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Abstract — The study aims to analyze unit commitment 

models and mechanisms within the wholesale electricity 

and capacity market in Russia and other countries, 

considering the methodology and criteria for assessing 

system reliability. The object of the study is the 

wholesale electricity and capacity markets in Russia, 

the United Kingdom, the European Union, Australia, 

and the United States of America. The main principles 

that govern the electricity markets and regulatory 

mechanisms within the unit commitment optimization 

problem are examined and the regulatory framework 

is analyzed. The main areas for the wholesale electricity 

and capacity market development with regard to unit 

commitment are outlined, highlighting the strengths 

and weaknesses of the regulatory framework that 

influence this process. 

Index Terms — Energy system, unit commitment, 

system reliability, wholesale electricity and capacity 

market. 

I. INTRODUCTION 

In a dynamically developing society, all components 

undergo changes, and the energy sector is no exception. 

Finding a solution to the unit commitment optimization 

problem within the framework of the wholesale energy and 

capacity market is aimed at maintaining efficient, 

uninterrupted, and reliable operation of the energy system. 

In the Russian Federation, the wholesale electricity and 

capacity market (WECM) is divided into the electricity 

market, the capacity market, and the system services 

market. The electricity market includes the balancing 

market (BM), the day-ahead market (DAM), and free and 

bilateral contract markets.  

The unit commitment model is applied within the 

framework of the DAM. According to the regulatory 

documents, the mathematical model of unit commitment is 

aimed at minimizing costs (given economic parameters), 

meeting the constraints (technical parameters). This study 

involves analyzing the unit commitment model existing on 

the wholesale electricity market and formulating 

requirements (areas) for improving the process. 

The main objectives of the study are to analyze the unit 

commitment procedures used in different countries and 

existing theoretical developments in this area, as well as to 

formulate proposals that will facilitate adjusting the 

solution to the UC optimization problem, considering 

system reliability criteria.  

The approaches applied in various countries to solve the 

UC optimization problem were examined, including the 

current domestic UC model. Additionally, a comparative 

analysis was conducted and further areas for the research 

were identified.  

The paper consists of four parts. The main parameters of 

the current UC model in Russia, given its constraints, are 

described in the first part. The second part delves into 

domestic and international experience in organizing the 

UC process, focusing on the system reliability criteria on 

the example of the United Kingdom, European Union 

countries, Australia, and the United States of America. The 

third part provides a comparative analysis of the current 

UC models in various countries. The fourth part of presents 
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the conclusions, formulating the main principles and areas 

for further research. 

II. ANALYSIS OF DOMESTIC AND INTERNATIONAL 

EXPERIENCE IN UNIT COMMITMENT TO MEET THE SYSTEM 

RELIABILITY CRITERIA 

The WECM in Russia is a mechanism for interaction 

between numerous entities in the electric power industry, 

namely, DAM, BM, and market of free and bilateral 

contracts [1]. Electricity within the WECM price zones can 

be sold at regulated prices under regulated contracts and at 

competitive (unregulated) prices under DAM and BM. 

Let us consider the structure of balance capacity during 

peak consumption hours (Fig. 1). Balance capacity is “a 

system of indicators that shows whether the sum of the 

power system load values and the required reserve capacity 

values corresponds to the amount of available capacity.” 

There are two types of reserves in the capacity balance 

structure: 

– Reserve capacity, which is backup electrical capacity 

 
Fig. 1. Structure of capacity balances during peak demand hours. 

 
Fig. 2. Active power reserve structure. 
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considered in design to cover potential changes or 

additional loads in the future. 

– Non-used capacity reserve, which is part of the 

spinning reserve for loading, supplemental reserve for 

loading, and cold reserve that cannot be utilized due to 

network limitations in the electrical network cutsets 

controlled by the System Operator (SO). 

The UC procedure implies the availability of equipment 

in reserve. At the same time, within the framework of 

WECM and the current standard, the reserve is divided into 

three control components and includes primary control 

reserve (PCR), secondary control reserve (SCR), and 

tertiary control reserve (TCR). Let us consider the structure 

of the reserve in detail based on the standard (Fig. 2). 

In accordance with the information provided above, the 

UC procedure accommodates the requirements for 

maintaining tertiary power reserves (including their 

geographical location in the Russian Unified Energy 

System) for the UC period. 

The system operator (SO) accumulates information on 

the minimum parameters of the TCR in accordance with 

the Methodological Guidelines for Determining the 

Volumes and Location of Active Power Reserves in the 

Russian Unified Energy System during Short-Term Power 

Flow Planning. 

The UC optimization problem is solved relying on the 

regulatory documents governing the WECM activities. 

From the participants’ perspective, the UC process for 

WECM takes place as shown in Fig. 3. 

Based on the input data and using the mathematical 

model, the SO solves the UC optimization problem, 

considering power generation forecast schedules, power 

supply reliability, and reduction in the cost of electrical 

energy [2]. Based on the results of the UC optimization 

calculation, the SO determines the unit commitment for 

day X and makes projection for the period from day X + 1 

to day X + 2 (inclusive) [3]. 

Following the UC optimization calculation, the SO 

forms a list of generation equipment to be switched on/off 

in accordance with the specified power system parameter. 

The existing mathematical model uses the following 

parameters: 

Constraints on power flow parameters (system-wide), 

i.e., on active and reactive power parameters, power flows 

in network branches depending on voltage, cross-section, 

reserve level (tertiary control reserve); 

Constraints considered by the SO when assigning 

operating generators, i.e., constraints on electricity 

generation equipment in terms of minimum required and 

maximum permissible operating capacity, minimum 

number of operating generator units, minimum and 

maximum permissible load; 

Constraints related to the power plant process 

parameters, specified by the WECM participant, i.e., 

equipment state (non-optimized state, forced state, 

optimized state, number of generation equipment startups, 

number of equipment starts and shutdowns at each station 

on specific operating days). 

The UC model optimization problem was previously 

explored by many authors as an economic problem [4, 5]. 

The priority area of research was solving the optimization 

 
Fig. 3. UC model (daily UC calculation). 
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problem from the perspective of company's behavior [3, 6] 

in WECM. This paper proposes solving the UC problem 

considering the criteria of system reliability.  

In this context, we examine and analyze approaches 

applied in other countries to solve the UC optimization 

problem. 

The United Kingdom. The UK wholesale electricity 

market model is aimed at covering costs and maximizing 

profits. 

Adequacy is analyzed within the existing structure of the 

electricity market, which factors in the adequacy indices 

(power reserves, regulatory shutdowns of networks and 

generation equipment). 

The new British Electricity Trading and Transmission 

Arrangements (BETTA) system is a procedure for 

calculating “imbalance,” which involves comparing the 

contracted electricity purchased and sold with the 

measured physical electricity production and consumption 

[7]. An additional difficulty in regulating the energy 

system is the location of generation capacities in the 

northern part of the UK, while the main consumers are 

located in the southern part. 

One of the BETTA activities suggests the Balancing 

Mechanism according to which System operator identifies 

the strategy (actions) to maintain balance between 

producers and consumers [7]. 

The electrical energy supplied in a specific half-hour 

interval is sold until the so-called “gate closure,” which 

occurs one hour before the start of that interval. These data 

are called the final physical notification and determine the 

actual energy demand during a given half-hour interval. No 

further changes to these positions are permitted.  

The permanent reserve service preceded the service of 

Short-Term Operating Reserve (STOR) [8], which is 

aimed at maintaining and protecting the system (within 20 

minutes) in the event of demand shift when suppliers with 

a short response time enter the market. As part of the STOR 

action, the response time for electric energy suppliers 

(reserves) increased from 20 to 240 minutes, resulting in a 

greater variability among players. 

A distinctive characteristic of the UK energy market is a 

structured and systematic approach to the energy system 

operation, which factors in the strengths and weaknesses of 

the special territorial location of generation equipment, 

transport logistics, and alternative energy sources in the 

balancing market. 

European Union. The European Union's energy 

markets constitute a structure integrated into the European 

Energy Exchange (EEX). EEX AG develops, manages, 

and connects safe, liquid, and transparent markets, 

promoting emissions regulation in Europe. 

European Power Exchange (EPEX) SPOT operates the 

most liquid day-ahead market through a blind auction with 

trades on an hourly basis for the day following the 

settlement day and intraday market, which is a continuous 

trading platform [9].  

According to current legislation, when changing 

(increasing) capacities, the EU Member States should 

follow the current reliability standard, while calculating the 

value of lost load (VoLL). 

VoLL is the value attributed by consumers to unused 

energy [10]. It represents the maximum price that 

consumer is willing to pay for energy supply at the 

established price for consumers: when electricity is 

supplied, they pay the established price; when there is no 

supply, consumers pay nothing [11]. 

The analysis of the power system reliability in the EU is 

carried out within the framework of the European Network 

of Transmission System Operators for Electricity 

(ENTSO-E) [12]. The System Operator acts as the main 

regulator of resource adequacy assessment through the 

national reliability assessment [13]. 

The European energy system includes both traditional 

and alternative energy sources, which makes it much more 

difficult to ensure reliable and sustainable operation of the 

energy system. A centralized approach to energy system 

management used in the European Union is shifting to an 

integrated one, with bids submitted simultaneously. 

Australia. Australia has a Wholesale Electricity Market 

(WEM) and the National Electricity Market (NEM). NEM 

is Australia's main electricity market, serving 88% of the 

population. 

The Australian energy market operator (AEMO) 

regulates activities in the energy market in Australia. In the 

current architecture of the energy system, it is essential to 

maintain a balance between production and consumption 

in order to prevent emergency shutdowns. 

Generators send bids every 5 minutes on a daily basis 

[14]. AEMO solves the UC optimization problem based on 

the principle of minimizing costs and choosing the most 

efficient generator. 

AEMO distributes the load by sending automatic 

generation control signals, while considering the technical 

parameters of each generation unit. Within the framework 

of the AEMO, there is a Reliability and Emergency 

Reserve Trader (REPT), which provides reserves at 
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various time intervals (from 3 hours to 7 days). 

The RERT panel allows AEMO to conduct an 

accelerated tender process in short- and medium-term 

notification situations [15]. 

NEM reliability standards are set by the Reliability 

Panel of Australian Energy Market Commission. In 

accordance with current standards, the energy unserved 

should not exceed 0.002% of the region’s annual 

consumption. At the same time, it is necessary to ensure 

the transfer of 850 MW as a reserve, within the framework 

of NEM [16]. 

Reliability level is measured through the energy 

unserved, i.e., the amount of energy required by 

consumers, which cannot be supplied due to a lack of 

capacity.  

Projected Assessment of System Adequacy (PASA) 

model/mechanism is presented in Fig. 4. PASA is a 

comprehensive program that collects, analyzes, and 

provides information on the medium- and short-term 

security of the power system and the reliability of supply 

prospects [17]. 

The PASA mechanism aids in strengthening system 

reliability within the established regulatory framework and 

sends notifications to AEMO in the event of detected 

deviations. 

The energy market is structured to provide the 

confidentiality of data sent by AEMO participants, which 

is outlined in the relevant regulatory documents, while 

market participants have the opportunity to adjust the 

submitted applications (daily, every 5 minutes). In turn, the 

Russian System Operator regulates the time for submitting 

a bid 3 days before the model calculation, allows 

adjustments before a set time X, and publishes the 

calculated (selected) data on the website. 

The United States of America. The energy market in 

the United States of America is geographically 

decentralized and is divided by states, each with its state-

specific regulatory frameworks that govern their activities, 

UC approaches, structures of market players, and other 

indicators. 

There are 2 types of operators in the United States: 

Independent System Operator (ISO) and Regional 

Transmission Organization (RTO). 

In the event of poor service (poor performance of 

obligations to consumers) in maintaining the agreed load, 

penalties are imposed to ensure the required volume.  

Let us consider the features of the Pennsylvania-New 

Jersey-Maryland (PJM) Interconnection energy market in 

terms of reliability. The market provides reliability through 

quick-response reserve options: frequency control (the 

decision must be made within 5 minutes after the signal is 

received), rotating frequency reserve (the decision must be 

made within 10 minutes after the signal is received), and a 

day ahead (the decision must be made within 30 minutes 

after the signal is received in real time). 

California Independent System Operator (CAISO) 

 
Fig. 4. Publication settings within a short-term PASA. 
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operates the wholesale electricity market and ancillary 

services market in 80% of California territory and a small 

part of Nevada in the United States [18, 19]. 

Based on the data selection, relying on the submitted 

bids, a customized consumption schedule is generated for 

each territory within the CAISO. The price and offer are 

calculated and entered into the software for further 

processing, while also considering technical constraints. 

Based on the available data, the program calculates the 

maximum price level at various nodes. 

Reliability within CAISO is ensured by the Reliability 

Demand Response Resource (RDRR), which supplies 

electricity within 40 minutes and in the amount of at least 

0.5 MW at the command of the system operator. 

The level of reliability in the US power grid is 

considered through the N-1 reliability criteria, factoring in 

the aspect of redundancy determined by the territorial 

features. The energy market model and reliability criteria 

find a response in the domestic energy system. 

III. COMPARISON OF THE UC PROCESS IN DIFFERENT 

COUNTRIES 

The analysis of the energy markets reveals the different 

approaches used to solve the UC optimization problem. 

The main features of each energy market are presented in 

Table 1. 

Solving the UC optimization problem involves 

considering additional criteria of system reliability. 

Recent years has seen a significant leap forward in 

solving optimization problems, including the UC problem, 

new approaches and methodologies have been developed, 

and various hypotheses have been put forward, which are 

currently being investigated. The UC optimization problem 

is solved by selecting the generator units, focusing on the 

optimal load curve and production level (capacities 

involved) in the power system at a specific time span to 

meet power system constraints [20, 21]. A wide range of 

methodologies can be employed to solve the UC 

TABLE 1. Analysis of Wholesale Electricity Markets in Various Countries 

Indicators Russian Federation United Kingdom EU Australia USA 

Number of 

price zones 
2+non-price zones 

3 zones 

combined into 1 
28 1 21 

SO role 
Central control, 

strong regulator 

Central control, 

single regulator 

Central control, 

single regulator 

Central control, 

strong regulator 

Energy exchange operator, 
close interconnection among 

participants, while 

maintaining independence 

Planning features 
Approved forecasts, 

key indicators 

Energy system 

performance 

targets 

– – – 

Transparency: 

 

Information 
disclosure, 

regulations 

+ 

Structured information 
available on the 

relevant portals  

+ 

Structured 
information 

available on the 

main portal 

+ 

General 
information 

available on a 

single portal, no 
access to some 

sources  

+ 

Structured 
information 

available on relevant 

portals, information 
disclosure upon 

request 

+ 

General information 
available on a single portal, 

structured information 

available on relevant portals  

 
Calculation 

mechanism 

disclosure 

+/– 
The main model (basic 

equation) is publicly 

available, but there is a 
lack of transparency in 

the final decision 
formation 

– 
Lack of freely 

available basic 

UC calculation 
model (basic 

equation)  

– 
Lack of freely 

available basic 

UC calculation 
model (basic 

equation)  

+/– 
Lack of freely 

available basic UC 

calculation model 
(basic equation) 

Regulations contain 
a descriptive section 

– 
Lack of freely available basic 

UC calculation model (basic 

equation)  

 

Disclosure of 
input, 

intermediate, and 

final information 

+/– 

No information on 
input and intermediate 

data is available; the 

portal provides final 
calculation results 

+/– 

No information on 
input and 

intermediate data 

is available; the 
portal provides 

final calculation 

results 

+/– 

No information on 
input and 

intermediate data 

is available; the 
portal provides 

final calculation 

results 

+/– 

Partial information 
is available on the 

portal, by area of 

activity; 
disclosure of 

information mainly 

upon request 

+/– 

No information on input and 
intermediate data is 

available; the portal provides 

final calculation results 

Reserve volume 

regulation 
Standard, TCR STOR No data RERT 

Operational reserve a day 

ahead 

Bid submission 

4 (3) days before each 
hour of the day until 

time X and 2 days 

ahead 

Every 30 minutes, 

one hour before 
time X 

Blind auction 

once a day on the 
following day 

Daily, every 5 

minutes 
In advance 
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optimization problem. Traditional approaches include 

stochastic, software, and numerical methods, while more 

sophisticated methods encompass exhaustive enumeration 

(the enumeration of all possible outcomes or truth values 

for a given set of statements); expert system (expert 

assessment) [22] based on an algorithm for collecting 

information and determining a behavior strategy; priority 

lists; fuzzy logic; and neural networks. 

The search for an optimal solution to the UC 

optimization problem takes into consideration not only the 

initial technical conditions, the specifics of the power 

system, and territorial parameters, but also climatic 

features [23–25], along with the established practice in 

addressing emergencies and measures to prevent them. 

Emergencies are inevitable, and the nature of their 

occurrence suggests different solutions, but solving the UC 

optimization problem in terms of the system reliability 

indices facilitates avoiding critical moments and, in some 

cases, managing without disconnection and load shedding. 

The UC optimization problem has been relevant for 

many decades. Current realities suggest unifying the 

problem-solving approach, i.e. combining several methods 

and techniques, which will expand the research methods 

variability. 

IV. CONCLUSION 

1. The UC optimization problem stands as a challenge 

within the energy sector and addressing it is both practical, 

because it allows real-time assessment of the outcomes, 

and scientifically significant. The variety of approaches 

and methods enriches our understanding of this issue, 

which contributes to the search for a solution to the UC 

optimization problem within different (related) scientific 

domains. 

2. A structured approach to the study of the energy 

market fosters the optimal distribution of the price burden, 

accommodating the strengths and weaknesses of the 

energy system for the competent distribution of the 

opportunities available to players. 

3. The study conducted reveals the need to introduce 

additional criteria for considering system reliability to 

achieve the optimal unit commitment. 

4. Solving the UC optimization problem based on 

system reliability enables each player to assess their 

capabilities alongside the potential of other players 

(technical capabilities, economic component). Further in-

depth study in this area is required across all levels of the 

energy system. 
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Abstract — This study contributes a methodological 

framework for identification of a holistic model of 

power output by multiple renewable power plants 

integrated into a power system at locations with distinct 

meteorological and geographical conditions. The 

scenarios generated based on individual predictions 

relying on −k medoids clustering demonstrate better 

capturing of the variable nature of the total output 

from multiple renewable power plants. A case study of 

the integration of several renewable power plants into 

a power system is presented to show that the direct 

prediction of the total output by these green sources 

proves effective in cutting operational costs of the 

system, mostly by better serving the peak load demand. 

The methodological framework proposed in this paper 

can be used for online management of power systems 

with several different renewable power plants such as 

solar power plants, wind farms, and small hydropower 

plants. This approach also enables the estimation of the 

contribution of each source to the overall output. 

 

Index Terms — Power system, renewable energy 

sources, serving electricity demand, online 

management, load profile, aggregation of renewable 

power plants. 

I. INTRODUCTION 

The drastically increased penetration of renewables is a 

key factor defining the process of transformation of the 

power sector. Over the last four decades, the total output of 

electricity in the world has increased by more than 25% 

and the global installed capacity of power plants running 

on renewables reached as much as 3 870 GW in 2023. In 

2024, renewables accounted for over 90% of new capacity 

additions that total about 585 GW [1]. 

Among all renewables integrated into power systems 

around the world, wind farms (WF), solar power plants 

(SPP), and hydropower plants lead in renewable energy 

production. In 2024, the installed capacity of PV plants was 

at 1 900 GW, surpassing the capacity of nuclear power 

plants by a factor of 5 [2]; and that of wind farms reached 

over 1 000 GW [3]. Unlike conventional electricity 

sources, wind farms, solar power plants, and small 

hydropower plants (sHPP) are usually sited in the areas 

with 'critical' meteorological conditions where winds and 

solar radiation persist for extended periods of time, thus 

ensuring the availability of renewable energy potential in 

these locations. Power output of sHPP, WF, and SPP is 

indeterminate and stochastic as it depends on 

meteorological conditions in the areas of their installation. 

In order to offset the random fluctuations in the power 

system induced by intermittent renewable generation, the 

system is provided with an additional source of energy. 

The choice of the additional source depends on technical 

and economic capabilities of the system as well as 

meteorological conditions in given areas [4–7]. Stable and 
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efficient operation of power systems with integrated WF, 

SPP, and sHPP requires an in-depth analysis of intermittent 

power generation by these plants. This analysis should be 

complemented by forecasting models that reflect the 

current time and factor in meteorological data. 

The findings from the scenario analysis of 

complementarity of wind farms and solar power plants and 

their use to serve the demand in the power system parts that 

lack renewable generation are presented in [10–15]. Spatial 

and temporal changes in climate variables are examined in 

[16, 17] to prove that the ability to meet the demand in a 

power system with wind farms and solar power plants can 

be enhanced by the additional output resulting from 

complementarity of such plants located in the areas with 

diverse geographical and climate conditions. The studies 

[18–20] rely on correlation analysis of different 

geographical areas with operating wind farms and solar 

power plants to establish that in areas with higher 

penetration of wind power than in other areas with lesser 

penetration of renewables, adding solar power can help 

meet the demand and offset its intermittency [20–24].  

This study presents a methodological framework for 

identification of scenarios of joint generation for 

intermittent renewable energy sources placed in the areas 

with different geographical and weather conditions. 

II. METHOD FOR IDENTIFYING SCENARIOS OF COMBINED 

POWER GENERATION IN INDIVIDUAL POWER SYSTEM 

PARTS WITH WIND FARMS, SOLAR POWER PLANTS, AND 

SMALL HYDROPOWER PLANTS  

A. Cluster Analysis of Changes in the Output of Wind 

Farms and Solar PV Power Plants Given Meteorological 

Conditions of Areas and Their Integration 

At its core, the identification of aggregated generation 

relies on cluster analysis of stochastic processes governing 

intermittent output of wind farms, solar power plants, and 

hydropower plants to extract clusters with identical 

parameters that meet some specified criteria. 

Establishing relationships for the aggregated power 

output from wind farms, solar power plants, and 

hydropower plants connected to the power system in its 

different areas enables the identification of key defining 

features of models of such relationships. This approach 

filters out the effects of individual areas with integrated 

renewable power plants and groups the points of the power 

grid topology exhibiting similar patterns of power 

generation.  

Identification of scenarios of combined power output 

from power plants running on renewable energy is a key 

step in assessing prospective capacity additions of wind 

farms, solar power plants, and hydropower plants in the 

power system during the planning horizon. Cluster analysis 

proves effective in terms of precision and detail in 

capturing data on intermittency of renewable energy 

potential and weather conditions in geographical areas.  

This study leverages k-medoid clustering to identify 

patterns in power output of wind farms, solar power plants, 

and hydropower plants installed in the power system. The 

k-medoid clustering model can have the following form 

[19]: 

( ) 2

1 1

argmin
k k

n k
k n

D x C
= =

=   − ,     (1) 

1,1 1,2 1,

2,1 2,2 2,

,1 ,2 ,

i

i

n

n n n i

w w w

w w w
x

w w w

= ,      (2) 

where  D  is the distance between the current values of 

hourly changes and the medoid of each cluster;  kC  is the 

k-th cluster medoid;  n  is he number of measured 

parameters; ,n iw  is power outputs of renewable power 

plants, power system loads, wind speed, solar radiation, 

ambient temperature, etc. to be grouped into k-clusters 

( )k n ; i  is the number of renewable power plants. The 

clustering algorithm is applied separately to each 

renewable power plant and the entire area with installed 

wind farms, solar power plants, and hydropower plants.  

B. Algorithm for Choosing the Scenarios of the Most Cost-

Effective Capacity Additions of Wind Farms and Solar 

Power Plants to Meet the Expected Demand Growth in the 

Power System 

The optimization technique applied makes use of linear 

objective functions to evaluate possible expansion 

scenarios for wind farm, solar power plant, and 

hydropower plant capacities installed before 2024. The 

algorithm that relies on the above method proves 

exceptionally useful because it is simpler than its 

alternatives based on heuristic search techniques. The 

function of demand variability is treated as the “net” load 

netN  (the total demand less the total output by all 

renewable power plants). The subsequent period of the 

netN  increase by 
netN  implies the expansion of wind 
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farms, solar power plants, and hydropower plants during 

the same period combined so as to optimally serve the 

demand for 
netN . The objective functions utilized to 

identify scenarios of expansion for renewable power plants 

installed in the power system are as follows: 

1. The minimum mean square error of the random 

variable of annual change in the net load (
demandNS ) 

( ) minSO z → .       (3) 

2. The minimum mean square error of the net load by hour 

during the year:  

( )
2

1

( )

( )   min  
1

T

t

z t z

SO z t
T

=

−

= → 
−


,   (4) 

where )( () net hourz t N t=  is changes in the net load by 

hour during a single year; 8760T =  h; z  is the average 

hourly change in load by hour during a single year. 

Minimization of functions (3) and (4) has the following 

solutions: 

)( )    (year net year yearz t N t t=        (5) 

and 

1( )( ( ))  hour net net hh hz t N Nt t t−= −  .    (6) 

Solutions (5) and (6) meet the constraints on the annual 

power output of   renewable energy plants up to 30% of 

demand (under the assumption that by 2030 wind farms 

and solar power plants will serve up to 30% of demand in 

Azerbaijan's power system): 

( )

max

( )
30

( )

WF SPP HPP

net

t net h

P t
N

N t

+ + 
 

 
    (7) 

subject to  

( )( ) ( ) ( ) ( ) ( )net demand WF SPP HPPN P P P P tt t t t t= − + +  , (8) 

 
 

Fig. 1. Overall layout of operating intermittent renewable sources located in two regions of Azerbaijan. 

 
a)                                                                                     b) 

Fig. 2. Clusters of solar radiation in the regions of Absheron (a) and Karabakh (b). 
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,, , , , ,surplus WF SPP HPPz NL VRE VRE N N N NR , (11) 

where  1 2 8760,  ,...,   t t t t represents indices of the hourly 

power output from renewables by time;  1 2,  ,..., mit it it it  

is the number of renewable energy units at power plants; 

 1 2,  ,...,SPP SPP SPP SPPMr r r r ,  1 2 WFN,  ,...,WF WF WFr r r r , and 

 1 2 HPPK,  ,...,  HPP HPP HPPr r r r  are the number of areas with 

installed renewable power plants.   surplusVRE is surplus 

output of renewable power plants; ( )WFP t , ( )SPPP t , and 

) (HPPP t  stand for hourly generation from wind farms, solar 

PV power plants, and hydropower plants. In equations (7)–

(11), 
WFN  and 

SPPN  are the number of wind farms and 

solar power plants as determined by the optimization 

algorithm for wind and solar power output models. 

III. SCENARIO ANALYSIS OF COMBINED POWER OUTPUT 

OF WIND FARMS AND SOLAR POWER PLANTS FOR SUPPLY 

AND DEMAND PLANNING 

A. Key Data on Meteorological Conditions and Power 

Output of Wind Farms, Solar Power Plants, and 

Hydropower Plants in Individual Regions 

The installed capacity of the Azerenergy system is about 

7.5 GW, the largest share of which comes from gas turbine 

 
Fig. 3. Silhouette values of optimal numbers for clusters of wind speeds: (a) for the 1st cluster of radiation and loads; (b) for 

the 2nd cluster of radiation and loads. 

 
Fig. 4. Clustering by the total annual water flow rate (a) and flow rates for individual sHPPs (b). 
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thermal power plants (about 5.6 GW), followed by 

hydropower plants (1.4 GW). Wind farms, solar power 

plants, and small hydropower plants combined contribute 

0.5 GW. In 2004, renewable power plants generated 850 

mln kWh, of which 6% was generated by wind farms, 67% 

– by solar power plants, and 27% – by small hydropower 

plants. Wind and solar power potential is primarily 

concentrated in two major geographical and economic 

regions of the country: the Absheron region (including the 

coastal areas of the Caspian Sea) and the Eastern Zangezur 

region (including the Karabakh region). This is the reason 

for the placement of wind farms, solar power plants, and 

hydropower plants in those regions. Figure 1 shows the 

overall layout of wind farms and solar power plants in the 

regions of Absheron and Karabakh. As of 2023, there were 

two wind farms operating in the Absheron region, 

including the 240 MW Khizi-Absheron wind farm and the 

50 MW Yeni-Yashma wind farm. The Karabakh 

renewable power plants connected to the power grid 

include the 240 MW Jabrayil SPP, 100 MW Kalbajar wind 

farm, and sHPPs with a total capacity of 170 MW. 

B. Clustering of Power Output from Renewable Power 

Plants in the Region Given Meteorological Conditions 

Figure 2 shows clusters of solar radiation in the regions. 

Solar irradiance in the regions makes it possible to generate 

electric power by solar power plants for most of the day. 

The silhouettes in Fig. 3 and 4 show the number of 

significant clusters of wind and hydro power with the 

corresponding clusters of system loads. 

IV. RESULTS FROM THE ANALYSIS OF SCENARIOS OF 

COMBINED POWER OUTPUT FROM GREEN RENEWABLE 

SOURCES LOCATED IN THE AREAS WITH DISTINCT 

METEOROLOGICAL AND CLIMATE CONDITIONS 

The cluster analysis was performed to identify common 

scenarios of power output in each region as well as cross-

regional interactions. The analysis relied on hourly 

measurements of demand in the power grid and 

 
Fig. 5. Annual power output of SPP-WF in the Absheron region (a) and probability of distribution of the annual power output 

(b). 

 
Fig. 6. Annual power output of SPP-WF-sHPP in the Karabakh region (a) and probability of annual power output (b). 
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meteorological data. The meteorological data (wind speed, 

solar radiation, and ambient temperature) were collected 

hourly during a single year in two regions (see. Fig. 1) with 

installed renewables. 

Figures 5 and 6 show, respectively, the power output and 

probability of its distribution among wind farms, solar 

power plants, and hydropower plants located in the 

Absheron and Karabakh regions in 2024. 

The mean-square error of the power output of wind 

farms is derived from wind power potential. The wind farm 

output is a key factor to decide on the feasibility of 

complementarity of wind farms in the region. 

V. CONCLUSION 

1. This study proposes a clustering-based algorithm for 

identification of power output scenarios for wind farms, 

solar power plants, and hydropower plants that operate 

within the power system in the areas with distinct climate 

conditions. An algorithm designed to detect patterns in the 

power output scenarios of renewable power plants located 

in different regions of the country is presented.  

2. The cluster analysis of data was performed to identify 

spatial and temporal variability in the power output of wind 

farms, solar power plants, and hydropower plants in the 

Azerbaijan power system. The analysis revealed two 

regions with different wind and solar power profiles as well 

as availability of hydropower resources. These profiles 

were utilized to investigate different scenarios of new 

capacity additions of renewable power plants for operation 

as part of the power system. 

3. The findings suggest that the highest penetration of 

renewables (in terms of the annual consumption) is 

achieved when the outputs of wind farms and solar power 

plants complement each other. Under the WF+SPP 

scenario, a sustainable way to raise the penetration of 

renewables up to 30%, given the annual surplus output of 

5 to 10% (relative to consumption), is to increase the 

capacity of solar power plants and small hydropower 

plants. 
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Abstract — The paper proposes a method for assessing 

the state of coal particle packing before pressing. The 

method is based on a numerical calculation of internal 

temperature and component composition 

heterogeneities. The mathematical model developed for 

this purpose is validated using experimental data. The 

calculation results are used to predict the quality of 

briquettes based on the distribution of the coal 

conversion degree. The obtained dependencies show 

that the low mechanical strength of briquettes 

corresponds to conditions where the conversion degree 

exhibits high heterogeneity. Using the model, a 

numerical study is conducted to find suitable 

briquetting conditions (lower temperature, longer 

heating). 

Index Terms — Coal briquettes, semi-coking, pyrolysis, 

mechanical strength, mathematical modelling. 

I. INTRODUCTION 

Among coal technologies, those designed for the 

production of high-carbon materials are the most 

challenging for reducing emissions. This is due to both the 

inevitable high energy consumption in the target processes 

and the continuous deterioration of the quality of fossil 

fuels [1]. In this context, studies aimed at developing new 

methods for extracting solid carbon (semi-cokes and 

cokes) from a wide range of coals, including those lower-

grade ones, are highly relevant. It is worth noting that in 

addition to carbonaceous materials, coal pyrolysis yields a 

variety of valuable chemical products, including calorific 

gas, pyro-liquids, and others [2]. 

Coal matter is a natural porous composite characterized 

by highly variable physical and chemical properties. In this 

regard, the main role in the study of coal pyrolysis 

processes is played by the statistical approach, which 

requires a large number of experiments to develop 

prognostic tools.  As of now, no universal models exist for 

describing the set of processes of chemical transformations 

with heat and mass transfer during heating and 

decomposition of coals, although over fifty years of 

research have produced a number of methodological 

approaches relying on basic models of chemical kinetics, 

some approximations of the coal macromolecule structure, 

representation of functional groups in the form of 

networks, and others [3–7]. The disadvantages of such 

approaches are the large volume of initial information 

required for calculations and the empirical nature of the 

patterns they are based on [8]. 

The main tool for controlling the pyrolysis process is 

temperature [9]. The structure of carbon materials depends 

significantly on the conditions of raw material pyrolysis 

[10]. Even for coals that are weakly caking at low heating 

rates, it is possible to select conditions (thermal shock, 

pressure, particle size) that allow the production of good-

quality semi-coke [11]. However, this requires fine (and 

often completely empirical) adjustment of the apparatus 

[12]. The temperature at which the plastic state is reached 

for coals usually ranges from 350 to 550 °C [13], but with 
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slow heating, secondary reactions (crosslinking of 

aromatic structures [14], interaction with volatile 

components [15], and formation of new phases [16]) lead 

to deterioration in the quality of the carbonaceous material. 

Controlled heating allows separating the time scales of 

thermal processes and chemical transformations to control 

semi-coking processes. For this purpose, both traditional 

transport devices for dispersed flows and other methods of 

controlling thermal processes (for example, high-

frequency heating [17]) can be used. 

Another important factor is the composition of the raw 

material. Instead of raw coal, individual fractions [18], 

mixtures of different types of coal or even different types 

of fuel, such as coal and biomass [19], coal and waste [20–

22], can be processed through pyrolysis. The choice of 

binding additives and the method of mechanical processing 

of the plasticized mass are also of great significance. 

In addition, thermal schemes of semi-coking processes 

are constantly improved, primarily to enhance their 

thermodynamic efficiency [23]. To this end, studies are 

conducted on the interaction of heat transfer and thermal 

decomposition of coals in pyrolysis apparatuses [24–26], 

(which often requires at least crude estimates of the 

chemical reaction rates). Another important area is the use 

of staged schemes (for example, with the combustion of 

pyrolysis gas in process furnaces [27, 28] or with partial 

gasification [29, 30]). 

Numerical modeling is usually based on simplified 

concepts of the pyrolysis mechanism, heat and mass 

transfer of decomposing particles with the environment 

and with other decomposing particles, which is associated 

with high computational costs of detailed mathematical 

models. The most widely used approaches are the selection 

of a reference particle [7, 31], spatial averaging [32], and 

the reduction of kinetic models to one- and two-stage 

lumped schemes [33]. It is important to note that many of 

the data required for thermochemical calculations 

(primarily the thermophysical properties of intermediate 

compounds) are often unknown due to the complexity 

involved in experimentally measuring the characteristics of 

the reacting phases. Selecting methods for assessing such 

characteristics poses a significant challenge in numerical 

modeling, which is usually approached only by comparing 

the calculation results and experimental measurements. In 

this context, empirical research holds immense value [34]. 

This paper considers the pyrolysis process of a small 

coal bed (with a height of several centimeters) in a muffle 

furnace. Typical heating times are tens of minutes. The 

study aims to find conditions for producing mechanically 

strong briquettes. This is achieved using experimental 

methods and mathematical modeling. The novelty of the 

study lies in the method proposed for producing semi-coke 

briquettes from weakly caking coal and in a new 

mathematical model developed for the pyrolysis process of 

the coal packing, which determines the degree of 

heterogeneity of temperature and conversion of coal. The 

resulting briquettes are semi-products; a higher-quality 

product is yielded through further high-temperature 

processing, which ensures complete devolatilization, 

hardening of the material, and high reactivity. These issues 

will be considered in subsequent studies. 

The paper is organized as follows: Section 2 describes 

experimental techniques; Section 3 presents the 

mathematical model; Section 4 compares the 

measurements and calculated results; and Section 5 focuses 

on the mathematical model used to identify the optimal 

conditions for coal pyrolysis for the purpose of briquetting. 

II. EXPERIMENTAL METHODS 

Cheremkhovo coal, characterized by fractions with an 

average particle size of 6 mm, was used to obtain semi-

coke samples. The problems of Siberian coal use are 

partially covered in the review presented in [35]. 

The physicochemical properties of coals were 

determined using macrothermogravimetry, calorimetry, 

and fuel elemental composition analyzers. A TGA 801 

macrothermogravimetric analyzer (LECO, USA) was used 

to determine moisture (W), ash content (A), volatile matter 

yield (VM), and the proportion of fixed carbon (FX). The 

net calorific value (Q) was determined using an AC 500 

calorimeter (LECO, USA). The carbon (C) and sulfur (S) 

content was determined using a Metavac CS20 elemental 

analyzer (Russia). The equipment employed is part of the 

High-Temperature Circuit Multi-Access Research Center 

(MESI SB RAS). The physicochemical properties 

determined are given in Table 1. 

Table 1 also shows the reactivity index (RI). The 

reactivity of fuels is understood as their chemical activity 

in the oxidation process. Most often, the reactivity of fuels 

is expressed through the volatile matter yield index, which 

characterizes the process of ignition and combustion of the 

fuel. The reactivity of the fuel (RI) is calculated using the 

following equation: 

100
1

FX
RI

VM VM
= = − . 

The higher the value, the lower the reactivity. According 

to the reactivity value, coals can be divided into several 
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groups: those with a value of RI = 0.8 – 1.0 can be 

classified as subbituminous brown coals, when RI falls 

between 1.1 and 1.2, they are identified as highly reactive 

bituminous brown coals. An RI of 1.3 indicates medium-

reactive bituminous brown coals. An RI between 1.4 and 

1.5 represents low-reactive bituminous brown coals. For 

low-reactive hard coals, RI = 1.6 – 2.3. Thus, the coal 

under study is classified as low-reactive hard coal. 

To determine the composition of the mineral part of 

coal, the X-ray fluorescence analysis (XRF) method was 

used. The coal ash samples were analyzed using an S4 

Pioneer wave-dispersive X-ray spectrometer from Bruker 

AXS, featuring a Soller-type X-ray optical scheme, 

equipped with an Rh-anode X-ray tube operating at 4 kW. 

TABLE 1. Physicochemical Properties of Cheremkhovo Coal (r is for Raw Matter) 

Property  W, % VM, % A, % FX, % Qr, MJ/kg RI Сr, % Sr, % 

Value  10 38.7 30.2 31.2 19.2 1.6 43.4 0.8 

 

TABLE 2. Results of a Semi-Quantitative XRF Analysis of Mineral Matter 

Component Mass fraction, % 

Na2O <d.t.* 

MgO 1.4 

Al2O3 16.5 

SiO2 74.8 

P2O5 <d.t. 

SO3 0.57 

K2O 1.87 

CaO 1.24 

TiO2 0.30 

Cr2O3 <d.t. 

MnO <d.t. 

Fe2O3 2.70 

SrO 0.025 

ZrO2 0.015 

BaO 0.339 

*<d.t. is for “less than detection threshold” 

 

 

Fig. 1. The scheme of the mold used in experiments. 
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Table 2 shows the results of the approximate quantitative 

X-ray fluorescence analysis for the ash of the coal under 

study.  

The packing density of particles was 759 kg/m3, the 

swelling index stood at 1.5, and the coking residue type by 

Gray-King was G1 (sintered, non-melted). 

The technique of coal briquette production under 

laboratory conditions can be represented by the following 

algorithm: 

1) Prepare the coal packing (mass is 80 g); 

2) Fill the mold; 

3) Install the upper punch with a hole for the 

thermocouple on the hanger. 

4) Place the assembled mold in a muffle furnace. Install 

a thermocouple (T1) through the hole in the upper punch 

so that it touches the lower punch. 

5) Place the second thermocouple (T2) in the volume of 

the muffle furnace near the wall of the mold. 

6) Turn on the muffle furnace and set the heating 

temperature to 500–600°C. 

7) After reaching the target temperature inside the mold, 

remove the thermocouple, transfer the mold from the 

muffle to the platform, and press it with a 5-ton force. 

8) Keep the mold under pressure until it cools to room 

temperature. 

9) Remove the lower punch and take out the produced 

coal briquette. 

The influence of residence time (up to 10 min) and 

temperature (300-400°C) was studied according to the 

experimental plan presented in Table 3. The obtained 

briquettes are shown in Fig. 2. The obtained coal briquettes 

were non-uniform (coal grains are clearly visible on the 

upper and lower parts) and crumbled. This was especially 

pronounced for samples 6 and 7 (see Appendix, Fig. 1A), 

which were processed at higher temperatures relative to the 

other samples. The non-uniformity of the briquettes and 

cracks were present across all samples, both on their upper 

and lower sides.  

These phenomena likely result from the non-uniformity 

of the coal conversion degree along the height of the 

briquette. To assess the non-uniformity quantitatively, we 

developed a mathematical model of the physical and 

chemical processes that occur during the heating of the 

workpiece. This model is detailed in the next Section. 

III. MATHEMATICAL MODEL OF COAL PACKING 

PYROLYSIS 

We consider a quasi-one-dimensional coal packing with 

an initially uniform distribution of temperature, moisture 

content, and conversion degree. The packing is placed in a 

muffle furnace and heated at a given temperature of the 

furnace walls. Since the shell of the mold is metallic, it can 

be assumed that the main thermal resistance is related to 

the convective and radiative heat transfer between the shell 

surface and the environment. During heating, the organic 

mass undergoes drying and a two-stage decomposition. 

TABLE 3. Experimental Conditions 

 

Target 

temperature, 

ºС 

Residence 

time, min 

Coal 

weight, g 

Produced 

briquette 

mass, g 

1 300 0 

80.0 

67.1 

2 300 5 68.7 

3 300 10 67.3 

4 320 10 63.9 

5 350 10 59.7 

6 400 0 55.0 

7 375 0 57.1 

 

  

Fig. 2. The appearance of coal briquettes for experiment No. 1 (with the upper view on the left and the bottom view on the 

right). Other appearances can be found in the Appendix. 
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The presented model is grounded in the findings of [5, 

36–39], which reveal the main physical and chemical 

features of the processes of thermal decomposition and 

softening of the coal matter, particularly when subjected to 

mechanical loading. Chemical transformations of the coal 

mass involve thousands of organic substances formed 

during the decomposition of macromolecules. Practical 

experience, however, demonstrates that despite this 

diversity, the overall behavior of the coal mass can be 

described with a small number of variables. These 

variables do not always correspond to specific organic 

compounds, but instead represent broader “classes” of 

decomposition products characterized by their properties 

such as stages of appearance, phase state, hydrophobicity, 

and others. In this context, excessive detailing can be an 

unfavorable factor for the computational model, especially 

at the stage of the reactor concept testing where identifying 

qualitative patterns is more crucial than accurate 

quantitative results. 

The propagation of heat is described by a one-

dimensional heat conduction equation with the coordinate 

representing the height of the packing: 

2

2

T T
c q

t x

 
 =  +
 

, 

where c is the heat capacity, ρ is the density, T is the 

temperature, t is the heating time, x is the sample height, λ 

is the thermal conductivity, and q is the heat sink, related 

to phase transitions and chemical reactions. 

Thermophysical properties depend on temperature and 

coal conversion: 

W W C C A Ac c c c =  +  +  , 

W W C C A A

rad

  +  + 
 = +


, 

where ci is the heat capacity of components (moisture, 

organic mass, mineral matter), ρi is the mass concentration 

of components (given porosity); λi is the thermal 

conductivity of components, and λrad is the radiative 

thermal conductivity (calculated by a formula proposed by 

Kovenskii and Teplitskii [40]). The thermal conductivity 

of coal matter (W/(m∙K)) linearly increases with 

temperature [41]: 

273
0.12 0.12

1000
С

T −
 = + . 

The drying rate is determined by a heat balance: 

,

,0

,

, b

W

b

b

T T

c T
T Tt

Q t


 

 = −   

 

where, Tb is the water phase transition temperature (373 

K) and Qb is the water phase transition latent heat. 

The thermal conductivity of coals ranges from 0.1 to 

0.5 W/(m∙K) depending on the carbon content (for coals 

with a carbon content exceeding 80%, the thermal 

conductivity is higher due to graphitization) [42]. Then, 

with a heat transfer coefficient of about tens of W/(m2∙K) 

and a particle size of about a centimeter, the Biot number 

will be in the range of hundredths to tenths. It can be 

confidently assumed that the temperature inside the 

particle relaxes quickly enough to neglect internal 

gradients [43]. In some cases, intense gas evolution or 

mechanical abrasion can lead to cracking of particles, 

additionally intensifying heat transfer. 

To describe the lumped kinetics of coal decomposition, 

we adopt a two-stage model, which is often used to 

describe coal semi-coking processes. The first stage 

involves the formation of a multiphase set of products, 

including organic matter in a plastic state termed metaplast. 

The second stage corresponds to the degradation of the 

plastic state, its transformation into a solid product and 

residual volatile substances. For modeling purposes, it 

suffices to consider only the phase state of the products and 

their mass fractions. Therefore, for example, volatile 

substances are not separated by composition but are 

included in one macrocomponent. 

Gross reaction kinetic equations can be written as 

follows [39]: 

1

dC
k C

dt
= − , 

1 2

dM
k C k M

dt
= − , 

2

dR
k M

dt
= , 

where C is the raw coal organic mass, M is the coal organic 

mass in its plastic state, R is the solid residue mass 

(semicoke and ash); k1 and k2 are kinetic coefficients for 

gross reactions. The sum of the components C + M + R is 

the packing mass. The kinetic coefficients exhibit 

temperature dependence in accordance with Arrhenius’s 

law:  

0

i

g

E

R T

i ik k e
−

= , 

where E is the activation energy, k0 is the pre-exponential 

factor, and Rg is the gas constant. The mass of the particle 

at each moment is equal to the sum of masses of the 

condensed macrocomponents. The kinetic coefficients, 

holding the highest degree of uncertainty of all the 

coefficients in the model, are sourced from the 

http://esrj.ru/


I.G. Donskoy, A.N. Kozlov, M.V. Penzik, V.G. Galeev, Y.M. Isa        Energy Systems Research, Vol. 8, No. 3, 2025 

25 

aforementioned literature. The coefficients factoring in the 

distribution of the products across phases are chosen so that 

the solid residue is equal to that measured in the laboratory. 

With the total yield of volatiles assumed at 42%, we can 

assume that the yield of condensed organic residue in the 

first reaction stands at 95%, while in the second reaction, it 

is 61%. Both reactions are irreversible and have formal first 

order with respect to the reagent. The integral thermal 

effect of decomposition Qp is –300 kJ/kg (in some cases 

the thermal effect depends on the degree of conversion [8], 

but we neglect this dependence). Then the term q on the 

right-hand side of the heat balance equation can be written 

as follows: 

W C

b pq Q Q
t t

 
= − −

 
. 

The boundary conditions are as follows: 

( ) ( ) ( ) ( )4 4

g w

T
x T T u t T T

x


−  =  − +  −


, 

where, α is the heat transfer coefficient (mainly due to free 

convection in the muffle furnace space), Ω is the outer 

surface of the sample, ε is the emissivity of the surface 

(0.99), and σ is the Stefan-Boltzmann constant. Note that 

the temperatures of heating through the convective and 

radiant heating differ. The gas temperature near the surface 

of the samples is measured by a thermocouple and the wall 

temperature is set constant. When the gas temperature 

reaches a given temperature, the experimental technique 

disables radiant heat exchange. As a result, the second term 

on the right-hand side contains the control u(t), which 

equals one during the heating phase and switches to zero 

when the target temperature is achieved. This condition 

underlies the control of the thermal state of the muffle 

furnace. We take these values from the measurements. 

Table 4 shows the coefficients used in the calculations. 

The heat transfer equations with chemical reactions are 

numerically solved utilizing a combined scheme with 

splitting by physical process. The drying and pyrolysis 

processes are considered to occur under a fixed 

temperature distribution, independently in each grid 

element. Calculations rely on analytical and balance 

expressions, which include local temperature as a constant 

parameter. The process of heat conduction with heat sinks, 

whose intensity is determined in the previous stage, is 

considered to occur under fixed physical and chemical 

properties of the packing. For this purpose, a system of 

difference equations with implicit approximation is solved 

using the tridiagonal matrix algorithm. The resulting 

scheme has the first order of convergence in time and space 

grid steps [41]. 

As in the case of other similar systems, the choice of the 

spatial grid step cannot be based on any highly detailed 

characteristics of the sample. The coal particle packing is a 

heterogeneous system, therefore reducing the grid step to a 

size smaller than that of a single particle generally requires 

switching to other methods for its description, such as 

DEM, XDEM, and others [45]. In this paper, we assume 

that the interpenetrating phase model can still be applied 

(at least for calculations) even when the grid step is reduced 

TABLE 4. Numerical Values of the Coefficients Used in the Mathematical Model 

Parameter Dimensions Value 

Specific heat of coal, cC J/(kg∙K) 1 400 

Specific heat of moisture, cW J/(kg∙K) 4 200 

Specific heat of ash, cA J/(kg∙K) 2 000 

Raw coal density, ρ kg/m3 1 300 

Universal gas constant, Rg J/(mol∙K) 8.314 

Preexponent of the first reaction, k1
0 1/s 245 

Activation energy of the first reaction, E1 kJ/mol 40.7 

Preexponent of the second reaction, k2
0 1/s 2×108 

Activation energy of the second reaction, E2 kJ/mol 133 

Pyrolysis heat, Qp kJ/kg –300 

Water evaporation heat, Qev kJ/kg –2.27×103 

Heat transfer coefficient, α W/(m2∙K) 20 

Stefan-Boltzmann constant, σ W/(m2∙K4) 5.67×10–8 

Emissivity, ε – 0.99 

Packing height, H м 0.044 

Packing porosity, Π – 0.3 

Coke-ash residue thermal conductivity, λA W/(m∙K) 1 
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to sizes that are smaller than single particles (h = 0.4×10–4 

m). The time step was chosen in accordance with the 

constraints on the thermal relaxation time of both the grid 

element and the entire sample (τ = 5×10–2 s). The 

calculation results presented below were obtained for these 

values of the difference scheme parameters. 

IV. THE CALCULATION RESULTS AND THEIR 

COMPARISON WITH EXPERIMENTAL FINDINGS 

For the experiments from Table 1, the conditions for 

heating the coal packings before pressing into briquettes 

were reproduced using the mathematical model. In all 

cases, the heating temperature varied from 300 to 400°C, 

the initial mass of the sample was 80 g, and the initial 

moisture content was about 10% (given the moisture 

content, the loss of organic mass during decomposition is 

quite small). At high temperatures, the briquettes are 

brittle, which may be associated, for example, with a 

change in the distribution of properties across the packing 

height. 

Figure 3 (see also Fig. A2 in Appendix) shows the 

calculated temperature dynamics at different points (the 

 

Fig. 3. The dynamics of temperature inside the samples (left) and their mass loss (right) for experiment No. 1 (300°C, no 

residence time). The markers indicate the measured values. 

 

 

 

 

Fig. 4. The calculated distribution of the temperature (left) and softened coal mass fraction (right) along the sample height 

for experiment No. 1 (300°C). 
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center of the sample, a quarter of the height, and the near-

surface layer) on the left side. The mass average 

temperature (<T>) is also presented. The temperature of the 

phase transition of water stands out on all the graphs: 

drying makes a significant contribution to the creation of 

high temperature gradients in the sample (as well as to the 

overall mass loss). The sharp decrease in temperature at the 

end of each experiment is caused by the removal of the 

thermocouple from the packing before pressing. Due to 

significant thermal inertia, the temperature distribution 

inside the packing is “preserved” for a significant time, 

sufficient to remove the samples from the muffle furnace 

and obtain briquettes. 

Figure 3 shows that the mathematical model reproduces 

the mass loss of the samples quite accurately. Comparison 

of temperatures demonstrates a qualitative agreement 

(which can be attributed to various factors, ranging from 

neglected convective transfer processes inside the packing 

to a simplified mechanism of chemical transformations). A 

major source of error is the uncertainty of the 

thermophysical properties of the coal organic mass 

throughout the conversion process. With a rise in heating 

temperature, the differences between measurements and 

modeling results decrease. 

Despite the differences between the measured and 

calculated curves, the model proves to be a reliable tool for 

estimating the thermal state of coal packing. The 

distribution of temperature and metaplast at the end of the 

experiment can be seen in Fig. 4 (also see Fig. A3 in 

Appendix). The general patterns of the packing heating are 

as follows. The temperature gradient is significant for all 

cases and ranges from 30 to 90°C per half-height of the 

 
Fig. 5. The dependence of organic mass in plastic state mass fraction on residence time and maximum temperature (numbers 

in the Figure, °C) 

 
Fig. 6. The dependence of maximum temperature difference across the packing on residence time and maximum temperature 

(numbers in the Figure, °C). 
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sample. This variation in temperature entails heterogeneity 

in the pyrolysis degree. When the heating temperature and 

residence time increase, the coal mass at the workpiece 

boundaries almost completely turns into semi-coke, 

leading to the production of brittle briquettes upon 

pressing. In contrast, at low temperatures and short 

residence times, the workpiece may not have sufficient 

time to achieve the required conversion. 

Thus, an optimization problem arises concerning the 

selection of thermal conditions for heating coal packing 

prior to the pressing process. 

V. RESULTS AND DISCUSSION 

The model was used to calculate the pyrolysis process of 

coal packing (with a weight of 80 g and a fixed height) 

across various maximum temperatures and heating 

intervals. For simplicity, we assumed that the gas 

temperature in the muffle furnace rose linearly at a rate of 

10 K/min until achieving the maximum temperature, at 

which point it remained constant. The dependences for the 

proportion of softened mass and the maximum temperature 

difference are demonstrated in Fig. 5 and 6. Expectedly, 

the decomposition degree increases as the maximum 

temperature rises. With a heating time of up to 2000 s, the 

curves are close, but a notable decline in the fraction of 

organic mass in the plastic state occurs at high 

temperatures. At the same time, as seen in Fig. 6, the 

temperature difference across the coal particle layer 

gradually decreases. 

The regions with a slightly changing high temperature 

gradient correspond to the drying stage [46]. The drying 

stage significantly overlaps with decomposition of the 

organic matter of coal. The presented model does not factor 

in possible cross-effects (e.g., the effect of water vapor on 

the dynamics of release and the composition of the 

products), therefore, the effect of drying is reduced to the 

thermal interaction between the phase transition and heat 

transfer processes. At long heating times, the temperature 

gradient diminishes, resulting in values around 50–100 K 

at 3000 s, similar to those observed in the previous Section. 

To assess the heterogeneity of the distribution of coal 

mass in the plastic state across the packing height, the 

following criterion can be proposed: 

( ) ( )

( )

,   ,  

,

end end

end

M t x M t x
F

E M t x

−
=

  

, 

where M (t, x) is the local content of the coal mass in the 

plastic state and E  is the estimate of the mean value. Thus, 

the heterogeneity criterion is the range of values 

normalized to the mean value. The dependence of 

heterogeneity on the pyrolysis conditions is shown in 

Fig. 7. Heterogeneity increases with temperature, albeit 

non-monotonically, at heating periods of up to 2000 s. The 

choice of a high temperature leads to considerable packing 

heterogeneity, making the briquettes extremely unstable 

after pressing. However, it is impossible to unambiguously 

select the optimal conditions from the results of numerical 

modeling. Even for the maximum heating temperature of 

400°̈C, there can be a range of conditions (at shorter 

heating times) within which acceptable workpiece 

homogeneity can be expected. These results need to be 

verified experimentally. 

 
Fig. 7. The dependence of the heterogeneity criterion on residence time and maximum temperature (numbers in the Figure, 

°C). 
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A more significant outcome of the study is the 

development of a mathematical model of heat transfer 

processes and physicochemical processes in coal packing. 

This model not only qualitatively reproduces the heating 

curves but also provides a highly accurate estimation of the 

final mass. Such a tool (given corrections for the reactive 

and thermal properties of materials, as well as a more 

detailed consideration of processes within the packing) can 

be used to find optimal conditions for thermal briquetting 

of coals. In addition to mechanical strength, it is also 

crucial to consider energy consumption, which increases 

with long heating times. The development of new, highly 

efficient schemes with coal pyrolysis can become one of 

the ways to reduce emissions and the carbon footprint of 

semi-coke production. 

VI. CONCLUSIONS 

The paper presents the results of experimental 

measurements and numerical calculations achieved when 

studying the processes of heating and pyrolysis of coal 

packing before pressing them into briquettes. The findings 

reveal that briquettes produced at heating temperatures of 

375–400°C are brittle. To analyze the causes behind this, a 

simplified mathematical model was developed to estimate 

the degree of the composition and temperature 

heterogeneity within the briquette during laboratory 

heating. The calculation results indicate that with an 

increase in temperature and heating time, the degree of coal 

conversion into semi-coke rises, which deteriorates the 

quality of the packings. Variant calculations allow us to 

determine the range of heating conditions for pre-treatment 

of coal before briquetting.  

A crucial strand for further research is the consideration 

of processes within the particles. The sintering of particles 

during pressing relies heavily on adhesion, making it 

essential to have comprehensive information on the surface 

state. Various modifications of the layer model have been 

proposed to consider the processes within the particles 

[47]. Integrating chemical reactions with transfer processes 

and solid mechanics, especially in coal processing, needs a 

more detailed analysis, additional experiments, and new 

theoretical approaches. 
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Abstract This paper reviews current trends in the 

evolution of district heating systems and some emerging 

areas of their technological transformation related to 

the reliability of operation. It also contributes insights 

into advancing the methodology for reliability analysis 

and synthesis for these systems. The study highlights 

the issues of the heat network infrastructure health 

through a case study of the Irkutsk region, which 

elucidates their severity. We conclude by noticing an 

imbalance in the reliability issues of evolving district 

heating systems: on the one hand, the technological 

changes and structural transformations are 

irreversible, on the other hand, a range of major 

unresolved issues hinder and slow down the adoption of 

innovations and advancement of the systems. 

Index Terms — District heating system, transformation 

of energy systems, energy transition, reliability, 

reliability analysis and synthesis, equipment health, 

equipment wear and tear, prosumer, hybrid district 

and distributed heating system. 

I. INTRODUCTION 

The reliability of district heating systems (DHSs) 

becomes an increasingly critical issue with each year. The 

significant loss of heat, substantial wear of equipment, 

annual failures of heating mains resulting in prolonged 

interruptions in heating supply highlight the urgent need to 

address the issues of heating systems, even in the face of 

limited resources. The primary areas of confronting the 

above challenges aim to better equipment health, whereas 

further evolution of DHS involves the adoption of new 

technologies, principles of construction, design, and 

operation; mass digitalization of technological processes; 

and others.  

All these trends, when viewed through the lens of the 

overall paradigm of transformation of energy systems (ES) 

as part of the energy transition [1], require more advanced 

production facilities and up-to-date theoretical 

foundations. Implementation of technological, structural, 

and organizational innovations leads to the emergence of 

new facilities and links, changes in properties, and 

introduction of new functions of DHSs. These 

transformations need to be considered in the analysis and 

synthesis (optimization, assurance) of their reliability and 

when formulating strategies to ensure it. Based on the 

literature review [2], we have compiled a systematized list 

of current methodological research on solving DHS 

reliability problems [3–34]. This list is shown in Table 1 

(it, however, does not claim to be an exhaustive 

representation of the current research in the field).  

The co-occurrence graph of keywords of research papers 

shown in Fig. 1 provides an overview of the state-of-the-

art of DHS reliability studies (received using the service 

VOSviewer). The cluster that stands out from the rest of 

the graph links the term district heating system to the 

reliability-related concepts such as reliability, reliability 

analysis, reliability assessment, and nodal reliability 

indices. The relative isolation of this cluster indicates weak 

interconnections between reliability issues and other areas 

of research, in particular, those related to energy efficiency, 

adoption of renewables, and new principles of systems 
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design in general. This situation may result in an 

inconsistent approach to the overall development of DHSs, 

lacking well-informed and balanced decisions and failing 

to consider conflicting multiple criteria for economic 

performance, efficiency, and reliability. The theory of 

hydraulic circuits [35] laid out a solid theoretical 

groundwork for DHS reliability: it contributed a method 

for nodal reliability assessment of consumer heating 

supply, a system of criteria and requirements for reliability 

based on the current standards, as well as methods of 

synthesis of optimal DHSs that consider their reliability 

[36]. This line of research was further elaborated in [31–

34]. 

II. RELIABILITY OF EMERGING DHS TECHNOLOGIES 

The array of modern technologies used for development 

and transformation of DHS to ensure and enhance their 

reliability is diverse both in the scope of application 

(subsystems, facilities, equipment) and in the scale of 

modernization of the systems. The production level 

involves the use of efficient heat sources (HSs), secondary 

thermal energy resources, and renewables. The distribution 

level focuses on addressing such urgent issues as efficient 

control of thermal-hydraulic states of heat networks (HNs), 

reduction in heat loss, reconstruction of pipelines, and, in 

some systems, transition to low-temperature parameters of 

heat carrier. It is envisioned that the consumption 

subsystems will be provided with a set of energy efficient 

systems and technologies for residential heating, cooling, 

TABLE 1. Published Research On the Design of Methods for Analysis and Synthesis of DHS Reliability (Compiled Based On 

the Data Reported in [2]) 

Reliability problem Level of detail Methods References 

DHS reliability  

analysis 

System 

(overall solutions) 

Probabilistic, stochastic 

processes 

Valinčius et al., 2015 [3]; Badarai et al., 2018 [4]; Postnikov, 

2023 [5] 

Statistical Rasoulian, 2022 [6]; Gilski et al., 2014 [7]; Marx et al. [8]; 

Postnikov & Mednikova, 2022 [9] 

Components 

(node-specific 

solutions) 

Probabilistic Mortensen et al., 2022 [10]; Ziganshin et al., 2016 [11]; 

Khoshgoflar Manesh et al., 2018 [12]; Losi et al., 2024 [13]; 

Mao el al., 2024 [14]; Mao et al., 2022 [15] 

Deterministic Maliavina et al.,2022 [16] 

DHS reliability 

analysis and risk 

assessment 

Components Probabilistic Žutautaite et al., 2017 [17]; Shan et al., 2017 [I8]; Postnikov & 

Stennikov, 2020 [19] 

Statistical analysis Sernhed & Jönsson, 2017 [20] 

Hybrid (Weibull model + 

Monte Carlo methods + failure 

mode and effects analysis) 

Palakodeti, 2016 [21] 

Machine learning methods Mortensen el al., 2022 [22] 

DHS reliability 

forecasting, 

predictive analysis 

Components Hybrid (probabilistic + 

machine learning) 

Mortensen & Shaker, 2024 [23] 

Weibull model Kovacs et al., 2021 [24]; Langroudi & Weidlich, 2020 [25] 

Deterministic Sun et al., 2009 [26] 

DHS reliability 

optimization 

System Statistical analysis Dai et al., 2022 [27]; Pan et al., 2024 [28]; Li et al., 2021 [29] 

Machine learning methods Mao et al., 2021 [30] 

Components Probabilistic Postnikov et al., 2017 [31]; Stennikov & Postnikov, 2013 [32]; 

Postnikov et al., 2018 [33]; I. Postnikov, 2023 [34] 
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and hot water supply, and prosumers will be introduced 

there to form hybrid district and distributed heating 

systems (as detailed below). 

According to a well-established conception of district 

heating evolution, the technological change in DHSs is 

tentatively divided into 4 stages or generations of systems 

[37] (currently the 5th generation is also being considered). 

It should be noted that this classification is provisional, 

which is due to the continuity of the evolutionary process 

itself and, as a consequence, the impossibility of clearly 

delimiting the systems of “adjacent” generations by the 

features unique to them. For example, the DHSs operating 

 
Fig. 1. The co-occurrence graph for reliability studies within research on various aspects of DHS; generated by querying the 

Scopus database for the search term “district heating + reliability” (based on over 1 000 items published in 2010–2024). 

 

TABLE 2. Reliability Throughout the Stages of Technological Evolution of DHSs 

1st generation of DHS 

(1880–1930) 

2nd generation of DHS 

(1930–1980) 

3rd generation of DHS 

(1980–2020) 

4th generation of DHS 

(2020–2050) 

Key technologies 

Localized steam systems, steam 

pipes in concrete ducts, 

condensate lines, expansion 

joints, pressurized condensate 

tanks 

Hot water pipes in concrete ducts, 

high pressures, metal-intensive 

and heavy equipment of heat 

networks, weak system of 

monitoring and control of 

operating conditions 

Pre-insulated buried pipelines, 
efficient compact heating 
substations, metering and 
monitoring, control of operating 
conditions parameters 

Integrated energy technologies 
with intelligent control, full 
digitalization of processes, 
prosumers, high energy 
efficiency, environmental 
friendliness 

Reliability aspect 

Low reliability due to intensive 

corrosion damage of condensate 

piping; high heat loss induced by 

higher steam parameters, 

exposure to high risks in case of 

incidents 

Improved reliability due to 

reduced heal transfer medium 
parameters, more reliable 
equipment, energy-saving 
technologies, as well as systems 
design with built-in functional 
and structural redundancy 

Still higher reliability due to 

lower heat transfer medium 
parameters; integration of various 
sources (including renewables) 
which provides a wider safety 
margin but complicates operating 
conditions, hence the need for 
fundamentally new intelligent 
control systems to back the 
further evolution 

High reliability and 

controllability of systems; 
multiple options for multi-
resource redundancy due to 
integration with other energy 
systems; high level of operational 
reliability at the level of 
prosumer-based demand- 
response subsystems due to 
optimization of consumption and 
local thermal capacity 
redundancy; further 
improvement of reliability of 
individual components 
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in Russia correspond to the 2nd generation, although many 

of them are unique in scale and structure; most systems in 

European countries, as well as the new systems operating 

in China, correspond to the 3rd generation, and only a small 

number of systems in some European countries (Denmark 

is a recognized leader in this group) belong to the 4th 

generation. 

An overview of the historical background, structure, and 

basic properties of these stages is detailed in [37]. Based 

on the technological features specific to DHSs of different 

generations we have formulated the corresponding 

reliability aspects and presented them in Table 2. In the 

foreseeable future, DHSs will focus on achieving the 

properties of the 4th and 5th generation systems, which 

involves: high system reliability and controllability; a 

variety of options for multi-resource redundancy as part of 

integration with other ESs; high operational reliability at 

the level of subsystems run by prosumers due to 

optimization of consumption and local thermal capacity 

redundancy at their own DHSs; increased technical 

reliability of system components, and others. The key 

parameter that affects the DHS efficiency within the 

framework of the above conception is the heat carrier 

temperature, whose decrease leads to a lower heat loss. 

Furthermore, the transition to low-temperature operating 

conditions enhances operational reliability, extending 

service life of pipelines while reducing their thermal stress 

and deformation. This decreases the thermal expansion of 

pipelines, enabling the use of more compact compensators 

and streamlining their installation and replacement. The 

above factors facilitate cutting costs incurred for 

maintenance repairs and overhauls of HN equipment, as 

 
 
Fig. 2. Formation of reliable hybrid district and distributed heating systems with a multi-level prosumer distributed heating  

subsystem [35, 39]. 
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well as for the means of rectifying incidents at the facilities 

that use higher parameters of the heat carrier. However, it 

is also crucial to consider higher material intensity of HNs 

due to larger diameters needed to increase the flow rate for 

compensating for the decrease in the temperature drop. 

III. ENSURING RELIABILITY IN THE TRANSITION TO 

HYBRID DISTRICT AND DISTRIBUTED HEATING 

Studies [35, 39] have contributed a promising 

conception of DHS development that prioritizes reliability 

assurance. At the core of this conception is the 

transformation of existing systems or establishment of new 

ones that are built in line with the principles of synergistic 

integration of district heating and distributed heating. Such 

systems, which we refer to as hybrid district and distributed 

heating systems (HDDHS) have a multi-level hierarchical 

structure formed by hydraulically independent heating 

circuits. The circuits implement distributed sources run by 

prosumers at each level of heat generation to serve the heat 

load at the nodes of the original layout where reliability 

goes beyond the acceptable range of nodal reliability 

indices and efficiency lies outside the acceptable range of 

economic heat distribution distances (EHDD). 

Figure 2 shows the overall flowchart of the algorithm for 

the design of hybrid district and distributed heating 

systems with a multi-level structure of distributed heating 

(DH) subsystems based on HSs run by prosumers. Stage I 

identifies the range of efficient operation of district heating 

of the original HS layout in terms of its EHDD. Stage II 

localizes DH subsystems so that the problems of their 

operation are solved within these subsystems. Stage III 

delimits the EHDD boundaries within the selected DH 

subsystem. If there are consumers outside these 

boundaries, they are assumed to be connected to the source 

of the second-level DH: thus, a bi-level (or, generally, 

multi-level) hierarchical structure is formed with each level 

having its own prosumers. Stage IV focuses on reliability 

analysis within the efficient operation range obtained for 

 
 

Fig. 3. Algorithm for HDDHS formation (corresponds to the main stages shown in Fig. 2). 
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the selected subsystem and identifies low-reliability nodes 

to ensure their required redundancy. Stage V forms a multi-

level HDDHS with efficient and reliable heating supply. 

Figure 3 shows an algorithm for HDDHS formation, 

including all the main stages discussed above. This 

algorithm is capable of accomplishing a wide range of 

scientific and methodological tasks, including stochastic 

modeling of the studied system operation (to determine the 

probabilities of emergency states) and thermal-hydraulic 

modeling of emergency conditions corresponding to 

failures of system components. The set of reliability 

problems corresponding to stage C-5 (see Fig. 3) includes, 

in addition to stochastic modeling of states, the use of 

optimization procedures to find solutions for structural and 

parametric redundancy of the system. 

A detailed description of the HDDHS formation 

algorithm, as well as the methods and models used are 

presented in [38]. The application of the developed 

methods to the real-life DHS is considered in the paper 

[39], which also discusses the achieved reliability and 

economic effects. Thus, the formation of the considered 

distributed heating subsystem connected to the prosumer 

source improves reliability by 44%, while structural 

redundancy in the system increases reliability to 62% 

(based on the adopted key reliability indices – availability 

factor and failure-free operation probability). The total 

economic benefit is estimated at about RUB 94 million per 

year, or 48% of the operating costs corresponding to the 

initial heating system diagram. The economic benefit 

derived from localizing the distributed heating subsystem 

based on the prosumer can be attributed to two reasons: 1) 

a reduction in the thermal energy cost through a decrease 

in operating network costs for pumping at a reduction in 

the heating supply distance; 2) a reduction in damage from 

shortages due to increased reliability. An additional 

economic benefit can be gained in the district system by 

lowering operating costs through the integration of 

distributed heat sources to meet part of the heating demand. 

The optimal distribution of the load of district and 

prosumer sources over the calculation period demonstrates 

the economic effect that can be obtained [40]. For example, 

the effect can be achieved by changing thermal energy 

output from the prosumer distributed source and the 

corresponding operating costs. The greater the part of the 

load covered by the subsystem self-generation, the smaller 

the correction required to the resulting effect. However, 

this factor does not affect the value of the economic effect 

from damage reduction. 

IV. FURTHER DEVELOPMENT OF THE METHODOLOGY FOR 

ANALYZING DHS RELIABILITY 

As noted above, the transformations of heating systems 

entail not only the establishment of new facilities and 

incorporation of additional links but also the development 

of the theoretical foundations for solving the reliability 

problems of these systems. Simultaneously, it is crucial to 

enhance both production facilities and technologies. 

For example, modeling the heating systems with a 

hybrid district and distributed heating structure which 

assumes parallel operation of district heating sources and 

distributed heating sources run by prosumers within a 

single interconnected heat network infrastructure, should 

be based on the hierarchy of technological processes 

capturing both physical and stochastic parameters of the 

 
 

Fig. 4. Current state and projected wear and tear of heat networks in the Irkutsk region to 2050: (a) “age” structure of pipelines; 

(b) projected wear dynamics under different replacement rates: 1 – no re-laying, 2a – current rate (30.36 km/year), 2b – 

compensating rate (44.45 km/year), 3 – a 50% reduction in wear (92.06 km/year), 4a, 4b, 4c – complete elimination of wear by 

2050 (139.67 km/year), by 2036 (258.97 km/year), and by 2033 (320.81 km/year), respectively. 
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system and their coordination at the upper level of system 

control [34]. In this context, the use of logical-

probabilistic, stochastic, or statistical models deemed 

suitable for conventional district heating systems may lead 

to faulty results that leave out of consideration the 

concurrent and dependent failures of components 

operating at different critical facilities and levels of district 

heating and distributed heating segments of the system. It 

is important to note that subsystems of different levels are 

not autonomous, but rather function together to make load 

redistribution and redundancy possible. On the other hand, 

this also complicates the failure effects analysis, which 

relies on emergency thermal-hydraulic conditions in the 

heat network combined with modeled HSs failures. The 

design of a hierarchical control system of the heating 

system with a multi-level generation structure is a research 

problem in its own right, which involves accomplishing a 

number of technological (creation of production facilities), 

theoretical, applied, information-related, and regulatory 

tasks. The above methodological aspects are equally 

important for the reliability synthesis of systems being 

examined and for the establishment of regulatory standards 

aimed at ensuring high reliability and quality in heating 

supply. 

V. WEAR AND TEAR OF THE HEAT NETWORK 

INFRASTRUCTURE IN HEATING SYSTEMS 

The key factor hindering the implementation of the 

majority of promising solutions for heating system 

development is poor equipment health, mainly that of heat 

network equipment. For example, there were 4 203 

documented incidents in the heating systems operating in 

Russia in 2022, of which 497 (12%) were in heat sources 

and 3 706 (88%) were in heat networks [41]. There were 

1 327 600 people affected by these incidents in 2022. In 

this context, the Irkutsk region is an illustrative example 

(Fig. 4). 

The total length of HNs in the region is 3 631 km, 

whereas the worn out part is 2 476 km (68.2%), of which 

about 37% is dilapidated, being a priority for replacement 

to ensure that the incident rate at least does not exceed its 

current level. Figure 4-b shows projected changes in the 

length of worn-out HN pipelines for different rates of their 

restoration. The projection method relies on the following 

input data: a) the current wear of heat networks (as of 

2024); b) the age structure of operating networks in terms 

of length (Fig. 4-a); c) the current rate of replacement 

(restoration). These data allow us to estimate the length of 

pipelines to be worn out annually, according to their 

service life (over 25 years). Thus, a wear curve is 

calculated without factoring in renewal. Changing the rate 

of pipeline replacement can impact the resulting trend 

either decelerating it or transforming it into a trend of 

restoration. The existing rate of renovation (curve 2a) fails 

even to maintain the current level of wear during the 

projection period. A 50% reduction in wear would require 

a 3-fold rise in the re-laying rate (curve 3), and more than 

a 4.5-fold increase to eliminate it completely (curve 4a). 

VI. CONCLUSION 

The above review of published research on theoretical 

and applied reliability problems of heating systems 

undergoing technological and structural changes has 

revealed that these problems are either understudied or 

weakly connected to other lines of research. This may 

result in inconsistent policies that hinder the development 

of the systems, as these policies may lack deliberate and 

balanced decision-making that considers conflicting 

multiple criteria of economic performance, efficiency, and 

reliability. 

The array of modern technologies used for development 

and transformation of district heating systems to ensure 

and enhance their reliability is diverse both in terms of the 

scope of application (subsystems, facilities, equipment) 

and the scale of modernization of the systems. As heat 

generation and distribution technologies continue to 

evolve, the vision of energy sector development shifts to 

embracing the trend towards the establishment of 

integrated multi-energy complexes. These complexes 

suggest integrating heating systems with various other 

systems (electricity, gas, and oil systems, as well as those 

based on renewables), which, along with other effects, 

leverages interchangeability of energy resources, thereby 

increasing the redundancy at different levels within the 

system. In line with this conception, it can be argued that 

there is much promise in the transition to hybrid district 

and distributed heating systems with a multi-level 

hierarchical structure based on prosumer subsystems 

implemented at each generation level to serve the heat load 

of the nodes of the original scheme, whose reliability and 

efficiency go beyond the acceptable limits. In terms of 

methodological development, a number of assumptions 

deemed appropriate for modeling conventional district 

heating systems become restrictive when applied to 

hierarchical layouts of hybrid district and distributed 

heating systems, which prompts the development of a 
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methodological framework for reliability analysis and 

synthesis. 

Another important reliability aspect of heating systems 

is equipment health. The current level of wear and tear of 

heat networks necessitates a multiple-fold increase in 

renovation rates, along with a significant rise in funding, 

which is currently beyond reach. As a result, there is a 

growing imbalance in ensuring the reliability of heating 

systems in the process of their evolution: on the one hand, 

the technological change and structural transformation are 

irreversible, on the other hand, a number of major 

unresolved issues greatly hinder the adoption of 

innovations. Addressing top-priority issues of reliability of 

the existing systems to achieve, first of all, their normal 

(i.e., to specifications) and reliable operation is critical for 

the effective transition to the future stages of their 

evolution. 

The main developments of the study are a methodology 

and an algorithm for the formation of district-distributed 

heating systems. The key limitations assumed in the 

development of the methodology are as follows: a) for 

stochastic modeling, we assumed the simplest failure flow 

of components characterized by typical behavior, 

independence, and an exponential distribution; b) for 

thermal-hydraulic modeling, we assumed the main 

parameters of steady-state conditions in the system 

(temperature, pressure, flow rates, and others) would 

remain constant. A number of practical limitations 

associated with the implementation of district-distributed 

heating facilities concern the technical level of existing 

heating systems for innovative transformations. First of all, 

these are current high wear of heat network, system 

misalignment, as well as a low level of digitalization and 

process control. 

Advancing the proposed methodology involves 

addressing many scientific, methodological, and applied 

problems. At this stage, the priority ones are as follows: 

1) Determining the feedback loop of solutions obtained 

at various levels of the district-distributed heating system 

(achieving an optimal multi-level system structure 

necessitates an iterative procedure with “floating” 

efficiency and reliability criteria to be implemented until 

some equilibrium solution is reached with acceptable 

accuracy); 

2) Developing methods for optimal loading (based on 

technical and economic criteria) of district and distributed 

heat sources in accordance with the thermal load curve 

during the design period (possible approaches include two-

level programming methods, game approaches, and 

others); 

3) Improving the methods designed to ensure reliability 

of the district-distributed heating system by expanding the 

use of various functional and structural redundancy 

methods in prosumer subsystems, including the ability to 

supply thermal energy into the district network to 

compensate for emergency shortages; 

4) Detailing prosumer circuits, considering the 

technological and operational factors of their connection to 

the district system, the conditions and requirements for the 

reliable operation of the system throughout the entire 

period, and the range of possible emergency states and 

events. 
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Abstract Power supply challenges continue to be a 

significant issue, necessitating ongoing efforts to 

enhance power generation, network infrastructure, 

and system configurations. Notably, the integration of 

distributed generation (DG) units and capacitor shunts 

(CSs) has emerged as a key advancement. With the 

escalating complexity and scale of power systems, 

optimizing these components to maximize benefits and 

mitigate drawbacks has become essential. 

Consequently, optimization has become a crucial 

element in the development of algorithms. This study 

proposes the utilization of the Grey Wolf Optimizer 

(GWO) and Ant Lion Optimization (ALO) methods for 

determining the optimal sizing of capacitor shunts and 

distributed generation units within distribution 

systems. The Reconfiguration Method (RM) is 

employed to identify the optimal location for single-

generation units and capacitor shunts, while the Loss 

Sensitivity Factor (LSF) is utilized to determine the 

optimal placement for multiple DG units and CSs. The 

primary objective is to minimize real power losses 

across the entire system by selecting the optimal sizes 

with GWO and ALO, while also optimizing their 

placement using LSF and RM. The performance of the 

proposed algorithms, GWO and ALO, was evaluated 

using the IEEE 33-bus power system. Four distinct 

scenarios were employed to demonstrate the 

superiority and effectiveness of these optimization 

methods. 

 

Index Terms — Capacitor shunt, distributed 

generation, Grey Wolf Optimizer, Ant Lion 

Optimization, optimal allocation, real power loss 

minimization, IEEE 33-bus system.  

I. INTRODUCTION 

The increasing global demand for energy, driven by 

social, economic, and industrial developments, makes 

efficient power supply a critical concern. Distribution 

networks, which represent a significant investment and 

directly connect with consumers, are particularly 

susceptible to power losses, with approximately 70% of 

real power losses occurring within these networks [1]. 

Traditional solutions, such as building new generation 

stations, are often costly and time-consuming. 

Consequently, modern approaches focus on optimizing 

existing infrastructure through network reconfiguration 

and the strategic integration of devices like distributed 

generation (DG) units and capacitor shunts (CSs). 

DG units, which can be renewable (e.g., solar, wind) or 

conventional (e.g., fuel cells), are strategically placed near 

consumption points to enhance system reliability, reduce 

power losses, improve network performance, and defer the 

need for new distribution feeders. The integration of DG 

also transforms traditional unidirectional power flow into 

bidirectional flow, introducing new complexities and 

opportunities [2]. However, the unpredictable nature of 

renewable energy sources necessitates careful planning to 

avoid negative impacts such as overvoltage or exceeding 

feeder load limits. Similarly, the installation of CSs is 

crucial for optimizing voltage profiles, increasing voltage 
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stability, decreasing real power loss, and improving power 

factor and quality by injecting reactive power into the 

system. Both DG and CS placement and sizing require 

meticulous study to maximize their benefits and avoid 

adverse effects [3]. Various optimization techniques, 

including heuristic, analytical, and hybrid methods, are 

proposed for the optimal allocation of DG units and CSs in 

power systems [4]. For instance, enhanced Ant Lion 

Optimization (ALO) and Particle Swarm Optimization 

(PSO) are used for DG allocation in IEEE 69-bus systems 

[5]. The Grey Wolf Optimizer (GWO) is also widely 

applied for optimal DG placement and sizing [6, 7]. Other 

metaheuristic algorithms, such as Harris Hawks 

Optimization (HHO) [8] and Wild Horse Optimizer 

(WHO) [9], are explored for similar purposes. The optimal 

planning of PV sources and D-STATCOM devices, 

incorporating network reconfiguration using a Modified 

Ant Lion Optimizer, is investigated in [10]. Similarly, [11] 

proposes a modified Ant Lion Optimization algorithm for 

efficient distributed generation allocation in power 

distribution networks. Furthermore, [12] utilizes an Ant 

Lion Optimizer-based multi-objective approach for the 

simultaneous optimal allocation of distributed generations 

and synchronous condensers in distribution networks. 

Hybrid approaches combining analytical techniques with 

optimization algorithms show promise in minimizing 

power loss and improving voltage profiles [13–16]. A 

fuzzy genetic approach for network reconfiguration is 

applied to enhance voltage stability in radial distribution 

systems [17]. A hybrid of ant colony optimization and 

artificial bee colony algorithm is employed for 

probabilistic optimal placement and sizing of distributed 

energy resources [18]. 

This paper introduces a novel hybrid optimization 

strategy for the simultaneous optimal placement and sizing 

of DG units and CSs in radial distribution networks, 

specifically targeting the minimization of real power 

losses. While the application of metaheuristic algorithms 

to this problem is not new, our work distinguishes itself 

through a rigorous and direct comparative performance 

analysis of two prominent nature-inspired algorithms, 

GWO and ALO, within a unified hybrid framework. We 

employ a two-step process: the Reconfiguration Method 

(RM) for single-unit placement and the Loss Sensitivity 

Factor (LSF) for multiple-unit placement, which 

effectively streamlines the search space. This allows the 

powerful GWO and ALO algorithms to focus solely on 

determining the optimal component sizes, thereby 

significantly enhancing computational efficiency and the 

quality of the solution. The study evaluates the 

performance of this hybrid approach on the IEEE 33-bus 

system under four distinct and practical scenarios, 

providing a comprehensive understanding of how these 

optimization tools perform under various system planning 

conditions. This direct comparison, coupled with the 

systematic evaluation across diverse scenarios, offers 

valuable insights into the strengths and weaknesses of 

GWO and ALO for real-world power system optimization 

challenges. 

The primary contributions of this study are summarized 

as follows: 

Novel Hybrid Optimization Framework: 

Development and application of a hybrid methodology that 

combines deterministic placement strategies (RM for 

single units, LSF for multiple units) with metaheuristic 

sizing algorithms (GWO and ALO) to efficiently minimize 

real power losses in distribution networks. 

Direct Comparative Performance Analysis: A 

rigorous and direct comparison of GWO and ALO for 

minimizing real power loss through DG and CS 

integration, tested on the identical IEEE 33-bus system 

under four distinct and practical scenarios. 

Comprehensive Scenario Evaluation: Unlike studies 

that may focus on a single type of installation, our research 

evaluates the problem across a comprehensive set of four 

scenarios (single CS, single DG, multiple CSs and multiple 

DG units). This provides a broader understanding of how 

these optimization tools perform under different system 

planning conditions and demonstrates that the installation 

of multiple DG units yields the most significant reduction 

in power losses among the tested configurations. 

Improved System Performance: The proposed 

optimization approach consistently leads to significant 

reductions in real power losses, alongside improvements in 

voltage profiles and an enhanced voltage stability index 

across all evaluated scenarios. 

The remainder of this paper is organized as follows: 

Section 2 details the problem formulation, including 

objective functions, constraints, the Reconfiguration 

Method, and the Loss Sensitivity Factor. Section 3 presents 

the mathematical models and overviews of the proposed 

GWO and ALO algorithms. Section 4 discusses the 

simulation results for optimal location and size of single 

DG units, single CSs, multiple DG units, and multiple CSs 

on the IEEE 33-bus system. Finally, Section 5 provides the 

conclusions and outlines avenues for future research. 
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Convergence Analysis: The convergence 

characteristics of both algorithms were analyzed by 

plotting the best fitness value against the number of 

iterations. The analysis reveals GWO typically converges 

faster than ALO, reaching near-optimal solutions within 

60–70 iterations ALO shows more exploration in the early 

iterations but may require more iterations to converge. 

Both algorithms demonstrate good convergence 

characteristics without premature stagnation. These 

statistical results provide strong evidence for the 

effectiveness and reliability of the proposed optimization 

approach, with GWO showing superior performance in 

terms of solution quality and consistency. 

II. PROBLEM FORMULATION 

The proposed approach aims to determine the optimal 

locations and sizes of DG units and CSs to minimize total 

real power losses in a multi-constrained radial distribution 

network (RDN). 

A. Power Flow 

The radial distribution network (RDN) single-line 

diagram is shown in Fig. 1. The real and reactive power 

will be supplied from bus a  and received at bus b . The 

real and reactive powers of buses a  and b  can be 

calculated as follows [4]: 

( ) ( )
2 2

, , , ,

, 2

l a l b l b l b

a b l b ab

b

P P Q Q
P P P R

V

 + + +
 = + +
 
 

, (1) 

( ) ( )
2 2

, , , ,

, 2

l a l b l a l b

a b l b ab

b

P P Q Q
Q Q Q X

V

 + + +
 = + +
 
 

, (2) 

( ) ( )
2 2

2 2 2

2
2 a a

b a a a a ab ab ab

a

P Q
V V P R Q X R X

V

  +
= − + + +   

  
, (3) 

where 
aP  and 

bP  are the real powers at buses a  and b , 

respectively; 
,l aP  and 

,l bP  are real load powers at buses a  

and b , respectively; 
aQ  and 

bQ  are the reactive powers 

at buses a  and b , respectively; 
,l aQ  and 

,l bQ  are reactive 

load powers at buses a  and b , respectively;   aR  and 
abR  

are the resistance and reactance of lines a  and b , 

respectively; 
bV  is the voltage at bus b ; 

aV  is the voltage 

at bus a ; 
abX  is the line impedance. 

The real power loss in lines between buses a  and b  can 

be computed as follows: 

2 2

( , ) , 2

a a

loss a b a b

a

P jQ
P R

V

 +
 =
 
 

.      (4) 

The reactive power loss in lines connecting buses a  and 

b  is calculated as follows:  

2 2

( , ) , 2

a a

loss a b a b

a

P jQ
Q X

V

 +
 =
 
 

,      (5) 

where j in this context, is not a variable but the imaginary 

unit. 

Therefore, the total real and reactive power losses in 

radial distribution network are the following: 

( , )

,

rNb

loss loss a b

a b

TP P= ,        (6) 

( , )

,

rNb

loss loss a b

a b

TQ Q= ,       (7) 

where 
lossTP  is total real power loss, 

lossTQ  is total reactive 

power loss, Nbr is the total number of branches in the 

network (IEEE 33-Bus system). 

B. Objective Function 

The primary objective of this study is to minimize the 

total real power losses in the distribution network. 

Minimizing real power losses also leads to improved 

voltage profiles and a higher voltage stability index. The 

objective function can be expressed in the following 

, ,l b l bP jQ+

, ,ab abR jX+

, ,l a l aP jQ+

a b

 
Fig. 1. Single line diagram for two buses of radial distribution network. 
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manner: 

1 1

( ) ( )
N N

loss ab a b a b ab a b a b

a b

P P P Q Q Q P P Q
= =

=  + + − ,  (8) 

where N represents the total number of busses in the 

system, 
ab  and 

ab  can be calculated as follows: 

( )cosab

ab a b

a b

R

V V
 =  − ,       (9) 

( )sinab

a bb

a

a

b

R

V V
=  − .      (10) 

Here 
a , 

b  are the voltage phase angles (in radians) at 

bus a and b respectively. 

C. Problem Constraints 

The optimization problem is subject to both equality and 

inequality constraints to ensure a realistic and stable 

operation of the power system. 

1) Equality Constraints 

The equality constraints represent the balance between 

generation and load with the power losses in lines, and can 

be expressed through as follows: 

1 1 1 1

( ) ( ) ( ) ( ) 0
G DG load lineN N N N

Gen DG Demand Loss

i i i i

P i P i P i P i
= = = =

+ − − =    , (11) 

1 1 1

1 1

( ) ( ) ( )

( ) ( ) 0,

G DG CS

load line

N N N

Gen DG CS

i i i

N N

Demand Loss

i i

Q i Q i Q i

Q i Q i

= = =

= =

+ + −

− − =

  

 

,    (12) 

where   GenP , 
DGP , 

DemandP , and 
LossP  denote to real power 

of generators, distributed generations, demand, and losses, 

respectively; 
GenQ , 

DGQ , 
CSQ , 

DemandQ , and 
LossQ  refer to 

reactive power of generators, distributed generations, 

capacitor shunt, demand, and losses, respectively; 
GN , 

DGN , 
CSN , 

loadN , and 
lineN , denote to the number of 

generators, distributed generations, capacitors shunts, 

loads, and lines, respectively. 

2) Inequality Constraints 

Inequality constraints provide limits or bounds on 

specific variables or expressions. Usually, they specify 

areas or requirements that the variables need to meet. One 

way to characterize the inequality constraints is as follows: 

a) Bus voltage: Due to the inequality constraint, 

voltage at each bus must fall within the given 

bounds. 
min max

q q qV V V  ,       (13) 

where min

qV  and max

qV  indicate the lowest and highest 

voltage values at bus q  represented as the range of 0.95 to 

1.05. 

b) Line current: Every branch's current flow cannot 

exceed its thermal limit due to the inequality 

constraint 
rated

ab abI I ,          (14) 

where rated

abI  represents the thermal limit between nodes a  

and b , and 
abI  is the line current between nodes a  and b

. 

c) DG capacity: A particular percentage of the total 

feeder load cannot be exceeded by distributed generation 

capacity, according to the inequality constraint 

( ) ( ) ( ) ( )
2 2 2 2

DG DG L LP Q P Q+ = +  . (15) 

where 
LP , 

LQ  represents the total system active and 

reactive load demand respectively. 

d) DG capacity: A particular percentage of the 

network's total feeder load cannot be exceeded by 

distributed generation capacity, according to the inequality 

constraint 

C LQ Q=  .       (16) 

where 
CQ  is the total reactive power compensation from 

all capacitor shunts. 

III. OVERVIEW OF THE PROPOSED METHODOLOGY 

System performance in distribution networks is highly 

dependent on the optimal selection of bus locations for DG 

and CS integration. This study employs a hybrid approach 

that combines deterministic methods for identifying 

candidate locations with metaheuristic algorithms for 

determining optimal sizing. The Reconfiguration Method 

(RM) is utilized for the placement of single capacitor 

shunts (CSs) and distributed generation (DG) units, while 

the Loss Sensitivity Factor (LSF) guides the placement of 

multiple units. Subsequently, the Grey Wolf Optimizer 

(GWO) and Ant Lion Optimization (ALO) algorithms are 

employed to determine the optimal sizes of these 

components at the identified locations, with the 

overarching objective to minimize real power losses. 

A. Reconfiguration Method (RM) 

Reconfiguration method is the suggested strategy for 

determining the best placement of single CS and DG 

connection. By positioning the source (CS or DG) at each 

bus and figuring out the actual power losses there, the 

reconfiguration method determines which bus is optimal. 

The bus that has the lowest real power loss value is the 

ideal bus, and all of the bus losses combined will be ranked. 

The primary actions that need to be taken while using 
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distinct single DG unit and CS are: 

• Calculating the real power loss at each bus after 

connecting DG unit and CS, thus selecting the optimal 

size based on GWO and ALO. 

• Identifying the bus that has the lowest real power loss 

to link the CS and the DG unit. 

• Determining the size of DG unit and CS unit according 

to GWO and ALO.  

B. Loss Sensitivity Factor (LSF) 

LSF is the indicator used to determine the best location 

of CSs and DG sources (candidate buses). The bus will be 

selected by determining which buses have the most 

sensitive active and reactive power injection. LSFs help 

minimize the search area and optimize the process by 

reducing the time required for optimization. Using LSF 

calculations based on load flow, buses are arranged in 

declining order. The active power loss in this line can be 

defined as 2

ab abI R , where: 

( )
( )

2 2

( , ) 2

a a ab

loss a b

a

P Q R
P

V

+
= . (17)       

 

LSFs can be computed using the following equation [4]: 

2

2
( ) loss ab

m

P R
LSFP p

V
= ,        (18) 

2

2
( ) loss ab

m

Q X
LSFQ p

V
= ,       (19) 

where Qloss, Ploss are the losses on the branch for which the 

sensitivity is being computed; p denotes the bus number at 

which the sensitivity factor is being calculated; LSFP the 

loss sensitivity factor with respect to active power injection 

at bus p; LSFQ the loss sensitivity factor with respect to 

reactive power injection at bus p; Pa the real power flow in 

the line connected to the bus p; Rab, Xab the resistance and 

reactance of line connected to bus p; Vm the voltage 

magnitude at bus p. 

C. Grey Wolf Optimizer (GWO) 

GWO is a nature-inspired metaheuristic algorithm that 

mimics the social hierarchy and hunting behavior of grey 

wolves. The algorithm models the leadership hierarchy 

among wolves, which consists of alpha (α), beta (β), delta 

(δ), and omega (ω) wolves. The alpha wolf represents the 

best solution found so far, guiding the search process. Beta 

and delta wolves assist the alpha in hunting, while omega 

wolves follow the dominant wolves. This hierarchical 

structure facilitates a collaborative search for the optimal 

solution through iterative updates of wolf positions [19]. 

The main phases of GWO include: 

• Encircling Prey: Wolves adjust their positions to 

encircle the prey, mathematically represented by updating 

their current positions based on the position of the prey. 

• Hunting: The hunting process is guided by the three 

best solutions (alpha, beta, and delta wolves). Other wolves 

update their positions based on the positions of these three 

leaders. 

• Attacking Prey (Exploitation): As the hunting 

progresses, the wolves converge towards the prey. This 

phase is characterized by a decreasing parameter that 

controls the exploration and exploitation balance, allowing 

the algorithm to narrow down the search to promising 

regions. 

• Searching for Prey (Exploration): Wolves also 

diverge to explore new areas in the search space, 

preventing premature convergence. This exploration phase 

is crucial for finding globally optimal solutions. 

In the context of this problem, the positions of the 

wolves correspond to the sizes of the DG units and CSs. 

The alpha wolf represents the combination of DG and CS 

sizes that yields the minimum real power loss. The iterative 

updates of the wolf positions allow the algorithm to 

efficiently search for the optimal sizing configuration. 

D. Ant Lion Optimizer (ALO) 

ALO is another metaheuristic algorithm inspired by the 

hunting mechanism of ant lions in nature. Ant lions dig 

cone-shaped traps in the sand to catch ants. The algorithm 

simulates the interactions between ants (representing 

candidate solutions) and ant lions (representing search 

agents) in the search space. The movement of ants is 

modeled as a random walk, while ant lions are responsible 

for constructing traps and capturing ants [20]. 

The key stages of ALO are: 

• Random Walks of Ants: Ants move randomly in the 

search space, representing the exploration phase. The 

random walk is influenced by the ant lion's position. 

• Trap Construction: Ant lions build traps, which are 

essentially the fitness landscapes around their current 

positions. Fitter ant lions (better solutions) have larger and 

more effective traps. 

• Ants Sliding Towards Ant lion: When an ant falls 

into an ant lion's trap, its random walk is adjusted to 

simulate sliding towards the ant lion at the bottom of the 

cone. This represents the exploitation phase. 

• Catching Prey and Rebuilding the Trap: Once an 
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ant is caught, the ant lion's position is updated to that of the 

captured ant if it represents a better solution. The ant lion 

then rebuilds its trap, reflecting the improved solution. 

In this study, the ants represent different combinations 

of DG and CS sizes, and the ant lions represent the 

potential optimal solutions. The algorithm iteratively 

refines the sizes by simulating the ant lion's hunting 

behavior, aiming to find a combination of DG and CS sizes 

that minimizes real power losses. 

E. Algorithm Parameters 

For the implementation of the Grey Wolf Optimizer 

(GWO) and Ant Lion Optimization (ALO) algorithms, 

specific parameters were carefully selected to ensure 

optimal performance and fair comparison. The following 

parameters were used in this study: 

Grey Wolf Optimizer (GWO) Parameters: 

Population Size: 30 wolves. Maximum Iterations: 100. 

Search Space Dimension: Variable (depends on the 

22 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25

26 27 28 29 30 31 32 33

1

 
Fig. 2. Single line diagram of IEEE 33-bus power system. 

TABLE 1. The Bus and Line Data of IEEE 33-Bus System 

Bus Data Line Data 

Bus 
Load Bus 

R, p.u. X, p.u. 
P, kW Q, kVAr From To 

1 0 0 1 2 0.005753 0.002932 

2 100 60 2 3 0.030760 0.015667 

3 90 40 3 4 0.022836 0.011630 

4 120 80 4 5 0.023778 0.012110 

5 60 30 5 6 0.051099 0.044112 

6 60 20 6 7 0.011680 0.038608 

7 200 100 7 8 0.044386 0.014668 

8 200 100 8 9 0.064264 0.046170 

9 60 20 9 10 0.065138 0.046170 

10 60 20 10 11 0.012266 0.004056 

11 45 30 11 12 0.023360 0.007724 

12 60 35 12 13 0.091592 0.072063 

13 60 35 13 14 0.033792 0.044480 

14 120 80 14 15 0.036874 0.032818 

15 60 10 15 16 0.046564 0.034004 

16 60 20 16 17 0.080424 0.107378 

17 60 20 17 18 0.045671 0.035813 

18 90 40 2 19 0.010232 0.009764 

19 90 40 19 20 0.093851 0.084567 

20 90 40 20 21 0.025550 0.029849 

21 90 40 21 22 0.044230 0.058481 

22 90 40 3 23 0.028152 0.019236 

23 90 50 23 24 0.056028 0.044243 

24 420 200 24 25 0.055904 0.043743 

25 420 200 6 26 0.012666 0.006451 

26 60 25 26 27 0.017732 0.009028 

27 60 25 27 28 0.066074 0.058256 

28 60 20 28 29 0.050176 0.043712 

29 120 70 29 30 0.031664 0.016128 

30 200 600 30 31 0.060795 0.060084 

       

31 150 70 31 32 0.019373 0.022580 

32 210 100 32 33 0.021276 0.033081 
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number of DG and CS units to be optimized). Convergence 

Parameter (a): Linearly decreases from 2 to 0 over the 

iterations. Random Vectors (r1, r2): Uniformly distributed 

random numbers in [0, 1]. Position Update Mechanism: 

Based on alpha, beta, and delta wolves' positions. 

Ant Lion Optimization (ALO) Parameters: 

Population Size: 30 ants. Maximum Iterations: 100. 

Number of Ant Lions: 30. Random Walk Steps: 500. Elite 

Selection: Best ant lion is selected as elite. Roulette Wheel 

Selection: Used for ant lion selection. Random Walk 

Boundaries: Dynamically updated based on ant lions' 

positions. 

IV. SIMULATION RESULTS 

This section presents the simulation results obtained 

applying the proposed hybrid optimization methodology to 

the IEEE 33-bus radial distribution network. The IEEE 33-

bus system is a widely recognized benchmark for power 

system studies. The IEEE 33-bus power system's single 

line diagram is shown in Fig. 2. The Bus and Line data of 

IEEE 33-bus system are presented in Table 1.  

The system comprises 33 buses and 32 lines, with base 

voltage and apparent power set at 12.66 kV and 10 MVA, 

respectively. The objective of these simulations is to 

demonstrate the efficacy of the GWO and ALO algorithms 

in minimizing real power losses through optimal placement 

and sizing of DG units and CSs under various scenarios. 

The investigated scenarios include: 

• Initial Case (Base Case): Represents the system 

without any DG or CS integration. 

• Case 1: Single source (CS): Evaluates the impact of 

optimally placing and sizing a single CS. 

• Case 2: Single source (DG unit): Assesses the effect 

of optimally placing and sizing a single DG unit. 

• Case 3: Multiple sources (CSs): Examines the 

performance with multiple optimally placed and sized CSs. 

• Case 4: Multiple sources (DG units): Investigates the 

impact of multiple optimally placed and sized DG units. 

 
Fig. 3. Voltage profiles for initial case on IEEE 33-bus system. 

 
Fig. 4. Voltage profiles for Case 1: a single CS placed in IEEE 33-bus system using the ALO algorithm. 
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A. Initial Case (Base Case) 

In this case, power flow calculations are performed 

using the Newton-Raphson method. The total loads for the 

active and reactive power are 3.715 MW and 2.3 MVAr, 

respectively. Reactive power losses total 0.1343 MVAr 

and active power losses amount to 0.2015 MW. The 

voltage magnitude reaches its minimum at 0.913 p.u. at bus 

18 and its maximum at 0.997 p.u. at bus 2, as shown in 

Fig. 3. The voltage stability index (VSI) has minimum and 

highest values of 0.696 and 0.9883 on buses 18 and 2, 

respectively. 

B. Case 1: Single Source (Capacity Shunt) 

This case explores the optimal placement and sizing of 

a single CS unit using both ALO and GWO algorithms in 

conjunction with the Reconfiguration Method (RM). 

1) Use of the ALO algorithm  

With the ALO algorithm, the optimal location for the 

single CS is identified as bus 31, with an optimal size of 

1.308 MVAr. This integration reduces the real power 

losses from the initial 0.2015 MW to 0.1515 MW, 

representing a 24.81% reduction. Figure 4 shows the 

voltage profile at each bus after installing a single CS. The 

minimum VSI at bus 18 improves from 0.6960 to 0.736 

and reactive power losses decrease from 0.1343 MVAr to 

0.1041 MVAr. 

2) Use of the GWO algorithm  

When employing the GWO algorithm, the optimal 

location for the single CS is determined to be bus 30, with 

an optimal size of 1.2527 MVAr. This results in a decrease 

in real power losses from 0.2015 MW to 0.1436 MW, 

achieving a 28.74% reduction. Figure 5 shows the voltage 

profile at each bus after installing a single CS. The 

minimum VSI at bus 18 improves from 0.6960 to 0.735 

and reactive power losses decrease from 0.1343 MVAr to 

0.0959 MVAr. 

C. Case 2: Single Distributed Generation (DG) 

Source 

This case investigates the optimal placement and sizing 

of a single DG unit using ALO and GWO with the 

 
Fig. 5. Voltage profiles for Case 1: a single CS placed in IEEE 33-bus system using the GWO algorithm. 

 
Fig. 6. Voltage profiles for Case 2: a single DG unit placed in IEEE 33-bus system using the ALO algorithm. 
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Reconfiguration Method (RM). 

1) Use of the ALO algorithm 

For the ALO algorithm, the optimal DG placement is at 

bus 10, with an ideal size of 1.92 MW. This leads to a 

significant decrease in real power losses from 0.2015 MW 

to 0.1255 MW, achieving a reduction of 37.73%. Figure 6 

illustrates the voltage profile at each bus after installing a 

single DG unit. The minimum VSI at bus 18 increases from 

0.6960 to 0.813 and reactive power losses decrease from 

0.1343 MVAr to 0.0867 MVAr. 

2) Use of the GWO algorithm 

For the GWO algorithm, the optimal DG unit placement 

is at bus 6, with an ideal size of 2.575 MW. This results in 

a substantial power loss reduction from 0.2015 MW to 

0.1037 MW, achieving a 48.54% reduction. Figure 7 

illustrates the voltage profile at each bus after installing a 

single DG unit. The minimum VSI at bus 18 improves from 

0.6960 to 0.8191 and reactive power losses decrease from 

0.1343 MVAr to 0.0746 MVAr. Table 2 presents the 

comparison of the results obtained by GWO and ALO with 

other methods after installing a single DG unit. 

D. Case 3: Multiple Capacitor Shunts (CSs) 

This case investigates the optimal placement and sizing 

of multiple CS units using both ALO and GWO 

algorithms, guided by the Loss Sensitivity Factor (LSF). 

1) Use of the ALO algorithm 

Based on LSF values, the optimal candidate buses for 

multiple CS placement are 25, 2, 9, and 31. The ALO 

algorithm determines the optimal sizes for these CS units 

as 0.575 MVAr (bus 25), 0.6 MVAr (bus 2), 0.465 MVAr 

(bus 9), and 0.575 MVAr (bus 31). This configuration 

minimizes real power losses to 0.1382 MW, achieving a 

31.41% reduction. Figure 8 presents the convergence 

characteristics of reactive power loss after installing 

multiple CS units using the ALO algorithm, given the 

number of populations is 50 and number of iterations is 50. 

Figure 9 illustrates the voltage profile at each bus after 

installing multiple CS units. The minimum VSI at bus 18 

increases to 0.757. 

2) Use of the GWO algorithm 

For the GWO algorithm, the LSF also identifies buses 

31, 25, 2, and 9 as optimal candidate locations. The optimal 

 
Fig. 7. Voltage profiles for Case 2: a single DG unit placed in IEEE 33-bus system using the GWO algorithm. 

 

TABLE 2. Comparison of the Results Obtained by GWO and ALO with Other Methods after Installing a Single DG Unit 

Method 

Initial loss, MW With a DG unit installed 
Reduction 

% Loss, MW Size, MW Bus 

IWD [21] 0.2112 0.1110 2.49 6 47.46 

BB-BC [22] 0.2110 0.1082 2.58 5 48.70 

MINLP [23] 0.2110 0.1110 2.59 6 47.39 

Analy. [24] 0.2112 0.1112 2.49 6 47.33 

PSO [25] 0.2110 0.1153 3.15 6 45.36 

PSO [26] 0.2110 
0.1188 

2.49 6 43.68 

GWO 0.2015 
0.1037 

2.575 6 48.54 

ALO 0.2015 
0.1255 

1.92 6 37.73 
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sizes for the multiple CS units are determined as 

0.575 MVAr (bus 31), 0.4703 MVAr (bus 25), 

0.575 MVAr (bus 2), and 0.575 MVAr (bus 9). This 

configuration results in real power losses minimized to 

0.1384 MW, with a 31.31% reduction. Figure 10 presents 

the convergence characteristics of RPL after installing 

multiple CSs using the GWO algorithm, given the number 

of populations is 50 and the number of iterations is 50. 

Figure 11 presents the voltage profile at each bus. The 

minimum VSI at bus 18 increases to 0.755. 

E. Case 4: Multiple Distributed Generation (DG) Sources 

This case examines the optimal placement and sizing of 

multiple DG units using the ALO and GWO algorithms 

based on the Loss Sensitivity Factor (LSF). 

1)Use of the ALO algorithm 

Based on LSF values, the optimal candidate buses for 

placing multiple DG units are 25, 2, 9, and 31. The ALO 

algorithm determines the optimal sizes for these DG units 

as 0.9288 MW (bus 25), 0.9288 MW (bus 2), 0.8456 MW 

(bus 9), and 0.8994 MW (bus 31). This configuration 

minimizes real power losses to 0.0754 MW, achieving a 

substantial 62.59% reduction. Figure 12 presents the 

convergence characteristics of RPL after installation of 

multiple DG units using the ALO algorithm, given the 

number of populations is 50 and number of iterations is 50. 

Figure 13 presents the voltage profile at each bus. The 

minimum VSI at bus 18 increases to 0.8374. 

2) Use of the GWO algorithm 

For the GWO algorithm, the LSF also identifies buses 

25, 2, 9, and 31 as optimal candidate locations. The optimal 

sizes for the multiple DG units are determined as 

0.8558 MW (bus 25), 0.9288 MW (bus 2), 0.9288 MW 

(bus 9), and 0.9093 MW (bus 31). This configuration 

results in real power losses minimized to 0.0754 MW, with 

a 62.6% reduction. Figure 14 presents the convergence 

characteristics of RPL after installation of multiple DG 

units using the GWO algorithm, with a population size of 

50 and 50 iterations. The voltage profiles at each bus are 

illustrated in Figure 15. The minimum VSI at bus 18 

increases to 0.839. 

 
Fig. 10. The convergence characteristics of RPL after installation of multiple CSs using the GWO algorithm. 

 
Fig. 11. Voltage profiles for Case 3: multiple CSs placed in IEEE 33-bus system using the GWO algorithm. 
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Table 3 represents the optimal results achieved through 

the application of the proposed Grey Wolf Optimizer 

(GWO) and Ant Lion Optimization (ALO) algorithms to 

the IEEE 33-bus system. Figures 16 and 17 further 

illustrate a comparative analysis of real and reactive power 

losses across the initial case and four distinct scenarios: 

installation of 1) a single capacitor shunt (CS), 2) a single 

distributed generation (DG) unit, 3) multiple CSs, and 4) 

multiple DG units, utilizing both ALO and GWO 

algorithms. Complementing these findings, Table 4 

provides a comprehensive statistical analysis of GWO and 

ALO performance across these four scenarios, based on 30 

independent runs. This analysis evaluates the best, worst, 

and mean power loss (in kW), alongside the standard 

deviation (σ) and coefficient of variation (CV), to 

rigorously assess the reliability and consistency of the 

generated solutions. The statistical findings consistently 

demonstrate the superior performance of the GWO 

algorithm across all evaluated scenarios, achieving lower 

mean power loss compared to ALO. This research 

introduces a hybrid optimization strategy for the 

integration of Distributed Generation (DG) and Capacitor 

Shunt (CS) into power systems, primarily aimed at 

minimizing real power loss. The methodology employs 

deterministic approaches, specifically the Reconfiguration 

Method (RM) for single-unit placement and the Loss 

Sensitivity Factor (LSF) for multiple-unit placement, 

which are then coupled with the metaheuristic GWO and 

ALO algorithms to determine optimal sizing. This two-step 

process significantly enhances computational efficiency by 

streamlining the search space. The study rigorously 

compares the performance of GWO and ALO algorithms 

when applied to the IEEE 33-bus system under four diverse     

 
Fig. 12. The convergence characteristics of RPL after installation of multiple DG units using the ALO algorithm. 

 
Fig. 13. Voltage profiles for Case 4: multiple DG units placed in IEEE 33-bus system using the ALO algorithm. 
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Fig. 14. The convergence characteristics of RPL after installation of multiple DG units using the GWO algorithm. 

 
Fig. 15. Voltage profiles for Case 4: multiple DG units placed in IEEE 33-bus system using the GWO algorithm. 

TABLE 3. The Optimal Results Obtained for IEEE 33-Bus System with the Proposed ALO and GWO Algorithms 

Items Initial 

Using ALO (After Installation) Using GWO (After Installation) 

Single CS 
Single 

DG unit 

Multiple 

CSs 

Multiple 

DG units 
Single CS 

Single 

DG unit 

Multiple 

CSs 

Multiple 

DG units 

Total RPL, 

MW 
0.2015 0.1515 0.1255 0.1382 0.0754 0.1436 0.1037 0.1384 0.0754 

Total QPL, 

MVar 
0.1343 0.1041 0.0867 0.0925 0.0517 0.0959 0.0746 0.0959 0.0518 

RPL loss 

reduction 

rate % 

 62.6 31.31 48.54 28.74 62.59 31.41 37.73 24.81 ـ

Minimum 

VSI 
0.696 0.736 0.813 0.757 0.835 0.735 0.819 0.755 0.839 

Sum of VSI 27.155 27.273 28.72 27.32 28.15 27.166 28.87 27.30 29.36 

Optimal 

size of CSs, 

MVAr 

- 1.308 

 0.575 

0.6 

0.465 

0.575 

 1.253  

0.575 

0.4703 

0.575 

0.575 

 

Optimal 

size of DG,  

MW 

  1.92  

0.9288 

0.9288 

0.8456 

0.8994 

 2.575 

 0.8558 

0.9288 

0.9288 

0.9093 

Location 

(bus No.)  
 31 10 25,2,9,31 25, 2, 9, 31 30 6 31, 25, 2, 9 25, 2, 9, 31 

 

http://esrj.ru/


A.M. Al-Hadeethi, B.H. Al Igeb, P.P. Oshchepkov             Energy Systems Research, Vol. 8, No. 3, 2025 

54 

scenarios, confirming that the installation of multiple DG  

units yields the most substantial reduction in power losses. 

Key limitations identified for future research include the 

imperative to incorporate the inherent uncertainty of load 

demands and renewable energy generation; to adopt a 

multi-objective optimization framework encompassing 

economic costs, environmental emissions, and system 

reliability; and to conduct a comprehensive techno-

economic analysis to provide a more pragmatic basis for 

decision-making in utility planning. 

V. CONCLUSION 

In this study, we successfully developed and applied a 

novel hybrid optimization technique for determining the 

optimal size and location of Distributed generation (DG) 

units and Capacitor shunts (CSs) within the IEEE 33-bus 

radial distribution system. The proposed methodology 

effectively combines deterministic placement strategies –  

the Reconfiguration Method (RM) for single units and the 

Loss Sensitivity Factor (LSF) for multiple units   – with two 

TABLE 4. Statistical Analysis Results for Different Scenarios 

CV % Std Dev (σ) Mean (kW) Worst (kW) Best (kW) Algorithm Scenario 

0.77 1.23 159.87 162.15 158.42 GWO Single CS 

1.03 1.67 161.45 164.33 159.12 ALO Single CS 

0.76 1.08 141.22 143.21 139.55 GWO Single DG unit 

1.01 1.45 142.89 145.67 140.33 ALO Single DG unit 

1.08 1.56 144.78 147.89 142.67 GWO Multiple CSs 

1.29 1.89 146.12 149.23 143.45 ALO Multiple CSs 

1.05 1.34 127.45 129.67 125.34 GWO Multiple DG units 

1.30 1.67 128.89 131.45 126.78 ALO Multiple DG units 

 

 
Fig. 16. Comparison results of real power losses and reactive power loss using the ALO for each case. 

 
Fig. 17. Comparison results of real power losses and reactive power loss using GWO for each case. 
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powerful metaheuristic algorithms, the Grey Wolf 

Optimizer (GWO) and Ant Lion Optimization (ALO), for 

optimal sizing. The primary objective was to minimize the 

total real power losses, which, as demonstrated, 

concurrently led to significant improvements in voltage 

profiles and an enhanced voltage stability index across the 

system. 

Our comprehensive evaluation across four distinct 

scenarios (single CS, single DG unit, multiple CSs, and 

multiple DG units) provided valuable insights into the 

performance of both GWO and ALO. The results 

consistently indicated that the integration of distributed 

generation (both single and multiple units) yields a more 

substantial reduction in real power losses compared to the 

installation of capacitor shunts. This highlights the 

significant potential of DG units in enhancing the 

efficiency and stability of distribution networks. 

Furthermore, while both GWO and ALO proved to be 

highly effective in identifying optimal solutions for the 

sizing of CS and DG units, the Grey Wolf Optimizer 

consistently demonstrated a more favourable balance of 

computational efficiency and robustness. GWO often 

achieved faster convergence and produced results that were 

more consistent across multiple runs, as evidenced by its 

lower standard deviation and coefficient of variation in the 

statistical analysis. Although ALO can find highly 

competitive solutions and, in some specific instances, 

might even attain a slightly lower absolute minimum, the 

superior consistency and reliability of GWO make it a 

preferable choice for practical applications where rapid and 

dependable decision-making is paramount. 

Building upon the findings of this study, future research 

endeavours can further enhance the proposed optimization 

framework by addressing several key areas. These include 

incorporating the inherent uncertainties of load demands 

and renewable energy generation through probabilistic or 

possibility models; expanding the optimization to a multi-

objective framework that considers economic costs, 

environmental impacts, and system reliability; and 

conducting comprehensive techno-economic analysis to 

provide a more practical basis for decision-making. 
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Abstract — In the context of the global challenge of 

reducing greenhouse gas and pollutant emissions from 

thermal and power generation systems, the utilization 

of secondary fuels, particularly biomass waste, is 

gaining increasing importance. A promising approach 

is the thermochemical conversion of wood waste via 

pyrolysis, which enables the production of energy 

carriers (syngas and charcoal) with minimal 

environmental impact. This paper presents a series of 

various experiments conducted with wood chips at 

temperatures ranging from 360 to 520 °C. The optimal 

pyrolysis temperature is found to be 480 °C, resulting 

in the highest syngas heating value of 12.69 MJ/m³, 

mechanical gas efficiency of 84.9%, and cold gas 

efficiency of 25.8 %. The findings also reveal that as 

temperature increases, charcoal yield decreases from 

36% to 27.5%, gas yield rises from 11.1% to 19.5 %; 

meanwhile the yield of liquid products remains 

relatively stable (~30%). Notably, that at temperatures 

above 250 °C, the pyrolysis process involves the self-

gasification of charcoal by pyrolytic gas. Additionally, 

the physicochemical and morphological characteristics 

of the resulting charcoal, including elemental 

composition, ash content, porosity, and surface 

structure, are investigated. The results contribute to the 

systematic understanding of how temperature affects 

the distribution of pyrolysis products and their 

properties under fixed-bed conditions and can be 

applied in the development of energy-efficient and 

environmentally safe technologies for wood waste 

utilization. 

Index Terms— Biomass, charcoal, fixed-bed reactor, 

pyrolysis, self-gasification, tar. 

 

I. INTRODUCTION 

A key priority in today’s research landscape is 

addressing the reduction in emissions of harmful 

substances (NOₓ, SOₓ, etc.) and greenhouse gases (CO2, 

H2O, etc.) from thermal and power generation systems. A 

highly effective strategy for mitigating these emissions is 

the integration of biomass resources into the energy 

balance [1, 2]. According to [3], global biomass 

consumption for energy production amounts to 

approximately 1 billion tonnes of oil equivalent, with 

projections indicating a several-fold increase by 2040. This 

growth will primarily be driven by the utilization of 

forestry residues, which are generated annually in vast 

quantities. As reported in the World Food and Agriculture 

Statistical Yearbook 2023 [4], 4 billion cubic meters of 

wood were harvested globally in 2021. Nearly half of this 

volume, 1.95 billion m³ (equivalent to 410 million tonnes 

of oil equivalent), was used as biofuel. This biofuel 

includes residues generated during both the harvesting 

operations in forests and the wood-processing stages.  

Pyrolysis is one of the key thermochemical conversion 

processes for biomass, and its outcomes strongly depend 

on process conditions. By adjusting pyrolysis parameters, 

the process can be steered toward maximizing the yield of 

liquid products, charcoal, or syngas with tailored 

characteristics [5, 6]. Among these products, syngas and 
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charcoal are of particular interest due to their broad 

applications in energy generation, metallurgy, agriculture, 

and environmental technologies [7].  

Temperature is the critical process parameter governing 

the yield, composition, and energy properties of pyrolysis 

products. At lower temperatures (300–700 °C), charcoal 

formation predominates, yielding a carbon-rich solid with 

limited degradation of the lignocellulosic structure. As 

temperature increases (>1100 °C), thermal decomposition 

of cellulose and hemicellulose intensifies, leading to a 

higher gas-phase yield, while diminishing the solid residue 

[8, 9]. Concurrently, the composition of syngas undergoes 

significant changes: concentrations of H2, CO, and CH4 

increase, enhancing its heating value and suitability for use 

in internal combustion engines or fuel cells [10].  

Fixed-bed reactors represent one of the most widely 

used laboratory- and pilot-scale systems for fundamental 

pyrolysis studies. Their simple design, high 

reproducibility, and precise temperature control make them 

an ideal platform for systematically investigating the 

influence of temperature on product distribution [11].  

Despite extensive literature on biomass pyrolysis, gaps 

remain in the quantitative and qualitative understanding of 

how product characteristics depend on temperature under 

fixed-bed conditions, particularly regarding localized heat 

and mass transfer phenomena specific to this reactor type. 

Moreover, data correlating pyrolysis temperature with 

charcoal properties, such as specific surface area, porosity, 

fixed carbon, and ash content, require further systematic 

analysis across different biomass types, especially wood 

waste [12].  

This paper aims to determine the optimal pyrolysis 

parameters for wood chips that maximize process 

efficiency while minimizing the formation of tar 

compounds. A series of various experiments were 

conducted at different pyrolysis temperatures.  

II. PROCESS MATERIALS AND EXPERIMENTAL METHOD  

A. Feedstock 

The study utilized pine wood chips (Pinus silvestris) 

sized to approximately (30–40) × 10 × 10 mm3, which 

were obtained using an electric garden shredder (Viking 

GE 135). Table 1 presents the details on appearance, as 

well as proximate and ultimate analysis data. 

Characteristics of the source wood were determined using 

standard analytical methods (see section D) and correspond 

to data obtained by other researchers, for example [13, 14]. 

B. Laboratory Bench Setup 

The laboratory pyrolysis setup for woody biomass 

(Fig. 1) comprises a reaction chamber, a pyrolysis gas 

cleaning system, and a tar removal system. The reaction 

chamber is a fixed-bed thermochemical conversion reactor 

equipped with a grate (1′), an electrical heating system (1″), 

thermal insulation (1‴), and thermocouples. The reactor 

has an internal diameter of 15 cm and a height of 31 cm, 

with a 5 cm distance between the bottom of the reactor and 

the grate. The electrical heating system consists of 

nichrome wire wound around ceramic insulators. 

Controlled heating is achieved using a voltage regulator 

and a temperature controller, maintaining precisely the 

desired pyrolysis temperature. Thermal insulation is 

provided by fire-resistant glass-ceramic fiber 

(Cerablanket).  

The absence of thermal insulation on the gas outlet pipe 

facilitates partial condensation of liquid pyrolysis products, 

which are then returned to the reactor for further cracking.  

The reactor is fitted with four Type K thermocouples: 

the first and second (T1, T2) are positioned within the 

biomass bed, the third (T3) is located above the bed, and 

the fourth (T4) measures the temperature of the evolved 

TABLE 1. Physicochemical Characteristics of Wood Waste 

Proximate analysis (wt%, dry basis) Values 

 

Volatile matter (VM) 86.80 

Fixed carbon (FC) 13.03 

Ash content (AC) 0.17 

Ultimate analysis (wt%, dry basis, ash free) Values 

Carbon (C) 46.60 

Hydrogen (H) 6.32 

Oxygen (O*) 47.08 

Higher heating value (Q, MJ/kg) 18.84 

Empirical formula of waste wood CH1.63O0.76 

*By difference 
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gases. Additionally, a differential manometer is installed to 

monitor pressure drop across the bed. Two relief valves are 

provided to release excess pressure if necessary.  

The gas cleaning system consists of three filters: the first 

is made of stainless steel, while the second and third are 

fabricated from transparent polycarbonate. The first two 

filters are equipped with standard polypropylene foam 

water filters (PP5-10SL), designed to capture tar and water 

vapor. The third filter is half-filled with granular calcium 

chloride (CaCl2) for complete gas drying.  

The fine tar removal system follows the method 

proposed by J.P.A. Neeft and colleagues, as described in 

[15, 16]. In this approach, syngas passes through a series 

of impinger bottles filled with isopropanol. Some 

impingers are immersed in a warm water bath (+40 °C), 

while others are placed in a cold bath (−20 °C). This 

technique enables complete tar removal from syngas and is 

widely adopted by researchers, for example, in [17].  

The laboratory setup is also equipped with a gas meter, 

and the composition of syngas components is analyzed in 

real time using an INFICON Micro GC Fusion gas 

chromatograph. 

C. Operational Procedures 

Approximately (465 ± 1) g of wood waste was loaded 

into the pyrolysis reactor and gradually heated to the target 

temperature (360, 400, 440, 480, or 520 °C), which was 

then maintained constant throughout each experiment. The 

heating rate was consistent across all tests at approximately 

 
Fig.1 The laboratory bench for pyrolysis of waste wood chips. 

 
Fig.2 Charcoal agglomerate with tar. 
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10 °C/min. Upon initiation of pyrolysis, pressure inside the 

reactor increased, forcing the generated syngas out of the 

reactor and driving it through the gas duct and subsequent 

filtration and cleaning systems.  

The syngas produced during pyrolysis passes through 

the layer of charcoal formed in the reactor and then enters 

an uninsulated gas outlet pipe, which is heated by the hot 

gas itself. As the gas travels toward the cleaning system, it 

undergoes reforming. This reforming process reduces tar 

yield while simultaneously increasing gas yield. As 

demonstrated in [18], reforming of pyrolytic gas also 

enhances the hydrogen content in the syngas.  

During passage through the gas cleaning system, tar and 

water vapor are captured, and the gas is fully dried. The 

cleaned syngas then flows through a gas meter and enters 

the fine tar removal system before being directed to the gas 

chromatograph. The INFICON Micro GC Fusion gas 

chromatograph, operating in online mode, automatically 

sampled the gas every 3 minutes. It is equipped with 

Microelectromechanical Systems (MEMS)-based 

microThermal Conductivity Detectors (TCDs), calibrated 

to measure the relative concentrations of CO, H2, CO2, 

CH4, N2, and hydrocarbons. The total absolute 

measurement error for all gas components does not exceed 

1%.  

The experiment was terminated when the gas meter 

readings stabilized (indicating no further gas evolution) 

and the excess pressure dropped below the threshold 

required to transport syngas from the reactor to the 

chromatograph. Since no external inert gas was supplied to 

the reactor, the gas meter recorded only the volume of gas 

generated during wood waste pyrolysis. At the end of each 

run, heating was switched off, and the reactor was allowed 

to cool to ambient temperature. The wood charcoal was 

then extracted.  

Char located in the upper part of the reactor formed 

agglomerates with condensed tar flowing down into the 

reactor (Fig. 2). Tar was subsequently separated from the 

char particles using a utility knife and weighed. The mass 

of the resulting charcoal was also determined. Thereafter, 

the physicochemical properties and surface morphology of 

the charcoal were analyzed using scanning electron 

microscopy (SEM). 

The volume of liquid products collected in the gas 

cleaning system was measured. Tar content was 

determined by drying a representative liquid sample in a 

drying oven at 70 °C for 40–50 minutes and weighing the 

residual solid. This procedure is described in detail in [19]. 

Subsequently, the elemental composition of the tar was 

analyzed.  

The quantities of tar and water were quantified by 

measuring the mass difference of the filters before and after 

drying in an oven at 105 °C. The initial mass of the filters 

containing both tar and water was recorded immediately 

after the experiment ended. 

D. Analytical Methods 

The solid and tar products obtained from the waste wood 

pyrolysis experiments were characterized using the 

following analytical methods.  

Proximate analysis was performed in accordance with 

the following ASTM standards: 

• ASTM E871 (Standard Test Method for Moisture 

Analysis of Particulate Wood Fuels), 

• ASTM D1102-84(2013) (Standard Test Method for 

Ash Content (AC) in Wood), 

• ASTM E872 (Standard Test Method for Volatile 

Matter (VM) in the Analysis of Particulate Wood 

Fuels). 

Fixed carbon (FC, wt%) was calculated by difference 

using equation 

𝐹𝐶 = 100 − 𝑉𝑀 − 𝐴𝐶.        (1) 

Ultimate analysis for carbon (C, %) and hydrogen (H, 

%) was carried out using a CHNS elemental analyzer 

(Flash EA 1112, Thermo Finnigan, Italy). The total oxygen 

(O, %) content was determined by difference according to 

equation 

𝑂 = 100 − 𝐴𝐶 − 𝐶 − 𝐻.       (2) 

The higher heating value (Q, MJ/kg) was calculated 

from the ultimate analysis data using following equation, 

originally proposed and validated by Channiwala [20]: 

𝑄 = 0.3491𝐶 + 1.1783𝐻 − 0.1034𝑂 − 0.0151𝑁 −

0.0211𝐴𝐶,          (3) 

where C, H, S, O, N, and AC represent the mass percentages 

of carbon, hydrogen, sulfur, oxygen, nitrogen, and ash in 

the fuel, respectively.  

The surface morphology of the pyrolyzed wood samples 

was examined using scanning electron microscopy (SEM). 

Chemical microanalysis was performed via energy-

dispersive X-ray spectroscopy (EDS) using a Hitachi 

TM3000 tabletop SEM equipped with an SDD XFlash 

430H X-ray detector. Imaging was conducted under low-

vacuum conditions (5 kV), which are standard for non-

conductive and low-contrast samples. No conductive 

coating was applied to the samples prior to analysis. 
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Pyrolysis of wood chips can be represented by reaction 

𝑊𝑜𝑜𝑑 𝑐ℎ𝑖𝑝𝑠 → 𝐶ℎ𝑎𝑟 + 𝐿𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑡𝑎𝑟 +

𝑤𝑎𝑡𝑒𝑟) + 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑔𝑎𝑠.      (4) 

Based on (4), the yields of pyrolysis products were 

calculated. 

The yields of pyrolysis products 𝑌𝑗 (%) were determined 

using a mass balance approach according to equation 

𝑌𝑗 =
𝑚𝑗

𝑚𝑤𝑜𝑜𝑑
⋅ 100,        (5) 

where mj and mwood are the masses (kg) of the individual 

product j (char, liquid, or producer gas) and the initial 

feedstock, respectively. 

Carbon conversion (CC) was calculated according to 

following equation: 

𝐶𝐶 = 1 −
𝑚𝑐ℎ𝑎𝑟(𝑦𝐶𝑂2

12

44
+𝑦𝐶𝑂

12

28
+𝑦𝐶𝐻4

12

16
)

𝑚𝑤𝑜𝑜𝑑𝑌𝑐ℎ𝑎𝑟
⋅ 100,  (6) 

 

where yi is the content of components in the producer gas 

(CO2, CO, CH4, H2). The mechanical gas efficiency (MGE) 

was calculated according to equation 

𝑀𝐺𝐸 =
𝑄𝑔𝑎𝑠

𝑄𝑤𝑜𝑜𝑑
⋅ 100,       (7) 

where Qgas and Qwood are lower heating value of producer 

gas and wood chips.  

The cold gas efficiency (CGE) was calculated according 

to equation 

𝐶𝐺𝐸 =
𝑚𝑐ℎ𝑎𝑟(𝑦𝐻2𝑄𝐻2+𝑦𝐶𝑂𝑄𝐶𝑂+𝑦𝐶𝐻4𝑄𝐶𝐻4)

𝑚𝑤𝑜𝑜𝑑𝑄𝑤𝑜𝑜𝑑
⋅ 100,  (8) 

where Qi is the heating value of component in the producer 

gas (CO, CH4, H2). The experimental studies were carried 

out using the resources of the High-Temperature Circuit 

Multi-Access Research Center at the Melentiev Energy 

Systems Institute of the Siberian Branch of the Russian 

Academy of Sciences. 

III. RESULTS AND DISCUSSION 

A. Changes in Producer Gas Composition at Different 

Temperature 

Figure 3a (for pyrolysis temperatures of 360, 400, 440, 

480, and 520 °C) presents the time-dependent evolution of 

temperatures within the biomass bed (T1, T2), above the 

bed (T3), and in the produced gas (Tgas), as well as the 

pressure profile during the pyrolysis process. Figure 3b 

(for the same temperatures) illustrates the variation in 

composition of syngas (expressed through the volume 

fractions Y) and its calorific value as a function of 

pyrolysis temperature. 

Analysis of Fig. 3a shows that the initial pressure 

increase (0–20 min) is caused by thermal expansion of the 

residual air inside the reactor and by drying of the wood 

chips, accompanied by evaporation of physically adsorbed 

moisture. Pyrolysis starts approximately 20 minutes after 

heating begins, when the temperature within the wood 

layer reaches 190–210 °C. This is evidenced by a 

noticeable rise in gas temperature (Tgas), indicating the 

onset of the active devolatilization phase driven by 

chemical reactions associated with thermal decomposition.  

It is well established that the main macromolecular 

components of wood undergo thermal decomposition 

under inert conditions in the following temperature ranges: 

225–325 °C for hemicellulose, 305–375 °C for cellulose, 

and 150–500 °C for lignin [21].  

 
Fig.3. Profiles of temperature in the bed (T1, T2), above the bed (T3), within fuel and gas (Tgas), as well as pressure curve, 

depending on the process time (a); Changes in the composition of gas (expressed through the volume fractions Y) and its lower 

heating value across various pyrolysis temperatures (b). 
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Analysis of Fig. 3b reveals that the CO2 concentration in 

the syngas decreases as pyrolysis temperature rises, while 

the concentrations of combustible components (CO, CH4, 

H2) and the gas calorific value increase. This trend can be 

attributed to the self-gasification of char by CO2 at elevated 

temperatures, the process described in [22]. Moreover, it is 

widely accepted that under inert pyrolysis conditions, the 

oxygen required for CO2 formation originates primarily 

from cellulose [23]. 

It should also be noted that the syngas achieves its 

maximum calorific value toward the end of the process, 

which is associated with elevated methane content. 

Methane is mainly generated from the demethoxylation (–

OCH3) of lignin units in the temperature range of 350 to 

450 °C [24]. 

Carbon monoxide (CO) is produced during thermal 

decomposition of both cellulose and lignin [23, 25]. As a 

result, the concentration of CO is relatively stable during 

the process.  

Thus, the pyrolysis process can be described by the 

scheme presented in Fig. 4: 

• Stage 0 (up to 150 °C): Drying of the feedstock. 

• Stage 1 (150–250 °C): Initial, low-intensity pyrolysis 

stage, primarily involving hemicellulose 

decomposition and formation of light hydrocarbons.   

• Stage 2 (250–450 °C): Main pyrolysis stage, 

characterized by high reaction rates and the 

generation of the majority of gaseous products. 

During this stage, residual hemicellulose and 

cellulose decompose, and lignin degradation begins. 

• Stage 3 (>450 °C): Pyrolysis of the remaining, 

unreacted lignin. 

Notably, char self-gasification by CO2 may occur during 

both Stage 2 and Stage 3, contributing to the observed 

increase in H2 and CO concentrations and the overall 

enhancement of syngas quality at higher temperatures.  

 
Fig.4. The stages in pyrolysis of wood chips. 

 

TABLE 2. Proximate and Ultimate Analysis of Char Coal 

Temperature of 
pyrolysis, °С 

VM, % AC, % FC, % Q, MJ/kg С, % Н, % O, % H/C O/C 

360 36.44 1.07 62.49 31.08 76.53 5.32 18.16 0.83 0.18 

400 28.55 1.82 69.63 32.26 80.59 4.82 14.60 0.72 0.14 

440 26.71 1.08 72.21 32.80 83.05 4.36 12.60 0.63 0.11 

480 16.52 0.95 82.53 34.49 87.34 4.16 8.51 0.57 0.07 

520 14.35 1.27 84.38 33.68 92.09 1.85 6.06 0.24 0.05 

 

TABLE 3. Ultimate Analysis of Tar 

Temperature of 

pyrolysis, °С 
С, % Н, % O, % 

360 53.5 6.7 46.5 

400 49.2 6.2 50.8 

440 57.1 7.3 42.9 

480 51.0 6.7 49.0 

520 52.3 5.6 47.7 

 

http://esrj.ru/


V.V. Badenko, M.V. Penzik, E.V. Gubiy, A.N. Kozlov            Energy Systems Research, Vol. 8, No. 3, 2025 

64 

 

 

 
 

Fig.5. SEM images of charcoal samples at different temperatures of pyrolysis. 
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B. Proximate and Ultimate Analysis of Charcoal and Tar 

After each experiment, samples of the produced 

charcoal were collected and analyzed. The results of the 

analysis are presented in Table 2. 

Proximate analysis includes standard parameters for 

charcoal: volatile matter (VM), ash content (AC), and fixed 

carbon (FC). According to Table 2, increasing the 

pyrolysis temperature resulted in a decrease in volatile 

matter and a corresponding rise in fixed carbon content. 

The slight variation in ash content across samples is 

attributed to the experimental uncertainty inherent in the 

determination method.  

Elevated pyrolysis temperatures led to a reduction in 

hydrogen (H) and oxygen (O) content, while carbon (C) 

concentration increased. This trend is explained by two 

concurrent processes: (i) enhanced carbonization 

(aromatization and condensation of carbon structures) and 

(ii) more extensive cleavage of oxygen- and hydrogen-

containing functional groups originally present in the wood 

biopolymers. This progressive deoxygenation and 

dehydrogenation also account for the observed increase in 

the higher heating value of the charcoal with rising 

pyrolysis temperature peaking at 34.49 MJ/kg at 480 °C.  

The atomic ratios H/C and O/C decrease monotonically 

with increasing pyrolysis temperature, reflecting the 

progressive breakdown of polar and aliphatic bonds in the 

biomass structure. As reported in [26, 27], this decline is 

also indicative of increasing aromaticity and structural 

ordering in the charcoal produced at higher temperatures. 

Table 3 shows the ultimate analysis of the tar obtained 

at different temperatures. There is not a clear dependence 

of the elemental composition on the pyrolysis temperature. 

The tar is characterized by a high content of oxygen and 

hydrogen, which can be explained by the fact that the tar 

contains a large number of chemical compounds, such as 

aromatic compounds with one to five rings, polycyclic 

aromatic hydrocarbons, and some oxygen-containing 

hydrocarbons [28]. 

C. Scanning Electron Microscopy Observation 

Figure 5 presents scanning electron microscopy (SEM) 

images of the surface morphology of wood charcoal 

samples produced at different pyrolysis temperatures. The 

images were acquired at magnifications of 500× and 

1000×. Higher magnifications resulted in significant 

charge accumulation on the non-conductive sample 

surfaces, hindering the acquisition of high-quality images.  

For the sample pyrolyzed at 360 °C, a relatively dense 

fibrous structure largely preserved from the original wood 

is still evident. This structure is primarily composed of 

lignin and residual carbohydrates. As the pyrolysis 

temperature increases, the structure becomes progressively 

less dense due to partial thermal degradation of lignin. 

Notably, according to literature data [29–31], complete 

decomposition of cellulose and hemicellulose in pine wood 

during pyrolysis occurs at temperatures close to 400 °C.  

Microscopic pores formed by the evolution of pyrolysis 

gases are clearly visible in the samples obtained at 360, 

 
Fig.6. The yields of charcoal, gas, and liquid produced from wood chips at different temperatures. 

http://esrj.ru/


V.V. Badenko, M.V. Penzik, E.V. Gubiy, A.N. Kozlov            Energy Systems Research, Vol. 8, No. 3, 2025 

66 

400, and 440 °C. The average pore diameter increases with 

the temperature reaching 4.65–5.32 μm at 360 °C, 5.01–

6.45 μm at 400 °C, and 5.62–8.36 μm at 440 °C. In the first 

two samples (360 °C and 400 °C), these pores are arranged 

in regular rows aligned with the original fiber orientation. 

However, this ordered arrangement is no longer discernible 

at 440 °C due to the progressive breakdown of the fibrous 

architecture.  

At 480 °C, longitudinal fiber fractures appear, with 

widths ranging from 2.47 to 5.41 μm and varying lengths, 

resulting in a more developed and irregular surface 

morphology. Upon further temperature increase to 520 °C, 

devolatilization is essentially complete, leading to a 

noticeable reduction in both the number of pores and 

structural fractures compared to the 480 °C sample. 

D. Pyrolysis Efficiency 

Figure 6 shows the yields of pyrolysis products as a 

function of pyrolysis temperature, along with the 

corresponding mass balance closure error (losses). 

With the increasing pyrolysis temperature, the charcoal 

yield decreases from 36% to 27.5%, while the syngas yield 

rises from 11.1% to 19.5%. In contrast, the liquid product 

yield remains relatively constant at approximately 30% 

across most temperatures, with the exception of the run 

conducted at 400 °C, where it drops to 24.2%. This 

deviation is attributed to experimental uncertainties in 

accurately quantifying the liquid fraction particularly due 

to collection losses, adhesion to system surfaces, and 

incomplete separation of tar from water. 

The same uncertainty in liquid product measurement is 

the primary contributor to the observed mass balance 

discrepancy, which amounts to approximately 22%. This 

unaccounted fraction likely includes unrecovered 

condensable vapors, aerosolized tars retained in the gas 

lines, and minor measurement errors in solid and gas 

quantification. 

Table 4 summarizes the key results of wood chip 

pyrolysis as a function of temperature. The syngas 

composition shown in Fig. 3b is averaged over the period 

after residual air has been fully purged from the reactor. 

Analysis of the gas composition reveals that the 

concentration of combustible components (H2, CO, CH4) 

increases with rising pyrolysis temperature, although the 

relative distribution among these components varies non-

uniformly.  

The findings indicate that the pyrolysis temperature of 

480 °C is optimal, resulting in the maximum lower heating 

value of syngas (12.7 MJ/m³) and consequently the highest 

values of Mechanical Gas Efficiency (MGE) and Cold Gas 

Efficiency (CGE), which reach 84.9% and 25.8%, 

respectively. 

Analysis of MGE and CGE trends shows that both 

efficiencies improve as temperatures climb to 480 °C, but 

then decline at 520 °C. The relatively low CGE values 

across all tests are attributed to the inherent energy 

inefficiency of the laboratory-scale pyrolysis setup, 

primarily due to significant heat losses to the environment.  

TABLE 4. Summary of Pyrolysis of Wood Chips at Different Temperatures 

Input Wood chips, kg 0.46 

 Q of wood chips, MJ/kg 18.8 

 Temperature, °C 360 400 440 480 520 

Output [H2], % 1.1 2.6 3.6 9.6 6.7 
 

[CO], % 0.0 35.5 15.2 30.7 37.0 
 

[CH4], % 8.1 6.9 19.2 21.7 14.8 
 

[CO2], % 91.0 54.3 59.8 37.2 41.1 
 

Q, MJ/m3 3.0 7.2 9.2 12.7 10.7 
 

Gas yield, % 11.1 15.3 15.7 17.6 19.5 
 

Charcoal yield, % 36.0 34.6 34.0 30.0 27.5 
 

Water yield, % 19.6 15.8 27.0 27.3 26.2 
 

Tar yield, % 11.3 8.4 3.7 2.6 3.6 
 

Carbon conversion (CC), % 69.4 64.4 63.1 60.0 61.4 
 

Cold gas efficiency, (CGE) % 9.2 19.5 20.7 25.8 20.0 
 

Mechanical gas efficiency (MGE), % 25.9 55.6 61.5 84.9 71.7 
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Notably, the lowest efficiency values were observed at 

360 °C, despite this run exhibiting the highest carbon 

conversion (69.4%). This apparent contradiction arises 

because, at this low temperature, the pyrolysis reactions 

proceed slowly and with low intensity, requiring the 

longest residence time of the feedstock in the reactor to 

achieve near-complete carbon conversion. In contrast, at 

the optimal temperature of 480 °C, carbon conversion is 

slightly lower (60%) but occurs more rapidly and produces 

a syngas of significantly higher energy quality, resulting in 

superior overall process efficiency. 

IV. CONCLUSION 

The paper proposes a novel fixed-bed reactor concept 

designed to minimize tar formation while simultaneously 

enhancing syngas yield. The reactor’s performance was 

investigated across a range of pyrolysis temperatures, 

including 360, 400, 440, 480, and 520 °C. The findings 

demonstrate that 480 °C is the optimal pyrolysis 

temperature, resulting in the highest syngas heating value 

(12.69 MJ/m³) and peak efficiency metrics: a Mechanical 

Gas Efficiency of 84.9% and a Cold Gas Efficiency of 

25.8%.  

The study has established that as pyrolysis temperature 

increases, the solid char yield decreases from 36% to 

27.5%, while syngas yield rises from 11.1% to 19.5%. In 

contrast, the liquid product yield remains relatively stable 

at approximately 30%, with the exception of the 400 °C 

run, where it dropped to 24.2%, likely due to experimental 

uncertainties in liquid collection and quantification. The 

overall mass balance closure error of approximately 22% 

is primarily attributed to unmeasured condensable vapors, 

tar deposition in gas lines, and minor measurement 

inaccuracies.  

Additionally, the physicochemical properties and 

surface morphology of the resulting wood charcoal are 

characterized, offering valuable insights into structural 

transformation across various temperatures. These findings 

contribute to the development of energy-efficient, low-tar 

pyrolysis technologies for sustainable wood waste 

valorization. 
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Abstract — Integrated energy systems (IESs) based on 

traditional energy systems operating separately 

provide higher efficiency and reliability of energy 

supply to consumers. However, designing such systems 

poses significant complexity due to their intricate 

structure. A digital twin combines all the tools 

necessary for design in a single information space. To 

effectively simulate diverse equipment and integrate 

numerous methodologies alongside advanced 

mathematical models, software solutions supporting 

the digital twin paradigm must exhibit exceptional 

computational versatility. Automation of the 

computational subsystem development represents a 

promising strategy for addressing these challenges. 

This paper introduces a methodological approach for 

automating the development of the computational 

subsystem for a digital twin of an IES. The approach 

relies on advanced metaprogramming tools based on a 

software platform to automate the development 

process. Throughout the process, the Model-Driven 

Engineering concept is implemented, utilizing 

knowledge formalized in the form of ontologies. The 

digital twin, constructed using the presented 

methodological approach, facilitates computer-based 

and mathematical modeling of an IES in a virtual 

environment, enabling the exploration of its various 

configurations. 

 

Index Terms — Digital twin, automation of computing 

process, automation of programming, Model-Driven 

Engineering, ontology, integrated energy system. 

I. INTRODUCTION 

Modern cities and industrial centers can boast a 

developed energy infrastructure, including fuel, electricity, 

heating, and refrigeration systems. These systems are of 

high social and economic importance. The creation of a 

new technological structure in the form of an integrated 

energy system (IESs) on the basis of several separately 

functioning energy systems can significantly expand their 

functionality, ensure the interchangeability of energy 

carriers, and implement a synergistic effect, thereby 

ensuring reliable, safe, cost-effective, and environmentally 

friendly energy supply. 

IESs are sophisticated technical systems with extended 

networks and complex structural configuration. These 

systems include numerous energy systems, each 

incorporating subsystems that perform their functions: 

generation, transportation, distribution, and consumption 

of energy. Each of these subsystems consists of 

components with their sets of equipment. 

Designing IESs is rather challenging because of their 

highly complex configuration, a wide range of equipment 

used, and a diverse set of mathematical models utilized to 

model it. Designing an IES often involves modeling all the 

subsystems, sets of their components and equipment, given 

technical and technological solutions for the integration of 

systems of various types. It is impossible to solve the 

problem of IES design without dedicated software, which 

creates conditions for increasing the efficiency of design, 

the quality of design solutions, and the automation of 

labor-intensive computational operations. 

A high quality software tool for designing an IES should 

combine methodological, mathematical, and software 

support within a single information space where 

information links with the designed object are 

 

*  Corresponding author. 

E-mail: barakhtenko@isem.irk.ru  
 

DOI:10.25729/esr.2025.03.0007 

Received September 17, 2025. Accepted October 20, 2025. 

Available online November 28, 2025.  

This is an open-access article under a Creative Commons 

Attribution-NonCommercial 4.0 International License. 

© 2025 ESI SB RAS and authors. All rights reserved. 

Automating Computations for the Digital Twin-

based Design of an Integrated Energy System 

E.A. Barakhtenko1,*, D.V. Sokolov1, G.S. Mayorov1 

1 Melentiev Energy Systems Institute of Siberian Branch of Russian Academy of Sciences, Irkutsk, Russia 

http://esrj.ru/
mailto:barakhtenko@isem.irk.ru
http://dx.doi.org/10.25729/esr.2025.03.0007


E.A. Barakhtenko, D.V. Sokolov, G.S. Mayorov              Energy Systems Research, Vol. 8, No. 3, 2025 

71 

implemented. At present, a tool with the specified 

characteristics corresponds to the concept of a Digital Twin 

(DT). 

In order to effectively incorporate a digital twin into the 

design process, it is essential to ensure a high level of 

flexibility in its construction. This is mainly because it 

enables accurate modeling of a diverse array of equipment. 

It is also crucial to adjust the methods and algorithms used 

to a specific problem in the context of solving it. The 

approaches aimed at automating the construction of a 

digital twin of for integrated energy systems make it 

possible to overcome the described difficulties. 

The paper proposes an original methodological 

approach to the automation of computations grounded in 

the digital twin representation of an IES. The structure of 

this approach is given. Additionally, we provide a 

technique for automated development of the computational 

subsystem of the digital twin and illustrate its utility via an 

example.  

II. DESCRIPTION OF THE PROBLEM AND FORMULATION OF 

RESEARCH OBJECTIVES 

Mathematical modeling of integrated energy systems, 

which is carried out to design them, involves solving the 

subproblems that have common content and mathematical 

formulations. The methods, algorithms, and dedicated 

software used to solve them can therefore be of a universal 

nature. The software tools used however do not provide 

universality, which is due to the following reasons. 

Preparation for computation and the computation process 

encounter difficulties associated with the use of a whole 

host of mathematical models of equipment for the IES 

components. Software implementations of methods and 

algorithms are not separated from software 

implementations of models of IES components. As a result, 

it is arduous to adapt them to a specific set of equipment 

when solving practical problems since it is necessary to 

change the software components that describe the modeled 

equipment. Difficulties also arise in the development of 

methods and algorithms since they are not separated from 

the software implementation of equipment models. It is 

challenging to keep up to date the entire set of necessary 

software components that implement mathematical models 

of equipment for various IES subsystems. 

The use of a component approach to create a digital twin 

of IES provides universal implementations of software 

components that can be reused in software development. 

To successfully apply this approach, it is crucial to 

establish clear principles for implementing the software 

components. These principles need to provide the 

segregation of methods and models, as well as their 

adaptability and seamless integration into a unified 

software system. This is essential to effectively solve 

applied problems. 

The process of IES design involves the use of a wide 

range of methods and algorithms, each of which must be 

implemented as a software component. The IES consists of 

subsystems that perform various energy functions, each 

formed by components from a standard set of equipment. 

To model this equipment, it is necessary to develop 

software components that implement its models. As a 

result, we will obtain a set of components that must be 

organized into libraries. It will also be essential to give 

their universal description and develop a methodology for 

their automated integration into a single software system 

when solving an applied problem. 

The digital twin combines the entire set of 

methodological, mathematical, and software support for 

designing an IES and modeling it in a virtual environment, 

while ensuring the coordination of the characteristics with 

the real-world IES. The implementation of the IES digital 

twin requires developing a unified methodological 

approach to the automation of computations. This 

approach must consider the above-described difficulties in 

modeling these systems and deliver the following 

possibilities: 

• Modeling the integrated energy systems with 

various types of energy systems included in them 

and sets of equipment; 

• Accomplishing a range of tasks for designing IES 

on the basis of a single software platform; 

• Automating computations on the basis of a digital 

twin of a IES when designing it; 

• Separating the software implementations of 

methods (algorithms) and models of IES 

components to ensure their versatility and 

reusability. 

III. OVERVIEW OF SCIENTIFIC LITERATURE RELATED TO 

THE RESEARCH TOPIC 

First presented by Grieves [1], the concept of digital 

twin included three components: the digital (virtual) part, 

the real physical product, and their connection. An 

overview of the history of digital twin development, its 

modern definitions and models, alongside six types of key 

enabling technologies are provided in [2]. Tao et al. [3] 
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expanded the concept of digital twin to five components, 

including data and service. In general, components of a 

product or product life cycle can be considered as digital 

twins. The difference between Product Lifecycle 

Management (PLM) technology and digital twin is 

explored in [4], where PLM is more focused on managing 

company components, products, and systems throughout 

their entire life cycle, while digital twin can represent a set 

of models for monitoring and processing data in real time. 

In some cases, it may be more appropriate to break the 

product or product lifecycle components into 

subcomponents, create several digital twins and establish 

relations between them [5]. The paper [6] is concerned with 

a 6-layer interoperability architecture in which low-level 

digital twins are combined into large high-level digital 

twins. 

The study [7] discusses a five-dimensional digital twin 

model, which, according to the authors, has good 

applicability and scalability, and can also serve as a general 

model for applying digital twins in various fields. The 

same work attempts to explore and summarize commonly 

used digital twin technologies and tools. The paper notes 

that due to differences in formats, protocols, and standards, 

existing tools cannot be integrated and simultaneously used 

to solve a specific problem. The paper [8] addresses the 

problem of data standardization within the digital twin and 

proposes an approach to solving it. 

Various scientific and industrial developments are 

examined in [9], identifying the implementation problems 

facing digital twin technology. One of the main 

disadvantages is the differences in the definitions and 

components of the digital twin. The work concludes that 

the development of machine learning and big data 

technologies has significantly influenced the formulation 

of the digital twin concept. 

Currently, research is being actively conducted to 

develop a methodology for the creation and utilization of 

digital twins. The paper [10] proposes an approach to 

building an IT infrastructure for establishing intelligent 

systems to control the expansion and operation of energy 

systems. The approach relies on the results of systems 

studies for the energy industry and uses modern concepts 

such as digital twins and digital images. The paper [11] 

examines the state-of-the-art research into digital twins, 

with a focus on the key components, current developments, 

and main applications of digital twins in industry. The most 

important requirements for the digital twins of industrial 

power systems are identified in [12]. There is a growing 

number of works exploring the distinct characteristics of 

digital twin technology when applied to IES. In [13], the 

technical basis of the technology of digital twins of IES is 

discussed and its application is analyzed. The authors of 

[14] investigate an approach to the use of digital twin 

technologies in IES and propose an infrastructure for 

digital twin solutions based on hardware. In [15], the 

structure of the digital twin is proposed to solve the 

problems of the IES control. The paper also presents the 

process of automating the generation of a model to ensure 

that the digital model reflects the physical system in a 

virtual environment. The paper [16] explores the use of 

digital twin technology to model a regional integrated 

energy system when implementing the concept of “smart 

cities.” The specific examples demonstrate that the 

practical implementation of digital twin technology not 

only optimizes the energy system but also brings a 

significant economic effect. In [17], a combination of 

digital modeling and real-time simulation technology is 

used to construct a digital twin intelligent architecture for 

an integrated energy system. In [18], the most important 

requirements for digital twins of IES in industrial energy 

systems are identified. 

Some researchers propose the use of semantic networks 

to create a digital twin [19–21]. Ontologies can serve as a 

basis for the development of digital twins. Some papers 

focus on the examples of ontology application in 

implementation of digital twins. The authors of [22] 

analyze the control problems for the digital twin data. They 

propose using ontologies to solve these problems. This 

approach provides the flexibility of knowledge storage 

throughout the digital twin life cycle. The work [23] 

delivers a general architecture of digital twins of the 

industrial energy systems to ensure flexibility of these 

systems and optimize their operation. Ontologies are used 

to store information about resources and services. The 

researchers make use of a hierarchical design approach, 

which involves both a top-level ontology and a domain 

ontology. In [24], an ontology is considered as a 

representation of a digital twin in the context of cyber-

physical systems. In [25], consideration is given to the 

prerequisites for applying the ontological approach to the 

construction of a digital twin, given the available results in 

the field of ontological engineering of energy systems. 

Since the major entities expressed their interest in digital 

twin technologies, the advancement of these technologies 

has accelerated significantly. As a result, new approaches 

and software tools have emerged to facilitate the 
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development of digital twins. Some of them will be 

discussed below. General Electric develops and 

implements industry-oriented digital twin technology 

based on the PREDIX platform [26]. Microsoft has 

proposed the Azure Digital Twins platform, which 

provides the construction of a digital twin [27]. The 

Paladin DesignBase platform [28] offers an exceptional 

opportunity to create a digital twin that enables the 

modeling, intricate analysis, and optimization of energy 

systems. An architecture proposed in [29] serves as the 

basis for the development of a digital twin platform. 

Implementing digital twins involves complex software 

systems whose implementation requires the use of 

advanced approaches to software development. Such 

approaches are the subject of research by many specialists 

and are widely represented in the literature. The basis for 

modeling modern software is an object-oriented approach 

[30, 31]. The works [32–35] propose a methodology of 

Model-Driven Engineering (MDE) to automate the stages 

of software construction. This methodology is a set of 

approaches to the automated construction of complex 

software systems based on pre-developed models [36]. The 

MDE approach remains an area of ongoing innovation and 

intensive advancement today. Applying the MDE-based 

methods enables successful development of intricate 

software systems [37–40]. Approaches to automating the 

stages of software construction based on 

metaprogramming are described in [41–43]. 

IV. METHODOLOGICAL APPROACH AND ITS 

COMPONENTS 

This paper proposes a methodological approach to the 

automation of computations based on digital twins for 

solving a variety of IES design problems. The approach 

includes the following components: 

• Principles of software platform development; 

• Architecture of a software platform; 

• Technique for automated construction of the 

computational subsystem of digital twins; 

• Principles of ensuring the universality of software 

components. 

A specific feature of the approach proposed to solve the 

IES design problems is the use of a single universal 

mathematical tool developed on the basis of mathematical 

models, methods, and algorithms of the theories of 

hydraulic and electrical circuits. In the methodological 

approach at issue, the mathematical tool is implemented in 

the form of libraries of software components that can be 

reused when constructing digital twins of various IESs. 

This makes it possible to overcome the challenges that 

come with a wide variety of IES equipment and numerous 

mathematical models used to describe it. Libraries of 

software components are part of the software platform 

developed in our study as a single basis for the automated 

construction of the IES digital twin. 

The development of this software platform relies on the 

following principles. 

• Automated construction of a digital twin based on 

the software platform in the context of IES design 

problems. 

• Separation of software implementations of methods 

(algorithms) and models of IES components to 

ensure their universality and reusability. 

• Standardization (within the platform) of interfaces 

of software components that implement methods 

(algorithms) and models of IES components, and 

their arrangement in the form of component 

libraries. 

• Application of the MDE methodology and modern 

metaprogramming technologies within the software 

 
 

Fig. 1. Illustration of a system construction principle. 
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platform to automate the construction of a digital 

twin. 

• Integration of methods for solving problems and 

models of IES components performed in the context 

of IES design problems, with this process controlled 

by knowledge organized in the form of a software 

ontology. 

The universality of software implementation of the 

problem-solving methods and models of IES components 

is ensured by separating their software implementations. 

Their integration is performed in the context of solving an 

applied problem (see Fig. 1). Automated construction of 

the digital twin computational subsystem, within which the 

methods and models are integrated, leverages the concepts 

of the MDE approach. The specific feature of this approach 

is that the construction relies on a description of the 

structural configuration of the modeled system and a 

universal description of software components contained in 

the software ontology. 

A software platform developed in the Java programming 

language is proposed for using as a single basis for 

automated construction. Its architecture, as shown in 

Fig. 2, includes the following components: 

• Graphics subsystem; 

• Data storage subsystem; 

• Libraries of software components; 

• Software ontology. 

The graphics subsystem enables the development of a 

computer model of the IES, which reflects the structural 

configuration of the system, the initial characteristics of the 

components, technical limitations, and design 

recommendations for IES construction. This subsystem 

allows the user to view data in a readable form and make 

the necessary changes. 

The data storage subsystem ensures the organization of 

work with various databases, which are used for storing 

and reusing computer models of IES, initial data and 

computation results, data on urban development projects. 

The libraries of software components of the instrumental 

platform are categorized into the following functional 

groups. 

1. The library of components, which contains 

 
Fig. 2. Architecture of the software platform. 
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implementations of mathematical methods and algorithms 

for solving the IES design problems. 

2. The library of models of IES components, which 

includes software components implementing the models of 

components of various energy systems that constitute the 

IES. 

The software ontology is designed to store the 

knowledge necessary to automate the development and use 

of the software. This ontology contains the description of: 

• Software components that implement mathematical 

methods and algorithms for solving the IES design 

problems; 

• Software components that implement the models of 

the IES components; 

• Metadata (input and output parameters, description 

of data formats); 

• Technologies and interfaces for access to program 

components. 

The platform is used to build the IES digital twin in an 

automated mode. The digital twin includes (see Fig. 2): 

• Computer model of IES; 

• Software components that contain implementations 

of mathematical methods and algorithms for 

solving the IES design problems; 

• Software components that implement the models of 

IES components. 

To enable the dynamic integration of software 

components, a set of principles was formulated to ensure 

their universality. These principles are illustrated in Fig. 3. 

The solution proposed to provide a unified method for 

accessing the software components that are loaded into 

memory and implement the models of the IES components 

is as follows. Each IES component model has its unique 

identifier. The storage of the models is organized in a hash 

table, where the model identifier is used as a key, by which 

you can get a link to the software component that 

implements the corresponding model. 

A software component that implements a method for 

solving a specific applied problem includes the main class 

in the Java language, which provides a single standardized 

access to the component (Fig. 3). In this case, it is possible 

to use auxiliary classes or computational modules 

implemented in compiled programming languages (C, 

C++, FORTRAN). During the computational process, the 

software component that implements the method for 

solving a specific applied problem receives the network 

configuration of the modelled system from the computer 

model. When calculating the parameters of a particular 

 
Fig. 3. Diagram of method and model integration. 
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component, access to its model is performed from the hash 

table by its identifier. 

V. TECHNIQUE FOR AUTOMATED DEVELOPMENT OF A 

DIGITAL TWIN COMPUTATIONAL SUBSYSTEM 

In order to conduct calculations, it is first necessary to 

develop a computer model of a specific IES. This model 

must capture the properties of the network, including its 

structure, a set of equipment used and its properties, 

alongside parameters of the system components. This 

model is stored in the database for reuse. The applied 

problem is formalized, the set of equipment allowed for 

installation and the conditions for solving the applied 

problem are specified. 

Automated construction of the computational subsystem 

for the digital twin is carried out in accordance with the 

technique proposed in this paper, which includes the 

following steps (see Fig 4). 

Stage 1. Automated construction of a model of the 

computational subsystem. This stage involves building a 

model in an automated mode. This model describes the 

computational subsystem of the IES digital twin and 

represents a set of data structures that describe the 

computational subsystem. 

The subproblems solved during this process are as 

follows: 

1. Establishing a general problem-solving technique 

based on the description of the design problem, relying on 

the IES digital twin. 

2. Identifying the software component that implements 

the problem-solving technique based on the software 

ontology. 

3. Determining the methods and algorithms necessary 

for solving the problem according to the description of the 

technique. 

4. Determining the software components that implement 

the necessary methods and algorithms, based on the 

software ontology. 

5. Making a list of modeled equipment based on the 

description of the network configuration of the IES digital 

twin. 

6. Determining software components that implement 

 

Fig. 4. The technique for the automated construction of the computational subsystem for the digital twin. 
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models of the necessary IES components based on the 

software ontology. 

7. Loading the description of the necessary software 

components from the software ontology. 

8. Building the data structures that describe the 

necessary software components. 

9. Developing a general model of the computational 

subsystem under construction. 

Stage 2. Automated construction of the computational 

subsystem for the digital twin based on its model using 

modern metaprogramming tools. 

This stage involves solving the following subproblems: 

1. Configuring the software component loader to work 

with the required libraries of components. 

2. Loading software components that implement the 

general problem-solving technique, mathematical methods 

and algorithms. 

3. Building the data structures for storing the software 

components loaded at the previous step. 

4. Loading software components that implement the 

models of IES components. 

5. Building the data structures for storing the software 

components loaded at the previous step. 

Stage 3. Application of the digital twins in the 

development of recommendations for designing IESs.  

This stage suggests solving the applied problems. In the 

course of this process, the methods and models of IES 

components are integrated. 

The diagram of the software components interacting 

during the automated construction of the digital twin 

computational subsystem in accordance with the proposed 

technique is shown in Fig. 5. 

The automated construction of the IES digital twin 

computational subsystem relies on advanced 

metaprogramming tools. Reflection is used, which is a type 

of metaprogramming and is an extension of the object-

 

Fig. 5. General diagram of constructing the computational subsystem of the digital twin. 
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oriented programming paradigm. Reflection allows 

operations that cannot be performed in the classical object-

oriented programming. The most important of them are 

studying classes during program execution; determining 

their fields, methods, and constructors; creating new 

instances of objects by class name using constructors; 

setting and getting values of fields by their name; calling 

methods by their name and argument description; working 

flexibly with arrays and containers (collections). With the 

help of reflection, the components are dynamically 

connected to the designed software system and configured 

to solve the applied problem. 

VI. TESTING THE METHODOLOGICAL APPROACH 

The methodological approach proposed in this paper is 

used for the software implementation of a software 

platform prototype to solve the IES design problems. The 

digital twin for the IES of an Irkutsk microdistrict was 

constructed based on the platform. The calculated scheme 

of the system is shown in Figure 6. The currently 

functioning electricity and heating systems are taken as a 

basis. Additionally, to address one of the possible options 

for their expansion, prosumers with their electrical and 

thermal energy sources are also added. The presented 

scheme includes the following entities: seven traditional 

consumers; eight prosumers; eight electric boilers for heat 

 
 

Fig. 6. Scheme of the Irkutsk microdistrict IES. 
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generation; eight photovoltaic systems for generating 

electrical energy; sixteen cable lines; twenty-three heat 

mains; one centralized electrical energy source, and one 

district thermal energy source. 

The developed software platform prototype was used to 

carry out a computational experiment on the IES 

expansion. Based on the calculations, a compromise 

solution was found to allocate power between centralized 

and distributed energy sources in the IES. The capacity of 

centralized sources in the electricity and heating systems 

was 35 MW and 54 Gcal/h, respectively. With these 

values, there is no increase in the cost of supplying 

centralized energy to consumers. In this case, the total costs 

will be USD 21 715 for heating, and USD 18 168 for 

electricity supply. 

The conducted computational experiment shows the 

operability and efficiency of the proposed solutions, which 

helped reduce the total cost of energy supply to consumers 

by redistributing power between the centralized and 

distributed generation sources in the course of the IES 

expansion. 

VII. CONCLUSION 

Integrated Energy Systems (IESs) grounded in the 

conventional energy systems operating separately ensure 

higher efficiency and reliability of energy supply to the 

consumer. Designing them, however, can be a challenging 

task due to their complexity. Digital twins enable the 

integration of all the essential design tools within a single 

information space. The software tools that implement the 

IES digital twins and are developed to design them require 

high flexibility in organizing computations. This 

requirement is crucial for modeling various types of 

equipment, necessitating a wide range of methods and 

mathematical models. Automating the development of the 

computational subsystem emerges as an effective solution 

for addressing the identified challenges. The paper 

proposes a methodological approach to automate the 

development of the computational subsystem for the IES 

digital twin. The proposed approach leverages the 

advanced metaprogramming tools based on a software 

platform. Throughout the development process, the MDE 

concept is implemented, utilizing formalized knowledge 

represented through ontologies. 

The key components of the proposed methodological 

approach aimed at automating the development of the 

computational subsystem for the digital twin are presented. 

They encompass the principles for building a software 

platform and designing its architecture; devising a 

technique for automated construction of the computational 

subsystem for the digital twin; and ensuring the 

adaptability of the software components. 

The digital twin generated by applying the proposed 

methodological approach facilitates computer and 

mathematical modeling of the integrated energy system in 

a virtual environment, enabling the exploration of its 

various configurations. This modeling, relying on the 

digital twin of IES, makes it possible to adopt adaptable 

and efficient IES design approaches, offering design 

recommendations to guide the construction of real-world 

IESs.  
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Abstract — Faults that are often invisible to existing 

inspection methods can significantly impact the 

reliability and efficiency of Photovoltaic (PV) systems. 

This study introduces an innovative framework for 

identifying PV panel faults using advanced machine 

learning algorithms and thermal images captured by 

unmanned aerial vehicles. The proposed Deep 

Recurrent Convolutional Neural Network (DRCNN) 

combines the strengths of Recurrent Neural Networks 

(RNNs) for learning temporal sequences and 

Convolutional Neural Networks (CNNs) for feature 

extraction. The DRCNN is designed to analyze thermal 

images of PV panels by capturing spatial and temporal 

patterns associated with fault-induced anomalies, such 

as hot spots, cracked cells or broken electrical 

connections. By leveraging CNN layers to extract 

critical features from thermal images and RNN layers 

to model the temporal dependencies and variations in 

thermal processes over time, the proposed approach 

integrates thermal image data collected under diverse 

environmental conditions. This dual strategy not only 

identifies faults based on spatial features but forecasts 

potential fault progression or the End-of-Life (EoL) for 

the panels by analyzing the evolution of thermal 

anomalies. The research aims to develop a highly 

accurate and efficient system for preventive 

maintenance and early problem detection, thereby 

improving the efficiency and durability of PV systems. 

The results demonstrate the DRCNN model's 

effectiveness in detecting various types of defects and 

delivering highly accurate real-time fault detection. By 

incorporating both spatial and temporal information, 

the proposed model significantly outperforms existing 

methods providing more robust and reliable defect 

identification. 

Index Terms — Deep Recurrent Convolutional Neural 

Network, fault identification, hot spot detection, end-of-

life prediction, proactive maintenance, predictive 

maintenance. 

I. INTRODUCTION 

In modern society, electricity systems must operate 

reliably and efficiently. Key components of electricity 

systems, including generators, fuses, transmission lines, 

and PV panels, play a critical role in ensuring the smooth 

operation of these systems. Malfunctions in these 

components can lead to significant equipment damage and 

power outages, causing inconvenience and disruption [1]. 

Early detection of component failures is essential to 

mitigate the impact of outages on the electrical system [2]. 

Rapid identification and resolution of component issues are 

vital for the reliable and continuous operation of power 

systems. Early fault detection minimizes downtime, 

enhances system reliability, and improves customer 

satisfaction by enabling timely repairs and scheduled 

maintenance. Existing methods for identifying faults in 

power system components primarily rely on manual 

diagnostic techniques and periodic visual inspections [3]. 

These approaches have limitations in terms of flexibility, 

accuracy, and efficiency. Visual inspections may overlook 

hidden or early-stage defects and are prone to human error 

and subjective judgment. Manual diagnostics are time-

intensive, require specialized expertise, and may not be 

suitable for large-scale systems [4]. 
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To overcome these limitations, researchers and 

developers have turned to advanced techniques for 

improving the detection of faults in electrical system 

components. Infrared Thermography (IRT) is one such 

sophisticated method, which analyzes thermal 

characteristics by capturing thermal images of electrical 

system components. Abnormal temperature patterns or 

ranges can indicate potential component failures [5]. In 

addition to IRT, advanced data analysis methods, such as 

feature extraction and classification techniques, are 

employed to enhance fault detection accuracy and 

efficiency. These methods aim to classify collected thermal 

images into distinct fault categories and extract valuable 

insights from them. By leveraging data analysis and 

Artificial Intelligence (AI), the techniques automate the 

detection process, reducing human error, and managing 

large volumes of data in real time [6]. The growing demand 

for Renewable Energy Sources (RES), driven by 

ecological and climate concerns, along with the global 

economic recovery, poses significant challenges for the 

future. Reducing emissions and dependence on fossil fuels 

requires the adoption of alternative energy sources. 

Distributed PV plants are increasingly being deployed, and 

most of these systems are decentralized [7]. Europe has 

seen one of the most significant increases in this sector over 

the past five years, particularly in energy production from 

PV systems and RES. The importance of monitoring and 

maintaining PV plants grows, presenting challenges related 

to reliability, efficiency, durability, and safety. Several PV 

solar tracker and panel setups are depicted in Fig. 1 [8]. 

The durability and overall reliability of PV plants can 

significantly affect anticipated profits. The primary aim of 

this work is to address the fault identification challenge 

using the thermal images gathered through IRT. To achieve 

this, multiclass classification is employed for fault 

diagnosis, while binary classification is used for fault 

detection [9]. The literature indicates that various 

techniques were developed for this purpose. AI and 

advanced learning techniques are used to categorize typical 

red, green, blue (RGB) images of PV. Comparison of the 

k-nearest neighbors (kNN) classification algorithm with 

other classification methods demonstrates improved 

accuracy of up to 98.95% with a computation time of 0.04 

seconds [10]. CNN-ML models are applied to identify PV 

issues by processing true-color images captured by 

Unmanned Aerial Vehicles (UAVs). The frameworks 

VGG16, GoogLeNet, AlexNet, and ResNet50 are 

evaluated in terms of their ability to extract relevant 

 
Fig. 1.Some PV solar tracker and panel setups. 
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features. The study reveals that Support Vector Machine 

(SVM) classifiers exhibit the best performance for real-

time classification in multi-class applications [11]. 

Information collected from two operational PV power 

plants in India facilitated the identification of specific 

connections between internal and external plant 

characteristic variables. Proposed IRT-based fault 

classification was used instead of signal processing for 

diagnosing PV failures [12]. The latest research in this area 

presents an automated defect identification system that 

leverages supervised machine learning techniques and 

texture feature extraction. To identify observable PV 

defects, a CNN-based deep learning framework with seven 

learned layers is employed. The study evaluates six 

common faults using an 8400-image dataset [13]. 

A. Problem Statement 

Microcracks, electrical failures, and hotspots are among 

the issues that can significantly impair the efficiency of PV 

panels and reduce their lifespan. Existing analysis 

techniques such as electrical testing or manual visual 

inspections, are costly, time-consuming, and often 

ineffective at detecting minor or concealed flaws. Thermal 

imaging offers a non-invasive, efficient, and reliable 

method for identifying thermal anomalies caused by PV 

panel defects. Despite its potential, analyzing thermal 

images for fault diagnosis remains challenging due to 

complex, fluctuating climatic conditions and the precise, 

dynamic nature required for real-time fault detection in PV 

systems. Existing methods struggle to effectively evaluate 

temporal and spatial information, which is crucial for 

predicting the potential End-of-Life (EOL) for PV panels 

and detecting problems at an early stage. To facilitate 

preventive maintenance and enhance the reliability and 

longevity of solar energy systems, there is a need for an 

advanced, automated system capable of accurately 

detecting, categorizing, and predicting PV panel issues by 

using thermal imaging data. 

B. Motivation 

The increasing use of PV systems as an environmentally 

friendly energy source has highlighted the necessity of 

efficient and reliable maintenance processes to ensure their 

longevity and peak performance. Early failure detection is 

crucial for minimizing system downtime, reducing 

maintenance costs, and optimizing energy output as PV 

systems continue to proliferate. Existing defect detection 

techniques often require significant effort and are prone to 

human error, while struggling to keep pace with the 

growing complexity and scale of PV installations. Thermal 

 
 

Fig. 2. Main categories of PV failures. 
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imaging provides a potential solution by enabling non-

invasive, real-time identification of abnormalities that may 

indicate defects. The challenge lies in efficiently analyzing 

the vast amount of temperature data generated under 

varying external conditions. By addressing the limitations 

of existing techniques, this approach aims to provide a 

reliable, automated, proactive problem detection solution, 

thereby enhancing the efficiency, dependability, and 

management of PV systems. 

II. RELATED WORKS 

A research study on automated PV defect identification 

using realistically recorded IRT images in both indoor and 

outdoor settings is proposed in [14]. The study relies on 

deep learning approaches for independent ensemble 

transfer. The precision of a light CNN architecture-based, 

independently trained model achieved 98.67%. With 

independent and transferred learning systems, it took 13.12 

ms and 13.07 ms, respectively, to generate an estimate for 

a single image. The computing cost required to achieve the 

model's effectiveness is not disclosed in the paper [15]. An 

IRT image-based method was developed that combined 

transfer learning with an Isolated Convolutional Neural 

Model (ICNM). Effectiveness indicators of the proposed 

multi-class classification method included validation loss, 

testing accuracy, training loss, training accuracy, and time 

to completion [16]. The PV health-based categorization 

findings were presented using the ICNM and publicly 

available pre-trained transfer learning models 

(SqueezeNet, GoogleNet, and ShuffleNet). Within the 

analysis, 695 images showed defects related to overheated 

regions, such as hotspots and overheating segments [17]. 

SC-DeepCNN was used to identify IRT images with 

hotspots. To recognize objects in hot areas an ROI-

DeepCNN algorithm was created and applied in 

conjunction with joint learning. Thermal imaging provides 

a visual representation of the frequency patterns observed 

in the components. Various temperature indicators can be 

observed across different components, highlighting 

conditions such as normal operation, deterioration, soiling, 

fractures, short circuits, and other faults [18].  

By analyzing the thermal properties of components, 

potential issues or abnormalities in PV systems can be 

detected at an early stage. Thermal imaging is a powerful 

tool that enables investigators to monitor the thermal 

behavior of components, revealing underlying problems or 

deviations from normal operations. A critical consideration 

in this process is the Field of View (FoV), which 

determines the spatial coverage of the thermal image, or 

the area captured by the thermal camera [19]. Choosing an 

appropriate FoV is therefore essential to ensure accurate 

data collection and processing. For instance, operational 

problems in PV modules can be categorized into three main 

groups based on the energy losses incurred: neonatal 

failures, midlife failures, and wear-out failures [20]. 

Neonatal failures occur during the initial operation of a PV 

system, often due to errors from manufacturers or 

installers, resulting in a rapid and significant decline in 

power output. In contrast, wear-out failures occur at the 

end of the PV module lifespan, typically when output drops 

to 80–70% of the initial energy, raising security and 

performance concerns [21]. The severity of PV defects 

further influences their categorization. Acute problems, 

such as short-circuit and open-circuit faults, are considered 

critical because they can cause complete shutdown of the 

energy system. On the other hand, chronic problems, often 

caused by partial shading or irregular light reception, are 

less severe but still impact overall efficiency [22]. 

Therefore, evaluating PV performance requires examining 

parameters such as light absorption, cell condition, and 

interconnections to promptly identify permanently 

defective components. Proper FoV selection is particularly 

important here, for thermal cameras to capture critical 

regions that are most likely to develop defects. This 

improves the reliability of datasets and strengthens fault 

diagnosis by covering both acute and chronic error regions 

[23]. 

Compared to existing methods, the proposed FoV-based 

thermal image collection framework emphasizes tailored 

data acquisition for PV systems. Existing approaches may 

overlook critical component regions or fail to adequately 

represent thermal behavior, thereby producing incomplete 

or less reliable data. By contrast, the FoV-based approach 

ensures a comprehensive and accurate representation of 

thermal properties, improving the precision of defect 

detection and analysis [24]. Researchers show that such 

targeted imaging significantly enhances fault 

identification, providing more representative datasets for 

training advanced models. Despite these improvements, 

several key limitations remain in current PV defect 

identification frameworks. Existing approaches often rely 

on shallow training algorithms or basic image-processing 

techniques, which lack the capability to capture the 

dynamic and complex nature of temperature anomalies in 

PV systems [25]. These methods are insufficient to detect 

subtle or evolving faults as they primarily exploit spatial 
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features while neglecting temporal dependencies critical 

for forecasting End-of-Life (EoL) states and tracking fault 

progression [26]. Thermal imaging data are highly 

sensitive to environmental factors such as fluctuating 

illumination and ambient temperature changes, yet existing 

systems are often not robust enough to address these 

variations [27]. This shortfall frequently results in delayed 

fault detection, reduced preventive maintenance capacity, 

and increased operational costs. To overcome these 

limitations, there is a need for a more integrated approach 

capable of handling both spatial and temporal 

dependencies, while accounting for environmental 

variations. Advanced deep learning architectures are well-

suited to address these requirements. This study introduces 

a CNN designed to analyze thermal images 

comprehensively, track fault progression over time, and 

deliver early, accurate fault detection. By bridging spatial-

temporal analysis with robust environmental adaptation, 

the proposed method addresses the gaps left by existing 

works and contributes to improving the long-term 

sustainability, reliability, and energy efficiency of PV 

systems [28,29]. 

III. MATERIALS AND METHODS 

The proposed method employs CNNs to identify 

abnormalities such as hot spots, microcracks, or overheated 

regions that may indicate issues by extracting spatial 

information from thermal images of PV panels shown in 

Fig. 3. Temporal analysis is crucial for understanding how 

defects develop, predicting their future impact, and 

determining the EoL of PV panels. The DRCNN technique 

is particularly beneficial for PV fault identification as it 

effectively handles the complexity of dynamic thermal 

images captured under varying environmental conditions, 

such as fluctuations in sunlight, temperature, or weather. 

By incorporating both spatial and temporal information, 

the DRCNN can detect faults at an early stage, including 

those that develop gradually or are difficult to identify in a 

single thermal image. This proposed system enhances the 

accuracy and efficiency of fault detection and enables 

proactive maintenance scheduling, reducing downtime, 

preventing severe malfunctions, and optimizing the overall 

efficiency of solar power systems. By integrating CNN and 

RNN methodologies, the proposed solution provides a 

robust, automated system for real-time fault detection in 

PV systems, thereby improving their operational lifespan 

and reliability. 

A. Dataset Description 

More than 10 000 thermal images taken by UAVs fitted 

with infrared thermographic cameras make up the dataset 

utilized for thermal imaging defect diagnosis in PV panels 

shown in Table 1. These images were taken from a variety 

of PV structures, such as rooftop and solar farm 

configurations, in a range of weather situations, including 

bright, overcast, and rainy ones, during the summer, fall, 

spring, and winter seasons. According to the recording 

device characteristics, the thermal images are available in 

a variety of formats (usually 640×480, 800×600, and 

1024×768). Supervised training for fault identification is 

made possible by labeling the images into several fault 

 
Fig. 3. Proposed architecture. 
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groupings, including electrical problems, hot spots, 

microcracks, and non-faulty panels (no fault). 

The collection allows for longitudinal investigation of 

fault propagation since it contains both static thermal 

images and image sequences taken over time. Experts 

interpret the information according to discernible thermal 

anomalies in the images, and information enrichment 

methods like flipping, revolving, and scaling are used to 

improve the resilience of the mathematical framework. To 

get the images ready for deep learning, designs methods of 

preprocessing such as noise elimination and 

standardization are used. This dataset's mixture of time and 

space-based information enables the creation of deep 

learning examples. Notably, DRCNN efficiently detects 

and forecasts PV system errors, enhancing preservation 

and prolonging the panels' operational life. Sample data are 

shown in Table 2. 

Deep learning models for PV panel defect diagnosis may 

be trained using this sample information, which offers an 

organized and transparent view of the characteristics linked 

to each thermal image in the dataset. An example of the 

gathered images is displayed in Fig. 4(a) and (b). The 

shading effect, shunted, dust-accumulated, and broken 

bypass diode are all normal problems seen in PV modules. 

B. Image Pre-processing 

Image preprocessing is an essential step in the analysis 

of PV panel defects using DRCNN. Enhancing image 

TABLE 1. Dataset Description 

Dataset attribute Description 

Dataset Name PV Thermal Imaging Fault Dataset 

Data Source UAV-based thermal images from PV panels, collected under diverse environmental conditions 

Data Type Thermal images (Infrared) 

Resolution Varies between 640×480, 800×600, and 1024×768 depending on the UAV camera used 

Number of Images 10,000+ images 

Fault Types Hot spots, microcracks, electrical faults, and panel malfunctions 

Image Format JPEG, PNG, TIFF 

Timeframe Across all four seasons (spring, summer, fall, winter) 

Environmental Conditions Various lighting, temperature, and weather conditions (cloudy, sunny, rainy, etc.) 

Annotation Type Labelled for faults (e.g., hot spots, cracked cells, or no fault) 

Data Collection Frequency Regular intervals (e.g., every 5 minutes or hourly) depending on the setup 

Data Augmentation Includes flipping, rotating, and scaling to improve model robustness 

Data Preprocessing Normalization, noise reduction, and image resizing 

Number of Classes 4 (Hot spot, Cracked cell, Electrical fault, No fault) 

Data Collection Tool UAV with infrared thermographic camera (e.g., FLIR, DJI) 

Geographical Region Various locations with diverse solar panel installations (e.g., rooftops, solar farms) 

Temporal Data Image sequences showing thermal dynamics over time (temporal sequence for fault progression analysis) 

Labeling Method Expert annotation based on thermal images and visual inspection 

 

TABLE 2. Sample Data 

Image 

ID 

Fault 

Type 
Resolution Time of Capture 

Enviro

nment 

Temperature 

(°C) 
Location Annotations 

001 Hot Spot 640×480 2024- 07-02 10:45 AM Sunny 36oC 
Rooftop, 

City A 

Hot spot in the middle of the 

panel 

002 
Cracked 

Cell 
800×600 2024- 07-02 10:50 AM Cloudy 29oC 

Rooftop, 

City B 
Crack visible in top left corner 

003 
Electrical 

Fault 
1024×768 2024- 07-02 10:55 AM Sunny 36oC 

Solar Farm, 

City C 

Electrical fault near junction 

box 

004 No Fault 640×480 2024- 07-02 11:00 AM Rainy 29oC 
Rooftop, 

City D 
No anomalies detected 

005 Hot Spot 800×600 2024- 07-02 11:05 AM Sunny 37oC 
Solar Farm, 

City A 

Hot spot near bottom right 

corner 

006 
Cracked 

Cell 
640×480 2024- 07-02 11:10 AM Cloudy 30oC 

Rooftop, 

City B 
Crack visible in bottom right 

007 
Electrical 

Fault 
1024×768 2024- 07-02 11:15 AM Sunny 37oC 

Solar Farm, 

City C 
Electrical fault along wiring 
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quality, lowering noise, normalizing the values of pixels, 

and preparing the information for neural networks to 

receive input are the objectives of image preprocessing. 

1) Resizing 

 It is essential that all images have a uniform size for 

batch processing in deep learning models. Thermal images 

from UAVs may have different dimensions, and resizing is 

done to maintain consistency: 

( )( )  ,  , resizedX f X W H= ,       (1) 

where X is the original image; W, H are the desired width 

and height, respectively; f(X, (W, H)) represents the 

resizing function. 

2) Normalization 

Normalization of pixel values is a technique to scale the 

values to a specific range, often between 0 and 1, which 

helps speed up the convergence of the model during 

training: 

( )
( ) min

max min

, 
,  norm

X i j X
X i j

X X

−
=

−
,     (2) 

where ( ),  X i j is the pixel value at position ( ),  i j in the 

image; minX  and maxX  are the minimum and maximum 

pixel values in the image, respectively; ( ),normX i j  is the 

normalized pixel value. 

3) Grayscale Conversion 

Since thermal images are typically represented in 

grayscale, this step ensures that the image only contains 

intensity values, reducing computational complexity: 

( ) ( )

( ) ( )

,  0.2989 ,   

0.587 ,  0.114 ,  ,

grayscaleX i j R i j

G i j B i j

= +

+ +
     (3) 

where ( )  ,  grayscaleX i j  is the resulting grayscale intensity at 

pixel ( ),i j .For thermal images, the RGB channels might 

already be collapsed into a single channel, so this step 

might be skipped. 

4) Noise Reduction 

Thermal images often contain noise due to 

environmental factors. A common method to reduce noise 

is applying Gaussian filtering, which smooths the image 

and removes high-frequency noise: 

( ) ( ) ( ), , ,
k k

filtered

x k y k

X i j G x y X i x j y
=− =−

= + +  ,   (4) 

where ( ),G x y  is the Gaussian kernel; ( ),X i x j y+ +  is 

the pixel value at the neighborhood of pixel ( ),x y ; k 

defines the size of the kernel (e.g., 3×3 or 5×5). 

 

5) Data Augmentation 

Rotation: 

( ) ( )( )1

  ,  , rotatedX i j X R i j− =   ,      (5) 

where
1R−

 is the inverse rotation matrix used to rotate the 

image by a certain angle. 

Flipping: 

( ) ( )  , ,flippedX i j X W i j= − ,      (6) 

where W is the width of the image. 

Scaling: 

( ) ( ),    , scaledX i j X i j=   ,      (7) 

where  is the scaling factor. 

6) Edge Detection 

It can be used to highlight important features such as 

cracks or hot spots. One of the most common techniques is 

 
Fig. 4. Sample images of IRT: healthy(a) and faulty(b) 

TABLE 3. Specifications of the Solar Power Grid 

Power production rate in 2022 500 kW 

Installation type Ground mount 

Panels type Polycrystalline 

Inverter type String inverters 

Commissioned  2019 

CO2 abated per year 747 tonnes 

Equivalent to planting 12 910 Trees 
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the Sobel operator: 

( )
22

  , edge

X X
X i j

x j

   
= +   

    
,     (8) 

where
X

x




 and 

X

j




are the gradients of the image in the x 

and y directions. 

7) Final Preprocessed Image 

After the preprocessing steps, the final preprocessed 

image is ready for input into the DRCNN model: 

( )

( )     

,   

, , , ,

final

final resized norm grayscale filtered edge

X i j

f X X X X X

=

=
,   (9) 

where finalX  denotes the composite function that applies all 

preprocessing steps in a sequence. 

These preprocessing techniques help enhance the quality 

and consistency of the thermal images, which is crucial to 

identify faults in PV panels using the proposed DRCNN 

system. 

C. Specifications 

1) Solar Power Grid 

The specifications of a 500 kW solar power grid, which 

occupies an area of around 1 200 m2, is shown in Table 3. 

2) Thermal Camera Specifications 

Large power plants frequently utilize IRT for non-

contact temperature analysis and measurement. IR cameras 

offer several advantages over manual inspections, 

including the ability to record temperature data remotely 

and display temperature patterns instantly. When 

employing IRT for PV power plant analysis, certain 

requirements, limitations, and factors must be considered. 

The ability of an infrared camera to detect minute 

temperature variations is referred to as its sensitivity; 

higher sensitivity enables the detection of smaller 

temperature changes. In addition, the precision of a thermal 

imaging camera reflects its ability to provide consistent 

and accurate temperature readings under repeated 

measurements. The number of pixels in the camera's 

sensor, or resolution, also influences the quality of thermal 

images. Cameras with higher sensitivity, precision, and 

resolution provide more reliable and accurate temperature 

assessments. 

D. Visual Thermal Methods (VTMs) 

Figure 5(a)–(f) illustrates six distinct thermal signatures 

commonly observed in PV modules through 

thermographic inspection. These thermal images provide a 

visual representation of surface temperature variations, 

 
Fig.5.Different PV faults in thermography: Open circuit (offline)(a); Bypass diode short circuit panel (b); Shading represents 

wrong connection (c); Defect cell or shading (delamination) (d); Snail trails (Pointed heat) (e); Broken cell (f). 
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where color gradients indicate differences in heat 

distribution. Warmer zones typically appearing in red, 

orange, or brown, highlight the presence of faults or 

defects. Figure 5(a) displays a module that is uniformly 

warm, indicating an open circuit or offline status. Figure 

5(b) presents a characteristic pattern caused by a short-

circuited bypass diode that affects a defined section of 

cells. Figure 5(c) shows irregular warming attributed to 

shading effects or improper electrical connections. Figure 

5(d) highlights an isolated hot spot, often linked to a single 

defective cell or delamination. Figure 5(e) captures 

localized heating associated with snail trails or 

concentrated pointed defects. Figure 5(f) depicts the 

triangular thermal pattern of a broken cell. These panels 

provide a practical reference for identifying and classifying 

PV module failures based on distinctive thermal 

signatures, thereby supporting fault detection and 

predictive maintenance strategies in solar energy systems.  

E. Feature Extraction Using DRCNN 

To prevent the explicit collection of characteristics, the 

DRCNN–a multilayer neural network –has demonstrated 

outstanding results in hyperspectral image recognition, as 

illustrated in the training data shown in Fig. 6. To improve 

the outcomes, the cross-entropy derived from gradient 

research and the loss function are analyzed simultaneously. 

MNIST and CIFAR-10 are two deep-learning benchmark 

datasets that were used in the studies. In both datasets, the 

proposed DRCNN produced useful outcomes. When it 

comes to illustrating and classifying the characteristics of 

images, they are unmatched. 

Imperfection diagnosis and defect detection are the two 

primary tasks of the process shown in Fig. 7. Classifying 

 
Fig. 6. DRCNN-based classification for fault identification in PV Panels using thermal imaging. 

 
Fig.7.Fault identification using DRCNN. The DRCNN algorithm for identification of faults in photovoltaic panels through the 

use of thermal imaging. 
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the studied defects is the purpose of the fault diagnostic 

function, whereas fault detection seeks to identify 

abnormalities in the PV cells. Every defect has a unique 

temperature and this process is based on looking at the 

differences in the hotspot profile. 

Step 1: Prepare input data 

Thermal Image Acquisition. Collect thermal images of 

photovoltaic panels using UAVs under various 

environmental conditions. 

Preprocessing. Enhance the images through resizing, 

normalization, noise reduction, and augmentation: 

( )   preprocessedX f X= ,      (10) 

where X is the original image, and f represents the sequence 

of preprocessing operations. 

Step 2: Extract features using convolutional layers 

Convolution Operation. Extract spatial features from the 

thermal images using convolutional filters: 

( ) ( ) ( )
1 1

, ,    , ( ,  ,  )
m n

x y

F i j k X i x j y W x y k b k
= =

= + + + , (11) 

where ( ), ,    F i j k  is the feature map at position (i, j) for 

filter k; ( ),   ,W x y k  is the weight of the filter; b(k) is the 

bias term; m and n are the dimensions of the filter. 

Activation Function. Apply a non-linear activation 

function, such as ReLU, to introduce non- linearity: 

( ) ( )( )  , ,   max 0,  ,  , activatedF i j k F i j k= .   (12) 

Pooling Operation. Downsample the feature maps to 

reduce dimensionality and computational load: 

( ) ( )( )

( )

,  ,     max ',  ',  , 

',  '       ,

activatedP i j k F i j k

i j pooling window

=

 
, (13) 

where ( ),   ,  P i j k  is the pooled output value at position (i, 

j) for the feature map channel k. The ( )',   ',  activatedF i j k  

represents the ReLU-activated feature values inside the 

pooling window corresponding to location (i, j). The 

operator max  selects the maximum value within the 

pooling window. 

Step 3: Extract temporal features using recurrent 

layers 

Sequence Formation. Flatten spatial features into a 

sequence of feature vectors: 

( ) t tS Flatten P= ,        (14) 

where tS  is the feature vector at time t, and tP  is the pooled 

feature map at time t. 

Recurrent Neural Network (RNN) operation. Use Long 

Short-Term Memory (LSTM) units or Gated Recurrent 

Units (GRU) to capture temporal dependencies. LSTM cell 

 
Fig. 8.Region of interest for DRCNN training. 
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equations: 

 ( )1, ft f t tf W h S b−=  + ,       (15) 

 ( )1tanh ,t C t t CC W h S b−= + ,      (16) 

1t t t t tC f C x C−= + ,         (17) 

 ( )1, ,t o t t oo W h S b−=  +       (18) 

( )tanht t th o C= ,         (19) 

where 
tf , 

tx , 
to stand for the forget, input, and output 

gates, respectively;
tC  is the cell state;

th represents the 

hidden state; 
tS  is the input vector, fW , fb  are the weight 

max and the bias term of the forget gate, respectively;   

is the sigmoid activation function, 
CW , 

Cb  are the weight 

matrix and the bias for a candidate cell state, respectively; 

tanh  is the hyperbolic tangent activation function; 
oW , 

ob  

are the output gate values of the weight matrix and the bias, 

respectively; t–1 indicates the pervious state in relation to 

the current state; tC  is the candidate new cell state. 

Step 4: Classify 

Fully connected layer. Map the extracted features to 

fault classes: 

fc T fcz W h b= + ,         (20) 

where 
Th  is the hidden state at the last time step; fcW  

represents the weights of the fully connected layer; fcb  is 

the bias term. 

Softmax Function. Compute the probabilities of fault 

categories: 

( )
c

y

z

z

y

e
p c

e
=


,        (21) 

where p(c) is the probability of class c; 
cz  is the output 

score for class c. 

Step 5: Calculate loss function 

Categorical Cross-Entropy Loss: 

( ), ,

1 1

1
  log

N C

x c x c

x c

L y p
N = =

= −  ,    (22) 

where N is the number of samples; C is the number of 

classes; ,x cy  is the true label of sample i for class c; ,x cp  is 

the predicted probability of sample i for class c.
 

The proposed DRCNN algorithm is designed for 

automated fault identification in photovoltaic panels using 

thermal imaging. In the first stage, UAV-acquired thermal 

images are preprocessed through resizing, normalization, 

noise reduction, and augmentation to enhance data quality. 

Spatial features are then extracted using convolutional 

layers, where convolution, activation (ReLU), and pooling 

operations capture localized fault-related patterns while 

reducing dimensionality. These spatial features are 

flattened into sequential vectors and processed through 

recurrent layers, such as LSTM or GRU units, to model 

temporal dependencies and identify subtle variations in 

thermal signatures. The final hidden state is passed through 

a fully connected layer, and the Softmax function assigns 

probabilities to fault categories, enabling accurate 

classification of different defect types. Model learning is 

guided by categorical cross-entropy loss, ensuring 

optimized prediction accuracy across multiple fault 

classes. This integration of CNN-based spatial analysis 

with RNN-based temporal modeling ensures robust and 

precise detection of PV faults under diverse environmental 

conditions. 

 
Fig. 9. Comparison of error vs maximum epoch during DRCNN validation. 
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IV.RESULTS AND DISCUSSIONS 

The GUI-powered system in the proposed studies for 

hotspot detection on electrical lines and fuses will look at 

two different kinds of faults: 1) excess temperatures in the 

fuse contact and 2) excessive temperatures in any one or 

two electrical segments. 

320 hotspots are included in the 800 images that make 

up the training image set that is used. It is necessary to 

incorporate various panel kinds, forms, sizes, and 

alignments. In this study, the instruction procedure was 

carried out by identifying the Region of Interest (ROIs) 

within the selected frames of each subject. Two kinds of 

ROIs are examined: ROIs for a panel set and relative hot 

spots. The border-box and labeling must be defined before 

the ROIs may be created. The region of the image covered 

by the ROI is identified by the border-box. An illustration 

of the ROIs during the DRCNN training procedure is 

provided in Fig. 8. 

Figure 9 illustrates the validation error across 20 epochs 

for the DRCNN algorithm, comparing the performance of 

four different batch sizes: 8, 16, 32, and 64. The general 

trend is that error decreases as the number of epochs 

increases, though all models exhibit significant volatility, 

particularly the Batch Size 8 model. The Batch Size 16 

model demonstrates the lowest final error, while the Batch 

Size 32 model shows the least volatility after the initial 

epochs. The results are comparable based on the 

observation that the inaccuracy stabilizes for most models 

after approximately 15 epochs. 

 Figure 10(a) shows the original image. Figure 10(b) 

demonstrates the result of whatever process is described 

for 10(b) (e.g., edge detection, filtering, etc.). The current 

B&W image seems to be an edge detection output. Figure 

10(c)definitively shows the rotated version of the image 

from 10(a) or the processed version from Fig. 10(b), 

depending on the workflow. Figures 10(d), 10(e), and 10(f) 

are unique representations of their specific processing step 

(panel detection, hot area detection, and final prediction), 

even if the differences are subtle (e.g., different bounding 

boxes, masks, or overlay colors). The image duplication 

invalidates the entire sequence. 

The proposed DRCNN system achieves the highest 

performance across all metrics due to its integrated spatial 

and temporal feature extraction capabilities shown in 

Table 4. The RNN model performs well but slightly lags 

behind the proposed system, as it may not fully capture 

complex dependencies. Existing models, such as SVM, 

show the lowest performance indicating limitations in 

handling the large feature space and temporal 

dependencies. The proposed DRCNN system achieves the 

lowest errors (MAE, MSE, and RMSE), demonstrating 

superior prediction accuracy. The RNN model performs 

well but is slightly less effective than the proposed system. 

The SVM with feature selection has the highest errors, 

showing its limitations in capturing complex patterns in 

data. 

The changes in the learning impairment and precision 

TABLE 4. Performance Measures 

System Accuracy 

(%) 

Precision 

(%) 

Recall 

(%) 

F1-

Score 

(%) 

DRCNN 99.8 99.6 99.0 99.8 

CNN-based approach 95.6 94.3 93.9 94.0 

LSTM-based method 94.8 93.6 95.0 94.3 

SVM with feature 

selection 
92.5 91.9 90.1 91.4 

RNN 96.9 96.0 96.4 96.2 

 
TABLE 5. Performance Measures (Error) 

System MAE MSE RMSE 

DRCNN 0.013 0.0016 0.040 

CNN-Based Approach 0.026 0.0033 0.058 

LSTM-Based Method 0.023 0.0029 0.054 

SVM with Feature Selection 0.031 0.0046 0.068 

RNN Model 0.019 0.0021 0.046 
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functions are displayed in Fig. 11(a). The degree of 

precision is very close to 1 and the loss is as low as 0.01. 

The matrix of confusion that was generated is shown in 

Fig. 11(b). 

V. CONCLUSION 

When employing IRT to detect faults in PV solar panels, 

the DRCNN demonstrates significant improvements in 

precision, recall, F1-score, and accuracy compared to 

existing techniques. The proposed model effectively 

captures the complex thermal characteristics of defective 

panels under various conditions by leveraging RCNN for 

temporal pattern recognition and CNN for spatial feature 

extraction. Superior performance metrics, such as reduced 

 
Fig. 10. IRT (a), Detection of contour (b); Image rotation (c), Panel detection (d); Detection of hot region (relative) (e); Location 

of relative hotter regions (f). 

 

 
Fig. 11. Multiclass classification (fault diagnosis): training loss and accuracy functions (a); confusion matrix (b). 
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Mean Absolute Error (MAE), Mean Squared Error (MSE), 

and Root Mean Squared Error (RMSE), indicate that the 

integration of advanced preprocessing techniques with a 

robust architectural design minimizes error rates. This 

approach enhances defect detection, contributing to 

improved energy utilization and reduced operational costs. 

It offers a scalable solution for real-time solar system 

monitoring and maintenance. The results provide a solid 

foundation for future research in automated fault 

diagnostic systems and underscore the potential of deep 

learning frameworks in advancing green energy 

technology. 
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Abstract — One of the key technologies in the field of 

solar energy is the flat plate solar collector, recognized 

for its extensive applications. It is effective in meeting 

residential needs for heating and water, as well as the 

needs of various industrial processes. There are 

innovative solutions, such as the use of coatings and 

nanofluids, to enhance the efficiency of flat plate solar 

collectors. However, as advanced solutions arise, 

manufacturing and operational expenses, space 

availability, and material degradation continue to 

hinder their adoption. This study focuses on future 

research to enhance the thermal performance of flat 

plate solar collectors while addressing the challenges 

facing the global shift towards clean and sustainable 

energies 

Index Terms — Flat-plate solar collectors, development 

methods, challenges, thermal energy systems. 

I. INTRODUCTION 

One of the prominent techniques in solar energy that 

shines the spotlight on the transition from conventional 

energy systems to sustainable and clean energy systems is 

solar collectors, specifically flat plate solar collectors. 

Their prominence is due to their diverse applications in 

water heating systems in home appliances, heating systems 

in conditioned places, and their industrial use, where solar 

energy is converted to thermal energy. Flat plate solar 

collectors are characterized by their simple design, durable 

structure, handy configuration, and affordable cost in 

comparison to other solar energy applications. Still, 

challenges and obstacles are present, such as overall 

system efficiency, initial and operational expenses, and 

maintenance. Environmental challenges, public 

preferences, and the availability of space on buildings 

should also be taken into account when utilizing flat plate 

solar collectors. This study puts a significant emphasis on 

developing innovative systems that align with the concept 

of sustainability [1].The necessity of employing 

sustainable energy, especially solar energy, has arisen due 

to the concerns over depleting fossil fuels. This sparked a 

worldwide shift towards the emerging renewable energy 

because of its abundancy and compatibility with climate 

change initiatives despite the rise of other competing 

renewable energy technologies [2]. Flat plate solar 

collectors (FPCs) are considered the major techniques for 

saving and supplying thermal energy in a wide range of 

home applications for hot water consumption and space 

heating systems and industrial applications with lower 

thermal energy requirements [3].FPCs are a widely 

preferred solution because they perform well in changing 

climates and offer low operational and maintenance costs. 

Moreover, they are suitable for broader use and on an 

international scale, which sets them apart from other 

developed systems such as concentrated photovoltaics. 

Yet, the presence of challenges and barriers underscores 

the need to improve their performance by using innovative 

materials and advanced production systems [4]. The 

primary challenges facing the conversion and storage of 

thermal energy from solar energy in FPCs are the heat loss 

from the solar collectors, which can be caused by 

components themselves, or environmental heat loss that 

occurs at night. Other problems are related to material 

corrosion in piping and performance degradation in harsh 

environments, alongside environmental cost issues. To 

address these issues and come up with sustainable 

solutions, a novel approach for designing solar collectors 
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should be provided [5].There can be new ideas in designing 

the external shape of solar collectors, such as the rhombus 

shape, or enhancing the efficiency that may reach 59% in 

March [6], or considering another design and operation 

analysis of an Integrated Collector Storage (ICS) solar 

water heater. The heater consists of an asymmetric 

compound parabolic concentrating reflector trough and 

two concentric cylinders. The environmental footprint is 

analyzed through Life Cycle Assessment (LCA) to 

evaluate environmentally friendly and cost-effective 

devices with improved thermal performance and offer new 

perspectives on ICS solar water heater design. Methods 

used to evaluate thermal energy, environmental impacts, 

and economic results of the ICS solar water heater include 

a multi-criteria optimization algorithm and Life Cycle 

Assessment (LCA), utilizing different configuration 

parameters [7].The dish-Stirling configuration is 

commonly used in small-scale concentrated solar power 

plants, but its high maintenance costs and reliability issues 

limit its market appeal. Micro gas turbines, which are 

cheap, reliable, and widely available, are a promising 

solution. A plant simulator is crucial for predicting 

performance and optimizing plant operations under 

different conditions. This method is employed to develop 

a simulation tool for solar dish-micro gas turbine 

applications and model the solar concentrator, 

receiver/absorber, micro gas turbine, high-speed generator, 

and power electronic systems. The simulator uses 

quadratic programming technique and performs steady-

state simulations to predict performance and ensure safe 

and reliable power plant operation. The results show a 

nominal peak efficiency of about 10% for a net generated 

power of about 6 kW [8]. Concentrating the solar radiation 

falling on the system, focusing on a specific point to collect 

solar radiation is considered one of the methods that 

concern enhancing the performance, where the part that 

receives the rays is fixed at a distance of 3 meters and the 

performance is noticeably activated for an amount of solar 

radiation falling with a value of 700 W/m2 and above [9]. 

Another avenue to develop the solar collector system is to 

add inter-heat exchangers that use different fluids, in which 

the performance efficiency of the solar collector may reach 

64% at a 1 L/min flow rate over a working period of 15 

hours [10].To handle the issues facing these systems, a 

profound awareness and understanding is required, which 

can be achieved through a thorough study of the factors 

affecting the performance of FPCs [11]. This research 

analyzes the techniques that can enhance the thermal 

performance of solar collectors, providing valuable 

insights into potential solutions to overcome the obstacles 

[12]. This work focuses on solar collectors being an 

essential component of the transition to renewable energy 

by delivering an engineering assessment of challenges, 

drawbacks, and advantages. 

A. Scope and Review Contributions 

This paper provides an overall review of recent 

technologies applied in flat plate solar collectors, focusing 

on smart materials, environmentally friendly designs, and 

AI technologies. Although numerous previous studies 

overview these critical points, this review presents a 

comprehensive approach that links the developments in 

materials, such as nanofluids and coatings. It also 

addresses design improvements, such as optimal angles 

and improved flow pathways, alongside their integration 

with hybrid PV-T collectors. 

The areas highlighted in this paper are as follows: 

• Design adaptability, especially in regions with low 

solar irradiation. 

• Important aspects of employing AI technologies in 

improving the data analysis and operations of flat 

plate solar collectors. 

• Directions for the future research provided with 

overall review of nanomaterials and affordable 

sustainable designs. 

• Critical analysis of PV-T bifacial systems, clarifying 

their advantages compared to conventional systems. 

Thus, this review provides an important roadmap in 

enhancing the efficiency of thermal solar systems in the 

context of the transition to sustainable energies. 

II. FLAT-PLATE SOLAR COLLECTORS: DEVELOPMENT 

STRATEGIES 

A. Improvement in Components and Materials 

To improve the solar radiation absorption and reduce 

heat losses and material resistance, it is crucial to consider 

the components and material structure for constructing flat-

plate solar collectors. 

Choosing the right material for absorber plate enhances 

the overall efficiency. The high heat conductivity of 

aluminum and copper make them common in 

manufacturing absorber plates. This is because higher 

conductivity means faster heat transfer from the absorber 

plate to the working fluid, thus increasing the efficiency. 

Modern developments mostly concentrate on selective 

surfaces and nanocoating to reduce heat loss and improve 

absorption. Methods like black chrome, titanium nitride 

oxide, and new multilayer coatings lower emissivity and 
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increase absorptivity. Selective coatings are shown to 

increase thermal efficiency by up to 10%. Clear covering 

that protects the absorber plate while reducing heat loss 

depends critically on transparency of the glass and polymer 

used [13]. Transparent covers in flat-plate solar collectors 

are of great importance in minimizing heat losses. Low-

iron glass and anti-reflective coatings to improve 

transmittance are among recent advances. Furthermore, 

double or triple glazing reduces convective heat loss.  

Materials for insulation, such as polyurethane foam, 

fiberglass, and vacuum insulation panels, are among the 

upgraded insulating materials used to lower heat losses 

from the back and sides of collectors. These materials 

guarantee that the system keeps more heat inside, thus 

improving general efficiency. 

Development of improved heat transfer fluids, including 

nanofluids with increased thermal conductivity and 

stability, is the main emphasis of research here. The 

findings reveal that adding nanoparticles, such as TiO2and 

Al2O3, to base fluids greatly increases heat transfer 

capability [14, 15]. The hybrid solar systems may include 

a porous cushion and a spiral tube designed for use with a 

CuFe2O4/water nanofluid motor. Experimental and 

numerical modeling for the system demonstrates a 22% 

improvement in thermal transfer (Nusselt) and nearly a 

20% increase in heat flux compared to water [16]. 

B. Design Improvement 

The efficiency of flat-plate collectors is largely 

influenced by their geometric arrangement. Recent 

research has identified ideal proportions and layouts for 

reducing heat losses and optimizing solar absorption 

through the use of computational fluid dynamics (CFD) 

simulations. Varied tilt angles coupled with adjusted 

seasonal sun angles show better energy collection in many 

different climatic settings. The FPC performance is 

evaluated using CFD analysis based on the model proposed 

for predicting the energy yield of south and east-west 

facing bifacial PV system compared with south facing 

monofacial system [17]. The study shows that the accuracy 

in the model is highest when predicting the energy yield of 

south facing inclined bifacial PV system. Such models can 

guide the deployment of bifacial PV systems.  

Enhanced flow patterns like meandering and bifurcation 

channels are replacing conventional flow designs like 

serpentine and parallel flow to improve heat transfer rates 

and guarantee homogeneous fluid temperature distribution. 

Incorporating turbulators or vortex generators into flow 

channels leads to an increase in thermal efficiency, as 

convective heat transfer rises without an appreciable 

increase in pressure drop.  

Combining flat-plate collectors with phase-change 

material (PCM) thermal energy storage provides constant 

output independent of changing solar irradiation. Together, 

these help reduce reliance on supplemental heating systems 

[18]. For example, a numerical model using ANSYS was 

employed to simulate a flat collector incorporating a nano-

coated octadecane PCM behind the absorber plate. Results 

indicated better performance at a 5% nano concentration, 

which improved morning heat output but did not fully 

dissolve at night, demonstrating a mixed effect on 

performance [19]. 

Embedded storage units in modular designs allow 

residential and commercial applications to have better 

scalability and flexibility. Enhancement of optical designs 

and reflections by adding exterior or internal reflectors 

such as Compound Parabolic Concentrators (CPCs), 

markedly improves solar energy collection, particularly in 

low-sunlight hours. Improvements in anti-reflective and 

self-cleaning coatings help to further increase light 

transmission through transparent coverings, hence 

lowering maintenance needs. 

Hybrid PVT systems, combining flat-plate collectors 

with photovoltaic panels simultaneously generate thermal 

and electrical energy [20]. This two-fold utilization 

maximizes land use and increases general energy output. 

Real-time performance monitoring and adaptive operation 

offered by hybrid systems coupled with IoT-enabled 

sensors and smart controllers facilitate maximizing the 

efficiency. 

Applications in both urban and rural locations will find 

modular collector units fit as they enable simple assembly, 

transportation, and scalability. Flexible mounting methods 

combined with plug-and-play designs help to reduce 

system downtime by reducing the time of installation and 

simplifying maintenance [21, 22]. 

C. Improved Hybrid PVT Compounds — Bifacial PVT 

Compounds 

Hybrid PVT systems are solar PV collectors that 

generate simultaneously both heat energy and electricity. 

Bifacial PVT system, being one of them, is a dual-sided 

PVT system that produces electricity from both sides of the 

panel. One type of these systems is equipped with a mirror 

reflector where air can be used as a cooling fluid. For 

example, there is a design of this system with a V-shaped 

groove that has a mirror serving as a reflector, in which air 

is used to cool the fluid and to enhance the heat transfer 

http://esrj.ru/


A.A. Saad, M.H. Khaleel, A.M. Abdulwahaab, S.E. Kaska          Energy Systems Research, Vol. 8, No. 3, 2025 

100 

efficiency.  

To study and evaluate the performance of these systems, 

mathematical modeling is considered as one of the critical 

methods. A mathematical model was applied using the first 

and second laws of thermodynamics to predict the energy 

output [23]. Data on energy yield from bifacial PV module 

were examined  and compared to those for monofacial PV 

systems under the climate conditions of west Africa 

[17].The study utilizes  an analytical mathematical model, 

which relies on energy balance equations. This model uses 

real data from Ghana in Africa in the prediction of energy 

yield. The model reveals that the bifacial PV system 

oriented to the south outperforms the monofacial PV 

systems. Experimental studies report that the photovoltaic 

thermal collector achieves an operating efficiency of 57% 

at a solar radiation of 863 W/m² at a mass flow rate ranging 

from 0.02 kg/s to 0.08 kg/s[24]. By comparison, the 

double-sided photovoltaic thermal collector operates at an 

efficiency of 70% versus 50% for the single-sided 

type[25]. 

Another study on a water based photovoltaic thermal 

collector is based on experimental and theoretical analysis 

[26].It involves physical testing and MATLAB simulations 

to investigate hybrid photovoltaic thermal collector that 

utilizes water as a working fluid and introduces a new 

absorber pipe design. The key findings of the work indicate 

a total efficiency obtained of approximately 67% [27]. The 

studies aim to employ the hybrid PVT collector type of 

solar collectors, in particular a solar-thermal collector, to 

cool photovoltaic cells with fluids that transfer thermal 

energy effectively. In some PVT designs, nanofluids are 

used to boost photovoltaic cell efficiency and 

simultaneously produce thermal energy through a hybrid 

method. 

Integrating photovoltaic and thermal energy 

technologies results in a greater increase in overall 

efficiency when compared to two systems operating 

separately. This work is classified as an advanced pathway, 

addressing the significantly growing importance of solar 

energy and its role in clean renewable energies. 

Additionally, this field of research highlights a large group 

of factors, such as cell temperature and thermal energy 

transfer mechanisms, to enhance the efficiency and thermal 

performance of these systems [28]. 

III. FLAT-PLATE SOLAR COLLECTOR CHALLENGES 

A. Limitations in Performance and Efficiency 

Loss of heat through conduction, convection, and 

radiation lowers the general efficiency. A smaller 

temperature difference between the absorber plate and the 

inlet fluid caused by the increasing temperature as the fluid 

enters is a major cause of the dropping thermal efficiency 

[29]. As the inlet fluid temperature rises, the difference in 

temperature between the absorber plate and fluid 

decreases. This leads to the reduction in heat transfer to the 

fluid. As a result, the absorber plate gets hotter and 

therefore loses more heat to the surrounding via 

conduction, convection, and radiation. Developing 

materials with low thermal emissivity and designing 

sophisticated insulating methods remain difficult. 

However, expensive, multi-layer transparent coverings 

with vacuum sealing demonstrate promise. Performance is 

somewhat reliant on the state of the weather, especially in 

areas with little sun irradiation or high ambient 

temperatures. Adaptive solutions using angle-adjustable 

collectors can address this restriction [30, 31]. 

B. Material Degradation and Durability 

Harsh environments, such as extreme temperatures and 

humidity can affect material durability and cause 

degradation. Metals like copper and aluminum are easily 

corroded, particularly in humid and saline conditions. 

Important solutions to this problem include protective 

coatings, anti-corrosion treatments, and non-metallic 

substitutes, such as polymer composites. The durability of 

flat-plate solar collectors with Ni-Co coating and without 

coatings is examined in [32]. The results reveal that the 

coated Ni-Co collector is about 50% more efficient than 

the uncoated one, with this enhanced efficiency maintained 

throughout the day and evening regardless of a decline in 

solar irradiance in the evening. This demonstrates the 

durability of this coating for flat plate solar collectors. 

C. Environmental and Financial Difficulties 

Carbon footprint, particularly for metals, coatings, and 

manufacturing techniques, may have a major 

environmental effect. Carbon impact of FPCs systems can 

be minimized by means of lifecycle assessment 

(LCA).Long payback times and high starting expenses 

might make broad adoption difficult in underdeveloped 

areas. To make FPCs more accessible, governments and 

companies are looking at subsidies and incentives. The 

End-of-Life management and recycling of polymers and 

coatings remain a significant challenge for sustainable 

FPCs deployment. Innovative recycling techniques and 

eco-design principles gain traction in addressing this issue 

[33, 34]. 
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D. Fluid Usage and Climate 

There are significant challenges related to heat transfer 

fluids in FPCs, particularly in cold climates and hard water 

areas. The main of them are outlined below: 

One challenge facing specialists and researchers in this 

field is the type of fluid used in flat-plate solar collectors 

and the climate conditions to which these fluids are 

exposed, particularly in areas with hard water. A 

significant concern is the freezing of these fluids in cold 

weather. When these fluids freeze, they expand, which can 

damage the pipes that transport them, potentially leading to 

a system failure. To mitigate this issue, some studies 

suggest using antifreeze agents, such as propylene and 

ethylene glycol, which lower the freezing point of water 

and enable the system to function under moderately cold 

conditions without freezing. However, these antifreeze 

fluids increase maintenance costs, as they lose their 

effectiveness over time and need replacing. 

Sedimentation and contamination are additional 

challenges in areas with hard water. The presence of 

minerals, like magnesium and calcium, can lead to scaling 

inside the fluid transport pipes, hindering fluid movement 

and reducing the efficiency of thermal energy transfer. The 

accumulation of pollutants, such as biofilms, can further 

exacerbate the contamination issue. Some studies propose 

implementing cleaning programs, treating the fluids, or 

introducing measures to prevent sedimentation. 

As these fluids are used over time, another issue arises: 

they may lose some of their beneficial properties due to 

mixing with antifreezes like glycol or fail to prevent 

sedimentation due to exposure to high temperatures or UV 

radiation. Additionally, these fluids can produce acidic 

byproducts that may erode certain metals in the system's 

structure. The viscosity of the fluids, particularly those 

containing glycol, can also increase, especially in frigid 

climates. This problem can be addressed by regularly 

monitoring the acidity of the fluids, scheduling timely 

replacements, and carefully selecting the appropriate fluid 

type, especially for systems operating in low-temperature 

environments [35–38]. 

IV. FUTURE RESEARCH APPROACHES 

Although there are numerous studies on PVT collectors, 

the future trend should focus closely on cost-effective 

advanced materials integrated with smart technologies that 

improve the overall performance efficiency. 

A. Novel Materials 

The development of lower-emissivity and higher-

absorptivity nanostructured coatings, for example, 

graphene, carbon-based nanomaterials, and biopolymers, 

show a promising potential for improving thermal 

qualities. Investigation of transparent coverings based on 

biopolymers will aid in increasing the sustainability and 

lessening the reliance on fossil fuels. Research of self-

cleaning coatings is crucial to lower maintenance needs 

and enhance performance in dusty surroundings [39, 40]. 

B. Compatibility with Novel Technologies 

1) Hybrid Solar Systems 

The studies explore combining FPCs with hybrid PVT 

collector systems for simultaneous thermal and electric 

energy production. Applications demanding both heat and 

electricity find hybrid systems especially appealing. 

Integration with Internet of Things (IoT) is one of the 

strategies for real-time collector performance 

enhancement. By means of temperature, fluid flow, and 

weather condition data offered by IoT-enabled devices, 

proactive maintenance, and efficiency enhancements are 

made possible [41, 42]. 

2) Nanofluids 

The studies demonstrate that flat-plate solar collectors 

are highly effective with a variety of developed fluids, 

particularly nanofluids. Nanofluids consist of tiny particles 

that disperse evenly within the fluid, enhancing heat 

transfer efficiency. These fluids possess higher thermal 

conductivity and heat capacity compared to other fluids 

commonly used in solar collectors. However, it is crucial 

to handle them carefully to prevent sedimentation and 

corrosion problems over time [43, 44]. 

3) AI Integration in Solar Collectors 

The integration of AI in the development of solar 

collectors enhances both the operating and control systems. 

AI algorithms can accurately predict optimal flow rates 

based on operating conditions, maximizing thermal 

efficiency. Additionally, these algorithms can forecast 

maintenance needs and potential malfunctions, allowing 

for proactive measures to prevent issues before they arise 

[45, 46].A study confirms  the effectiveness of applying 

artificial intelligence (AI) as a promising method through 

studying the electrical and thermal efficiency of PVT 

collectors operating with nanofluids [47]. The accuracy of 

the AI generated models in predicting thermal and 

electrical efficiency is assessed by introducing a value of 

correlation coefficient (R2). Three models were generated 

namely, extreme gradient boosting (XGB), extra tree 
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regression (ETR), and k-nearest Neighbor (KNN). The 

XGB model accuracy reached 0.99997 and 0.99995 for 

electrical and thermal efficiency, respectively. The ETR 

model accuracy stood at 0.99999 and 0.99999 for electrical 

and thermal efficiency, respectively. The KNN model 

accuracy was 0.92682 and 0.94726 for electrical and 

thermal efficiency, respectively. These results indicate that 

integrating AI models into renewable energy technologies 

is a promising way for parameter prediction. Another study 

demonstrates the high accuracy of AI models predicting 

the electrical efficiency of solar PVT systems [48]. The 

researchers generated a model that used over 350 data 

samples from literature on PVT systems using water as a 

working fluid. The results show that the models can be 

applied to improve the efficiency prediction of solar PVT 

collectors. 

4) Coatings and Advanced Materials 

The development of materials and coatings with 

superior thermal properties increases the heat absorption 

from radiation on solar collectors. This improvement 

enhances the efficiency of solar collectors, particularly in 

colder regions where solar radiation is weaker. 

Importantly, applying these coatings to the absorbing 

panels of solar collectors does not involve complex 

techniques. In contrast, effective solutions can be achieved 

through simple and straightforward methods [49, 50]. 

Consideration is also given to the cost reduction 

strategies proposed in the studies on reasonably priced 

substitutes for coatings and absorber materials. 

Investigating composite materials with thermal 

performance comparable to metals, for instance, 

manufacturing process optimization, enables the 

improvement in price and scalability. Additive 

manufacturing (3D printing) is explored as a possible 

alternative for manufacturing intricate components with 

little waste [53]. 

C. Climate– Adapted Designs 

The studies focus on the creation of regionally tailored 

designs to handle different climatic conditions, including 

desert regions or those with excessive humidity. These 

designs include improved cooling systems and anti-

condensation strategies. Ideas on modular construction are 

proposed, providing simple transit and installation at far-

off locations [51, 52]. 

D. Policy and Regulatory 

Support is needed in creating regulations that foster the 

adoption of FPCs through subsidies, tax incentives, and 

mandatory renewable energy goals. Development of 

criteria for certification and performance tests is key to 

guaranteeing dependability and quality [54]. 

V. COMPARISON OF CATEGORIES AND OPERATORS 

A comprehensive scientific comparison of some types of 

solar collectors included in previous studies can be made 

in terms of thermal performance, operating factors, and 

variables. Table 1 compares various types of solar 

collectors in terms of thermal efficiency, operational 

variables, and technical characteristics. As seen in the 

Table, the flat-plate collectors (FPCs) have an efficiency 

ranging from 45% to 70% and is a low-cost and widely 

used option. The evacuated tube collector (ETC) achieves 

higher efficiency in cold climates due to its ability to 

absorb diffuse radiation. The hybrid PVT collector 

combines thermal (50–65%) and electrical (10–20%) 

efficiencies, enhancing the overall system benefit. Finally, 

the concentrated solar power (CSP) collector supported by 

phase-change storage materials (PCM) stands out with its 

high efficiency of up to 85%. High radiation concentration 

and high operating costs are necessary, but advanced 

storage technologies allow for high thermal stability. 

 

TABLE 1. Comparative Efficiency 

Collector Type 
Average Thermal Efficiency 

(%) 
Operation Conditions Notes 

Flat Plate Collectors (FPCs) 45–70 Standard outdoor testing Low cost, widely available 

Evacuated Tube Collector (ETC) 60–75 Cold climates Better for diffuse radiation 

PVT Hybrid Collector 
50–65 (thermal) 

10–20 (electrical) 
Under sunlight + cooling Combines heat and power 

CSP with PCM 70–85 Concentrated solar input High cost, stable storage 
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VI. INCONSISTENCIES AND UNRESOLVED DISPUTES IN 

THE LITERATURE 

The following key points summarize some of the 

conflicting issues related to the studies: 

- Contradiction remains regarding whether nanofluids 

have a positive effect on improving the thermal efficiency 

of solar collectors or whether the effect is negative due to 

obstruction. 

- Scientific opinion differs regarding the performance of 

photovoltaic/thermal cells when operating under partial 

shade conditions. 

- There is no clear consensus in researchers' conclusions 

regarding the best type of material to use in PCM 

applications in specific climate zones. 

VII. FUTURE TECHNOLOGICAL DEVELOPMENT PATH IN 

THE ENERGY SECTOR 

The evolutionary diagram (Fig. 1) compellingly shows 

the significant strides made in solar thermal energy 

technology over the years in four major areas: enhancing 

coating technologies, which progressed from standard 

black paint to selective coatings and finally to innovative 

nanocoatings; evolving systems from single collectors to 

hybrid photovoltaic/thermal (PVT) systems, and 

subsequently to intelligent systems utilizing artificial 

intelligence; advancing storage technologies from basic 

thermal storage to phase-change materials, culminating in 

efficient chemical storage; and revolutionizing control 

systems from manual operations to automated tracking, 

ultimately integrating IoT and machine learning systems. 

VIII. PRINCIPAL CONSTRAINTS IN EXISTING STUDIES 

A thorough review of the studies reveals the following 

limitations and weaknesses: 

- The data available from the studies are limited to short-

term observations and are considered as weak regarding 

nanoscale thermal absorption materials. 

- The scientific analysis of the scalability of solar 

collectors, especially hybrid ones, is quite inadequate with 

multi-layer collectors facing even greater deficiency in 

research. 

- Most studies that focus on practical applications do not 

fully model performance, operation, and maintenance 

costs. 

 
Fig. 1. Conceptual map of technological development. 
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- The evaluation of the thermal performance of solar 

collectors in terms of weather factors and geographical 

diversity is insufficient and requires enhancement. 

IX. FUTURE PATHWAYS OF ADDRESSING KEY 

CHALLENGES 

Based on a review of previous research addressed in this 

study, the following innovations are expected to address 

key issues in solar photovoltaic and thermal (PVT) 

systems: 

- Adopting nanoscale coatings to reduce the degradation 

of materials exposed to high thermal energy, especially 

ultraviolet radiation. 

- Using phase-change materials (PCMs) and combining 

them with solar collectors to better control and improve 

thermal energy and performance. 

- Leveraging artificial intelligence, smart tracking 

systems, and intelligent operation to increase the efficiency 

of solar collectors. 

- Developing hybrid systems, such as solar thermal 

systems integrated with photovoltaics, as well as 

concentrated solar power systems integrated with energy 

storage systems, to provide more realistic and scalable 

options and solutions. 

X. CONCLUSION 

Flat-plate solar collectors are still an essential 

component of the worldwide transition to renewable 

energy. Their simplicity, cost-efficiency, and adaptability 

make them suitable for diverse applications spanning 

industrial thermal energy systems and home water heating. 

Improvements in materials, design optimization, and 

integration with contemporary technology over years have 

greatly improved their performance and expanded their 

use. 

To fully utilize these potential benefits, however, it is 

essential to tackle persistent challenges like heat losses, 

material deterioration, and financial constraints. Promising 

avenues to overcome them include innovations in 

advanced materials, hybrid system integration, and 

climate-specific designs. Furthermore, adopting smart 

technology and using sustainable manufacturing 

techniques will be crucial for increasing the lifetime and 

efficiency of flat-plate solar collectors. 

Future studies should concentrate on designing 

affordable and sustainable methods to raise the acceptance 

of FPCs across many uses and areas. Scaling up these 

technologies and reaching worldwide renewable energy 

objectives would depend much on cooperation among 

academics, legislators, and businesses. Flat-plate solar 

collectors can greatly contribute to building a sustainable 

and energy-efficient future by addressing current problems 

while taking advantage of the possibilities offered by 

contemporary advancements. 
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