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Abstract  
 

In the context of the ongoing global warming, with environmental 

concerns regarding the greenhouse gas emissions due to our 

increasing energy consumption, smart energy management 

solutions have gained popularity as they have the potential to 

reduce our impact on the environment and also on our budgets. 

This paper proposes one of the most affordable designs for an 

autonomous, microcontroller-based demand-side energy 

management system to be installed in a home environment where 

it reduces the standby power consumed by the controlled devices. 

As a secondary function, it monitors and controls the lights to 

further save energy. The proposed system is designed to operate 

independently and also to limit the new wireless sources of 

electro-magnetic radiation introduced in the home environment. 

Six homes have been analyzed in terms of the measured energy 

consumption and to evaluate the energy management capabilities 

of the system, a prototype was built and tested. Promising results 

have been obtained and are detailed in the Results and 

Conclusion sections. A very low purchase price and good 

performance make this design a viable solution for intelligent 

home energy management, in today’s economic context. 
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Introduction  
 

The world population is constantly increasing, having reached 

the 7 billion inhabitants milestone in 2011. This growth is 

expected to continue with demographers estimating that the next 

milestone of 8 billion inhabitants could be reached as early as 

2023. According to data published by the World Bank, the global 

energy consumption also increased between the years 1971 and 

2014, when the World’s electricity consumption per capita rose 

2.6 times, from 1200 kWh to 3132 kWh, with the trend 

remaining ascendant. Production of electricity increased 

accordingly, keeping up with demand and so has the negative 

impact on the environment, as 89.6% of this energy production 

comes from non-renewable sources [1], mainly oil, coal and 

natural gas. Renewable energy sources such as wind and solar 

started to have a notable contribution in the energy mix only 

after the year 2000 [2], with biofuels and hydroelectric still being 

the most common sources of renewable electricity. It is expected 

that in the years to come, most of our electric energy will still be 

produced from non-renewable sources thus, harming the 

environment. This is one of the reasons why researchers look at 

ways to minimize our energy consumption as discussed in [3–5]. 

 

A human activity pattern survey conducted in the United States 

of America and in Canada found that interviewed subjects spent 

87% of their time indoors while in the European Union, 

according to a World Health Organization report, millions of 

citizens also spend 90% of their time indoors. Spending more 

time indoors also leads to increased energy consumption in 

residential buildings. It was observed that, during a one-year 

period, in the USA residential buildings accounted for 40% of 

the total energy consumption [6] while in the EU, residential 

buildings consumed 27% [7]. Analyzing further, it was 

discovered that a significant amount of the electricity consumed 
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in residential buildings was attributed to devices that were left 

plugged into the power sockets while in sleep, idle or in standby 

modes. Throughout this paper, we will refer to this wasted 

electric energy as ―standby energy‖. This is the amount of 

electricity consumed by a device that is not in use (not 

performing its main function) as it waits to be turned on or 

activated. Devices that are remote-controlled usually have 

―standby modes‖ where they are not in active use but electronic 

circuits responsible for the remote control are still consuming a 

small amount of energy. Devices such as microwave ovens or 

stereos remain in ―idle modes‖, usually with some type of 

display such as a clock still drawing energy. Computer monitors 

or printers have ―sleep modes‖ where their power adaptors 

consume a small amount of energy. In these cases, the device 

itself is not in use, yet it still consumes a small amount of 

electricity. 

 

This standby energy was measured by researchers both in the EU 

and in the USA (among other places) and several research papers 

discussed the finding. It was suggested that out of the total 

energy consumption of a home, between 5% and 30% represents 

―standby energy‖ [8–11]. This is quite a broad interval as the 

results are influenced by multiple factors such as the location of 

the residence, the time of the year when measurements were 

conducted, the number of surveyed locations or the accuracy of 

the measurement device used. The EU financed project Selina to 

assess standby energy losses in appliances and concluded that, in 

a one-year period, across the entire union approximately 43 TWh 

are wasted, equivalent to around 19 million tons of CO2 being 

released in the environment [10]. To reduce this energy wastage, 

the EU introduced requirements that new appliances should have 

lower standby energy consumption than those previously 

available on the market and for older devices already in use, 

consumers were advised [10] to unplug these when not utilized 

instead of leaving them in standby modes. While doing so would 

be efficient in saving energy, it rarely happens for two main 

reasons. Firstly, it’s impractical due to the high number of 

devices always keep plugged-in. Secondly, even though 

environmental awareness and energy conservation are very 

popular topics, in everyday life most people choose comfort and 
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security over environmental protection, as outlined by a 2017 

study [12] from Singapore. The same study suggested that in 

order to efficiently reduce energy consumption we must 

implement smart technologies, systems designed to proactively 

and autonomously take energy-saving actions. 

 

In this context, following a comprehensive literature review 

identifying current trends in this field, we designed and 

successfully tested a smart Home Energy Management System 

(HEMS) that manages the power supply to household 

appliances to reduce their standby power. The system can also 

monitor and control the lights to avoid electricity wastage due to 

user negligence, this way reducing the overall consumption. For 

reasons explained in the literature review section, we decided to 

implement a wired communication method within the home 

environment and GSM communication for long-distance 

interaction. An external memory card is used to record 

configuration and consumption data to improve the system’s 

efficiency. Using motion and light sensors the system detects 

environment changes, acting without interference to user comfort 

or lifestyle. Based on real-world measurements combined with a 

system prototype implementation, the proposed system’s 

efficiency was evaluated as we analyzed its potential impact on 

reducing energy consumption in several home environments 

over a one-year time period. 

 

This manuscript is organized into six main sections. Section 1 

introduces the reader to the general context of the World’s 

increasing energy demand and its impact on the environment. 

Section 2 presents to the reduction of energy consumption by 

implementing different HEMS solutions. Section 3 proposes the 

author’s own HEMS architecture, providing detailed diagrams 

of both hardware and software components. 

 

A system prototype was built and tested with all relevant stages 

covered by Section 4 and the system’s evaluation results are all 

discussed in Section 5. Closing the manuscript, Section 6 

presents the main findings of this study and possible further 

development directions. 
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Literature Review  
 

Studies conducted around the World prove that implementing 

HEMS is an efficient way to reduce a home’s energy 

consumption or at least to reschedule it to lower tariff intervals, 

reducing electricity bills. Focusing on power supply 

measurement and management, reference [5] noted that using a 

HEMS may achieve a potential 41–54% reduction of the standby 

energy consumed by controlled devices. Besides controlling 

appliances, the authors of [4] considered a HEMS controlling the 

lighting system as well, with a 39.97% per year reduction in 

standby energy consumption. Analyzing energy conservation in 

smart homes, the 2016 study in reference [3] compares 

electricity consumptions in the same home, with and without 

implementing a smart gateway control, results suggesting that 

smart control could reduce energy consumption by a calculated 

18.69%, based on provided values. While the objective is the 

same, achieving a reduction in energy consumption, we found 

numerous approaches to achieving it. The next paragraph will 

briefly present the most popular approaches to reducing energy 

consumption in a smart home. 

 

The electric power socket is where electric and electronic 

devices are connected to access the electricity needed to operate. 

By turning the power supply on and off we can in turn switch 

most devices on and off, exerting a simple type of control. 

This simple way to reduce the standby power of devices through 

direct human intervention is seen in consumers that are 

environmentally aware and unplug unused devices. Simple 

programmable power sockets can also be used to ensure that 

large electricity consumers (such as water heaters) only operate 

during off-peak times. More complex sockets, as discussed next, 

provide additional power measuring and communication 

capabilities. These are built around microcontrollers and use 

both wired and wireless technologies for communication. Users 

can view power consumption data and control power sockets 

from a distance. Researchers developed smart power sockets that 

operate individually while others have built-in communication 

methods, allowing for long-distance control and for setting up 

networks. Some smart sockets are connected to a control module 
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capable of synchronizing them. Other systems integrate sensors 

to record movement, temperature or light brightness in the home 

environment, to increase the system’s efficiency in reducing 

energy consumption. State-of-the-art systems often have the 

ability to manage the home’s own power production (from wind 

generators or solar panels) and schedule consumption based on 

this information or on the reduced energy tariffs in certain time 

intervals. This increases the HEMS’s efficiency but also its price. 

 

In reference [13] for example, a network of smart power outlets 

measuring the energy consumed by attached devices and sending 

it to a PC wirelessly via XBee is presented. The PC provides a 

graphical user interface (GUI) that facilitates the on/off control 

of sockets. Using both a Bluetooth beacon and Wi-Fi, the smart 

power sockets proposed by the authors of [14] allow the 

implementation of automatic control when the user leaves or 

returns. A web-based system is discussed in reference [15], the 

monitoring and control of appliances are performed through the 

power lines and data is being sent to a server linked to a web 

page user interface, allowing users to access the system via the 

internet. Taking advantage of Android’s popularity, the authors 

of *16+ suggested an Internet of Things (IoT) approach with 

smart power sockets that allow users to monitor and control the 

connected devices via a mobile App, allowing functions such as 

delayed control or power limitations. The energy management 

solution put forward in reference [17] shows a remote control 

power outlet network using both Bluetooth and Ethernet to 

communicate data and introducing GSM capabilities for long-

distance control. 

 

Without constantly relying on users to decide and in order to be 

more efficient, some smart sockets and HEMS have built-in 

functions allowing to automatically disconnect power supplies in 

certain situations. This automatic control can target either all 

connected devices or only those in standby mode. Both these 

solutions are discussed next. The smart socket system in 

reference [18] uses existing power lines to communicate between 

components, a feature seen in several reviewed systems. When a 

device connected to a smart socket goes into standby, this event 

is identified and the power supply to that device is disconnected. 
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The authors of [19] also focus on reducing the standby power of 

appliances, only they opt for wireless XBee communication 

between components. They proposed to remotely control several 

smart sockets using the infra-red remote control. A similar 

design is proposed in reference [20], integrating infra-red remote 

code learning and light control. Adding to the complexity of 

HEMS and using popular power lines communication methods, 

references [21,22] use microcontroller-based modules to 

measure energy consumption in real-time and control the power 

supply to connected appliances in order to optimize the overall 

energy consumption. The control is not limited to devices in 

standby modes and extends to all connected devices regardless 

of their state. Using wireless communication methods, the 

HEMS presented by the authors of [23] implements both GSM 

and Zigbee technologies to monitor and manage the power 

supply, taking into consideration peak demand times and 

optimizing consumption to benefit from ―off-peak‖ pricing in 

order to reduce energy costs. Another wireless communication 

approach using Wi-Fi is seen in [24], where energy consumption 

measurements are sent to a server, logged and analyzed in order 

to identify consumption patterns and further increase efficiency. 

This data is made available to users via mobile phone. In [25], 

Bluetooth low energy communication is used in conjunction with 

a fuzzy logic controller to reduce peak load demand. 

 

Energy management systems reviewed above acted on user 

commands or independently based on measured energy 

consumption. To extend functionalities and efficiency, intelligent 

power control systems can benefit from adding sensor modules 

as seen in our design and in the following. Most commonly 

added to HEMS are passive infrared motion detection sensors 

(PIR). They provide information that makes it possible to control 

devices based on the presence or absence of potential users in the 

area. The system in reference [26] pairs this type of sensor with 

RF/Zigbee wireless communication modules to transmit 

measurements to controllers and receive control instructions. The 

authors of [27] added light sensors to create an intelligent HEMS 

that can perform lighting control based on light intensity. By 

integrating light sensors, a reduction in standby energy 

consumption was noted. Additional to the previously-mentioned 
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sensors, the web-based HEMS in reference [28] incorporates 

many others, such as temperature and smoke level, measuring up 

to eight parameters. Data collection is also performed by the 

HEMS presented in reference [29], with flow, movement, lights 

and temperature measurements are taken in addition to reading 

the status of various loads around the house and combining 

human activity and load status data with user preferences and 

real-time pricing to apply machine learning and pattern 

recognition as it optimizes control. 

 

State-of-the-art HEMS are found in smart houses that have 

renewable energy generators deployed, e.g., reference [30] 

where both energy production and consumption are 

simultaneously managed in order to reduce energy bills. ZigBee-

based modules observe energy consumption and communicate to 

a home server that creates usage patterns. Weather forecast 

information is utilized to estimate energy production and 

schedule consumption in such a way as to reduce energy costs as 

much as possible. As discussed by the authors of [31,32], these 

HEMS improving energy efficiency at the consumption side by 

introducing new and better materials and methods or 

rescheduling consumption to periods with lower tariffs can be 

referred to as Demand Side Management systems. In general, 

more complex systems incorporating numerous sensors and 

functionalities are better at precisely detecting, measuring and 

predicting energy production and consumption while also 

implementing accurate and efficient scheduling and control, as 

seen in reference [33]. The tradeoffs however are the higher 

initial purchase and installation costs of these systems and the 

increased own energy consumption, as numerous components 

bring new loads to the household, this being occasionally 

overlooked when assessing the HEMS efficiency. 

 

Some HEMS are designed to only act as main control hubs for 

other appliances but rely on direct human input (through a type 

of user interface) to activate/deactivate them. This approach has 

the advantage of providing ease of control to elder users or to 

those with reduced mobility but the system itself has little to no 

ability to act autonomously thus, not being very efficient in 

reducing energy consumption. To overcome such drawbacks, our 



Advances in Energy Research: 2
nd

 Edition 

10                                                                                www.videleaf.com 

HEMS design proposes the control of power sockets in two 

ways, directly as instructed by users from a dedicated computer 

App. or automatically as instructed by the system’s control 

software. Newly developed software enables the HEMS to 

perform autonomous control based on data from sensors 

integrated into its architecture. Most reviewed systems use 

wireless communication technologies to exchange information 

between components. The main advantage of this approach is a 

quick and simple installation, but each system component that 

acts as a wireless transmitter represents a new source of EM 

radiation inside the home environment. Residents considering 

that we already have too many sources of EM radiation in our 

homes can perceive this as a health-related concern. Wired 

HEMS overcome this potential radiation issue by moving all 

communications through dedicated lines however, these systems 

are generally more expensive and difficult to install. Another 

potential disadvantage of wired systems (especially the popular 

cheap domotics using the X10 protocol) is the lack of speed as 

devices can only transmit one at a time. There is also the risk of 

interference with neighboring systems when using the power line 

communication method in places such as apartment buildings. 

Our proposed design uses dedicated communication lines, 

avoiding the potential drawbacks of systems using the power line 

communication but the higher installation costs cannot be 

avoided. 

 

Regarding long-distance HEMS interaction, internet-based 

alternatives, systems based on IoT devices or other approaches 

that rely on constant internet connection have the advantage of 

providing vast amounts of data and can benefit of cloud storage 

and computing but were avoided for security reasons, as 

internet-connected devices are more vulnerable to cyber-attacks 

and instead, our proposed design includes GSM module for 

occasional long-distance interaction and allows future extensions 

to system functions if desired. The number of components in our 

HEMS proposed design was kept minimum and those used are 

energy efficient, this way avoiding the potential drawbacks 

associated with the higher energy consumption of more complex 

designs. Our system’s own power consumption was also 

measured during the prototype evaluation in the Results section. 
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Cost related, by using the cheap open-source Arduino platform, 

the system’s components are low cost and easy to procure, an 

important advantage over other proprietary solutions. 

 

The Home Energy Management System’s 

Design  
The Hardware Architecture of This System  
 

The system we developed is best suited to be installed in small 

homes or apartments as found in many highly populated cities. 

Figure 1a shows the location of modules inside such homes. In 

this configuration, the system’s main function is controlling 

power sockets to prevent the waste of standby energy. To 

minimize losses due to user negligence, its secondary function is 

to monitor the lights and in certain situations, switch them off 

automatically. 
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Figure 1: Home energy management system. (a) The placement of system 

components in typical homes. (b) Home energy management system’s 

architecture. 

 

As a central component for our automated system, the popular 

Arduino Uno board was chosen. It is a low-cost solution 

integrating an AtMega328P microcontroller at 16 Mhz with 32 

kb flash and 2 kb dynamic memory. For interfacing sensors and 

actuators we use 14 digital and 6 analog pins. Figure 1b shows 

the pin-module association, arrows pointing towards the 

controller indicate input pins while arrows pointing away 

indicate output pins. For detecting user presence, three PIC HC-

SR501 modules are connected to digital input pins. These 

energy-efficient modules have fast 0.2s detection rates up to 7m 

away. Light intensity changes in the home are detected using 

light-dependent resistors (LDR) associated to fixed-value ones 

(10 kΩ), creating voltage dividers, as in Figure 2a. Their output 

is changing as the light intensity fluctuates, according to the 

equation: 
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Illuminating the LDR causes its resistance to decrease while 

shading it causes its resistance to increase. Knowing the voltage 

divider’s 5 V input, the minim and maxim output voltages were 

calculated using Equation (1). In absolute darkness, the LDR 

has its highest resistance causing the divider to output its lowest 

value: 
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while a fully lighted LDR will have a 0 Ω resistance causing 

the divider to output its highest value: 
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            (3) 

 

Falling between Vmin and Vmax, other output values can be 

calculated with equation no.1 (Figure 2b). 

 

 
 
Figure 2: Converting brightness fluctuations in voltage variations. (a) The 

voltage divider’s diagram; (b) voltage variation as a function of resistance. 

By connecting each voltage divider to the controller via an 

analog input pin, the received signal pass through 10-bit analog-

>digital converters, mapping the 0–5 volts to integer values/units 

between 0 (absolute darkness) and 1023 (absolute brightness) 

with a resolution of 0.0049 V/unit. These integer values are used 

by the system’s control software. As seen in Figure 3, light 

intensity variations in real-world conditions were recorded every 
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10 s for consecutive 24 h intervals and we observed that absolute 

values are not encountered, with A/D converter output between 

430–980. The natural light intensity changed by no more than 10 

units over 10 s. 

 

 
 

Figure 3: Indoor light intensity fluctuation in 24 h. 

 

Four relay modules (as seen in Figure 4) are included to allow 

the on/off control of lights and power sockets where non-

essential appliances are connected. The diode was introduced to 

protect the switch against excess currents forming in the relay 

coil. Once a relay disconnects an appliance/load from the main 

supply, its standby energy consumption drops to zero. 

 

If alerting the residents becomes necessary (lights forgotten on, 

system failure) the integrated buzzer produces a 2 kHz sound. 

The data-logger shield used to store configuration and energy-

saving data also integrates a real-time clock (RTC) module used 

for time-related control functions. 

 
 
Figure 4: Diagram of the relay modules used to control different loads in the 

home. 
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Software Developed for This System  
 

A substantial amount of time went into developing the software 

associated with this HEMS. Two software applications were 

written, one running the Arduino board and one acting as GUI, 

running on a PC. A dedicated communication protocol was 

implemented to standardized and enable data exchange between 

them. 

 

Arduino Control Code  
 

The proposed HEMS is programmed to operate autonomously, 

without notable interference with the resident’s activities. The 

control software was written in C/C++ using the open-source 

Arduino IDE (Integrated Development Environment) and 

uploaded onto the board via USB. The main functions performed 

by the control software (Figure 5) are: power sockets control, 

lights control, management of energy-saving data, system 

initialization and data back-up. 

 

 
 

Figure 5: Flow diagram of the system’s main software components. 

 

When the system powers-up it executes an initialization routine 

where the serial communication, RTC and SD memory card are 

initialized. System variables are configured by users at any time 

using a PC-GUI. These variables are the timers for power socket 

control, occupancy status and whether the GSM and buzzer 

modules are activated or not. When these variables change, they 

are automatically saved onto the memory card. The onboard 

RTC module provides time and date. In each run cycle the time 

is converted from an ―hour: minutes‖ format to an only 

―minutes‖ format using equation no.4, thus a 0–24 h interval 

becomes a 0–1440 min one. 

 

    60 .time hour minC C C                                                            (4) 

 

We implemented this time-keeping solution as it utilizes fewer 
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variables, reducing the number of operations performed in each 

run-cycle, increasing the software’s efficiency in terms of 

memory use. All the time-stamps associated with the system’s 

actions are expressed in a minutes-only format. Figure 6 presents 

an overview of the system’s initialization and data back-up 

functions. 

 

Light-dependent resistor (LDR) modules are used to detect light 

intensity variations, making it possible to monitor and control the 

indoor lights. Figure 3 illustrates light intensity variations as 

measured and recorded by the HEMS. When sudden fluctuations 

are encountered (more than 30 units over a 10 s interval) the 

system identifies the lights being switched on (sharp rising edge) 

or turned off (sharp falling edge). Associating motion detection 

data, the system can determine if the lights were (forgotten) left 

on and notify users via the active buzzer. If users left the house, 

it will automatically switch off all lights. This control method is 

detailed in Figure 7. 

 

 

 
 

Figure 6: Flow diagram of the system’s data management and back-up 

functions. 
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Figure 7: Flow diagram of the system’s lights monitor and control function. 

 

Using motion sensors inside the house, the system can identify 

whether somebody is at home or not and after the elapse of a 

user-defined timer, it will take energy-saving actions as seen in 

Figure 8. Optionally, by pressing the physical button integrated 

into the HEMS (e.g., when leaving the house), this timer can be 

instantly reduced to a minimum, prompting the system to switch 

off all the connected devices without further delay, making the 

system more efficient on that occasion. A shorter delay makes 

the system act sooner, producing higher energy savings, but 

it might interfere with the user’s lifestyle. A longer time delay 

makes the system less efficient in reducing standby power but is 

less intrusive. Each zone’s timer can be independently set by 

users. The system has a built-in function allowing it to record 

energy-saving data that can later be presented to the user. 

 
 
Figure 8: Flow diagram of the power sockets control function. 

 

Seen in Figure 9, one important function of the control software 

is the energy-saving data management. By multiplying the 

standby power of devices with the total disconnection time, at 

the end of each day, the system calculates the amount of energy 

saved in each zone and records the results on the SD memory 
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card. Each month the total savings are calculated (equation no.5), 

compared with the previous month’s result and the energy-

saving trend presented to the user. 

 

     30    30 1000Month Day StandBy HoursE E P t                   (5) 

 

 
Figure 9: Flow diagram of the system’s data management function. 

 

The Visual C# App.  

 

Because of the limited number of input-output pins available and 

because all are used to interface sensors and relays, it was not 

possible to include a keyboard or display in the system’s 

architecture. The memory resources and processing power that 

would have been used to implement a local user interface were 

redirected to allow for an autonomously operating HEMS. To 

facilitate the initial system setup, testing and occasional 

reconfigurations, a Windows-based Visual C# GUI-Application 

(Figure 10) was developed. It allows users to check and set 

timers as desired and makes it possible to activate/deactivate or 

test different modules. To avoid communication errors and 

ensure that the Arduino board receives valid data and 

instructions, multiple checks are implemented. For example, 

when introducing new timers, all values are checked to be within 

a valid 0–1440 interval. Certain App buttons, such as the ones 

activating or deactivating modules are enabled only when using 

that function is permitted. The same is true for text boxes, 

enabled only when introducing text is allowed. 
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Figure 10: Windows-based Visual C# App. 

 

During testing, we observed that concomitant use of the 

microcontroller’s serial pins by the GSM module and Windows 

App was leading to communication errors. This was solved by 

placing two switches on the GSM module’s communication 

lines, disconnecting them while the system communicates with 

the Windows App. Once the system is unplugged from the PC, 

these lines can be easily reconnected by changing the switch 

position thus reestablishing the microcontroller to GSM module 

communication. The wired USB connection is utilized for 

reasons already discussed in the Literature review section and 

Windows was chosen as the target OS for the configuration App 

because as the HEMS was developed, it had over 75% market 

share in the PC segment. 

 

The Communication Protocol  

 

The control software checks during each loop to see if any 

commands are received via serial communication. If the 

instruction to connect to the Windows App. is received, the 

HEMS control software brings the entire system into a 

configuration and testing mode, executing only instructions 

received from the Windows App. This is a type of Master–Slave 

communication, with the Windows App. acting as Master, 



Advances in Energy Research: 2
nd

 Edition 

20                                                                                www.videleaf.com 

initiating all communication, sending instructions or data 

requests, and the HEMS control software acting as Slave, 

responding to these requests. The information exchanged 

between these two software programs is structured according to 

a specific communication protocol, as successfully developed 

and implemented in [34]. Data packages begin with a specific 

character, the exclamation mark ―!‖ followed by a five-character 

command. If additional data is transmitted, it is included after the 

command and followed by the ―\n‖ end marker. Figure 11 shows 

the structure of a data package containing the command to set a 

new 30 min timer for Zone 1. 

 

 
 
Figure 11: Structure of a data package. 

 

Communication not structured according to this format will be 

ignored. The sequence of received data packages is also relevant 

as the Arduino board will not respond to any instruction until the 

command to connect to the Windows App is received and 

executed. When disconnecting the HEMS from the PC, it is 

compulsory to issue a disconnect command and close the serial 

port to avoid future potential communication issues with the 

GSM module. Both HEMS control software and Windows App 

have built-in checks to ensure the above rules are followed. 

 

System Implementation and Testing  
Prototype Implementation  
 

Each system component and corresponding software were first 

individually tested and validated to ensure correct operation 

before the entire (completed) system prototype (see Figure 12) 
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was assembled and evaluated. The control software specially 

developed for the HEMS was uploaded onto the Arduino Uno 

board and the system’s configuration was done using the Visual 

C# App as previously presented. Next, the completed system 

prototype was evaluated in multiple real-life utilization 

scenarios both at the University’s laboratory and at the author’s 

home. 

 

 
 

Figure 12: Wiring diagram of the system’s components. 

 

The Testing Method  
 
Numerous appliances and electronic devices are permanently 

connected to power sockets within our homes and while they are 

not in use, they still consume small amounts of electricity 

waiting in standby modes. There are time intervals throughout 

the day when these devices will certainly not be used, such as 

during the night when residents are asleep or during work hours 

when nobody is home. Even when residents are home, they are 

not always using all appliances. For example, the TV set in the 

bedroom might not be used until late at night but it is still 
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connected to a power socket, wasting electricity. In such cases, 

our HEMS design can automatically disconnect the device from 

power supplies and by doing so eliminate that device’s standby 

energy consumption. 

 

The standby power of most devices is small but still measurable, 

so we began by recording the standby power of home appliances 

and other electronic devices in five homes where access was 

granted. For reasons related to the ongoing Covid-19 pandemic 

and to minimize any potential spread of this virus, multiple visits 

to install, monitor and remove the system prototype in these 

homes were not possible, so we had to limit our interaction to 

one short visit per home to conduct measurements and then 

correlate these with the observed behavior of the system in 

laboratory simulations. Measurements were conducted using a 

Unitec EIM15-056 device, capable of precisely measuring the 

standby power of connected devices. We were interested in those 

―non-essential‖ appliances and electronic devices that can be 

switched on/off without affecting the user’s comfort and 

wellbeing. The standby power of refrigerators and surveillance 

or alarm systems was not measured as these are ―essential‖ 

devices that cannot be disconnected from the power supply and 

as such, are not controlled by this HEMS. Saving energy by 

switching them off is not possible. 

 

A list of non-essential devices commonly found in homes was 

compiled and for those types of devices, the average standby 

power was recorded, as measured and listed online by the 

Lawrence Berkeley National Laboratory of the University of 

California-USA [35] and by the Canstar Blue energy consultant 

platform in Australia. For comparison, a generic house was 

added to our study. For several time intervals (one hour, one day, 

one year) Table 1 presents the standby energy consumption of 

non-essential devices found in the five visited houses plus in the 

generic one. 
 

The results presented in Table 1 are correct as long as the 

appliances remain in standby mode for that respective time 

period. Without any power-saving actions, these values represent 

the lowest amount of electricity consumed by these appliances 

while plugged in, but not in active use. Our HEMS aims to 
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reduce this energy consumption without intruding on the user’s 

lifestyle, so the residents of the five visited homes were 

interviewed to identify the time intervals when they are usually 

at work or at sleep and the HEMS was configured accordingly. 

During these time periods is when non-essential appliances will 

certainly not be used thus could be unplugged without residents 

noticing. For the generic home, the time period was chosen 

based on the average work and rest times detailed on the 

European Commission’s website. The results are listed in Table 

2. 
 

The residents of the analyzed homes work on average 8 h per 

day and adding the lunch break and commute times leads to a 

period of 9–10 h when nobody is at home during workdays. At 

night, the average rest time was 8 h. Using equation no.6 and the 

values A and B taken from Table 2, with 251 being the number 

of working days and 366 the total number of days for the leap-

year 2020, it is possible to average how long would the 

appliances be kept in standby modes during one year, needlessly 

consuming energy as residents are sleeping or away at work: 
 

  251 *     366 *  .C A B                                                            (6) 
 

During prototype evaluation, the HEMS was programmed to 

disconnect the power supply to non-essential devices in a zone 

after 15 min of inactivity (based on motion detection) and all the 

results presented in this paper are based on this system setup. 

Changing this configuration will modify the results, as larger 

timers make the system slow to act, reducing its efficiency and 

smaller ones make the system act sooner, saving more energy 

(but might interfere with the user’s lifestyle). 
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Table 1: Measured and calculated standby (Sby) energy consumption. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

Appliances pieces 11 12 12 10 12 12 

Sby Energy Used /1 h kWh 0.0282 0.0276 0.0338 0.0322 0.0446 0.0343 

Sby Energy Used/24 h kWh 0.6768 0.6624 0.8112 0.7728 1.0704 0.8232 

Sby Energy Used/year * kWh 247.70 242.43 296.89 282.84 391.76 301.29 

 

* 2020 was a leap year with 366 days. 

 
Table 2: The total time when non-essential appliances can be switched off. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

A = During one day H:Min 9:30 9:40 9:00 9:30 10:00 9:00 

B = During one night H:Min 7:15 7:45 7:15 7:30 7:00 7:00 

C = During one year * H:Min 5038:00 5262:50 4912:30 5129:30 5072:00 4821:00 

 

* 2020 was a leap year with 366 days. 

 
Table 3: The amount of energy that can be saved in one year using the proposed Home Energy Management System (HEMS). 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

C H:Min 5038:00 5262:50 4912:30 5129:30 5072:00 4821:00 

D kWh 0.0282 0.0276 0.0338 0.0322 0.0446 0.0343 

E kWh 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 

F = C × (D − E) kWh 142.07 145.25 166.04 165.17 226.21 165.36 

G = F × 0.2159 Euro 27.83 28.51 33 32.81 45.99 32.85 

 

C = The total time when non-essential appliances (in standby) can be switched off. D = Energy consumption per hour by appliances in standby modes. E = 

The system’s own energy consumption per hour. F = Energy that can be saved/year using HEMS. G = Financial savings/year using HEMS. 

 
Table 4: The average standby energy consumption per year without using HEMS. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

Individual/year * kWh 247.70 242.43 296.89 282.84 391.76 301.29 

Average/year * kWh 293.81 

 

* 2020 was a leap year with 366 days. 
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Affecting the system’s overall results in lowering a home’s 

electricity usage is the system’s own energy consumption, with 

our design requiring approximately 1.5 Wh (transformed to kWh 

in row E of Table 3). This value is not fixed and can fluctuate 

depending on the way the system is configured. For example, if 

the GSM module is always in use or if the buzzer is often 

activated, this will increase the system’s energy requirements. 

For each house, Table 3 also contains the standby energy 

consumption per hour (row D) and the number of hours when the 

appliances can be disconnected by the HEMS (row C). Using 

these values and equation no.7, it is possible to calculate the 

amount of energy saved by the system’s energy-saving actions in 

one year (row F). 

 

     .F C D E                (7) 

 

G    0.2159. F                                                                                (8) 

 

To calculate the financial savings generated in each house by 

using our proposed HEMS, we used equation no. 8 and the 

mean electricity price in European countries as reported for the 

first half of 2019 by Eurostat (0.2159 euro per kWh). The 

results are listed on the last row G of Table 3. 
 

System Evaluation Results  
Results Analysis  
 

Based on measurements taken in five visited homes, and adding 

calculations done for a generic one, before installing our 

proposed HEMS the average standby energy consumption of 

non-essential appliances in one year is 293.81 kWh per house, as 

seen in Table 4. Comparing our results with those obtained at an 

EU level by the comprehensive review [10], a small 3.66% offset 

is noted. 
 

With a standby consumption of non-essential devices of 301.29 

kWh per year and a smaller 1.21% offset, results obtained for the 

generic home are even closer to those published by the same 

study. 
 

   C A B                                                                                    (9) 
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The results of our study so far are grouped in Table 5. Row A 

presents the total standby energy consumption per household per 

year with no type of energy management implemented. With the 

proposed HEMS installed, on row B we observe lower standby 

energy consumptions. 
 

Using equation no. 9 and the values listed on rows A and B in 

Table 5, the energy savings generated in one year by using the 

proposed HEMS are calculated and presented on row C for each 

house. Row D contains the percentage of energy saved in 

relation only to the standby energy consumed (not in relation to 

the entire home energy consumed, this will be done next), with 

the average value for all homes being 52.77% as seen in Figure 

14a. A similar result was reached by the authors of [5] that found 

a 41– 54% potential decrease in standby energy consumption by 

controlled devices, when using an energy management system. 

Figure 13 illustrates the standby energy savings achievable by 

implementing the proposed HEMS in the analyzed houses. It can 

be seen that the amount of energy saved by the HEMS is more 

than the standby energy still consumed. 
 

Until this point, when presenting the result we focused on the 

standby power reduction of non-essential appliances controlled 

by the HEMS. In order to further integrate our findings in the 

broader context of other articles, next, we take into consideration 

the overall energy consumption of all appliances (essential and 

non-essential) in the studied homes, for a one-year period. This 

is necessary as some authors present their findings as a 

percentage of energy reduction in relation to the total 

consumption, not only to the standby consumption as seen above 

in our discussion and in the results put forward by study [6]. 

Table 6 presents the energy savings achievable by implementing 

our proposed HEMS in reference to the total energy 

consumption in each household in one year. As seen in Figure 

14b, the average amount of energy saved for the analyzed homes 

was 5.8%. 
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Table 5: Comparison between the energy consumption in the same house, with and without HEMS installed. 

 

 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

A kWh 247.70 242.43 296.89 282.84 391.76 301.29 

B kWh 118.8 110.35 144.02 130.84 178.72 149.1 

C = A − B kWh 128.9 132.08 152.87 152 213.04 152.19 

D = (100 × C)/A % 52.03 54.48 51.49 53.74 54.38 50.51 

 

A = The standby energy consumption per year with No HEMS installed. B = The standby energy consumption per year With HEMS installed. C = Total energy saved per year 

by using the proposed HEMS. D = Percentage of the initial energy consumption saved. 

 

Table 6: The total energy reduction achievable in one year in relation to the total energy consumption of that respective home. 

 
 Unit House 1 House 2 House 3 House 4 House 5 Generic House 

A kWh 2251.81 2203.9 2699 2571.27 3561.45 2739 

B kWh 128.9 132.08 152.87 152 213.04 152.19 

C = (100 × B)/A % 5.72 5.99 5.66 5.91 5.98 5.55 

 

A = Total energy consumption in one year for each analyzed home. B = Energy saved in one year by the proposed HEMS. C = Percentage of the initial energy consumption 

saved by the proposed HEMS. 

 

 

              
 

         (a)                                                                                                                                 (b) 

 
Figure 13: Comparison between the power consumption in the analyzed houses. 
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Several studies [8–11] concluded that standby energy represents 

between 5–30% of the total amount of energy used in typical 

households. In this context, the energy reduction achievable by 

using our proposed HEMS (5.8%) is closer to the lower end. 

However, it must be noted that when presenting our results, only 

the energy saved by disconnecting the supply to non-essential 

appliances was considered. Not included in this evaluation is the 

system’s function to monitor and control the indoor lights. The 

reason these energy-saving function was not included in the 

prototype evaluation is that human negligence (ex: lights 

forgotten on) and human behavior (ex: user not in a room but 

deliberately wanting to leave the TV on) are very hard to predict 

both in terms of frequency and duration of occurrence. As such, 

over the course of one year, in real-life usage, the efficiency of 

the proposed HEMS will be higher than the minimal value that 

was presented however, it would be subject to countless random 

factors. 

 

 
 
Figure 14: Graphical representation of the obtained results: (a) The percentage 

of energy saved in relation only to the standby energy consumption in 

households; (b) the percentage of energy saved in relation to the total energy 

consumption in households. 

 

Cost Analysis  
 

A list of components, their function and purchase price is 

contained in Table 7. 

 

The prices are expressed in EUR, as they were in April 2020 and 

do not include shipping or labor. The total cost of components is 

37.3 EUR, making it very affordable to a large segment of EU 

population. Comparing the initial purchase cost of the system 

with the yearly energy savings generated by its use (on average 
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33.5 EUR), it is observed that the savings outweigh the initial 

cost shortly after the first year of use (not including delivery and 

labor). This time-frame is however subject to slight variations 

being affected by the electricity market prices. As the electricity 

price increases, the savings generated by the HEMS become 

more valuable, outweighing the initial costs sooner, making it an 

even better investment both for one’s budget and for the 

environment. 

 
Table 7: The total cost of the system’s components. 

 

Module Quantity Function Unit Price Total Price 

PICHC-SR501 3 Motion detection 

module 

1.24 € 3.72 € 

LM393 3 Light detection 

module 

0.74 € 2.22 € 

Power Relay 4 Switch power 

circuits on/off 

1.66 € 6.64 € 

Active Buzzer 1 Acoustic alert 

device 

0.83 € 0.83 € 

Push Button  

+ 10 k ohm res. 

1 Signals the HEMS 

to switch between 

operating modes 

0.41 € 0.41 € 

GSM module 1 Facilitates the 

long-distance 

control 

13.99 € 13.99 € 

Data logger 

shield 

1 Saves data on the 

SD card 

4.50 € 4.50 € 

Arduino Uno 1 Microcontroller 

board 

4.99 € 4.99 € 

TOTAL 15 n/a n/a 37.3 € 

 

Conclusions  
 

The reduction of home energy consumption by limiting or 

avoiding the standby power of appliances is a topic that received 

increasing attention in recent years. This article presents the 

result of such a study that aimed to achieve the above while 

taking a different approach from most other studies. While 

popular trends are to use all wireless communication methods, 

we used wired ones (serial, UART) to address the health-related 

concerns of people believing that there are already too many 

sources of electromagnetic radiation in the home environment. 
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Most other home energy management systems are designed to 

reduce energy consumption as much as possible, thus increasing 

the probability of the system’s actions becoming intrusive in the 

user’s lifestyle. We however designed a system that has 

minimal interference with users, ensuring their comfort is 

maintained, at the cost of lower reductions in energy savings, but 

savings are still achieved. 

 

A system prototype was assembled and evaluated. Energy 

consumption measurements were taken in five different 

households and for a sixth generic house, were calculated. Using 

these measurements and the system prototype build, the 

efficiency of this energy management system in reducing the 

overall energy consumption of the home by limiting the standby 

power of controlled non-essential appliances was evaluated. 

Extrapolating the results to a one-year period, the standby energy 

consumption was reduced on average by 52.77% and the overall 

energy consumption reduced by 5.8%. This is achievable by 

controlling the standby energy consumption of non-essential 

household appliances when users are away or at sleep and 

without considering the lights' control. 

 

The HEMS is controlled by an AtMega328P microcontroller 

running a C/C++ control software specifically developed for this 

task and configured using a Visual C# written, Windows App. 

especially designed and developed for this purpose. 

 

Cost related, the system components have a price tag of 37.3 Eur 

and considering the average price of electricity in 2019 in 

Europe and the generated power savings, it was found that in 

just over one year, the HEMS pays itself only from the generated 

savings. It was possible to design such a low-cost system by 

using popular and inexpensive Arduino compatible modules and 

board. 

 

Our current HEMS design could serve as starting point to build 

future upgraded versions that could include more peripherals 

such as a touchscreen display for user interaction or a wider 

array of sensors (temperature, humidity) and implementing 

additional control functions, however such modifications to the 
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current design would increase the system’s own power 

consumption and overall purchase costs, making it less affordable 

when initially purchased. However, more sensors would mean 

more measurements and opportunities to identify new energy-

saving contexts, the cost/profit analysis of such changes would 

be an interesting direction for further study. It should be noted 

that there is no perfect HEMS design to simultaneously meet 

everyone’s needs and expectations. System features desired by 

some are not necessarily desired by others. As an example, our 

system limits the sources of EM radiation in the environment by 

implementing a wired communication method that is both 

reliable and less prone to interference. While some encourage 

this approach, others might argue that it makes the system more 

complex and expensive to install compared to all wireless 

alternatives. Another example is related to the low-cost nature of 

our design, with the Arduino board and compatible modules 

having only two-year warranties. This could be perceived by 

some as short periods, especially if compared to industrial-grade 

systems that have much longer warranties, but also much higher 

costs. 

 

Considering the above, it can be safely stated that the perfect 

HEMS design is the one that best meets one’s budget, needs and 

expectations, with this paper proposing one of the most 

affordable HEMS design, capable of reducing a home’s energy 

consumption while not interfering with the user’s lifestyle and 

also limiting the new sources of EM radiation in the 

environment. 
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