TCD). 

The total gas flow rate at the reactor exit was measured with a 

bubble flowmeter. 

 

Calculations  

 

From the experimental data on total flow and composition of the 

products, the conversion and selectivity to each product were 

calculated with the following equations. 

 

• Methane conversion 

 

4, 4,0

4

4,

i

i

CH CH

CH

CH

F F
X

F


        (1) 
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Where FCH4, i and FCH4,o are the molar flow of methane in the 

input and output streams, respectively. 

 

• Selectivity to product i 

 

4, 4,0

*

100

i

i
i

CH CH

nC F
S

F F
 


    (2) 

 

Where Fi is the molar flow of product i in the exit stream and nC 

is the number of carbon atoms in this product. 

 

In this article we will discuss mainly the selectivity to benzene, 

which is the main aromatic product. The selectivity to other 

products (xylene, naphthalene, ethane, ethane, and acetylene) is 

given in Supplementary Information. 

 

In the case of TZFBR with CO2 as regenerating gas, the 

selectivity to CO is divided by two, in order to account for the 

fact that two molecules of CO are formed when CO2 gasifies 

coke. 

 

The selectivity to coke was calculated by difference in the 

carbon balance. This value was checked by measuring the 

amount of coke formed in each experiment, which was 

calculated from the amount of CO and CO2 formed during the 

catalyst regeneration. We found that the difference between the 

amount of coke calculated by carbon balance and by measuring 

the gases formed during regeneration was small (typically 

<10%). This result confirms the feasibility of using the carbon 

balance to estimate the selectivity to coke. 

 

Reproducibility was checked by repeated experiments under the 

same operating conditions and the difference between the mean 

values of benzene yield was smaller than 0.05%. 
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Results and Discussion 
Effect of Reduction Temperature  
 

The effect of the reduction temperature was tested for two 

temperatures: 350 and 450°C (Figure 1). 
 

 

 

 
 

Figure 1: Influence of the reduction temperature in methane aromatization 

reaction (time on stream): (A) Methane conversion, (B) Selectivity to coke. 

Operating conditions: Wcat = 12 g, CH4:O2:N2 = 70:1.5: 28.5%; urlowerzone = 2.5 

and T = 700°C. 
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Both conversion and selectivity to benzene were similar at both 

temperatures. However, the selectivity to coke was slightly 

higher at 450°C. This can be due to an excessive reduction of 

molybdenum oxide at 450°C, which causes a greater tendency to 

the formation of coke. If the reduction temperature was 

excessive and Mo° was obtained, it would explain this behavior, 

since metallic molybdenum is actively leading to conversion of 

methane, but into coke and hydrogen [16]. 

 

Effect of Reaction Temperature  

 
The reaction temperature is a very important parameter since it 

affects both the thermodynamics and the kinetics of the reaction 

and, therefore, the conversion and selectivity to desired 

(benzene) and undesired (coke) products. The reached 

conversion was very similar for the two higher temperatures, but 

this performance decreased at 650°C (Figure 2). Taking into 

account the values of the equilibrium, the value at 725°C should 

be higher than at 700°C and this higher than at 675°C. The fact 

that there was almost no difference between the first two can be 

due to the catalyst deactivation. The catalyst deactivation is due 

to the coke deposition, a reaction that is favored by increasing 

the temperature. 
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Figure 2: Influence of temperature on methane aromatization reaction (time on 

stream): (A) Methane conversion, (B) Selectivity to benzene. Operating 

conditions: Wcat = 12 g, CH4:O2:N2 = 70: 0.5:29.5; urlowerzone = 2. Equilibrium 

conversion, considering only the methane to benzene reaction, is c.a. 9.8% at 

675°C, 12% at 700°C and 14% at 725°C. 

 

Effect of Carburization Time  

 
Carburization is a phenomenon that always occurs in methane 

aromatization, being its starting point, since it gives rise to active 

species responsible for the reaction. In the case of the two-zone 

reactor it is necessary to provide a period of time for the 

formation of carbides. This period of carburization is the time in 

which the reaction is carried out without introducing oxidant, so 

that methane can react forming carbides, without removing them 

by the oxidizing agent. Only carbon oxides were formed in 

experiments where we had not any carburization time before 
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starting to feed oxygen to the TZFBR. It is foreseeable that there 

is an optimal time prior to the incorporation of the oxidant into 

the reaction since with very short periods of time would not 

allow the formation of carbides, but long times would cause the 

catalyst to be excessively deactivated by coke formation. Figure 

3 shows the results obtained with different carburization times. 

In our results, the best performance was achieved with the 

largest carburization time (60 min). In addition, we analyzed the 

formation of CO during carburization, which is due to the 

reduction of Mo oxides. We found that the CO formation rate 

was very low (<10% of the initial value) after 1 h, which 

suggests that carburization was almost complete after this time. 

 

 
 

Figure 3: Influence of the carburization period (time on stream): (A) Methane 

conversion, (B) Selectivity to benzene. Operating conditions: Wcat = 18 g, 

CH4:O2:N2 = 70:29.25:0.75, urlowerzone = 2, urupperzone = 6.7 and T = 700°C. 
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Effect of Type of Regeneration Agent  

 
The type of regenerating agent being fed is one of the most 

important parameters in TZFBR, since its proper functioning 

will depend on its capacity to regenerate the catalyst. Oxygen 

and carbon dioxide have been studied as oxidizing agents. O2 

reacts faster with coke than CO2, which is good for the 

elimination of the coke deposited on the catalyst. But if this 

oxidation is excessive the metallic carbides formed in the first 

stage would be eliminated, so that one of the active phases of the 

catalyst would be lost. 

 

The comparison is made under the same conditions, but with 

different percentage of oxidant. This is because, according to the 

stoichiometry, in order to eliminate the same amount of coke 

with O2 as with CO2, we need to double the amount of the 

second. 

 

Oxygen is more reactive than CO2, so it is completely consumed 

when it comes into contact with the formed coke giving rise to 

CO. The CO formed in either of the two processes, despite being 

an inert species, seems to have a catalyst stabilization function 

[30]. Figure 4 shows that, although both have the same 

regenerative capacity according to stoichiometry, oxygen was a 

better regenerating gas than CO2. By regenerating the catalyst 

better, the conversion is greater, since the catalyst is more active. 

As for the selectivity, it was also higher for the case of O2. 
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Figure 4: Influence of the oxidant type (time on stream): (A) Methane 

conversion, (B) selectivity to benzene. Operating conditions: Wcat = 12 g, 

CH4:O2:N2 = 70:2:28 and CH4:CO2:N2 = 70:4:26, urlowerzone = 2.5, urupperzone = 

10.8 and T = 700°C. 

 

There are discrepancies in the literature on the effects of CO2. 

Some authors find that benzene selectivity is favored by the 

addition of CO2 [30], but others [31] observe that the selectivity 

decreases. In the case of TZFBR, the worsening could be due to 

a low conversion of CO2 in the lower zone, reaching the top of 

the two-zone reactor, where it would react with CH4 producing 

CO and H2. A similar behavior was described by Tan et al. [32] 
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in the case of a fixed bed, a fact that would explain why the 

reactor maintains a good conversion and low selectivity to 

benzene. Cook et al. [33] observed that in a fluidized bed reactor 

there was no improvement with the CO2 co-fed or even a 

detriment of performance, which is in agreement with our 

results. Whether CO comes from the coke, or from the 

aforementioned reaction is something that, a priori, cannot be 

distinguished. In order to know the CO origin, CO2 (5%) was fed 

through a bed of coked catalyst with an ur = 3.4 at reaction 

temperature (700°C). The result was that part of the CO2 did not 

react, which is indicative of the fact that the parallel reactions of 

coke gasification and methane reforming with CO2 (dry 

reforming) can occur in the TZFBR. Although molybdenum 

carbide is a catalyst for dry reforming of methane [34], we found 

that the selectivity to CO was similar when CO2 was used as 

regenerating agent (68%) and when O2 was used (62%). This 

results also indicate that the contribution of dry reforming to 

methane conversion in TZFBR was small. 

 

Effect of Feed Flow  
 

Since aromatics are secondary products, a decrease in the space 

velocity favors the reaction and the selectivity to aromatics. By 

lowering the flow we get lower space velocities. The decrease in 

flow in a fixed-bed reactor is easy, however, in a fluidized 

reactor, and more if it is a TZFBR, this variation has direct 

influence on the reduced velocity (ur). If the reduced velocity is 

<1.5, it could happen that, although the solid remains in a 

fluidized state, there is not enough exchange of solids between 

the reducing and oxidizing zones of the reactor. Taking into 

account this limitation, several tests were made at different ur, 

but always keeping the ur in the lower zone above 2. The results 

are shown in Figure 5. The increase in the space velocity 

decreased the conversion, as it is expected in any reactor. 
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Figure 5: Influence of the variation of the feed flow (time on stream time). (A) 

Methane conversion, (B) Selectivity to benzene. Operating conditions: Wcat = 

12 g, CH4:O2:N2 = 70:1.5:28.5 and T = 700°C. 

 

Taking into account that increasing the flow rate fed to the 

reactor or the percentage of CH4 in the feed have similar effects, 

the molar flow rate of methane was increased. In addition, by 

increasing the flow, the formation of larger bubbles was 

observed [35,36] and, therefore, the transfer of bubble-emulsion 

matter will be slower, resulting in lower conversions. It was 

observed that the selectivity to benzene decreased with a high 
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feed flow. An explanation for this decrease could be that the 

separation between the oxidizing zone and the reducing zone 

was lost. If the speed was too high, O2 could reach the upper 

zone, leading to the combustion of methane, which implies an 

increase in CO selectivity and a worse regeneration of the 

catalyst with the consequent decrease in conversion and also, 

since the yield to CO remains practically constant, a lower 

selectivity to benzene. 

 

Effect of the Height of the Methane Feeding Point  
 

The height of the rod (i.e., the point where methane is fed in the 

TZFBR) is the distance between the porous plate and the exit 

point of the methane through the rod. It directly influences the 

amount of catalyst remaining in the regeneration zone (between 

the plate and the end of the rod) and, by difference, defines the 

amount of catalyst remaining in the reaction zone (from the 

outlet of the rod to the top of the catalyst bed). A small 

regeneration zone favors a greater reaction zone, and therefore, a 

longer residence time in this last zone. On the other hand, a small 

regeneration zone may be insufficient to properly regenerate the 

catalyst, or the oxidant may reach the reaction zone with all the 

drawbacks that this entails (higher selectivity to CO by direct 

combustion of the reagent, low selectivity to benzene and greater 

deactivation). If, on the contrary, the rod is too high, the amount 

of catalyst in the reaction zone is little, which decreases the 

conversion and selectivity to aromatics. In addition, in that 

situation there is an excess of catalyst in the regeneration zone, 

which does not actively participate in the reaction. Figure 6 

shows the evolution of the conversion and selectivity over time 

for heights of the rod 2.6 and 5.5 cm. 
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Figure 6: Influence of the variation of the height of the rod in the TZFBR (time 

on stream): (A) Methane conversion, (B) Selectivity to benzene. Operational 

conditions: Wcat = 14.5 g, CH4:CO2:N2 = 70:1:29, urlowerzone = 2.9, urupperzone = 

5.6, and T = 700°C. 

 

In both cases, the conversion was practically the same. In 

contrast, the selectivity showed different behaviors. In the case 

where the rod was at 2.6 cm there is a greater reaction zone. This 

fact does not entail a greater conversion, as would be expected. 

For the case of the rod at 5.5 cm, it is possible that the size of the 

regeneration zone allows for the recovery of the catalyst without 

any regenerating agent reaching the reaction zone, which allows 

all the oxidant to be used in the catalyst regeneration and not in 
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the reaction with the hydrocarbons, thus improving the 

regeneration process. The existence of a reduced velocity at the 

entrance of the rod decreased the amount of C2s formed due to 

the longer residence time, which allows its conversion to 

benzene. 

 

Conclusion  
 
The main operational parameters for the aromatization reaction 

with Mo/HZSM-5/bentonite catalyst in a TZFBR have been 

studied. So, the optimal parameters for the catalyst reduction 

with H2 before methane aromatization were: reduction at 350°C 

and a period of carburization of 60 min. These conditions for the 

reduction and carburization steps allow for good conversions and 

selectivity, without a great deactivation by formation of coke in 

the reactor. On the other hand, the best conversion and 

selectivity to aromatic products without deactivation of the 

catalyst were achieved at 700°C. 

 

The effect of the oxidizing agent varied depending on the species 

employed. O2 reacted quickly with the catalyst coke producing 

CO. If O2 is in excess, it forms CO2 or can remove the carbides. 

This reactivity prevents it from reaching the reaction zone, which 

makes it a good regenerating gas. CO2 reaches the reaction zone, 

something that was checked by passing CO2 through a coked bed 

and checking its existence in the exhaust gases. If the CO2 in 

excess reaches the reaction zone, it can inhibit the reaction. 

However, CO2 is not able to eliminate carbides, so it might be of 

interest if the amount of coke to be eliminated in the 

regeneration zone was small. The effect of changing the space 

velocity has also been studied. Increasing the flow rate leads to 

lower conversions and unstable behavior. It has also been 

observed that very high velocities can result in the oxidant 

reaching the reaction zone. The height of the rod mainly 

influenced the methane conversion since the amounts of catalyst 

in the reaction and regeneration zones were altered. In summary, 

the most influential factor when carrying out the reaction was the 

space velocity (or the residence time), since it changes the 

conversion and the product distribution. 
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Supplementary Material 
 

Reduction temperature effect: 

 
Time 

(min) 
10 30 60 90 

12

0 

15

0 

18

0 

21

0 

24

0 

27

0 

30

0 

33

0 

36

0 

 

Conversion (%) 

 

350ºC 10 7,2 3,4 6,9 7,0 6,9 6,8 5,3 5,7 5,8 5,4 5,6 7,0 

450ºC 4,1 4,2 3,4 6,4 6,7 6,7 7,1 6,6 5,7 4,8 5,4 4,8 4,6 

 

Benzene selectivity (%) 

 

350ºC 15 34 58 24 26 24 20 24 20 15 14 11 4,6 

450ºC 47 47 54 24 21 19 17 18 17 17 10 11 10 

 

Toluene selectivity (%) 

 

350ºC 
0,3

8 1,6 2,8 

0,7

6 

0,8

1 

0,7

6 

0,5

8 

0,6

9 

0,5

6 

0,3

6 

0,3

4 

0,2

1 

0,0

6 

450ºC 
1,4 1,9 2,4 

0,8

3 

0,6

8 

0,5

9 

0,5

3 

0,5

2 

0,4

7 

0,4

6 

0,2

5 

0,2

5 

0,2

0 

 

Naphtalene selectivity (%) 

 

350ºC 
0,0 5,2 12 7,0 6,6 6,5 6,2 8,1 7,2 6,7 7,0 3,6 

0,9

9 

450ºC 3,1 4,6 10 6,8 5,5 4,3 3,8 3,9 3,3 3,9 1,5 1,5 1,3 

 

 

Ethylene selectivity (%) 

 

350ºC 1,3 5,2 12 2,7 2,6 2,4 2,3 2,7 2,5 2,3 2,1 2,0 1,1 

450ºC 3,6 9,2 13 4,4 3,6 3,6 3,1 3,4 3,6 4,0 2,8 3,7 3,9 

  

Ethane selectivity (%) 

 

350ºC 
1,4 

0,3

3 

0,1

2 

0,4

6 

0,0

0 

0,2

1 

0,1

8 

0,0

0 

0,0

0 

0,0

0 

0,1

1 

0,0

0 

0,0

8 

450ºC 
0,7

2 

0,5

0 

0,0

7 

0,3

6 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,6

2 
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Acetylene selectivity (%) 

 

350ºC 
0,0

0 

0,0

0 

0,0

0 

0,0

6 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

450ºC 
0,0

0 

0,7

4 

0,0

0 

0,0

0 

0,0

0 

0,2

7 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

0,0

0 

 

Reaction temperature effect: 

 

Time 

(min) 
10 30 

6

0 
90 

12

0 

15

0 

18

0 

21

0 

24

0 

27

0 

30

0 

33

0 

36

0 

 

Conversion (%) 

 

675 ºC 29 

9,

2 

4,

1 4,4 4,0 

3,

8 

3,

4 

3,

0 

2,

9 3,1 

3,

1 

3,

2 

2,

6 

700 ºC 16 
11 

5,

4 5,1 5,8 

5,

2 

4,

6 

4,

5 

4,

2 4,1 

4,

4 

4,

1 

4,

2 

725 ºC 26 

9,

8 

5,

3 5,4 5,5 

5,

0 

5,

1 

5,

3 

4,

9 4,5 

4,

6 

4,

4 

4,

7 

 

Benzene selectivity (%) 

 

675 ºC 

0,

1 11 

3

7 26 27 27 30 32 31 26 25 23 26 

700 ºC 15 

0,

0 

4

9 44 37 39 43 40 43 41 36 37 34 

725 ºC 

1,

9 18 

4

3 34 32 32 29 26 27 27 25 23 21 

 

Toluene selectivity (%) 

 

675 ºC 

0,

0 

0,

48 

2,

1 1,3 1,4 

1,

5 

1,

6 

1,

6 

1,

6 1,3 

1,

3 

1,

2 

1,

3 

700 ºC 

1,

5 

2,

6 

3,

8 2,9 2,3 

2,

4 

2,

6 

2,

4 

2,

7 2,5 

2,

1 

2,

2 

1,

9 

725 ºC 

0,

0 

0,

78 

2,

4 1,7 1,6 

1,

6 

1,

4 

1,

3 

1,

3 1,3 

1,

2 

1,

1 

1,

0 
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Naphtalene selectivity (%) 

 

675 ºC 

0,

0 

0,

3 

3,

4 4,2 3,0 

3,

4 

3,

6 

3,

9 

5,

4 4,4 

4,

7 

4,

6 

4,

3 

700 ºC 

0,

0 

0,

0 

1,

4 6,4 10 11 13 14 14 12 13 12 12 

725 ºC 

0,

0 

0,

0 

1,

1 8,4 8,2 

8,

4 

9,

4 

8,

4 

8,

7 11 

8,

5 

7,

8 

1,

8 

 

Ethylene selectivity (%) 

 

675 ºC 

0,

0 

1,

0 

5,

5 3,4 4,3 

4,

3 

4,

9 

5,

3 

4,

7 3,8 

4,

6 

3,

8 

4,

1 

700 ºC 

1,

1 

0,

0 

5,

2 4,0 3,7 

4,

3 

4,

2 

4,

6 

5,

0 4,6 

4,

2 

4,

4 

4,

1 

725 ºC 

0,

18 

1,

8 

5,

8 5,1 5,0 

5,

0 

5,

0 

4,

5 

4,

7 6,6 

8,

8 

8,

5 

4,

4 

  

Ethane selectivity (%) 

 

675 ºC 

0,

0 

0,

83 

1,

0 

0,8

9 

0,9

3 

1,

2 

2,

8 

0,

0 

0,

0 

0,6

7 

0,

0 

0,

0 

0,

0 

700 ºC 

0,

87 

0,

0 

3,

4 4,5 3,9 

5,

8 

2,

6 

7,

1 

6,

9 5,7 

4,

5 

4,

9 

3,

8 

725 ºC 

0,

0 

0,

0 

0,

0 

0,0 0,0 0,

0 

0,

0 

0,

0 

0,

0 

0,0 0,

0 

0,

0 

0,

0 

 

Acetylene selectivity (%) 

 

675 ºC 

0,

0 

0,

0 

0,

0 

0,0 0,0 0,

0 

0,

0 

0,

0 

0,

0 

0,0 0,

0 

0,

0 

0,

0 

700 ºC 

0,

0 

0,

0 

0,

0 

0,0 0,0 0,

0 

0,

0 

0,

0 

0,

0 0,0 

0,

0 

0,

0 

0,

0 

725 ºC 

0,

0 

0,

0 

0,

0 

0,0 0,0 0,

0 

0,

0 

0,

0 

0,

0 

0,0 0,

0 

0,

0 

0,

0 
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Period of carburization effect: 

 

Time 

(min) 
10 30 

6

0 
90 

12

0 

15

0 

18

0 

21

0 

24

0 

27

0 

30

0 

33

0 

36

0 

 

Conversion (%) 

 

10 min 
38 13 

6,

3 

5,

5 

5,

7 

5,

1 

4,

8 

4,

7 

4,

6 

4,

4 

4,

4 

4,

3 

4,

6 

30 min 
32 13 

5,

7 

5,

7 

5,

3 

5,

6 

5,

2 

5,

1 

4,

6 

4,

8 

4,

8 

4,

6 

4,

8 

60 min 
20 

9,

6 

6,

0 

6,

2 

6,

2 

5,

3 

5,

6 

5,

6 

5,

3 

5,

3 

5,

0 

5,

0 

5,

0 

 

Benzene selectivity (%) 

 

10 min 
4,

0 14 

3

1 34 31 34 35 35 35 35 34 34 31 

30 min 
3,

5 14 

3

8 37 38 35 36 35 38 36 35 35 34 

60 min 
8,

2 26 

4

7 40 38 44 40 39 41 39 41 40 40 

 

Toluene selectivity (%) 

 

10 min 
0,

16 

0,

60 

1,

5 

1,

7 

1,

7 

1,

7 

1,

9 

2,

0 

1,

9 

2,

0 

1,

9 

1,

8 

1,

8 

30 min 
0,

0 

0,

64 

1,

9 

2,

0 

2,

0 

1,

9 

2,

0 

1,

9 

2,

1 

2,

0 

2,

0 

2,

0 

1,

9 

60 min 
0,

30 

1,

3 

2,

8 

2,

2 

2,

1 

2,

4 

2,

2 

2,

2 

2,

3 

2,

2 

2,

4 

2,

3 

2,

3 

 

Naphtalene selectivity (%) 

 

10 min 
1,

2 

3,

7 

7,

9 

9,

3 

9,

0 10 11 11 11 12 12 13 12 

30 min 
0,

6 

3,

7 

9,

0 

9,

0 10 

9,

2 10 11 12 11 12 12 12 

60 min 
1,

3 

4,

6 

7,

3 

5,

0 

8,

0 10 

9,

3 

9,

3 10 10 11 11 11 
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Ethylene selectivity (%) 

 

10 min 
0,

20 

1,

0 

2,

8 

3,

6 

3,

4 

4,

0 

4,

3 

4,

6 

4,

4 

4,

6 

4,

6 

4,

4 

4,

4 

30 min 
0,

23 

1,

2 

3,

4 

4,

0 

4,

5 

3,

9 

4,

0 

5,

1 

4,

6 

5,

0 

4,

4 

4,

6 

4,

5 

60 min 
0,

52 

2,

1 

5,

2 

3,

7 

3,

7 

4,

0 

4,

0 

3,

8 

4,

2 

4,

1 

5,

3 

4,

2 

4,

4 

  

Ethane selectivity (%) 

 

10 min 
0,

25 

0,

65 

1,

2 

1,

3 

1,

5 

1,

0 

1,

3 

1,

0 

1,

2 

1,

1 

1,

1 

1,

3 

5,

2 

30 min 
0,

0 

0,

78 

1,

5 

3,

9 

1,

5 

2,

0 

1,

4 

1,

6 

0,

0 

0,

76 

0,

0 

0,

0 

0,

0 

60 min 
0,

52 

1,

2 

1,

9 

1,

1 

1,

1 

1,

2 

1,

3 

1,

1 

1,

2 

1,

0 

1,

3 

1,

1 

1,

0 

 

Acetylene selectivity (%) 

 

10 min 
0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

30 min 
0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

07 

0,

0 

0,

0 

0,

0 

60 min 
0,

0 

0,

0 

0,

0 

0,

03 

0,

14 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

19 

0,

0 

 

Oxidant effect: 

 

Time 

(min) 
10 30 

6

0 
90 

12

0 

15

0 

18

0 

21

0 

24

0 

27

0 

30

0 

33

0 

36

0 

 

Conversion (%) 

 

3% 

CO2 25 

5,

3 

2,

2 

5,

8 

5,

6 

6,

0 

6,

1 

6,

2 

4,

7 

4,

7 

5,

4 

5,

4 

4,

3 

1,5% 

O2 10 

7,

2 

3,

4 

6,

9 

7,

0 

6,

9 

6,

8 

6,

2 

5,

7 

5,

8 

5,

4 

5,

6 

7,

0 
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Benzene selectivity (%) 

 

3% 

CO2 0,0 42 

5

5 17 14 15 

9,

4 

5,

3 

2,

7 

3,

3 

1,

4 

2,

4 

2,

7 

1,5% 

O2 31 43 

5

8 26 22 21 21 19 15 11 10 10 

5,

0 

 

Toluene selectivity (%) 

 

3% 

CO2 0,0 

1,

5 

2,

6 

0,

49 

0,

39 

0,

40 

0,

34 

0,

20 

0,

13 

0,

12 

0,

07 

0,

11 

0,

12 

1,5% 

O2 1,0 

2,

0 

2,

8 

0,

85 

0,

68 

0,

59 

0,

60 

0,

52 

0,

37 

0,

23 

0,

27 

0,

27 

0,

15 

 

Naphtalene selectivity (%) 

 

3% 

CO2 0,0 

3,

8 

1

1 

4,

9 

3,

5 

3,

4 

1,

2 

0,

92 

0,

11 

0,

19 

0,

06 

0,

11 

0,

19 

1,5% 

O2 3,7 

6,

7 

1

0 

6,

0 

5,

9 

5,

8 

5,

6 

6,

7 

5,

9 

5,

5 

1,

5 

1,

5 

0,

46 

 

Ethylene selectivity (%) 

 

3% 

CO2 

0,0

91 10 

1

6 

3,

8 

3,

3 

4,

1 

4,

0 

4,

4 

2,

6 

3,

1 

2,

1 

2,

7 

4,

4 

1,5% 

O2 2,5 

7,

1 

1

5 

2,

7 

2,

1 

2,

2 

2,

2 

2,

3 

2,

1 

2,

1 

2,

1 

2,

1 

1,

7 

 Ethane selectivity (%) 

3% 

CO2 0,0 

0,

23 

0,

0 

0,

0 

0,

35 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

31 

1,

8 

0,

0 

1,5% 

O2 

0,8

8 

0,

82 

0,

0 

0,

34 

0,

48 

0,

44 

0,

23 

0,

29 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

 

Acetylene selectivity (%) 

 

3% 

CO2 

0,0 0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

1,5% 

O2 

0,0 0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 

0,

0 
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Mass flow effect (Ur): 

Time 

(min) 
10 

3

0 
60 90 120 150 180 210 240 270 

 

Conversion (%) 

 

4 6,3 

3,

0 

1,

6 5,2 5,2 5,1 4,6 4,3 4,0 4,3 

2,5 7,3 

5,

8 

2,

1 5,9 6,1 6,2 6,1 6,1 6,1 5,3 

 

Benzene selectivity (%) 

 

4 15 

4

1 56 14 17 13 11 6,5 3,8 1,3 

2,5 22 

3

7 83 23 25 22 21 17 13 12 

 

Toluene selectivity (%) 

 

4 

0,2

2 

1,

5 

2,

5 

0,3

8 

0,4

4 0,29 0,39 

0,2

1 

0,1

5 

0,0

9 

2,5 

0,4

0 

1,

5 

4,

5 

0,8

2 

0,8

5 0,77 0,69 

0,4

9 

0,3

6 

0,2

8 

 

Naphtalene selectivity (%) 

 

4 

0,8

7 

8,

8 

9,

4 2,6 3,0 2,0 1,2 

0,5

9 

0,1

5 

0,0

4 

2,5 2,6 

8,

5 19 7,5 9,0 8,0 6,5 3,6 2,5 1,5 

 

Ethylene selectivity (%) 

 

4 0,0 

0,

1 

0,

1 

0,0

4 

0,0

4 0,03 0,04 

0,0

3 

0,0

2 

0,0

2 

2,5 1,7 

5,

5 16 3,3 3,1 3,1 3,1 2,9 2,8 3,0 
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Influence of the variation of the heigh of the rod: 

 

Ethane selectivity (%) 

 

4 

0,0

5 

0,

0 

0,

0 0,0 0,0 

0,00

4 0,0 0,0 

0,0

3 

0,0

6 

2,5 1,1 

1,

2 

0,

0 

0,6

7 

0,6

8 0,64 0,66 

0,4

8 

0,6

0 1,0 

 

Acetylene selectivity (%) 

 

4 

0,0 0,

0 

0,

0 

0,0 0,0 0,0 0,0 0,0 0,0 0,0 

2,5 

0,0 0,

0 

0,

0 

0,0 0,0 0,0 0,0 0,0 0,0 

0,0 

Time 

(min) 
10 30 60 90 120 150 180 210 240 270 

 

Conversion (%) 

 

2,6 cm 17 10 

7,

1 6,5 5,1 5,0 4,4 4,4 4,3 3,9 

5,5 cm 15 9,9 

7,

7 6,1 5,3 5,4 5,8 3,0 3,8 3,9 

 

Benzene selectivity (%) 

 

2,6 cm 15 36 44 41 46 41 39 39 33 33 

5,5 cm 21 32 39 49 47 45 40 66 49 42 

 

Toluene selectivity (%) 

 

2,6 cm 

0,3

7 1,6 

2,

3 2,2 2,5 2,2 2,0 2,1 1,7 1,8 

5,5 cm 

0,6

9 1,4 

1,

8 2,3 2,3 2,2 2,0 3,3 2,4 2,1 
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Naphtalene selectivity (%) 

 

2,6 cm 3,2 5,8 

8,

1 8,6 11 11 13 13 13 14 

5,5 cm 3,1 4,8 

5,

9 7,5 9,3 8,8 8,0 15 12 12 

 

Ethylene selectivity (%) 

 

2,6 cm 1,7 4,8 10 11 14 12 15 15 14 12 

5,5 cm 1,5 4,1 

6,

3 8,8 9,2 9,2 8,5 16 11 11 

  

Ethane selectivity (%) 

 

2,6 cm 

0,9

2 2,1 

1,

0 1,6 1,0 0,8 1,0 1,3 0,7 0,0 

5,5 cm 

0,7

6 

0,8

0 

0,

90 1,1 

0,9

1 0,72 0,00 2,0 

0,0

4 

0,5

4 

 

Acetylene selectivity (%) 

 

2,6 cm 0,0 0,0 

0,

12 0,0 0,0 0,0 0,41 0,0 

0,5

8 0,0 

5,5 cm 0,0 0,0 

0,

0 0,0 0,0 0,23 0,0 0,0 0,0 0,0 
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Abstract  
 

The aim of this work was to explore the effects of variables on 

the heat of regeneration, the stripping efficiency, the stripping 

rate, the steam generation rate, and the stripping factor. The 

Taguchi method was used for the experimental design. The 

process variables were the CO2 loading (A), the reboiler 

temperature (B), the solvent flow rate (C), and the concentration 

of the solvent (monoethanolamine (MEA) + 2-amino-2-methyl-

1-propanol (AMP)) (D), which each had three levels. The 

stripping efficiency (E), stripping rate ( ̇   ), stripping factor 

(β), and heat of regeneration (Q) were determined by the mass 

and energy balances under a steady-state condition. Using 

signal/noise (S/N) analysis, the sequence of importance of the 

parameters and the optimum conditions were obtained, and the 

optimum operating conditions were further validated. The results 

showed that E was in the range of 20.98%–55.69%;  ̇    was in 

the range of 5.57 × 10−5–4.03 × 10−4 kg/s, and Q was in the 

range of 5.52–18.94 GJ/t. In addition, the S/N ratio analysis 

showed that the parameter sequence of importance as a whole 

was A > B > D > C, while the optimum conditions were 

A3B3C1D1, A3B3C3D2, and A3B2C2D2, for E,  ̇   , and Q, 

respectively. Verifications were also performed and were found 

to satisfy the optimum conditions. Finally, the correlation 

equations that were obtained were discussed and an operating 

policy was discovered. 

 

Keywords  
 

Heat of Regeneration; Stripping Rate; Stripping Factor; Mixed 

Solvent; Taguchi Method 
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Abbreviation  
 

AMP-2-amino-2-methyl-1-propanol; AMPD-2-amino-2-methyl-

propane-1,3-diol; DETA- Diethylenetriamine; MEA- 

Monoethanolamine; PZ- Piperazine; PZEA-(Piperazinyl-1)-2-

ethylamine; SG- Sodium glycinate; S/N- Signal/Noise; TETA- 

Triethylenetetramine 

 

Introduction  
 

In order to reduce CO2 gas emissions, many solutions have been 

proposed for several significant industries, such as coal-fired 

power plants, petroleum industries, steel industries, and cement 

industries. In this regard, a number of technologies have been 

applied, such as post-combustion, pre-combustion, oxyfuel 

combustion, and chemical looping. Among these technologies, 

an absorption-desorption process for post-combustion has been 

widely used [1]. A number of solvents have been adopted for the 

capture of CO2 [2–4]. In these solvents, amines are most 

extensively used in chemical absorption to capture CO2 [5–7]. 

As the chemical structure of an amine has at least one OH and 

amine group, the OH group can reduce the vapor pressure of the 

amine, and because an amine has alkaline properties, it can 

absorb acidic gases. Among the various amines, 

monoethanolamine (MEA) is used most extensively, because of 

its high solution absorbability, high alkalinity, high reaction rate, 

regenerability, and low cost. However, some drawbacks have 

been observed, such as high solvent regeneration energy, 

corrosion, and degradation. 

 

Capturing CO2 increases the cost of electricity production by 

70%, while the energy required for the regeneration process is 

estimated to be in the range of 15%–30% of a power plant’s 

output [8,9]. Therefore, effectively reducing the cost of electric 

power has become the key to the success or failure of carbon 

capture and sequestration (CCS). Achieving minimum heat for 

regeneration has become a significant challenge, especially for 

the improvement of the stripper structure, the discovery of new 

solvents, and improvements in operating conditions [10–20]. In 

the stripping process, rich solvents are heated in the stripper to 
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allow for the release of CO2 from the scrubbed solutions. The 

stripping vapor, involving water vapor, CO2, and small amounts 

of solvents, is regenerated in the reboiler, and rises from the 

reboiler through the column to the top of the stripper. The 

stripping vapor counter-current contacts a rich-loading feed 

stream, which absorbs energy from the stripping steam for CO2 

desorption. The remaining vapor is condensed at the top of the 

column in the overhead condenser. The vapor and liquid contact 

system are shown in Figure 1, indicating that the system is 

complex.  

 

The heat of the solvent regeneration in the stripper of the CO2 

capture process can be described as follows [13,21]: 

 

vapabssen QQQQ   (1) 

  

where Qsen is the sensitive heat, Qvap is the heat of evaporation, 

and Qabs is the heat of absorption. In general, the three terms are 

evaluated separately when the relevant thermodynamic data are 

available. 

 

 
 

Figure 1: Vapor and liquid contact in the stripper. 

 

The cost of regeneration is influenced by the adopted solvent, the 

stripping equipment structure, the operating temperature, and the 

steam cost [8,9,22,23]. In order to minimize the heat of 

regeneration, many studies have focused on more efficient 
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solvents that show a lower heat of absorption [14,24,25]. These 

studies showed that blended solvents have been widely studied 

in the capture of CO2 gas [6,7,10], while new solvents have also 

been actively tested [11,14,20,26]. As a result, many scholars 

have studied blended amines and effective solvents, with the 

goal of improving regeneration energy [14–20]. Choi et al. [6] 

found that MEA + 2-amino-2-methyl-1-propanol (AMP) has a 

relatively high economic benefit. Some studies have indicated 

that if the gas stripping column uses a split-flow, the energy 

saved could be at least 20%. The effect of the stripper 

configuration on the heat duty was also reported by Rochelle 

[23], who found that the reduction in energy requirement was 

5%–20%. Additionally, rich loading and lean loading each have 

a relative effect on heat duty. The findings showed that heat duty 

in regeneration is relatively higher when rich loading is low, 

whereas, a lean loading of 0.1–0.2 has a minimum heat duty 

[21]. Li and Keener [1] reported that many studies focus on 

reducing sensible heat and the heat of evaporation. In order to 

understand the contribution of individual heat duties, an 

investigation of the heat mechanism of regeneration energy can 

also be explored if the thermodynamic data are available. Table 

1 shows the heat of regeneration data under various conditions. 

The reported levels for the heat of regeneration are in the range 

of 2.1–11.25 GJ/t, depending on the operating system. However, 

there are no available empirical equations that could be used to 

predict the heat of regeneration at the given conditions. 

 

In some processes, the focus on the development of blended 

amines and new solvents for obtaining a low heat of absorption 

could be misleading, because the focus on solvents with a low 

heat of absorption is not reasonable without considering the 

overall process, as pointed out by Oexmann and Kather [21]. 

They found that at a low heat of absorption, the heat of the 

solvent regeneration at a low pressure leads to an increase in 

power for compression, as well as a lower quality steam. On the 

other hand, at a high heat of absorption, solvents show an 

increase in stripper operating pressure, and a reboiler 

temperature that leads to less water vapor at the stripper head. 

Thus, less heat must be provided in the reboiler. They also stated 

that in the evaluation of a solvent, it is necessary to consider the 
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interdependence of the three terms that contribute to the heat of 

regeneration and their connection to the process parameters. This 

could be accomplished by balancing the materials and energy in 

the stripper. However, the regeneration energies are related to 

the type of solvent, reboiler temperature, solvent flow rate, 

loading, and structure of the stripper. Therefore, understanding 

the parameter significance and optimization conditions in order 

to reduce regeneration energy needs was required. This could be 

done by using the Taguchi experimental design [4,5]. 

 

In this work, the process variables included the concentration of 

the solvents, the flow rate, the CO2-loading, and the reboiler 

temperature. In order to better understand the effects of the 

process variables on the outcome data, a framework was 

designed. The stripping efficiency, heat of regeneration, 

stripping rate, and steam generation rate were calculated using 

materials and an energy balance model created with the aid of 

thermal data [2,15]. Finally, the data were used to make a 

regression to obtain empirical equations, which were then 

discussed further. 
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Table 1: Heats of regenerations and operating conditions at various systems. AMP—2-amino-2-methyl-1-propanol; 

SG—sodium glycinate; MEA—monoethanolamine.; AMPD—2-amino-2-methyl-propane-1,3-diol; DETA—

Diethylenetriamine; PZ—Piperazine; PZEA—(Piperazinyl-1)-2-ethylamine; TETA—Triethylenetetramine 

 
Solvents Conditions Heat of Regeneration (GJ/t-CO2) References 

SG Loading = 0.11–0.52 

T = 100–120 °C 

3–6 M SG  

3.68–10.75 [4] 

AMP + PZ Loading = 0.46  

L/G = 2.9 

18 wt. % AMP + 17.5 wt. % PZ 

3.4–4.4 [7] 

DETA Loading = 1.2–1.4 

Solvent flow rate = 3–12 m3/m2-h 

2–3 M DETA 

2.61–4.96 [13] 

ACOR100 

(MEA + TETA + 

AMPD + PZEA) 

Solvent flow rate = 0.4–0.8 L/min 

Partial pressure of CO2 = 54 mbar 

2.7–3.9 [24] 

KoSol-4 Loading = 0.8 

L/G = 1.4–3.1 kg/Sm3 

P = 0.35–0.8 kg/cm2 

3.0–4.1 [14] 

SG Loading = 0.13–0.50 

15–40 wt. % 

L/G = 2–10 L/m3 

5.3–8.5 [26] 

AMP Loading = 0.55 

30 wt. % AMP 

2.1 [27] 

MEA Loading = 0.25–0.49 

30 wt. % MEA 

3.3–6.4 [28] 

PZ Loading 0.4 

T=120-150 °C 

2.93–3.43 [29] 

Ammonia Loading = 0.0525–0.01236 

7%–14% Ammonia 

11.25 [30] 

MEA 

MEA + ionic liquid + water 

30 wt. % MEA 

30 wt. % + 40 wt. % + 30 wt. % 

T = 103 °C 

Simulation 

8.19 

5.14 

[31] 

SG 

MEA 

30 wt. % 

T = 40–120 °C 

Thermodynamic calculation 

5.7 

4.7 

[32] 

MEA+AMP MEA:AMP = 2:1/1:1/1:2 

T = 103–110 °C 

2.5–5.0 [10] 
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Experimental Features  
Experimental Design  
 

The experimental design had four parameters, namely: the 

concentration of blended amine (MEA + AMP), the feed rate, the 

CO2 loading, and the reboiler temperature. Each parameter had 

three levels. Originally, MEA and AMP (30 wt.% AMP in total 

amine) were mixed together; then, the blended amines were 

poured into a known amount water to prepare the desired amine 

concentrations. Theoretically, 3
4
 or 81 experiments were 

therefore needed. Using the Taguchi experimental design, the 

orthogonal array L9(3
4
) showed nine experiments, thereby 

reducing the number of experiments needed and the research 

cost by over 80% [4,5]. The blended amine concentrations were 

4 kmol/m
3
, 5 kmol/m

3
, and 6 kmol/m

3
; the feed rates were 3 × 

10
−4

, 6 × 10
−4

, and 9 × 10
−4

 m
3
/s; the CO2 loadings were 0.3, 0.4, 

and 0.5 kmol-CO2/kmol-amine; and the reboiler temperatures 

were 100, 110, and 120 °C, respectively. The MEA/AMP weight 

fraction ratios obtained in here were 0.1908/0.0818, 

0.2388/0.1023, and 0.2869/0.1229 for 4 kmol/m
3
, 5 kmol/m

3
, 

and 6 kmol/m
3
, respectively. Table 2 shows the factors and 

levels in this work, while Table 3 presents the combination of 

experiments in the orthogonal array. The rich loading for the 

feed solution was obtained by early experimental preparation. 

Figure 2 illustrates the framework of the research project. The 

steps involved the input variables, the Taguchi experimental 

design, outcome data, data analysis, and verification. 

Once the measured data were obtained, the experimental data 

could be evaluated, and the optimum condition and importance 

of the parameters could be determined with a signal/noise (S/N) 

ratio using the Taguchi analysis. The S/N ratio is calculated as 

follows: 

2

1

1
( ) 10 log( )         (smaller is better)                      (1)

n

SB i

i

S
z

N n


   

2
1

1 1
( ) 10 log( )         (larger is better)                        (2)

n

LB

ii

S

N n z

   
 

 

(2) 

where, n is the amount of data, i is the amount of ith data, and zi 

is the experimental data, as determined in this work. 
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Table 2: Factors and levels used in this study. 

 
Factor 1 2 3 

CO2-loading(A) 

mol-CO2/mol-amine 

0.3 0.4 0.5 

Reboiler temperature(B)/°C 100 110 120 

Feed rate(C)/m3/s 3(10−4) 6(10−4) 9(10−4) 

 Concentration of solvent 

(D)/kmol/m3 
4 5 6 

 
Table 3: Orthogonal arrays for experimental design. 

 
No. A 

(kmol-CO2/kmol-amine) 

B 

(°C) 

C 

(m3/s) 

D 

(kmol/m3) 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

 
 

Figure 2: A framework between the parameters and outcome data. 

 

Experimental Device and Operating Procedure  
 

The stripping system is shown in Figure 3. It included a packed 

column, a reboiler, a condenser, a heat exchanger, and a heating 

system. The diameter of the column was 50 mm. It was filled 

with an 8 × 8 mm θ-ring. The height of the packed column was 

800 mm, and the height of the condenser was 500 mm. In 
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addition, a reboiler (12 L in volume) was heated by silicone oil 

using heating tubes. In order to adjust the pressure in the column, 

a pressure back valve was adopted as a suitable value at the top 

and bottom of the column, as shown. 

 

In order to effectively explore the effect of the process variables 

on the performance of a stripper, a continuous process was 

adopted. First, the temperature indicators, cooling water 

circulator, and oil-bath power supply were switched on and 

adjusted to a preset temperature. Second, the prepared rich 

loading solution was poured into the reboiler until it flooded. 

When the oil-bath temperature reached the set temperature, the 

oil-bath pump power supply was turned on and an oil-bath inlet 

valve was used to adjust the flow. Third, the inlet temperature of 

the cooling water was set to the desired condition. Then, the 

reboiler was regulated to the desired experimental temperature. 

The experiment began when the temperature of the cooling water 

and that of the reboiler vapor temperatures reached the set 

temperatures. The rich loading in the storage tank flowed 

through a heat exchanger and into a packed bed, and contacted 

the vapor rising from the bottom of the column. The lean loading 

was withdrawn at the bottom of the reboiler and went through 

the heat exchanger, releasing the heat to the rich loading as the 

input solvent. The lean loading was withdrawn every 30 minutes 

for sample examination using a TOC (Total Organic Carbon) 

meter (Tekmar-Dohrmann Phoenix 800). The measurement 

procedure was performed according to the operation manual 

provided by Tekmar-Dohrmann Co. However, we need to 

prepare standard solutions (KHP and Na2CO3) before 

measurement. The analyzer needs to be calibrated every two-

weeks. At this time, it requires being replaced with ultra-pure 

water. In addition, two antioxidant solutions also need to be 

replaced every month. One is a 20 wt.% H2PO4 solution and the 

other is one liter of 5 wt.% of H2PO4 solution dissolved with 10 

g of Na2S2O8 solids. In addition, the flow meter was calibrated 

using a measuring cylinder; then, it had a micro adjustment to a 

desired value. During the experiment, all of the temperature 

points indicated in Figure 3 had to be recorded, including the bed 

temperature (T01-T05). A combination of Taguchi experimental 
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designs was used to effectively explore the effect of multiple 

variables on the outcome data. 

 

 
 
Figure 3: A stripping process used for both modes in this work. 

 
T1: Inlet temperature 

of rich loading  

T7: Reboiler 

temperature  

T12: Steam 

temperature  

T2: Temperature at 

outlet of heat 

exchanger 

T8: Inlet temperature 

of rich loading 

Twi: Inlet temperature of 

cooling water 

T4: Out temperature at 

the top of cooler 

T9: Oil temperature at 

the inlet of reboiler 

(Tin) 

Two: Outlet temperature 

of cooling water 

T5: Temperature of 

bed 

T10: Oil temperature at 

the outlet of 

reboiler (Tout) 

P1: Pressure valve at 

the top of tower 

T6: Liquid temperature 

at the inlet of heat 

exchanger 

T11: Outlet temperature 

the reboiler  

P2: Pressure valve at 

the bottom of tower 

 

Determination of Experimental Data  
 

In order to obtain the experimental data, it was necessary to 

determine the materials and energy balances in the stripper, as 

shown in Figure 4. The data involving the stripping efficiency, 

stripping rate, heat of regeneration, and steam generation rate 

were calculated separately. 
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Figure 4: Materials and energy balances for the stripper. 

 

Stripping Efficiency  

 

The stripping efficiency is defined as the following: 

%100
0

0 






E  (3) 

where α0 (mol-CO2/mol-solvent) and α (mol-CO2/mol-solvent) 

are the rich loading and lean loading, respectively. 

 

Stripping Rate of CO2  

 

The stripping rate of CO2 is defined as follows: 

 

2 2CO 0 CO( )Am n α α M   (4) 

  

where  (mol/s) is the molar rate of the solvent, and 
2COM  is 

the molecular weight of carbon dioxide. 

 

Enthalpy Balance for Heat of Regeneration  

 

From Figure 4, this procedure can be divided into three 

subsystems (i.e., A, B, and C), as indicated in the figure. Herein, 

An
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an enthalpy balance can be made at the steady state for the three 

subsystems, as shown below: 

Subsystem A: 

 

0
201112  COwowicol HHHHHHH   (5) 

 

Subsystem B: 

 

012701  Routin HHHHHH   (6) 

 

Subsystem C: 

 

01216  hHHHHH    (7) 

  

From the three equations above, and assuming 
76 HH   , it can 

be rewritten as the following equations: 

 

)()( 122 wiwolossrebCO HHHHHHH      (8) 

where 

)()( , outinoilpoiloutinreb TTCmHHH    (9) 

and 

hcolRloss HHHH    (10) 

and 

)( 1212 TTCmHH pAA    (11) 

And 

 

)( wiwopwwwiwo TTCmHH  
 

 
(12) 

As QmH COCO 22
  , Equation (8) becomes the following: 

 

2

)()( 12

CO

wiwolossreb

m

HHHHHH
Q



 
  (13) 

where,  is the mass flow rate of oil,  is the mean heat 

capacity of oil, and Tin and Tout are the input and output 

oilm
oilpC ,
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temperatures of the oil, respectively. In addition,  is the 

heat loss, including  in the column, hH  in the heat 

exchanger, and  in the reboiler. Therefore, the heat losses 

, , and hH , which can easily be calculated separately, 

can be evaluated from the sensitive heat, while the heat transfer 

coefficient can be estimated by free convection [33]. Equation 

(13) states that the heat of regeneration can be determined when 

the enthalpy of the reboiler, the enthalpy of the heat loss, the 

enthalpy change between the inlet and outlet in the whole 

system, and the enthalpy change of the cooler are given. 

 

Steam Flow Rate  

 

In order to determine the bulk steam flow rate, materials and 

energy balances are required when the temperature of the 

stripper is fixed (Figure 4). Considering Subsystem B, the 

enthalpy balance at a steady state becomes the following: 

 

Routin HHHHHH   70112
 

(14) 

 

 

Equation (14) can be integrated into the following equation: 

 

vap

RPAAoilPoil

s
H

HTTCmTTCm
m









)()( 017109,
 

(15) 

 

 

From the measured data and thermodynamic data [34], the steam 

flow rate can be evaluated. 

 

Results and Discussion  
Steady State Operation  
 

The change in temperature at individual points, as indicated in 

Figure 3, was observed and recorded during the operation. 

Several important points, such as T1, T2, T6, T7, and T12, were 

recorded for No. 1, as shown in Figure 5. It was found that the 

temperatures remained constant when the operating time was 

lossH

colH

RH

colH
RH
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greater than 80 min. In addition, the distribution of the lean 

loading was found, as shown in Figure 6, which also remained 

constant after 80 min, which was coincident with Figure 5. In 

addition, the temperature distribution in the packed bed was 

recorded, as shown in Figure 7. The distributions approached a 

steady-state operation after 80 min, except for T05, as it was 

near the location of the solvent input and was prone to 

perturbation during operation. On the other hand, the effect of 

the solvent input on other points (T01 to T04) were weak, 

because they are far from the solvent input. Because of this, it 

could be said that the system changed to a steady state operation 

after 80 min. Under a steady state condition, the outcome data 

could be evaluated using Equations (3), (4), (13), and (15), as 

shown in Table 4, for the Taguchi experiments (No. 1–No. 9). In 

addition, the verification data of the optimum conditions are 

listed in this table, including No. 10, 11, and 12, which were 

discussed further. It was found that the data ranges for the 

Taguchi experiments were 20.96%–55.69%, 5.57 × 10
−5

–4.03 × 

10
−4

 kg/s, 5.52–18.94 GJ/t, 0.0580–0.203 kg-CO2/kg-steam, and 

8.38 × 10
−4

–30.63 × 10
−4

 kg/s for E,  ̇   , Q, β, and ṁs, 

respectively. Except for No. 1 and 3, the values of Q fell 

between the data (2.1–11.5 GJ/t), as presented in Table 1. 

However, some data, such as that of no. 11 and 12, were 

comparable with the data [7,14,24,29] listed in Table 1 for the 

systems of MEA, ACOR100, Kosol-4, and AMP + PZ. 

However, the heat of the generation data shown here was higher 

than that reported by Aroonwilas and Veawab [10]. A possible 

reason was the difference in heating systems; the former was an 

oil bath system and the latter was a steam heating system. This 

could be seen in Equations (9) and (13). In order to reduce the 

heat of regeneration, it was necessary to choose a lower heat 

capacity oil that could reduce the  ̇    , as shown in Equation 

(13). 
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Figure 5: Variations of temperature during operation. 

 

 
 

Figure 6: A plot of lean loading versus time. 
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Figure 7: Various temperature distributions in the packed bed. 
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Table 4: Measured data obtained in this work. 

 

No.  𝜶𝟎 

(
𝐤𝐦𝐨𝐥 − 𝐂𝐎𝟐

𝐤𝐦𝐨𝐥 − 𝐚𝐦𝐢𝐧𝐞
) 

𝜶 

(
𝐤𝐦𝐨𝐥 − 𝐂𝐎𝟐

𝐤𝐦𝐨𝐥 − 𝐚𝐦𝐢𝐧𝐞
) 

tR 

(°C) 

CA 

(kmol/m
3
) 

QA (10
4
) 

(m
3
/s) 

Q 

(GJ/t) 

�̇�𝑪𝑶𝟐 

(10
−5 

kg/s) 

�̇�𝒔 

(10
−4 

kg/s) 

𝜷 

(
𝐤𝐠 − 𝐂𝐎𝟐

𝐤𝐠 − 𝐬𝐭𝐞𝐚𝐦
) 

E 

(%) 

1   

0.31 

0.22 100 4 3 15.69 5.57 8.82 0.063 30.43 

2 0.31 0.24 110 5 6 7.29 10.04 8.38 0.120 22.45 

3 0.30 0.22 120 6 9 18.94 16.71 30.63 0.058 20.98 

4 0.41 0.30 100 6 6 10.05 16.71 12.34 0.144 23.64 

5 0.41 0.25 110 4 9 7.52 28.91 14.52 0.199 40.79 

6 0.39 0.13 120 5 3 6.75 15.77 9.06 0.174 54.78 

7 0.51 0.34 100 5 9 7.69 40.26 20.67 0.195 35.73 

8 0.50 0.25 110 6 3 7.08 21.59 10.62 0.203 49.63 

9 0.49 0.18 120 4 6 5.52 32.04 17.21 0.186 55.70 

10 0.55 0.21 120 4 3 6.89 17.41 7.10 0.245 58.18 

11 0.47 0.26 120 5 9 3.97 46.15 19.24 0.236 44.54 

12 0.52 0.31 110 5 6 4.44 29.61 13.14 0.225 39.20 
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Taguchi Analysis  
S/N Ratio for E  

 

The stripping efficiency for the nine data points was analyzed 

according to the S/N ratio, and the results are shown in Table 5. 

The parameters, in order of importance, were A > D > C > B, 

while the optimum condition was A3B3C1D1. Similarly, the 

same analysis for  ̇    and Q were obtained and are listed in 

Table 6. It was found that the effects of parameters A and D 

were significant, while those of B and C were minor. The 

verification of the optimum conditions for the three runs could 

thus be carried out further. 
 

Table 5: Signal to noise (S/N) ratio analysis, as indicated in Equation (2), 

for efficiency (E). 

 
Level A B C D 

1 27.71 29.40 32.78 32.26 

2 31.49 31.05 29.80 30.95 

3 33.30 32.04 29.90 29.27 

Delta 5.59 2.64 2.98 2.99 

Rank 1 4 3 2 

 
Table 6: S/N ratio analysis to obtain optimum condition and parameter 

significance. 

 
S/N Optimum 

condition 

Parameter 

importance 

E (Equation (2)) A3B3C1D1 A > D > C > B 

 ̇CO  (Equation (2)) A3B3C3D2 A > C > B > D 

Q (Equation (1)) A3B2C2D2 A > D > B > C 

 

Confirmation of the Optimum Conditions  

 

The procedure of confirmation was similar to that reported in 

Section 2.2. The results of the confirmation tests for the three 

optimum conditions are listed in Table 7. The words printed in 

red are the optimum values obtained here compared with the 

Taguchi experimental values, as shown in Table 4. The results 

indicated that the Taguchi experimental design for this study was 

reliable. In order to verify the optimum data, the Taguchi data 

together with the three optimum sets of data were all adopted for 

regression. 
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Table 7: Confirmation of optimum conditions. 

 
No Optimum 

Condition 

E 

(%) 

�̇�𝑪𝑶𝟐
 (×105) 

(𝐤 𝐠 𝐬⁄ ) 

Q 
(𝐆 𝐉 𝐭⁄ ) 

No. 10 A3B3C1D1 (58.18) 17.41 6.89 

No. 11 A3B3C3D2 44.54 (46.15) 3.97 

No. 12 A3B2C2D2 39.20 29.61 (4.44) 

 

Empirical Equations  
 

In order to obtain the empirical equations for E,  ̇   , Q, and ṁs, 

the experimental data were correlated with suitable parameters, 

that is, ),,,( 0 AAR QCtf  . For example, the stripping 

efficiency was correlated with the CO2 loading, the reboiler 

temperature, the solvent concentration, and the flow rate. A total 

of twelve data sets (listed in Table 3) were used, and the results 

are as follows: 

 

33.0339.1368.0

0

5 )]/([)]/([)
)(

14.3702
exp(1094.1  smQmkmolC

KT
E AA

R

  
(16) 

  

The root means relative error, based on the measured values for 

Equation (16), was 4.97%. However, the R
2
 obtained in here was 

0.72. Figure 8 shows the confidence of the regression. It was 

found that most data, including the data for the optimum 

condition, were within a ±20% margin of error, showing that the 

regression was good. From Arrhenius’ law, the temperature 

dependence of the correlation, such as Equation (16), was 

determined by the activation energy and temperature level of the 

correlation, as shown in this equation [35]. The activation energy 

obtained was found to be 30.78kJ/mol. The same regression 

procedure was performed in the others’ correlation equations. 

The results for the stripping rate, steam flow rate, and heat of 

regeneration are shown below: 

 

68.0323.0303.2

0

7 )]/([)]/([)
)(

05.1542
exp(1008.2

2
smQmkmolC

KT
m AA

R

CO

 
                     

(17)  

78.0319.03097.0

0

8 )]/([)]/([)
)(

14.2985
exp(1044.1 smQmkmolC

KT
m AA

R

s


   

(18) 
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and 
011.0335.030083.045.1

0 )]/([)]/([)
)(

75.895
exp(10.0  smQmkmolC

KT
Q AA

R


 

(19) 

 

 

 
. 
Figure 8: A plot of Ecal versus Emea, showing the data distribution. 

 

It was found that most data, including the data for the optimum 

conditions, were within a ±20% margin of error for the stripping 

rate, steam flow rate, and heat of regeneration, as shown in 

Figures 9–11, showing that the regressions were good. However, 

Figure 11 shows that some data were scattered beyond the 

±   % margin of error. The regression errors for the four 

correlations are listed in Table 8, and were in the range of 4.79–

7.91. The activation energy for the four equations is also listed in 

this table, in which the range was −7.45–30.78 kJ/mol. The 

negative value for Q means that Q decreased with the increase in 

T. Correlations with high activation energies are temperature-

sensitive; correlations with low activation energies are very 

temperature-insensitive [35]. Therefore, E was more 

temperature-sensitive compared with other outcome data. In 

addition, the exponents of each of the equation is also listed in 

this table for comparison. The results showed that the effect of α0 
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on 
2COm  was obvious as compared with others, while the effect 

of CA on E was the most significant. Finally, the effect of QA on 

sm  was more significant, compared with the others’ 

correlations. In addition, the exponents and activation energy for 

E and Q were in contract. They need to be discussed in later 

works. 

 

 
 

 
Figure 9: A plot of the calculated stripping rate versus the measured 

stripping rate. 
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Figure 10: A plot of calculated steam generation rate versus measured 

values. 

 

 
 

Figure 11: A plot of calculated and measured data for Q, showing 

regression error. 
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Table 8: The root mean relative error, activation energy, and exponent 

for Equations (16)–(19). 

 
Outcome 

data 

Root mean 

relative error 

(%) 

Activation 

energy 

(kJ/mol) 

Exponent for each 

equation 

α0 CA QA 

Equation 16 

(E) 

4.97 (R2 = 

0.72) 

30.78 0.68 −1.39 −0.33 

Equation 17 

(
2COm ) 

7.00 (R2 = 

0.92) 

12.82 2.03 −0.23 0.68 

Equation 18 

( sm ) 

5.71 (R2 = 

0.71) 

24.81 −0.097 0.19 0.78 

Equation 19 

(Q) 

7.91 (R2 = 

0.56) 

−7.45 −1.45 0.35 −0.011 

 

Heat of Regeneration and Stripping Factor  
 

Alternatively, the heat of regeneration was used to correlate to 

the stripping factor, which was defined as the ratio of the 

stripping rate to the steam flow rate, that is, sCO mm  /
2

 . 

Here, the β value can act as the performance indicator of the 

stripper. The higher the β value, the better the stripper. Thus, the 

regression result became the following: 

 
84.062.1  Q  (20) 

  

The R-square value was 0.8036. Figure 12 shows a plot of Q 

versus β. It was found that the trend of the Q value decreased 

with the increase in β, which could be calculated using Equations 

(17) and (18) when α, QA, CA, and TR were given. The increase 

in β indicated that, with the same amount of steam, more CO2 

could be desorbed. 
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Figure 12. A plot of Q against β, showing the effect of the stripping 

factor on the heat of regeneration. 

 

Policy in Operation  
 

Figure 13 is a plot of E versus Q. The plot shows that the trend 

of E decreased with the increase in Q. Therefore, if Q was set to 

3, the corresponding stripping efficiency would be about 80%. 

From Equation (16), it was found that α0 and tR needed to be 

higher, while CA and QA needed to be lower. On the other hand, 

when ignoring the effects of the lean CO2 loading and liquid 

flow rate shown in Equation (19) for Q, it was found that α0 and 

tR needed to be higher, while CA needed to be lower. The trend 

was similar to that obtained from Equation (16) for E. Because 

of these findings, α0 and tR needed to be controlled at higher 

values, while lower values for CA and QA required reducing the Q 

value and increasing the E value. 
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. 

 
Figure 13: A plot of E versus Q showing the variation of E with Q. 

 

Conclusions  
 

This study successfully used a continuous packed-bed stripper 

with an MEA + AMP solvent containing CO2 for the study of the 

heat of regeneration using the Taguchi experimental design. 

Using mass and energy balances, the stripping efficiency, 

stripping rate, steam flow rate, stripping factor, and heat of 

regeneration could be determined under a steady-state condition. 

Quantitatively, the effects of the variables on E, 
2COm , β, and Q 

were explained by the empirical equations obtained in this study. 

The definition of the stripping factor (β) was used to describe the 

performance of the stripper. It was found that the heat of 

regeneration could be correlated with β. The heat of regeneration 

decreased with the increase in β, showing that more CO2 could 

be desorbed. The Taguchi S/N ratio analysis found that the 

parameter importance sequence was A > D > B > C. 

Additionally, the optimum conditions for E, 
2COm , and Q were 

all verified, thereby showing confidence in the experimental 
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design. In order to obtain a higher E and a lower Q, lower values 

of QA and CA were required, while higher values of α0 and tR 

were needed. 
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Nomenclature  
 

C kmol/m
3
 concentration 

CA kmol/m
3
 concentration of amine 

CPw kJ/kg·K hat capacity of water 

CPA kJ/kg·K hat capacity of amine 

Cp,oil kJ/kg·K hat capacity of oil 

E % stripping efficiency 

H˙R 
  

 
kJ/s reboiler heat loss  

H˙col 
  

 
kJ/s column heat loss 

H˙cold 
  

 
kJ/s heat removed by cooler 

Hh kJ/s heat exchanger heat loss 

H
vap

 kJ/kg heat of evaporation 

H˙loss 
  

 
kJ/s total heat loss 

H˙reb 
  

 
kJ/s heat flow rate in reboiler 

H˙1 
  

 
kJ/s enthalpy at inlet 

H˙2 
  

 
kJ/s enthalpy at outlet 

Habs kJ/kg heat of absorption 

m˙CO2 
  

 
kg/s stripping rate 

m˙oil 
  

 
kg/s oil flow rate 

m˙s 
  

 
kg/s steam generation rate 

m˙w 
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kg/s cooling water flow rate 

n - number of data points 

n˙A 
  

 
kmol/s amine flow rate 

Q W total heat flow 

QA m
3
/s liquid volumetric flow rate 

Qabs kW heat flow of absorption 

Qsen kW sensitive heat flow  

Qvap W heat flow of evaporation 

Tin K temperature at inlet of reboiler 

Tout K temperature at outlet of reboiler 

To1 K 
temperature at the bottom of 

column 

TR K reboiler temperature 

Ts K steam temperature 

Twi K inlet temperatureof the cooler 

Two K outlet temperatureof the cooler 

T1 K 
temperature at inlet of storage 

tank 

tR °C reboiler temperature 

zi - value of ith data 

 

Greek Letters 

α 
kmol-CO2/kmol-

amine 
rich loading 

α0 
kmol-CO2/kmol-

amine 
lean loading 

β kg-CO2/kg-steam stripping factor 
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