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v

The collective monograph contains the results of scientific research on the management of en-
ergy facilities and the creation of elements of energy systems. A feature of the proposed approach-
es is the consideration of objects in several aspects: process control in distributed networks, 
the balance of production and consumption of electricity, innovative materials and technological 
solutions focused on the concept of using renewable and non-traditional energy sources.

Chapter 1 presents a solution to the problem of improving the methods and tools for optimiz-
ing reactive power flows in distribution networks with significant daily volatility in generation and 
consumption of electricity.

Chapter 2 proposes an algorithm for the method of matching the generation schedules of 
photovoltaic power plants with the electric load of the network as a possible solution for improving 
the balance in the electricity grid with renewable energy sources.

Chapter 3 describes the results of research and development of environmentally friendly meth-
ods for producing composite materials for electrochemical capacitors related to non-traditional 
rechargeable electric current sources.

Chapter 4 presents the results of a study of solar cells based on CdS/CdTe, intended for backup 
power supply of security systems and facility management in conditions of damage to the power 
supply system. Ways to improve the efficiency of such film solar cells are proposed.

Chapter 5 presents the development of several prototypes of compact, lightweight, and inex-
pensive solar concentrators, and proposes two assembly methods that overcome the main problem 
associated with automating the solar concentrator assembly process.

Keywords
Advanced heating, power distribution system, renewable energy sources, power balance, elec-

trochemical capacitor, porous carbonaceous material, film solar cell, solar concentrator.

Circle of readers and scope of application
The monograph is intended for practitioners in the field of creating energy systems and manag-

ing power supply facilities, engineering and technical specialists, and designers. The monograph will 
also be useful for researchers and university teachers who use advanced research developments in 
the educational process in the relevant specialties, developing the skills of working with scientific 
information in future young professionals to generate new practical solutions.

abstract
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Introduction

The creation of modern energy supply systems and the management of the processes of gener-
ation, distribution and consumption of energy require integrated approaches that take into account 
various aspects. Among them are promising and environmentally friendly materials for power facil-
ities, the design of elements of the corresponding systems that meet operational requirements, 
their manufacturing technologies, as well as systems for the optimal control of such facilities.

Consideration of energy objects in such planes makes practically useful solutions obtained 
in the course of relevant scientific research, which determines the relevance of such research. 
The concepts and data presented in the monograph allow us to speak about a comprehensive 
consideration of problems, since they can provide a solution to the problems of managing pro-
cesses in distributed grids and balancing the production and consumption of electricity; selection 
of innovative materials and technological solutions, including those based on renewable and non- 
traditional energy sources.

The relevance of research aimed at using such an integrated approach is explained by the 
possibility of integrating the results obtained for different aspects of the problem. In particular, 
the following aspects of the development of energy facilities and their management were reflected:

– improvement of methods and tools for optimizing reactive power flows in distribution grids 
with significant daily volatility in generation and consumption of electricity;

– development of a method for coordinating the schedules for the production of photovoltaic 
power plants with the electrical load of the grid;

– creation of environmentally friendly methods for obtaining composite materials for electro-
chemical capacitors related to non-traditional rechargeable sources of electric current;

– study of solar cells based on CdS/CdTe, intended for backup power supply of security systems 
and facility management in conditions of damage to the power supply system;

– development of prototypes of solar concentrators and methods for their assembly.
Improvement of methods and means of optimizing reactive power flows in distribution net-

works contributes to improving the quality of functioning of energy distribution systems.
The development of a method for matching the generation schedules of photovoltaic power 

plants with the electrical load of the grid is a possible solution to improve the balance in the elec-
tricity grid with renewable energy sources. At the same time, means of regulating reactive power 
in the electrical grid can also be found in order to maintain the voltage within acceptable limits.

The creation of environmentally friendly methods for producing composite materials for elec-
trochemical capacitors can contribute to the improvement of such elements as non-traditional 
rechargeable electric current sources that can be quickly charged and discharged, have high power 
and a long service life. Having certain disadvantages in comparison with batteries in terms of  
capacity and energy density, they nevertheless have significant advantages over batteries in terms 
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of their power density, rate of charge-discharge processes and service life. Therefore, the search 
for effective solutions in the production of such electric current sources opens up additional pros-
pects for expanding their representation in many practical applications: military and space technol-
ogy, in energy storage systems at peak loads, for regulating wind generator turbines, etc.

The results of studies of solar cells based on CdS/CdTe open up new opportunities for creating 
backup power elements for security systems and facility management in conditions of damage to 
the power supply system. In particular, one of the key ones is the technological aspects of obtaining 
such elements.

The development of prototype solar concentrators and methods for assembling them is 
important in the context of maximizing the use of renewable energy sources. It should be noted 
that such solutions are promising for many regions of the world, the features of which are the 
abundance of solar radiation, the predominance of mountainous regions with remote and hard- 
to-reach settlements that need to create autonomous life support systems. Rational design deci-
sions regarding the design of solar concentrators can achieve high efficiency solar energy for the  
respective regions.

The solutions presented in the collective monograph, obtained by considering objects in such 
planes, can be useful in practice and contain ideas that have the potential for development in the 
field of theory.
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Abstract

The paper solves the urgent problem of improving the methods and means of optimizing re-
active power flows in distribution grids with significant daily volatility in the generation and con-
sumption of electricity. The object of research is the process of automated control of a set of 
reactive power sources (RPS) in distribution electrical grids (DEG). Coordination of their operation 
will contribute to the reduction of electricity losses in the DEG and improve the voltage quality. 
Based on the results of the analysis of modern trends in the construction of RPS control systems, 
the expediency of decentralization using local automatic control systems (ACS) is substantiated.

The operational determination of the optimal powers of the RPS and the calculation of the 
corresponding settings of local ACS are associated with objective difficulties. The study proposes 
a formalization of the problem of optimizing reactive power flows in DEG and a new way to solve it.  
It is shown that the problem can be reduced to the determination and periodic correction of the 
settings of local systems of automatic control of the RPS. The latter, by adjusting the energy 
flows according to local parameters, taking into account the specified settings, contribute to 
the achievement of the overall effect of reducing losses and stabilizing the voltage in the DEG. 
The proposed method contributes to a reasonable simplification and increase in the reliability 
of the distributed control system for reactive power flows in the DEG, taking into account  
technical limitations.

To solve the problem, the principle of advancing control, the method of "ideal" current distribu-
tion (according to power losses) was applied. Using the model of "ideal" current distribution, the 
problem of nonlinear optimization of reactive power flows in the DEG was reduced to a fundamen-
tally simpler problem of finding current distribution in a step-by-step circuit with active resistances. 
To determine the time intervals between the adjustment of local ACS, it is proposed to analyze the 
correlation between the predictive graph of the optimal power of an individual RPS and local energy 
consumption based on the Pearson coefficient.

A block diagram and algorithms for the operation of the control system for the set of RPSs are 
proposed, which provide a minimum of computational operations and data exchange operations. At 
the same time, a response is provided to changes in the consumption and generation of electricity 
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in the conditions of short-term failures of information systems. This contributes to improving the 
quality of operation of energy distribution systems in modern conditions.

KEYWORDS

Proactive control, power distribution system, reactive power sources, optimization, "ideal" 
current distribution, losses, voltage quality.

The operation of modern distribution electrical grids (DEG) is characterized by a local increase 
in energy consumption, the appearance of two-way flows, increased requirements for ensuring 
reliability and controllability, as well as more stringent environmental restrictions [1]. To solve the 
problem of cost-effectiveness and environmental friendliness of the DEG operation, various ener-
gy-saving measures and innovative technologies are being developed and implemented.

In recent years, trends in the economical use of fossil fuels have led to the integration of 
renewable energy sources (RES) into distribution grids. Moreover, the share of the latter in the 
energy balance of some DEG already today is 30 % or more. Since DEGs were designed for cen-
tralized power supply, the development of dispersed generation gives rise to new problems and 
tasks [2]. From a technical point of view, the main tasks are to maintain the balance of active and 
reactive power.

The transmission of reactive power by grids is associated with an increase in current loads, 
an increase in voltage drops, an increase in electricity losses, etc. A feature of reactive pow-
er compensation in modern DEG is that optimal decisions have to be made in conditions of sig-
nificant volatility of active and reactive power consumption, as well as unstable local genera-
tion. At the same time, individual RES can provide additional means to improve the efficiency of  
electricity distribution.

The implementation of information technologies in DEG has created the basis for the develop-
ment and improvement of the operating efficiency of reactive power sources (RPS) with automatic 
control. However, the solution of a complex problem requires the application of efficiency criteria 
that link the energy efficiency of the DEG, the quality of electricity, the reliability of grids and the 
RPS payback. The complexity of the problem statement, the dynamism of the processes and the 
dispersal of reactive power sources in the DEG requires constant improvement of approaches to 
automated and automatic control.

Therefore, the problem of improving the methods and means of optimizing reactive power 
flows in distribution grids, which have significant daily volatility in the generation and consumption 
of electricity, turns out to be relevant.

Traditionally, to search for solutions to optimize reactive power flows in DEG, numerous meth-
ods of linear and nonlinear programming are used [3]. For the practical implementation of solutions, 
uncontrolled RPS or automated reactive power compensation installations are used. The latter 
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automatically adjust the output power according to local parameters. The general disadvantage of 
this approach is that it gives partial solutions. To eliminate it, it is proposed to determine the opti-
mal parameters of the RPS based on the mutual influence of all sources and consumers in the DEG.  
And a dispersed control system for a set of local RESs should be built on the basis of the Hamilton- 
Ostrogradsky principle [4] to achieve a system-wide effect.

The aim of the study is to improve the efficiency of managing a set of dispersed reactive 
power sources, which is manifested in reducing power losses and improving the quality of voltage 
in distribution grids.

To achieve the aim, the following objectives are solved:
– well-known methods for optimizing the modes of electrical grids in terms of reactive power 

are analyzed;
– the conditions for the optimal operation of reactive power compensation means in distribu-

tion grids are determined;
– a block diagram and algorithms for the operation of the control system for a set of RPS 

equipped with local automatic control systems have been developed;
– the effectiveness of the automated reactive power flow control system was tested on the 

example of 10 kV urban distribution grids.
The object of the study is the normal modes of distribution electrical grids with dispersed 

sources of electricity.
The subject of the study is methods and means of optimizing power flows by means of proactive 

control of reactive power compensation installations.
For the analysis and solution of the tasks set, the principle of least action in the formulation of 

Hamilton-Ostrogradsky, methods of linear and non-linear programming are used. The established 
DEG modes were modeled on the basis of the nodal voltage method. Electricity losses were deter-
mined by the method of average loads and numerical integration. Matrix algebra, graph theory and 
decomposition were used to develop algorithms for optimizing reactive power flows in and the for-
mation of adjustment parameters for automatic control systems of the RES, matrix algebra, graph 
theory and decomposition were used. To develop an automated control system, the provisions of 
the theory of automatic control were used.

The conducted studies have shown the feasibility of using the Hamilton-Ostrogradsky principle 
to solve the problem of optimizing reactive power flows in distribution grids with a sharply changing 
load. In particular, using the mentioned principle, the possibility of raising the problem of nonlinear 
optimization of reactive power flows according to the criterion of maximum profit to the calculation 
of the "ideal" mode of the distribution grid is substantiated. This significantly reduced the number 
of calculations and increased the reliability of obtaining a solution.

The proposed approach to the calculation of the optimal reactive powers made it possible to 
develop an algorithm for proactive control of a set of RESs. It ensured the coordination of the 
RPS operation in the grids of power supply companies by preventive adjustment of the adjustment 
parameters of their control systems. According to the developed block diagrams and control algo-
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rithms, an automated control system for the existing RPS was created to maintain optimal reac-
tive power flows, taking into account the rapid changes in the operating parameters of the DEG,  
in particular, the generation of renewable sources.

1.1 Methods for optimizing reactive power flows in modern distribution grids

Optimization of reactive flows in modern DEG has certain features. In addition to traditional 
sources of reactive power, in particular, power plants, transmission lines and specialized devic-
es, dispersed installations for the conversion of energy from renewable sources (RES) should be 
considered. Their operation is determined by the influence of the environment, so it is difficult to 
predict. As a result, reverse flows occur periodically, which affect the reliability and efficiency of 
electricity transportation. Since the pace of renewable energy development is growing every year, 
these problems will only get worse. This is evidenced by the experience of Western countries. 
In [5], using the example of Germany, it is shown that the output of RES power can cause an 
unacceptable increase in voltage levels.

At the same time, using inverter converters, synchronous or asynchronous RES generators 
can generate or consume a given reactive power without active power limitation. For example, 
in [6] it is shown that the controlled supply of reactive power from RES can reduce losses in the 
distribution grid and facilitate the flexible exchange of reactive energy with the grids of transmis-
sion system operators (TSOs).

In addition to the RES implementation, electricity consumption is increasing locally in mod-
ern distribution grids. In Italy, for example, fast charging stations for electric vehicles have 
significant peak powers and low power factor. The random nature of this load, which grows 
with the demand for electric vehicles, has a negative impact on the energy efficiency of  
distribution grids [7].

Thus, changes in the nature of generation and consumption in distribution grids, especially 
reactive power, require improvements in methods and means to improve energy efficiency.

1.1.1 Methods for solving problems of optimizing reactive power flows

To solve problems related to the optimization of reactive power flows in DEG to achieve maxi-
mum profit or profitability, methods of decomposition, linear and nonlinear programming are tradi-
tionally used [8]. However, such methods use assumptions and simplifications, so they can direct 
the solution process to local extrema.

In a number of works, in particular [8], the possibility of moving from a complex problem of op-
timizing reactive power flows to a number of separate optimization problems is shown. This allows 
the use of classical optimization methods [8] and traditional software. However, this approach is 
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associated with the need for additional assumptions for the decomposition of the problem. This re-
duces the reliability and speed of obtaining a solution and degrades the efficiency of the operational 
control of the RPS [9].

The development of information technologies and computing facilities has created conditions 
for new approaches to solving the problem of optimizing reactive power flows. They are focused on 
increasing the level of automation of the DEG operation. Elements of artificial intelligence [10–12],  
including artificial neural grids [10], expert systems [5], genetic algorithms [11], and evolu-
tionary programming [12], are actively used. However, the excessive time spent on finding op-
timal solutions in the case of using evolutionary and genetic algorithms limits their use for real- 
time problems [9].

For DEG, the problem of reactive power control is mainly due to its influence on the voltage 
deviation [13]. Therefore, the optimization of reactive power generation in DEG is often based on 
voltage sensitivity assessment methods. For this, in [13], a fragment of the Jacobian sensitivity 
matrix and voltage sensitivity index (VSI) are used. The latter is defined as the Euclidean norm of a 
fragment of the inverse Jacobi matrix [14].

In addition to determining the optimal powers of the RPS, an important aspect is the organiza-
tion of their interaction in the DEG to ensure a systemic effect. In [15], an approach is presented 
to optimize the reactive power and voltage flows in the power system using game theory. It is 
shown that a complex interaction between the RPS is necessary to control the voltage in the DEG. 
For its reproduction and optimization, a non-commercial formal game was used. It is shown that 
the appropriate settings of the automatic control systems of individual DEGs allow their coordi-
nated operation according to local parameters. This minimizes the total reactive power generation 
required to satisfy voltage limits.

Advances in information technology have made it possible to use parallel computing to optimize 
the DEG operation. Therefore, methods of multicriteria optimization of reactive power distribution 
have been developed [16]. The vast majority of them are based on well-known single-objective op-
timization methods, in particular, on genetic algorithms [17, 18], search engine optimization algo-
rithms [19], and competitive algorithms [20, 21] in combination with decomposition methods [22].

In [23], a modified Pareto method was proposed to apply parallel computing to the prob-
lem of optimizing the distribution of reactive power. Three objective functions were chosen for 
multi-purpose operational optimization: reduction of power losses, reduction of voltage deviation 
and increase of voltage stability. To solve the problem, let’s use the algorithm of strength Pareto 
multi-group search optimization (SPMGSO) [24]. The results of Pareto optimization are compared 
with other methods, in particular, with non-dominant sorting genetic algorithm II (NSGA II) [25], 
non-dominant sorting particle swarm optimization (NSPSO) [26]. The comparison confirmed the 
effectiveness of the method, which is manifested in a steady reduction in energy losses.

However, the practical implementation of this approach involves the prompt determination of 
the optimal powers of the RPS, as well as the possibility of permanent centralized control over 
them. The latter is mostly impossible for DEG due to the lack of a developed information infrastruc-
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ture [27, 28]. Based on this, it is advisable to use distributed automated control systems based 
on local automatic control systems (ACS).

For such a control organization, specific approaches to solving optimization problems should be 
applied. In [29], it was proposed to use the iterative method of semi-definite programming (SDP) 
to solve the problems of optimizing the RPS power. Each iteration involves solving the optimization 
problem of determining the power of the RPS using SDP. Changes in the DEG parameters within 
the iteration are considered not critical for the adequacy of the model. After each iteration, the grid 
parameters are refined. The validity of this principle of distribution of the optimization process was 
confirmed by computational and full-scale experiments [29]. Therefore, it was used in our study to 
create algorithms for simulating DEG modes during the day and taking into account the influence of 
local systems of automatic control of the RPS.

1.1.2 Optimization of reactive power flows based on the "ideal" mode of  
the distribution GRID

The objective function of the problem of optimizing the RPS powers according to the criterion 
of minimum power losses in the DEG is predominantly convex and has no gaps. To solve the prob-
lem, a number of methods have been developed that have confirmed their effectiveness. But the 
tasks of operational control of reactive power sources are more complicated. The reasons are the 
dynamism of the processes of the control object and severe time constraints for decision making. 
Based on this, the methods described above often cannot guarantee a solution to the problem. 
At the same time, the application of the Hamilton-Ostrogradsky principle [30] makes it possible 
to determine the coordinates of some "ideal" DEG mode, taking into account energy losses. After 
that, the search for the optimal regime is reduced to taking into account the limitations of the pa-
rameters. This approach increases the reliability and speed of the search for the optimal solution of 
energy problems. After all, the process of searching for a solution begins not with an arbitrary initial 
approximation, but with an extreme value corresponding to the "ideal" mode of the DEG (Fig. 1.1). 
In addition, the coordinates of the "ideal" mode can be determined by calculating the steady state 
after a certain adjustment of the calculation model [31].

The process of searching for the optimal solution is shown in the projection onto the Х1Х2 
coordinate plane (Fig. 1.1, a) and in the projection onto the P(Х1, Х2) coordinate plane obtained by 
the principal component method (PCM) (Fig. 1.1, b). Taking into account the peculiarities of deter-
mining the step of the gradient method, the process of finding a solution slows down significantly in 
the optimality region (Fig. 1.1, a) [31]. Thus, the time limits of operational control may be violated.

The optimal DEG mode in terms of reactive power (Fig. 1.1, a) is determined in two stages. 
First, the parameters of the "ideal" mode Хі [Х1і, Х2і] are calculated, which correspond to the min-
imum power losses at given loads and voltage levels in the DEG. The values of the optimized vari-
ables Х1і, Х2і and the objective function Zi for such a regime are calculated by analytical expressions 
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obtained from the Euler-Lagrange equations [31]. In practice, such a regime generally cannot be 
implemented. Therefore, at the second stage, restrictions are imposed on the dependent and inde-
pendent parameters of the regime. This ensures the transition to the optimal DEG mode Хо [Х1о, Х2о].  
Losses of electricity for the optimal DEG mode, obviously, will be greater than for the "ideal".
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 Fig. 1.1 Search for the optimal solution according to the criterion Z(Х1, Х2) using the  
gradient method (trajectory Х(0) – Х’о) and using the "ideal" mode (trajectory Хi – Хо):  
a – projection onto the coordinate plane Х1, Х2; b – projection onto the plane P(Х1, Х2)

To form control laws and determine the debugging parameters of the ACS, one should take into 
account the uncertainty of individual independent parameters of the DEG. It is due to the dynamism 
of the regimes and the shortcomings of information support. Accounting for the mutual influence 
of the control actions of individual ACS and changes in the DEG parameters under the action of 
control is a particularly difficult task. It requires the use of simulation models and the principle of 
active control.

1.1.3 Operational optimization of reactive power flows using proactive control

Decentralization of power supply in DEG and the growth of the total power of sources of dis-
persed generation complicate the planning of power grid modes. The existing supervisory control 
and automation systems were not ready to support this process. This resulted in the inability to 
take advantage of the potential benefits of the DESs. In particular, the use of subscriber energy 
sources for unloading DEG and reducing losses in them [32]. At the same time, technical problems 
associated with their integration emerged.

For example, power fluctuations at the inputs of powerful wind and solar power plants en-
tail problems in energy transmission systems [33]. Traditional sources of reactive power are not 
able to constantly maintain the balance of reactive power in such transmissions. Therefore, it is  
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necessary to improve the means of managing the RPS to ensure the stability of distribution grids 
in terms of voltage.

For the development of automation systems for RPS, it is necessary to take into account the 
purpose of control, as well as the requirements of industry standards. On their basis, [4, 27, 34, 35] 
formulated the requirements for technical means, as well as the principles of RPS automatic control:

– reduction of electricity losses in consumer power supply systems in possible daily con- 
sumption modes;

– implementation of voltage restrictions in the DEG;
– the maximum attraction of the RPS, if there are no restrictions on the exchange of reactive 

power between the DEG and the subscriber;
– control of actual reactive power flows at the inputs of DEG subscribers and dispersed  

energy sources;
– determination and implementation of the optimal settings for the power factor at the inputs 

of subscribers and DES. Technical support for the possibility of their remote adjustment when 
changing the DEG modes;

– hourly registration of reactive power flows and power factors within the balance sheet of  
the DEG. Remote monitoring of the state of the information-measuring subsystem;

– centralized control in automated and automatic modes using local control devices.
Distributed objects, similar to the DEG properties, are constantly exposed to a significant 

number of influences from sources and consumers of electricity, local controls and emergency 
automation, as well as the environment. These perturbations affect the dynamic processes in a 
distributed object and require control coordination. The general structure of proactive control of 
such an object is shown in Fig. 1.2 [36]. Local automatic control systems adjust the parameters 
of individual elements of a distributed object to ensure its optimal operation according to a certain 
criterion. The local control task comes from the coordinator. It determines the control actions for 
individual ACS, taking into account the dynamics of the object. The predictor predicts changes in the 
state of a distributed object as a response to registered disturbances and controls.

However, the optimal parameters of an individual controlled element depend not only on the 
perturbations recorded at its level or the influence of the local ACS [37]. Adjacent controlled 
elements and the external environment have a significant impact. Its settings at the local level 
are usually not logged. To ensure proactive control, the predictor and coordinator must mimic the 
response of distribution grids. In addition, they must reproduce the reaction of local ACS to the 
recorded changes in the parameters of the DEG mode, taking into account the possible dynamics 
of these changes. In this case, periodic debugging of local ACS will provide stable and consistent 
proactive control of a distributed object [38].

The scheme for organizing the control of dynamic modes of reactive power consumption, con-
taining links of centralized and local control, has shown its effectiveness in practice [33].

Thus, in [33], it was proposed to use a coordinated adjustment of the parameters of DC 
converters of wind and solar power plants and RPS. Local automatic control of the RPS provides a 
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quick response to a decrease in reactive power flows. If the reactive power consumption exceeds 
the power of the RPS, then the AC filter is switched on. And the RPS is remotely reconfigured to 
maintain the power balance.

predictor

Coordinator

predictor

Coordinator

predictor

Coordinator

Predictor

Coordinator

Local ACS

Di
st

rib
ut

ed
 o

bje
ct

Disturbance
Data
Control

Disturbance

Local ACS

Local ACS

 Fig. 1.2 Scheme of proactive distributed control of  
a distributed object

Similarly, the problems of power fluctuations for local photovoltaic stations (PVS) due to 
changes in insolation are solved. This leads to voltage fluctuations in the mains of the DEG and a 
violation of the quality of electricity. In [32], to solve this problem, PVS inverters were used as 
sources of reactive power. A method for local adjustment of the debugging parameters of PVSs 
inverters to maintain the specified voltage levels is proposed. Uncertainty of the schedule of elec-
tricity generation is taken into account.

Due to the insufficient equipment of modern DEG with data transmission tools, the use of a 
distributed control system was justified in [32] (Fig. 1.2). The system performs the main control 
functions autonomously according to local parameters. Communication of local systems with the 
distribution system operator is performed periodically to adjust their debugging parameters. To 
determine the necessary settings for the inverters, a short-term forecast of meteorological pa-
rameters is used. However, the described control system does not take into account the mutual 
influence between the local ACS of individual RPS. In addition, no attention is paid to the economic 
aspects of the problem of optimizing reactive power flows.

In [39], the need to take into account the mutual influence of local control systems of the 
RPS used to maintain the voltage profile is substantiated. The proposed approach makes it possible 
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to solve the problem of optimizing reactive power flows in DEG by minimizing the linearized target 
functions of power losses for local subsystems using the Lagrange decomposition method.

It is shown that after the decomposition of the problem of finding a global optimum for RPS 
as a multi-agent system of large dimensions, the main attention should be paid to the coordination 
of the operation of local subsystems for which the information infrastructure of the DEG dispatch 
center used for Thus, the reduction of losses, taking into account local constraints, is provided by 
distribution. The effectiveness of decisions made is periodically monitored at the top hierarchical 
level [35, 39]. The need to coordinate the actions of local ACS is determined by the available power 
reserve of the RPS after maintaining the voltage profile.

So, as the practice of operating DEG [27, 35] shows, the existing information infrastructure 
often does not support the possibility of implementing centralized control of individual RPSs. There-
fore, it is expedient to use decentralized control and local ACS that respond to local consumption 
of reactive power or manifestations of its change.

To coordinate the work of local ACS, it is advisable to periodically adjust their debugging param-
eters. Thus, the exchange of reactive power between local subsystems and DEG can be reduced 
to the optimal one [35]. This will increase the efficiency of sharing the RPS in distribution grids.

Determining debugging parameters for local ACS is quite a difficult task. Let’s note that these 
parameters will remain unchanged for a certain time (from several minutes to several hours). 
During this time, they must ensure the effective interaction of local ACSs that support the given 
mode of the dynamic system. To determine the settings of the ACS, not always adequate initial 
data are used.

To organize distributed control of reactive power flows in DEG, ACS with voltage drop control is 
often used [35]. Such a system maintains a close to optimal distribution of electricity in the DEG. 
But the exchange of reactive power is often suboptimal due to the fact that the mutual influence 
of individual ACS is not taken into account.

To solve the problem of matching the ACS [35], it was proposed to use some virtual impedance 
in the control controller of the RPS to clarify the optimal powers in the absence of operational 
information from the centralized control system. Such impedances for local ACS are proposed to 
be determined taking into account the ratio of the squares of systematically fixed reactive power 
flows. The proposed RPS controller will approximately take into account the flow in the coverage 
area of other ACS, using only locally measured information. Its participation in the performance 
of system functions, in particular, the reduction of power losses and the alignment of the voltage 
profile in the DEG, will be determined by the change in the virtual impedance.

In this paper, it is shown that the efficiency of using the reactive power of the DEG with coor-
dinated control can be increased by 50 % compared with local control. However, in the study [35], 
when determining virtual impedances, the following was not taken into account:

– influence of joint flows of reactive power along the DEG mains;
– the economic aspect of attracting subscriber RPSs to the system control of reactive power;
– that DESs have different reactive power generation capabilities.
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In [40], a modified virtual impedance method was proposed. Different installed powers of the 
DES were taken into account. It is proposed to determine the impedances for a partially equivalent 
grid, in particular, to reduce the number of nodes in the design scheme. However, this did not solve 
the problem of coordinating the operation of local ACS and taking into account economic factors in 
the organization of control.

The analysis of studies has shown that in order to improve the efficiency of DEG control, it 
is necessary to improve information systems, introduce innovative technologies with a gradual 
transition to the concept of Smart Grid [41]. Currently, the use of decentralized control systems 
remains relevant. The main method for coordinating the operation of the RPS in electrical grids is 
the periodic centralized adjustment of the debugging parameters of their ACS.

From the analysis of literary sources, the following conclusions can be drawn:
1. Due to the underdeveloped information infrastructure of modern DEG, reactive power 

flows are controlled under conditions of incomplete and unreliable information about regime pa-
rameters and external influences. In order to increase the efficiency of using the RPS resource, 
it is advisable to switch to proactive control with the involvement of local ACS. The latter operate 
according to local parameters, but provide a systemic effect of reducing losses by adjusting the 
debugging parameters.

2. In order for these parameters to ensure the ACS coordination, it is necessary to perform a 
significant number of optimization calculations to determine them. It is expedient to determine the 
optimal power of the RPS for a certain point in time in the forecast interval using the "ideal" mode 
method. The advantage of the latter is higher reliability and performance in comparison with the 
methods of optimized enumeration of variants.

3. Optimization of DEG modes in terms of reactive power requires taking into account the 
reliability and quality of power supply to consumers. Therefore, in mathematical models on which 
control actions are formed and checked, this feature of the control object must be taken into 
account. Accounting for restrictions on dependent parameters, in particular, voltage deviations, 
will make it possible to reasonably make decisions about changing the operating mode of individual 
RPSs and their sets.

1.2 Conditions for optimal operation of reactive power sources in  
distribution GRIDs

Optimization of reactive power flows is a purely technical task. However, in modern conditions, 
RPS, which provide a systemic effect of reducing electricity losses in DEG, may be owned by an-
other energy entity. Therefore, when solving them, it is necessary to take into account economic 
factors. All subjects of the electric power industry are objectively interested in reducing electricity 
losses and improving the quality of voltage in the DEG. Calculations show that due to the RPS 
inclusion in distribution grids, it is possible to reduce losses by 5–8 % [32, 35, 42]. But the effect 
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of reducing losses is ensured not only by the introduction of RPS, but mainly by the quality of their 
further operation.

Automated RPS control is necessary for a number of reasons. For the consumer, it is eco-
nomically justified to use automatic control systems for the RPS to reduce reactive power flows 
on the verge of the subscriber's balance sheet ownership. This helps to reduce the fee for the flow 
of reactive energy. But the main reason is the need for rapid implementation of control actions 
under conditions of a variable schedule of consumption and generation of reactive power in DEG.  
A number of studies are devoted to the development and implementation of automatic control sys-
tems for RPS, in particular [42–45]. Efficient in terms of speed and accuracy technical solutions 
for automating the operation of the RPS are proposed. They allow to maintain the optimal values of 
the reactive power factor in certain nodes of the DEG.

However, in order to optimize the reactive power flows in the DEG with the help of a set of 
RPSs, it is necessary to coordinate their operation. To do this, it is periodically possible to deter-
mine and change the settings for local ACS, taking into account the mutual influence of the DEG. 
Due to severe time constraints for such systems, it is necessary to improve the methods and 
algorithms for calculating the optimal powers of the RPS. They should take into account changes 
in the modes and configuration of the DEG during operation, as well as changes in electricity  
tariffs [31, 46].

1.2.1 Determination of the optimal RPS power based on the simulation of the "ideal" 
mode of the distribution GRID

In the simplest case, the problem of optimizing the RPS power can be represented as follows:

V Q i nQ i q� � � ��� ��min, ... ,1  (1.1)

when balancing reactive power in the system

G Q Q Q Q i ni
i

n

= i q

q

� � � � � � � �� ��
�
� �

1

1� 0, ... ,  (1.2)

and restrictions on parameters:

Q Q Q i ni i i q
max min, ... ;� � � �� ��1  (1.3)

U U U j nj j j
max min, ... ,� � � �� ��1  (1.4)
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where VQ – the power loss in the DEG; n, nq – the number of DEG nodes for which voltage re-
strictions apply and the number of installed RPSs; Qn∑  – total load of consumers; �Q Qi� �  – 
losses of reactive power in DEG; Q Qi i

min max,�� ��  – power adjustment range of the i-th RPS; 
U U Uj j j, ,min max�� ��  – respectively, the calculated value of the voltage in the j-th node of the DEG and 
the range of permissible voltage values.

The classical solution of such a problem by the Lagrange method is the need to maintain the 
equality of the relative increases in power losses [14, 27]:

� �
� � �

�
V Q

Q Q
idemQ i

i1 �
.  (1.5)

Using equation (1.5), problem (1.1), (1.2) under certain assumptions can be reduced to solv-
ing the system of nq + 1 linear equations and quickly find the optimal values of the RPS power. 
However, taking into account the nonlinear dependence of VQ(Qi) and ∆Q(Qi), such a solution will 
require clarification. In addition, the formulation of the problem does not take into account the 
economic factors of the RPS operation.

To take into account these shortcomings, it is necessary to move to the objective function 
through the profit from the RPS operation during a certain reporting period:

AP Q i ni q� � � ��� ��max, ... .1  (1.6)

After substituting mathematical expressions for the components of profit and deductions, 
expression (1.7) took the form:
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where ∆Р0, ∆Р – the average power losses for the DEG modes during the time before and after 
the RPS inclusion into operation, taking into account the given schedule of their operation Qi(t); 
С(t) – price of electricity on the intraday market during the t-th period; αеі – specific costs for the 
production of reactive energy from the i-th RPS (for RPS on the balance sheet of DEG αеі = 0); 
α∆Wі – specific energy losses in the i-th RPS; αt – tax on balance sheet profit.

Based on the results of previous studies [4, 27, 31], it has been shown that it is advisable to 
determine the optimal power of the RPS according to the technical and economic criterion based on 
the "ideal" modes of the DEG. For this, spade circuits with active resistances are used (Fig. 1.3). 
The economic characteristics of the RPS operation are listed in equivalent supports, which are 
commonly referred to as economic. The economic pillars for individual RPSs are determined based 
on the fact that the cost of electricity losses should correspond to the operating costs of the RPS.

          Substitutive DEG circuit for
reproduction of the economic

regime (r-circuit)

DES1

DES2

P2+jQ2

Ps+jQs

Pi+jQi

P1+jQ1

DESi

DESs

Q2

Qj

Qq

Q1

Re1
PQ Rei

PQ

Res
PQ

Rej
 Q

Req
 Q

Re1
Q

 Fig. 1.3 Substitutive DEG circuit for reproduction of the "ideal" mode 
according to the technical and economic criterion

This approach reduces the number of calculations and makes it possible to obtain a solution 
close to the global maximum of the objective function. This is achieved by reducing the problem of 
optimizing reactive energy flows to several calculations of the "ideal" mode with the adjustment 
of the DEG substitutive scheme. After that, restrictions (1.2)–(1.4) are imposed and the optimal 
powers of the RPS are specified.

Taking into account that the power losses ∆Р0 will not change due to the involvement of the 
RPS, problem (1.7) can be reduced to finding the minimum operating costs in the DEG:
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( )

( ) ( )

q

e

1

1 .
n

i
i Wi i tt t

t i t

OC Q P t Q t C
C D

=

æ öæ öaç ÷ç ÷= D D + + a D - aç ÷ç ÷
è øè ø

å å  (1.8)



17

1 SYSTEM OF ADVANCED CONTROL OF REACTIVE POWER FLOWS IN DISTRIBUTED ELECTRICAL GRIDS

CH
AP

TE
R 

 1

In (1.8), the price of electricity С(t) is a series of positive, predetermined values. Therefore, 
the search for the minimum of the objective function (1.8) will be equivalent to the search for the 
minimum of some equivalent power losses:
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Thus, the function of equivalent losses of electricity in the DEG has been obtained. They take 
into account losses in the RPS and the costs associated with their operation. Their reduction due 
to the control of the RPS will allow to evaluate the effectiveness of such control. The decrease in 
losses (1.9) will correspond to the increase in profit (1.7). In addition, the extreme powers of the 
RPS for both functions will coincide due to the equivalence of the transformations.

Calculation of the current distribution in the interceptor circuit with active resistances 
(Fig. 1.3) will allow to determine the minimum power loss ∆Р(t)∆t and the RPS power Qi, which 
are needed for this. In order to take into account economic factors in determining the "ideal" mode, 
it is necessary to introduce additional supports into the spacing scheme (Fig. 1.3). Losses in them 
will be equivalent to the second component of expression (1.9):
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The expression for determining the economic resistance of the i-th RPS Rei
Q  contains its cur-

rent power Qi and economic indicators α∆Wi, αei, C(t), as well as dependent mode parameters Ui. 
Therefore, these supports need to be iteratively refined during the search for the optimal solution.

Similarly, expressions were obtained for calculating the economic resistance of the RPS for 
different conditions of their use to optimize the reactive power flows in the DEG (Table 1.1). This 
made it possible, within the framework of solving one problem, to ensure the optimization of the 
RPS powers in a multicriteria setting. That is, the powers of individual RPS are optimized according 
to different criteria, providing a system-wide effect of increasing profits.



18

ENERGY FACILITIES: MANAGEMENT AND DESIGN AND TECHNOLOGICAL INNOVATIONS
CH

AP
TE

R 
 1

The RPS powers, obtained after calculating the "ideal" DEG mode, provide the maximum  
profit (1.7), and usually cannot be included due to violations of the restrictions (1.3), (1.4).  
To move to the optimal mode, their values require adjustment.

 Table 1.1 Economic resistances of the RPS for different optimality criteria

Optimality criterion for the i-th RPS Economic resistance of the i-th RPS
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Note: In expressions: �i iQ� �  – unit costs for the RPS operation; βPi , P QRi i( )  – the price of 
electricity from the i-th source and the reduction in power output due to forced excess generation; 
Q Qi i> max , βQi AiQ,  – specific cost and volume of additional reactive power output at the request 
of the DEG operator.

Taking into account the restrictions on the limiting powers of the RPS (1.3) is not accompanied 
by significant algorithmic difficulties. If constraint (1.3) is violated, then to fulfill it, the value of the 
RPS power is fixed at the upper Qi

max  or lower Qi
min  boundaries of the range of values.

If the control of the RPS power is discrete, then the calculated value of the power Qi is rounded 
off to an acceptable value. There can be two such values in the vicinity of Qi. Then, for optimal selec-
tion, the enumeration of options is used with control over the value of the objective function (1.7).

The task of taking into account voltage restrictions (1.4) cannot be solved by a simple selec-
tion of values due to the significant number of RPSs and the complex effect of their powers on 
the voltage level in the DEG. To correct the RPS power, taking into account such limitations, it is 
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necessary to solve an additional optimization problem. Changing the RPS parameters to take into 
account restrictions is always associated with a decrease in profit from their operation. Indeed, at 
the same time, the RPS power deviates from "ideal". Therefore, the corrections ∆Qi to the RPS 
powers must be determined so that after the restrictions on dependent variables (1.4) are met, 
the decrease in profit (1.7) is minimal:
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� �
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��
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min, ; ;

,

1
1J Q UD

 (1.11)

where JD
−1  – fragment of the inverse Jacobi matrix with the values of derivatives J Q Uij i j� � � . 

They relate changes in the RPS reactive power ∆Qi  to voltage deviations in the DEG nodes ∆Uj ,  
for which the restrictions (1.4) are violated j n��� ��1; ? ; ∆Q  – column vector of corrections of 
RPS reactive powers with dimension ; ∆U  – column vector of voltage deviations in the DEG nodes 
in excess of allowable limits. Each element of the vector is defined by an expression.

Given the relationship between objective functions (1.7) and (1.9), the formulation of problem 
(1.11) can be simplified. It can be reduced to the problem of minimizing the increase in equivalent 
losses (1.9) in the form �U U Uj j j� � max :
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Using the power loss distribution coefficients TQi  [47], the objective function (1.12) was 
reduced to a linear one:
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Such a transition greatly simplifies the solution of the problem and reduces the number of 
calculations. Using the simplex method, from the list of corrections to the RPS powers ∆Qi , those 
ensuring the fulfillment of voltage restrictions (1.4) with a minimum deviation from the extremum 
of function (1.7) were determined.

The studies carried out made it possible to obtain a reliable and high-speed method for search-
ing for the optimal RPS powers. It can be used for simulation calculations in order to determine the 
debugging parameters of local ACS. However, for the formation of local control laws, a different 
approach was used, which makes it possible to obtain the conditions for the optimality of their 
operation in terms of local parameters.
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1.2.2 Conditions for the optimal RPS operation for controlling reactive  
power flows

As noted earlier, in order to optimize the RPS operation in the normal modes of the DEG, the 
task of automatically controlling their powers in order to obtain the maximum profit from their 
operation is relevant. Therefore, the problem of optimizing the daily regimes of the RPS with auto-
matic control Qі(t), і = 1,2…n, taking into account the RPS modes with manual control, turns out 
to be relevant. The optimality criterion is the minimum of costs associated with compensating for 
electricity losses for DEG in the context of the dynamics of energy market tariffs С(t) and technical 
restrictions on the part of consumers and RPS:

C( ) ( ), .. min.t P Q t i n dti q
t

tk

� �� � �� 1
0

 (1.14)

Problem (1.14) can be presented in more detail as follows [4]. A set of nq automatically 
controlled RPSs and m manual RPSs is given. The total reactive power of the latter is QРКj. As 
controlled variables, the power of the automatic control of the RPS is taken. Losses from reactive 
power flows in the DEG are described as a non-linear function of the RPS powers. The composition 
and characteristics of the included RPS during the day are considered unchanged. Necessary on 
the time interval [t0; tk] to find RPS modes with automatic control Qі(t) that would provide the 
maximum profit from reducing losses in the DEG, taking into account changes in tariffs in the 
energy market:
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subject to execution of the reactive power balance:
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The values of the RPS powers at the beginning and end of the interval Qі(t0) and Qі(tk) are 
considered to be given.

Assuming that the dependence of losses on the RPS power, the dependences Q tnav( )  and С(t) 
are continuous and differentiated twice, the problem posed can be attributed to the limiting varia-
tional isoperimetric problems. In this case, the extremum (1.15) is achieved by the same functions 
Q ti( )  as the extremum of the following expression:
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where λі – indefinite Lagrange multipliers; PQ
і(t), PU

i(t) – penalty functions introduced into the 
objective function F(t) to take into account constraints such as inequalities in the reactive power 
of the RPS and voltage in the DEG nodes.

According to Pontryagin's principle of minimum of continuous functions [14], the mini-
mum (1.15) provides the value of Qі(t) for which the Euler equation is satisfied, as a necessary 
condition for the minimum (1.16):
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Taking into account (1.16), equation (1.17) took the form:
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For a non-degenerate system of equations (1.18), the necessary conditions for the optimality 
of the RPS powers of with automatic control are as follows:
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where z z z* ',� �  аnd � � �i i i
* � � �  provided that
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(1.20)

If to neglect the changes in the operating RPS parameters during a certain time interval, for 
example, ∆t = 0.5 h, then the condition for the optimal RPS power (1.20) will look like:
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The variable λ is calculated iteratively using the boundary conditions. The main condition is to 
maintain the balance of reactive power in the DEG, in particular at the beginning and end of the 
integration time interval. In terms of physical content, λ characterizes the RPS effectiveness in 
the context of making a profit from reducing losses. It shows to what extent the costs of RPS 
operation will pay off due to a decrease in the cost of electricity losses in the DEG, if the power of 
the i-th RPS increases, for example, by 1 kvar.
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The control of the set of RPSs in accordance with the optimality conditions (1.19) provides 
the maximum profit from reducing electricity losses in the DEG. Local automation systems will 
give a command to increase the RPS power only if the increase in costs is offset by a decrease in 
electricity losses, taking into account penalties for reducing voltage quality. Since the electricity 
losses in the DEG depend on voltage levels, the local control of the RPS will have a positive impact 
on the quality of electricity in the DEG. To ensure a system-wide effect, it is necessary to combine 
the set of local systems for automatic control of the RPS according to local parameters into a 
single system. The latter, thanks to the proactive adjustment of local ACS settings, will provide 
efficiency in the face of incomplete or unreliable information in data flows between the coordinator 
and local ACS (Fig. 1.2).

1.3 Structural diagram of proactive control of reactive power flows in 
distribution GRIDs

Automated systems with proactive control provide optimization of technological processes in 
conditions of incomplete or imperfect current information regarding the parameters of the control 
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object and external influences. Such features are typical for a complex of spatially distributed 
RPSs, which together should optimize the flow of reactive power to the DEG. Therefore, an auto-
mated RPS control system was proposed, which makes it possible to combine the set of RPS with 
automatic control according to local parameters into a single system (Fig. 1.4).
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 Fig. 1.4 System for proactive control of reactive power sources with a model of 
the "ideal" DEG mode

1.3.1 Structural diagram of coordinated control of dispersed reactive  
power sources

Coordination of the control of local ACS is provided by the hierarchical structure of the auto-
mated control system. At the level of centralized control, tasks for local ACS are formed and their 
implementation is controlled. At the level of local control, automatic adjustment of the RPS power 
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takes place according to the measured parameters (load voltages and currents). The operation of 
local subsystems is coordinated by periodic centralized adjustment of their debugging parameters.

Each local control loop [31] is formed by the RPS and the local automatic control system (Fig. 1.4).  
The operation of local ACS is periodically adjusted by a centralized system. The functions of coordi-
nating centralized and local control are performed by the block for determining the ACS settings. 
The appropriate debug parameters are defined and passed here. They determine the frequency 
of control and control actions uі for individual RPSs. Information support of centralized control is 
provided by the operational information complex. It measures the set of given DEG parameters and 
forms the observation vector y.

To simulate the "ideal" DEG modes, that is, the modes that provide maximum profit from the 
RPS operation, a simulation model is used. According to the optimality conditions (1.19), here the 
control actions are determined for each RPS usim(t), which would ensure the transition from the 
current mode to the optimal one for the local control subsystem. Here, the settings of the local 
ACS and the dynamics of the measured parameters are taken into account.

Next, the simulation block of the "ideal" DEG mode generates control actions uop(t), which 
ensure the transition to the optimal DEG mode according to the optimality criterion (1.7). Further, 
for each RPS controller, debugging parameters are determined that minimize the inconsistency 
u∆(t) between the outputs uop(t) and usim(t) of the simulation model [48]. The mode simulation 
block is also used as a source of pseudo-measurements of control parameters uі and individual local 
ACS. Since it is relatively simple to reproduce the processes of power transmission in DEG, the 
simulation model provides sufficient adequacy. This is controlled by feedback y [17, 48].

The decision to introduce into the centralized control circuit a block for simulating the DEG 
modes usim(t) instead of remote measurement of the grid parameters u is economically justified for 
the distribution grids of Ukraine and European countries. The latter was shown on the basis of a 
technical and economic analysis in [28].

At the initial stage of the implementation of the control system, it is necessary to periodically  
coordinate operational control with automatic control. Then the simulation model provides an es-
timate of the effectiveness of the manual control commands g, including the consequences of 
changing the powers of the RPS. The model provides information support for manual formation and 
adjustment of the debugging parameters of local ACS, as well as reproduction of the predictive 
states of the DEG. After the accumulation of the base of typical DEG modes and the final imple-
mentation of the proposed control system, the simulation model becomes the main element of the 
coordination of local ACS and introspection.

The stability and efficiency of the centralized coordination of the RPS control depends on the 
frequency of updating the parameters of the DEG mode, as well as on the speed and intensity of 
changes in the observation parameters y. To ensure the stability of local control, it is necessary to 
optimize the time settings ∆t for individual ACS. For the efficient use of the RPS resource, in par-
ticular switching devices, it is necessary to optimize the power factors cosφmin, cosφmax. They deter-
mine the RPS response to a change in the local load, and also determine the dead zone of the ACS.  
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The processes of determining and adjusting the settings are carried out by the corresponding block 
of the control system (Fig. 1.5).
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 Fig. 1.5 Determination of the settings of local control systems 
for reactive power sources

Considering that the ACS settings can only be changed periodically, the block includes blocks 
for short-term prediction of DEG loads and generation of local sources. To predict loads, the 
method of fractal analysis of statistical data on power consumption and weather conditions was 
used [49]. Short-term forecasting of energy production by local sources, in particular solar sta-
tions is performed by the method of neuro-fuzzy modeling [50]. The initial data comes from the  
operational information complex (OIC) of the DEG, automated systems for the commercial account-
ing of electricity (ASCAE) of the DEG and consumers, as well as forecast weather services Gisme-
teo, WetherBit, Meteoblu, RP5. The data is accumulated in the database of the simulation model 
(DB SM) and can be used by forecasting blocks at a random time with a given retrospective depth.

Based on the results of loading forecasting and generation, signals are simulated at the output 
of the "ideal" mode model uop(t) and the DEG mode simulation unit usim(t) taking into account the 
implementation of control actions of local ACS. Next, the intensity of the appearance of inconsis-
tency between them u∆(t) is analyzed and the necessary frequency of adjusting the debugging pa-
rameters of the local ACS is determined. This frequency will be different for individual local control 
systems of the RPS. Thus, information overload of communication channels does not occur.

Further, the block for determining the settings with a certain discreteness ensures the ad-
justment of the settings in time and cosφmin, cosφmax. The main difficulty here is the need for a 
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significant amount of calculations to optimize the reactive power curves of the RPS. In addition, 
it is necessary to evaluate the correlation of these graphs and the graphs of local reactive power 
consumption in the coverage area of the RPS in order to optimize the periods for updating the ACS 
parameters. Determining the debugging parameters of the ACS requires a significant investment 
of time. Therefore, it is carried out preventively based on the results of forecasting and typical load 
schedules for DEG [38].

Thus, to ensure automatic control of the RPS, it is possible to use a dispersed proactive con-
trol system with a simulation model. Local control systems are made on the basis of the optimality 
conditions for the RPS operation (1.19), (1.20). For a centralized determination of the optimal 
DEG modes and adjustment of the debugging parameters of the local ACS, an imitation of the "ideal" 
DEG modes is used.

The stability and efficiency of control is achieved by dividing the functions into centralized 
formation of the ACS debugging parameters and their local implementation according to locally 
measured parameters. The proposed control system was used to optimize the reactive power 
flows in the Vinnytsia city power grids 10 kV. It is shown that, despite the rapid changes in the 
reactive load during the day, with an appropriate adjustment of the ACS settings, it is possible to 
achieve a significant reduction in electricity losses (Fig. 1.6). The experiment showed that timely 
adjustment of the ACS settings in terms of time and power factor brings the schedule of reactive 
power output by a local source closer to the optimal one. This achieves an additional reduction in 
electricity losses for a fragment of the distribution grid of about 8 %.

 Fig. 1.6 Changes in electricity losses in the DEG based on the results of  
the AUKRM-160 RPS operation at TS-557
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1.3.2 Algorithm for optimizing the reactive power of sources based on the 
simulation of the "ideal" mode of the electrical GRID

The process of determining the debugging parameters of local ACS for their coordination in-
volves a significant number of calculations of optimal modes. For this, a module is used to simulate 
the "ideal" DEG modes (Fig. 1.7). This module is designed to solve the following problems: calcula-
tion of the DEG mode and its entry into the allowable area; optimization of the DEG mode in terms 
of reactive power. These tasks are functionally linked and use a number of collaborative processes.

The initial data for determining the optimal power of the RPS are the parameters of the DEG 
equipment, the parameters of the current mode, as well as the design parameters of the RPS used 
to optimize the reactive power flows. Information about the parameters of the equipment comes 
from the corporate databases of the distribution system operator, the archives of the line service, 
substations, and the dispatch service. Regime parameters are mainly calculated on the basis of 
technical monitoring data and commercial electricity metering and are placed in the database of 
the simulation model.

The optimal powers of the RPS according to the criterion of maximum profit from their opera-
tion are determined in the following sequence:

1. From the available information support, the initial data are formed for calculating the given 
DEG mode. The voltages at the nodes are determined. To do this, a nonlinear system of nodal volt-
age equations is resolved in the form of a power balance [31]. Active and reactive powers in the 
nodes (except for the base one), including the RPS powers and the DEG powers, are considered 
unchanged. Based on the results of the calculation, the currents in the nodes are determined. This 
provides a transition to a linearized model of the DEG mode.

2. A calculation model of the DEG is compiled to reproduce its "ideal" mode in terms of power 
losses. For the replacement circuit, the DEG is supplied only by active resistances (r-circuit). 
Available RPS with fixed powers is supplied by direct currents. Sources, for which the optimization 
of parameters is carried out, taking into account the restrictions on the voltage and power of 
the installation, are supplied by additional economic resistances. The latter are determined from  
Table 1.1 based on the affiliation of the RPS and the conditions of their operation. Such sources 
can mainly be owned by the DEG. However, it can be a means of compensating the reactive power 
of active consumers providing a voltage regulation system service. These can be conventional and 
renewable energy sources, which can change generation at the request of the distribution system 
operator. Therefore, the economic pillars for them will be different. The nodes to which the RPS is 
connected receive a sign of balancing reactive power. This removes their cardinalities from the list 
of independent variables and allows to determine their extreme values.

3. According to the linearized model of the steady state mode of the RPS, using the Gauss 
method, the DEG mode is calculated with minimal power losses. Since economic resistances are 
introduced into the interceptor circuit, the reactive currents of the RPS will correspond to their 
powers, which ensure maximum profit from their operation.
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 Fig. 1.7 The structure of the power optimization module of reactive power sources 
based on the simulation of the "ideal" mode
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4. Reactive currents in branches with economic resistances of the RPS are listed in the value 
of the reactive powers of the RPS, providing maximum profit from their operation.

5. Voltage limits are checked at the DEG nodes. For nodes where restrictions are not met, 
voltage regulation is simulated by changing the transformation ratios of power transformers within 
their regulation range.

6. If the specified measure does not give a result, the calculated powers of the RPS are adjust-
ed based on the results of solving the auxiliary optimization problem (1.12). After that, the powers 
of the corresponding RPSs are derived from the list of optimized variables. Next, the calculation 
model is refined and the DEG mode is recalculated.

7. The calculated power of the RPS may differ from the degrees of regulation of real devices. 
Therefore, these values are rounded up. If the RPS power was previously reduced to meet the 
voltage limits, then the direction of rounding the power to the standard value will be in the direction 
of reduction. Since any deviation of the RPS power from the calculated value leads to a decrease 
in profit, it is necessary to round off the calculated powers to the nearest standard ones in the 
direction of increase or decrease.

8. After the restriction on the parameters is fulfilled, the current mode is considered condition-
ally optimal, but requires clarification. Since the economic resistances of the RPS depend on their 
powers, they must be listed. If the maximum deviation between the values  at adjacent iterations 
exceeds the specified accuracy, the "ideal" mode is recalculated starting from step 2. Otherwise, 
the solution is considered optimal.

9. Taking into account the optimal powers of the RPS and the transformation ratios of trans-
formers at substations, the power overflows in the DEG are specified and the losses are determined.

10. The results of the calculation are loaded into the database of the simulation model and are 
used to set up the RPS, in particular, to determine the settings of local ACS by power factors.

Thus, the problem of optimizing the RPS power, regardless of the conditions of their operation, 
can be reduced to the problem of minimizing losses in the substituting scheme of DEG with econom-
ic supports. This problem is fundamentally simpler, since it can be solved by calculating the steady-
state mode of the DEG according to its interceptor r-scheme. Fulfillment of voltage restrictions 
requires adjustment of the transformation ratios and clarification of the RPS power. The optimal 
values of the RPS power and the transformation ratios are determined from the system of nodal 
equations. The latter is compiled based on the results of the calculation of the "ideal" DEG mode.

1.4 Ensuring the efficiency of the automated reactive power flow control system

The adequacy of the optimality conditions (1.19), (1.20) and the efficiency of the algo-
rithms for setting the local ACS settings (Fig. 1.5) was tested using the example of the 10 kV  
Vinnytsia city power grids. The settings for the regulated RPS installed at the transformer substa-
tion 10/0.4 kV "TS-496" were determined. The substation receives power from the power grids of 
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the F-113 feeder of the Nova substation. At this substation, a 200 kvar AUKRM 0.4-200-10-5 
RPS is installed.

The initial data for determining the optimal schedules for the RPS generation were measured 
by means of ASCAE. In particular, hourly consumption of active and reactive electricity was re-
corded on 0.4 kV buses of feeder transformer substations. For TS-496, the graphs of active and 
reactive consumption were measured with a discreteness of 15 s. Fig. 1.8 shows a schedule for 
the release of reactive energy from the 0.4 kV buses of the transformer T-1 TS-496. It follows 
from the above that the reactive load changes significantly during the day. This leads to constant 
changes in the flow of reactive power in the feeder grid.

 Fig. 1.8 Reactive power output from 0.4 kV buses of transformer T-1 TS-496

The power factor on the substation buses varies within 0.82–0.97 (Fig. 1.9). This indicates 
that the reactive power flows are not optimal. The graph of the optimal powers of the RPS to com-
pensate for local consumption is shown in Fig. 1.10. The graph was obtained based on the results 
of the ACS operation with the settings: cosφmin = 0.99; cosφmax = –0.99; ∆t = 30 s.

Using a simulation model, it is shown that such control contributed to a significant increase in 
the power factor on the TS-496 buses (Fig. 1.11) and a decrease in the reactive power flow by 
the F-113 feeder grids of the Nova substation.

Therefore, the local control system of the RPS with the selected settings ensures the gener-
ation of reactive power sufficient to compensate for local consumption. However, such a schedule 
for the generation of the RPS turns out to be not optimal for reducing electricity losses in the  
10 kV grids of the F-113 feeder.
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 Fig. 1.9 Power factor change on 0.4 kV buses of transformer T-1 TS-496

 Fig. 1.10 Change in the generation of reactive power of the  
compensating plant installed at TS-496

Using the measurement results, the economic resistance of the RPS was determined. For 
each time slice, the "ideal" DEG mode was simulated and the optimal RPS power was calculated  
according to the criterion of maximum profit from its operation. The graph of the optimal gener-
ation power for the RPS, installed at the 0.4 kV input of the transformer T-1 TS-496, is shown 
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in Fig. 1.12. The implementation of such control made it possible to reduce the loss of electricity 
in the experimental grid by 9 %. But reactive power control according to such a schedule is im-
possible. After all, RPS provides stepwise adjustment with a degree of 10 kvar. In addition, this is 
impractical due to the operation of the RPS resource.

 Fig. 1.11 Change in the power factor on the 0.4 kV buses of the T-1 TS-496 
transformer after installing the RPS

 Fig. 1.12 AUKRM 0.4-200-10 optimal RPS power at TS-496, determined by 
the results of simulating the "ideal" DEG mode  
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To automatically maintain the optimal schedule for changing the reactive power of the RPS 
using the local control system, several groups of inserts were defined for it.

The control system settings were determined in two stages. Initially, the necessary frequency 
of updating the settings was determined. And then the value of insertions for each update interval 
is calculated. At the first stage, using the square of the Pearson exponent, the correlation be-
tween the optimal RPS power Qopt and the local reactive power consumption Qnav was investigated 
(Fig. 1.12). For this, changes in the Qopt/Qnav ratio over time were determined (Fig. 1.13). For this 
function, gradually expanding the area of comparison of the Qopt/Qnav and Qnav graphs, time intervals 
were determined within which it is possible to use the same settings for the RPS ACS (Fig. 1.14).

 Fig. 1.13 The ratio of the optimal RPS power and the local consumption of 
reactive power TS-496

The boundaries of the intervals for refining the settings were determined as the moments of 
time corresponding to the maximum values of the squared Pearson coefficient calculated for the 
set of Qopt/Qnav (function value) and the Qnav (argument value) ratios. Thus, on the daily interval, five 
points of time were allocated for which it is necessary to update the ACS settings.

To determine the settings for each time interval, a block for simulating the ACS operation of the 
automated power flow control system in the distribution zone was used (Fig. 1.5). For each time 
interval (Fig. 1.15), the optimal power factors cosφmin and cosφmax were selected according to the 
criterion of minimum sum of squared deviations. The deviations between the optimal RPS powers 
and the powers that will be issued by the RPS under the action of the local ACS were analyzed.  
The time settings were determined taking into account the average rate of changes in the optimal 
RPS power and local consumption at a given interval.

So, for TS-496, five sets of inserts were preventively formed by the automated control system 
for the corresponding time periods (Fig. 1.15) [4, 27]:

– Set 1: cosφmin = –0.97, cosφmax = –0.95, ∆t = 10 min;
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– Set 2: cosφmin = –0.97, cosφmax = –0.96, ∆t = 10 min;
– Set 3: cosφmin = –0.99, cosφmax = –0.96, ∆t = 5 min;
– Set 4: cosφmin = –0.96, cosφmax = –0.95, ∆t = 10 min;
– Set 5: cosφmin = –0.96, cosφmax = –0.93, ∆t = 5 min. 
The results of their implementation by local ACS are shown in Fig. 1.15.

 Fig. 1.14 Quadratic Pearson criterion to analyze the correlation between the 
sets Qopt/Qnav and Qnav (logarithmic scale)

 Fig. 1.15 Graph of change in AUKRM 0.4-200-10 RPS power at TP-496 under the 
influence of local ACS after optimization of its debugging parameters
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It can be seen from the graphs that the number of RPS power configurations has been sig-
nificantly reduced. At the same time, the RPS generation schedule corresponds to the optimal 
generation schedule. Automatic control of the RPS according to the specified settings ensures the 
value of the power factors for the investigated TS is not lower than 0.93 (Fig. 1.16, a). In addition, 
the implementation of such a power distribution schedule for the RPS made it possible to reduce 
the loss of electricity in the investigated DEG by about 8 % (Fig. 1.16, b).

a

b

 Fig. 1.16 The results of the simulation of the operation of the RPS AUKRM 0.4-200-10 RPS at 
TS-496: a – graphs of changes in the power factor on the TS buses; b – electricity losses in DEG
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To determine the settings within the period of relevance, it is advisable to use the simulation 
model of the RPS ACS. It is advisable to select the power factors cosφmin and cosφmax by the method 
of least square deviations between the optimal and simulated powers of the RPS. It is advisable to 
determine the ACS time delays by the average rate of change of the optimal RPS powers and local 
consumption within the period of relevance.

Conclusions

1. In the work, a new solution to the actual scientific problem of increasing the efficiency of 
automated control of reactive power flows in distribution grids was obtained. It consists in the 
development of methods and algorithms for coordinating the RPS operation with automatic control 
according to local parameters. Coordination is carried out by proactively determining the debugging 
parameters that ensure the sharing of the RPS to ensure maximum profit from the optimization of 
reactive power flows in grids. Their implementation makes it possible to increase the efficiency of 
the RPS use in the grids of distribution system operators and active consumers.

2. The expediency of using the model of the "ideal" DEG mode for optimizing the RPS power 
according to the technical and economic criterion is substantiated. This made it possible to reduce 
the specified problem of nonlinear optimization to the problem of finding an extremal current distri-
bution in the interceptor r-circuit of the grid, which is fundamentally simpler. To take into account 
the economic factors of the optimization problem, the replacement r-scheme is supplemented 
with fictitious resistances. Their values are calculated in such a way as to ensure that the cost of 
operating the RPS and the cost of electricity losses in these towers. Expressions for calculating 
economic resistances are obtained for different types of RPS and the conditions for their operation 
in electrical grids.

3. A feature of the problem of optimizing the RPS power is a significant dependence of the 
voltage levels in the grids on these powers. To take into account the restrictions on the voltage 
deviation in the nodes of distribution grids, it is proposed to solve an auxiliary problem of minimizing 
the deviation of the optimality criterion from the extreme value. The use of power loss distribution 
coefficients made it possible to reduce the last problem to linear programming.

4. To improve the efficiency of operation of local reactive power optimization systems, a crite-
rion is proposed and analytical conditions for the optimality of the RPS modes are obtained, taking 
into account the costs of their operation and the quality of electricity.

5. For a complex of spatially distributed RPSs that jointly perform the functions of optimizing 
reactive power flows in electrical grids, it is necessary to ensure coordinated control. The paper 
proposes a two-level block diagram of an automated proactive control system with a simulation 
model and local ACS. To reduce the time spent on determining the debugging parameters of local 
ACS, an algorithm is proposed for identifying their update periods according to typical or predicted 
load and generation schedules.
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Abstract

The chapter analyzes the schedules of electricity consumption and generation in the electricity 
network with renewable energy sources (RES) as an opportunity to improve the electricity balance 
in it. It is shown that in order to achieve a positive effect from the introduction of RES into the 
electric grid, a balance of electricity generation and consumption must be ensured in it. To do 
this, first of all, the values of the optimal installed power of RES are determined to coordinate the 
generation and electricity consumption schedules, and the principles of consumption management 
in the electric network are formed. In order to increase the stability of power supply systems, it 
is proposed to use electric power accumulators, which, if there is a certain energy reserve in the 
accumulator, can be used in case of an insufficient amount of RES generation. An algorithm for the 
method of matching the generation schedules of the PV power plants and the electric load of the 
network has been developed. At the same time, the cost of displacement of consumption power 
is estimated, for which a corresponding indicator has been developed. Since the quality of power 
supply depends not only on the balance of active power, but also reactive power, RES with inverter 
energy conversion devices are considered as a means of regulating reactive power in the electrical 
network in order to maintain the voltage within acceptable limits.

KEYWORDS

Electric network, renewable energy sources, electric energy balance, generation and consump-
tion schedules, coordination.

Determining the priority of solving problems in local electric networks (LEN), we determine 
balance reliability, when its calculation model is determined by the balance of consumption and 
own generation of electricity, taking into account external income. How other tasks are success-
fully solved depends on how and by what means balance reliability is ensured [1–3]. Its technical 
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and economic indicators depend on the balance of active and reactive power in LEN [4, 5]. The 
process of power balancing in LEN is significantly affected by the instability of the generation of 
renewable energy sources (RES), in particular, photovoltaic and wind power plants (PV and wind 
power plants).

The instability of RES generation is compensated by the power supplied to LEN from the power 
system. Because of that, the balancing conditions of the LEN mode also affect the modes of the 
electric power system (EPS). A number of works [6–9] have been devoted to the optimization 
of the joint operation of LEN and EPS. In today’s conditions, ensuring the balance is entrusted 
purely to the centralized power supply system. However, changes are gradually taking place in 
the energy market functioning mechanisms, which encourage RES owners to work according to 
a given schedule, in particular, the introduction of fines for non-compliance with the stated daily 
generation schedule.

Increasing RES generation in distribution networks by reducing the load on the centralized 
power supply system allows for a number of positive effects. They are manifested in the reduction 
of power and electricity losses in power transmission lines, which are used to transport power, 
the improvement of the quality of electricity, and the unloading of electrical networks [10]. How-
ever, this applies only to cases where the RES generation schedule is consistent with the local 
electricity consumption schedule. Therefore, the task of artificial coordination of RES generation 
and electric load schedules arises. It should also be taken into account that the schedule of elec-
trical loads is also non-uniform. For example, the daily dip in the load schedule falls on the peak of 
generation of the PV power plant, which thereby increases such unevenness. There is a need to 
motivate consumers to shift their daily schedule of electric loads to the hours of peak generation 
of PV power plant.

In order to successfully solve the problem of coordinating the schedules of electricity consump-
tion and its generation by renewable energy sources in electric networks as a means of increasing 
balance reliability, it is first necessary to first of all determine the value of the optimal installed 
power of RES and form the principles of consumption management in LEN to coordinate the sched-
ules of generation and electricity consumption.

2.1 Determination of the optimal installed RES capacity

The RES generation schedule depends on the natural conditions of the region in which the 
source is located. The value of the installed capacity of the RES should be chosen under the condi-
tion of maximum compliance of the generation schedule with the consumption schedule. Given the 
stochastic nature of both graphs, the method is based on probability analysis.

The starting information for starting the calculation is: statistical data (minimum for the previous 
year) and a forecast of natural conditions (solar radiation, wind currents); graphs of power consump-
tion of feeder nodes; diagram and parameters of replacement of electrical network elements [11].
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Step 1. An annual base of daily insolation (wind flow) schedules is formed to a dimensionless 
form by dividing by the maximum value. An annual base of total daily schedules for the feeder is 
formed and reduced to a dimensionless form.

Step 2. Annual schedules are formed by duration, respectively, for RES and consumers.
Step 3. The coefficient of energy security is estimated

k
M E

M Ees
cons

RES

�
� �
� � ,

where M Econs� �  – mathematical expectation of annual consumption; M ERES� �  – mathematical 
expectation of annual RES generation.

Step 4. If necessary, the RES schedules obtained in Step 1 are refined in order to obtain an 
energy security factor equal to 1.

Step 5. For refined schedules, let’s determine the probabilities of ensuring the balance:

k p p pstab daily RES year Aons year
l Fj Di

i j l
�

�

�
�

�

�
�

�

�
�

�

�
�

���
�� _ _

1

244

� ,

where pdaily  – the probability of the appearance of the degree of the daily schedule pdaily �� �1 24/ ;  
pRES year_  – the probability of the occurrence of a degree of generation during the year; D – set 
of non-zero powers; pAons year_  – the probability of the degree of consumption occurring during  
the year; F – set of levels of consumption that are below the generation level of the corresponding 
period of the day.

Step 6. Let’s determine the coefficients of current distribution according to the equation:

C R M MR Mr
T T� � �� � �1 1 1

,

where R – the matrix of resistances of the branches of the electric network; M – the matrix of 
connections of the branches of the circuit in the nodes (T is the transformation symbol).

The coefficients of current distribution depend on the installation point of the RES, so let’s 
choose the line of the matrix Cr corresponding to the line through which the generated power of 
the RES flows into the network. All possible (according to technical conditions) connection points 
are considered.

Step 7. By analyzing the received vectors Cr , for each of the nodes, the one with the largest 
sum of coefficients is selected.

Step 8. Based on the original daily consumption schedules, let’s calculate the mathematical 
expectation of the power consumed by each node of the feeder.
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Step 9. Let’s determine the mathematical expectation of generation power 

M P M P CRES cons

T

r
T� � � � � .

Step 10. Let’s determine the installed capacity of RES as 

P k k M PRES stab es RES� � �.

The use of the coefficient of energy security and the probability of ensuring the balance in the 
algorithm allows not only to take into account the features of the generation and consumption 
schedules, but also to determine the RES capacity, which will ensure that the generation schedule 
is as close as possible to the consumption schedule [12].

The effectiveness of the proposed method can be shown by an example. Let’s consider the 
feeder, the diagram of which is shown in Fig. 2.1.

 Fig. 2.1 A fragment of the electrical distribution network diagram

Let’s consider how nodes for connecting RES 20, 10 and 7 are possible according to the tech-
nical conditions. To choose the best of them according to the criterion of electrical energy losses, 
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let’s determine the current distribution coefficients for each of the options. Let’s summarize the 
values of the coefficients Cr  in the Table 2.1. Since the total value of the coefficients is greater 
for node 10, this node is the best node for connecting RES. This is confirmed by the results of 
calculations. From Fig. 2.2, 2.3 (for node 20), Fig. 2.4 (for node 10) and Fig. 2.5 (for node 7), it 
can be concluded about a greater unloading effect when the PV power plant is installed in node 10.

For comparison, the calculation of losses of active power in the EN with the selection of PV 
power plant capacities for the studied schedule of generation and consumption was carried out. 
Graphical interpretation of the results is shown in Fig. 2.2–2.5.

 Table 2.1 Results of vector analysis of current distribution coefficients

The total value of current distribution coefficients

in relation to node 20 in relation to node 10 in relation to node 7

9.914 11.805 9.041

In Fig. 2.2 shows the results of calculating daily electricity losses during the year. Accordingly, 
three cases were considered:

– without taking into account PV power plant generation (curve 1);
– with PV power plant generation at its optimal (according to the proposed method) installed 

capacity (81.5 kW) (curve 2);
– with PV power plant generation with an installed capacity of 200 kW (curve 3).

 Fig. 2.2 Loss calculation results during the year when the PV 
power plant is installed at node 20

From the analysis of the obtained graphs, it is possible to ascertain the adequacy of the results 
obtained by the proposed method.



47

2 ELECTRICITY CONSUMPTION AND RENEWABLE ENERGY SOURCES GENERATION SCHEDULES 
COORDINATION IN ELECTRIC NETWORKS FOR BALANCE RELIABILITY INCREASING

CH
AP

TE
R 

 2

 Fig. 2.3 Calculation results when installing the PV power plant at node 20

 Fig. 2.4 Calculation results when installing the PV power plant at node 10

In Fig. 2.3–2.5, curve 1 – change in losses of active power during the year, obtained by count-
ing the installed capacities of the PV power plant; curve 2 – the change in losses of active power 
during the year, obtained by searching the installed capacities of the PV power plant, provided 
that the installed capacity of the source is selected from the analysis of the most likely level of 
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electricity consumption; curve 3 – the change in losses of active power during the year, obtained by 
overestimating the installed capacities of the PV power plant, provided that the mode of operation 
of the station is dictated not only by natural conditions, but also by the electricity consumption 
schedule; point 4 is the result of calculation according to the proposed method.

 Fig. 2.5 Calculation results when installing the PV power plant at node 7

The results are obtained under the condition that the power consumption schedules match, 
that is, the coefficient of stability of the coverage of the schedules is the same for each of the con-
sumers. It is clear that this is a certain idealization of the real course of things, but this assumption 
is made in order to show the effectiveness of the established principle. To take into account real 
electricity consumption schedules, it is necessary to specify the current distribution coefficients 
by multiplying by the corresponding probability of ensuring the balance.

The proposed method allows to choose the optimal connection location and installed capacity 
of RES [13]. Based on the obtained results, it is possible to carry out a comprehensive analysis to 
assess the ensured quality of the operation of the electric network.

The result of the dependence of the quality of LEN operation for the most probable state de-
pending on the installed generating capacity of the PV power plants is shown in Fig. 2.6.

The value of the PV power plant generation capacity is presented in relative units of the actual 
installed capacity of Pinst PV. .� 1431 MW (the calculation was made for the second stage of PV power  
plant input). The results of the calculation show that to ensure a high-quality power supply, the 
power of the PV power plant would be optimal in the range of 47 % – 80 % of the actually installed. 
Namely, the recommended capacity of the PV power plant should be 0.95 MW. The indicator of 
the quality of functioning for the optimal capacity of the PV power plant will be

 
Eq opt PV_ . . .= 0 41
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 Fig. 2.6 Determination of the optimal installed capacity of the PV power plant

The selection of the optimal generation power of the PV power plant allows to improve the 
voltage levels in the nodes and increase the probability of ensuring the economy of the regime in 
the LEN [14]. Coordination of generation and consumption schedules within the framework of the 
consumption regulation program is also effective [15–17].

The proposed method is implemented as a separate module in PC "Losses". The window of the 
software module for forming optimal RES connection schemes has the following form (Fig. 2.7).

The main window is intended for the user to initialize the corresponding modes of the auto-
mated system:

1. Entering information on potential connection locations and existing distributed generation 
facilities. In this mode, the structure of the distribution network, the number and names of frag-
ments (feeders) and objects (TS) are entered into the "Objects" table.

2. Entering information on 10(6) kV feeders. In this mode, information about the number and 
names of the corresponding 10(6) kV feeders is entered in the "Equipment" table.

3. Selection of potential sites for RES connection to power grids. This mode is implemented in the 
main window of the module by selecting fragments and objects from the structural tree (Fig. 2.7).

4. Selection of a set of optimization criteria. In this mode, the user selects the criteria by 
which a multi-criteria analysis of the distribution network objects will be conducted to determine 
the feasibility of connecting RES (Fig. 2.7).

5. Output of results is carried out after performing computational procedures at the oper-
ator’s initiative. At the same time, a report is created in Microsoft Excel format, an example of 
which is shown in Fig. 2.8.

The results of optimization calculations are shown in Fig. 2.9, which are obtained for a real 
example of the connection of RES, consisting of three stages of photovoltaic generation (500 kW, 
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570 kW, 630 kW) and a small hydropower plant with a capacity of 250 kW. According to the 
results of the research, a RES connection scheme was formed, which was implemented in practice 
and showed sufficient technical and economic efficiency.

 Fig. 2.7 The window of the software module for forming optimal 
RES connection schemes

 Fig. 2.8 An example of a report on multi-criteria evaluation and ranking of RES 
connection points to power grids
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 Fig. 2.9 Scheme of connection of renewable energy sources  
to distribution grids

The integral quality indicator was determined before the introduction of the PV power plant 
( E = 0 876. ) and after the introduction of the PV power plant ( E = 0 78. ) (Fig. 2.10). The de-
crease in the quality indicator is explained by the overload of the feeder. After the introduction of 
the 1,700 kW power plant, the electricity and voltage losses in the feeder nodes, where a small 
250 kW power plant is already operating, increased. It is possible to unload the feeder if part of 
the power will be distributed to the substation of the neighboring district electric network. Due to 
the reduction of electricity and voltage losses and improvement of reliability, the overall technical 
and economic efficiency of electric networks and renewable energy sources increases. Transferring 
part of the PV power plant electricity to another substation allows to increase the effect on the 
feeder ( E = 0 93. ).

 Fig. 2.10 The results of the evaluation of the integral indicator of the quality of functioning
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2.2 Consumption management to coordinate generation and electricity consump-
tion schedules

As noted in [15–17], consumption management is a fairly effective means of increasing the 
efficiency of power supply systems. The implementation models of such regulation are different in 
each state. However, the underlying principles are similar. A generalized diagram of the principles 
of implementing demand management is shown in Fig. 2.11.

According to this scheme, every consumer who has a certain freedom in the amount of elec-
tricity consumption, the so-called "active consumer", (due to the flexibility of the technological pro-
cess, the ability to minimize its consumption in certain periods at the expense of its own sources or 
energy storage devices, etc.) can independently or through the aggregator to provide paid services 
in changing your consumption at the request of the system. Each country develops the financing 
mechanism for such services individually.

In conditions of RES development, demand management can improve the quality of operation 
of electrical networks.
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The analysis of the overall schedule of the feeder load shows that there are hours during the 
day when the generation of the PV power plant is greater than the local consumption. Such an 
extension increases the loss of electricity in the LEN, has a negative effect on the voltage deviation 
and increases the total unevenness of the daily generation.

The principle of the "ideal" regime, which is the basis for evaluating the quality of the operation 
of electrical networks, allows to evaluate the efficiency of each consumer in the task of coordinat-
ing the schedules of RES generation and consumption. The choice of consumers whose consumption 
schedule change will have the maximum efficiency for LEN (Fig. 2.1) is proposed to be made on 
the basis of the analysis of the coefficients of the current distribution matrix for r the scheme in 
relation to the generating unit. The row of the matrix Cr  corresponding to the line that connects 
the PV power plant to the distribution electrical network feeder is given in the Table 2.2.

 Table 2.2 Fragment of the matrix of current distribution coefficients of the feeder of distribution electric 
networks

No. node 14 9 18 11 5 6 7 4

The value of the current 
distribution coefficient

0.998 0.997 0.853 0.75 0.74 0.79 0.61 0.75

No. node 8 20 2 1 3 13 16 –

The value of the current 
distribution coefficient

0.689 0.66 0.68 0.71 0.64 0.59 0.6 –

It is obvious that it is advisable to level the schedule by changing the load of nodes located 
near the generation source and with a relatively large power consumption, that is, with the largest 
current distribution coefficients. Losses of active power in power transmission lines will be reduced 
by reducing the distance of electric energy transportation from the PV power plant. Such nodes 
are nodes 14, 9, 18.

The method is based on the application of the transport problem algorithm and is solved in 
tabular form [18]. The result of matching the schedules depends on the coefficients of the cost of 
displacement of the consumption capacity.

Estimation of the cost of displacement of consumption capacity in the conditions of a multi-
zone tariff for electric energy can be carried out according to the expression [19]:

B P C K K P Cij sh t Tj Ti t� � �� � � � �� � ,  (2.1)

where KTj – coefficient of the cost of electricity according to the zone tariff of the level of the 
schedule from which the capacity is planned to be transferred, in the central office; KTi – coeffi-
cient of the cost of electricity according to the zone tariff of the stage of the schedule to which 
the power is planned to be transferred, in the central office; Psh – the power that the consumer 
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must shift to level the LEN load schedule, kW; Ct – tariff for electricity according to the energy 
supply company, hryvnias/kWh; β – the cost of the technological shift in production, which must be 
compensated by the power system, hryvnias; ∆P – reduction of power losses due to adjustment 
of the consumer’s load schedule, kW.

The indicator of the cost of transferring the load Bij from one stage of generation to another 
is expedient to use in the task of matching the RES generation schedules to the load. Application 
of this approach, in the problem of equalization of daily generation, will allow not only to reduce the 
unevenness of the latter, but also to reduce the loss of electricity in the LEN.

To reduce the unevenness of the total daily generation of distribution electrical network and 
to minimize losses of active power, it is suggested to adjust the schedule by each node in turn 
according to the current distribution coefficient.

In Table 2.3, in which it is conditionally possible to highlight m the hours in which the actual 
consumption of the node is greater than the generation of the PV power plant, A Ai m,..., , and n 
the hours in which PV power plant generation will exceed node consumption, Z Zi m,..., . For this 
purpose, node capacities are used, refined by multiplying by the current distribution coefficient. 
The relative cost Bij of power transfer from one time interval of the schedule to another will be 
determined by (2.1).

It is obvious that the value of relative values Bij will differ for each node.

 Table 2.3 Distribution of consumption displacement values according to the transport problem

B11 B12 B13 B14 B15 B16 B17 … … B1i  Z1

B21 B22 B23 B24 B25 B26 B27 … … B2i Z2

… … … … … … … … … … …

Bj1 Bj2 Bj3 Bj4 Bj5 Bj6 Bj7 … … Bji Zn

A1 A2 A3 A4 A5 A6 A7 … … Am ...

In accordance with the given task, let’s write down the objective function:

B Pij ij
j

n

i

m

� �
��
��

11

min,  (2.2)

where Pij  – the power that needs to be shifted from the j-th stage of the load schedule to the i-th.
The first group of restrictions indicates that the power at any generation stage must be equal 

to the total power consumption of this generation stage:

P Aij
i

m

i
�
� �

1

.  (2.3)
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The second group of restrictions indicates that the total shift in consumption for a certain level 
of generation must fully compensate for the generation at this level:

P Zij
i

n

j
�
� �

1

.  (2.4)

There is also a restriction on the impossibility of shifting negative values of capacity consumption:

P i m j nij � � �0 12 12, , ,..., , , ,..., .  (2.5)

The dependence of the mode of operation of renewable energy sources on natural conditions in 
most cases leads to the deterioration of the mode of operation of distribution electric networks. 
Therefore, it is necessary to carry out artificial coordination of load and RES schedules. This is 
especially true of photovoltaic plants.

According to the developed method, the transport matrix of the displacement values of the 
load capacities at node 14 is given in the Table 2.4. The results of optimizing the load schedule for 
node 96 are presented in the Table 2.5.

As mentioned earlier, leveling the load schedule of the local electrical system due to the selec-
tion of consumers based on the current distribution coefficient allows to reduce losses of active 
power in it. Fig. 2.12 shows the change in active power losses depending on the time of day for 
all stages of optimization. A total reduction in electrical energy losses is also achieved – the result 
is shown in Fig. 2.13.

 Fig. 2.12 Change in losses of active power in LEN: 1 – taking into account PV power plant 
generation; 2 – after leveling the graph at node 14; 3 – after leveling the graph at node 9

The evaluation of the effect of coordinating the generation and load schedules of the PV power 
plant is carried out on the basis of the developed LEN functioning quality coefficient, which for the 
agreed generation and load schedules is Eq agreed_ . .= 0 84
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 Fig. 2.13 Electricity losses in LEN: 1 – taking into account PV power plant generation; 
2 – after leveling the schedule at node 14; 3 – after leveling the schedule at node 9

Coordination of generation and load schedules leads to improvement of technical and economic 
and mode parameters of LEN operation. But since the generation of PV power plant has the nature 
of generation dependent on variable weather parameters, even in the case of agreed schedules, 
the use of capacity reserve is mandatory.

2.3 Electric energy accumulators as an element of increasing the balance 
reliability of local electric systems

One of the ways to increase the stability of power supply systems is the accumulation of 
excess energy, which is formed as a result of the imbalance between the energy produced by RES 
and consumed in the LES. The presence of a certain energy reserve in the accumulator can be used 
in case of an insufficient volume of RES generation. Control of the charge/discharge process is 
most often performed based on the presence/absence of a positive difference between the energy 
generated by RES and consumed by the load.

It is clear that in case of installation of the accumulator within the limits of the balance sheet 
ownership of the energy source, the calculation of its technical characteristics should be based on 
the assessment of the instability of the RES generation process [19, 20]. As an example, this can 
be shown by the results of calculations of excess and deficit capacity of the Galzhbiyiv PV power 
plant. Fig. 2.14 illustrates the excesses and deficits of capacity in the form of a graph that displays 
the value of the possibility of accumulating a certain amount of capacity Q t� �  – provided that the 
initial capacity of the storage Q t0 0� � � .

From Fig. 2.14, it can be seen that for this PV power plant, the mathematical expectation of 
surplus is greater than the mathematical expectation of deficit M Ml t def tsup >  in the time interval 
from 10:30 to 13:30. Therefore, for the installed generating capacity of this PV power plant, the 
storage capacity will be equal to:
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Q t
W t

U
kA h

stor

� � � � �
� �sup .

.
2756 35

12
230   (2.6)

Due to the surplus that can be accumulated during the PV power plant generation hours from 
10:30 a.m. to 1:30 p.m., it is possible to increase the number of hours in which the PV power 
plant will independently ensure the balance between the generation and electricity consumption of 
the PV power plant (Fig. 2.15). Another advantage of using accumulators is that excess generation 
will not lead to an increase in additional losses of active power and deterioration of the quality of 
electricity in the electrical network.

 Fig. 2.14 Change in the mathematical expectation of generation deficit  
and surplus during the day

Taking into account the installed energy storage (SE), the quality of the LES operation will 
increase to Eq inst RES stor_ _ . .= 0 583

Installation of a storage device of such capacity requires substantial capital investment. The 
amount of stored electricity depends directly on the capacity of the energy storage, as well as on 
the installed generating capacity of the PV power plant.

According to the Law of Ukraine on the electric energy market [21], renewable energy sourc-
es must announce the hourly schedule of electric energy production a day in advance. Taking into 
account the insufficient accuracy of the forecast of meteorological parameters, in order to ensure 
the accuracy [22, 23] of working out the declared generation schedule, it is necessary to use a 
system of accumulating excess energy, which can be used as an additional source in periods of 
insufficient generation.
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 Fig. 2.15 Operation schedule of the full-cycle "charge/discharge" storage device

For this purpose, a mathematical model of such a system was developed in the work and sim-
ulation modeling of its operation was carried out.

Matlab/Simulink PC was used to develop the mathematical model. Fig. 2.16 and 2.17 show the 
Simulink model of the PV power plant complex and the electrochemical storage. Fig. 2.18 shows 
the operation logic of the storage management system in the mode of maintaining the declared 
generation schedule.

 Fig. 2.16 Simulink model of the PV power complex and electrochemical storage
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 Fig. 2.17 Simulink model of the electrochemical storage control complex

 Fig. 2.18 Simulink model of the control logic of the electrochemical storage device

The Simulink model was used as a model of an electrochemical energy storage device. The char-
acteristics correspond to a Li-Ion battery. The discharge and charge curves are shown in Fig. 2.19.

The results of simulation modeling of the operation of the energy storage system at various PV 
power plants are shown in Fig. 2.20–2.22.

For a day characterized by an average level of cloud cover, an hourly schedule was forecast 
(Fig. 2.20–2.22, the red curve takes into account the provision of the area of permissible devia-
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tions of ±10 %). Taking into account the actual schedule of operation of the PV power plant (black 
curve), a simulation of the operation of the energy storage system was performed, taking into 
account 50 % battery charge (blue curve). The simulation was carried out for storage systems 
with batteries of different capacities. As a result, the smallest capacity was selected, at which the 
predicted generation schedule was provided as accurately as possible.

 Fig. 2.19 Characteristics of the chemical accumulator

 Fig. 2.20 Daily power change schedules at the Porogy PV power plant
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 Fig. 2.22 Daily power change schedules at Chechelnyk PV power plant

The results of the simulation analysis are shown in Fig. 2.23 and 2.24. Fig. 2.23 and 2.24 show 
the values of discharge and charge energy for storage systems installed at each station and at a 
group of stations. We can clearly conclude that it is economically feasible to install storage devices 
on a group of stations, as it allows reducing the total capacity of batteries. In addition, the group 
storage can be used when solving a number of other problems (balancing modes, providing system 
services for regulating mode parameters, etc.), which increases the profitability of invested funds.

Since it is practically impossible to ensure balance reliability purely by PV power plant gener-
ation, it is necessary to determine the capacity of the reserve, which should be provided by the 
power system to maintain the balance between consumed and generated electricity in the LES.



63

2 ELECTRICITY CONSUMPTION AND RENEWABLE ENERGY SOURCES GENERATION SCHEDULES 
COORDINATION IN ELECTRIC NETWORKS FOR BALANCE RELIABILITY INCREASING

CH
AP

TE
R 

 2

700

600

500

400

300

200

100

0
Porohy Balky

Station

Vo
lum

e 
of

 d
isc

ha
rg

e 
an

d 
ch

ar
ge

 e
ne

rg
y

Discharge Charge

Chechelnyk In total

 Fig. 2.23 Volume of discharge and charge energy for the simulated period
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 Fig. 2.24 Changing the residual charge on the storage device

It is possible to get benefits from the generation of photovoltaic plants due to the introduction 
of additional means. The paper considers the possibility of using electric energy storage to coordi-
nate the schedules of PV power plant generation and local electricity consumption, determine the 
optimal power of PV power plant generation, and determine the reserve capacity that should be 
provided by the energy supply company. All the means listed above have different effects on the 
quality of the operation of the LES. According to the proposed quality indicator, it is possible to 
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determine which of them is able to improve the quality of electricity supply to the LES to a greater 
extent (Fig. 2.25) [24].

Among the considered means, the highest coefficient of quality of functioning has an agreed 
schedule of generation of PV power plant with electricity consumption of LES with a defined reserve 
capacity Eq agr with reser_ . _ . . .= 0 989

What is more, for the PV power plant generation schedule coordinated with local electricity 
consumption, the required reserve capacity will be the smallest (Fig. 2.26).

 Fig. 2.25 Evaluation of the functioning quality of during the use of various 
means of its improvement

 Fig. 2.26 Change in reserve capacity for various means of increasing  
the balance reliability of the LES
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2.4 Algorithm for matching schedules of PV power plant generation and electric 
load of LES

The increase in the generation of photovoltaic power plants in distribution networks due to 
the reduction of the load on the centralized power supply system makes it possible to obtain a 
positive effect in the electric power system (EPS). They are manifested in the reduction of power 
and electricity losses in transmission lines and transformers, which are used to transport power, 
in the improvement of the quality of electricity, and the unloading of electrical networks. However, 
this applies only to cases when the generation schedules of the PV power plant are consistent with 
the level of local electricity consumption and the topology of electrical networks [25, 26]. That is, 
the positive effect on the PV power plant should also be taken into account in the algorithm for 
matching the generation schedules of the PV power plant and the electric load of the LES.

In order to develop a method of coordinating the generation schedules of the PV power plant 
and the load of the LES, it is necessary to evaluate the influence of the generation of distributed 
energy sources on the unevenness of the daily schedule of electric loads (SEL).

Among the existing methods of assessing the unevenness of the daily load schedule, the means 
of morphometric analysis should be noted [27, 28]. To analyze and evaluate the influence of renew-
able energy sources on the total load schedule of the electric network, it is possible and appropri-
ate to use morphometric indicators of the unevenness of SEL. The advantage of such indicators 
when analyzing the unevenness of load schedules lies in their integrality. Taking into account the 
integral characteristics of morphometric indicators, it is possible to more accurately justify the 
alignment of SEL and coordination with the RES generation schedule.

Given that the schedule of electric loads is uneven, and the peak generation of the PV power 
plant falls on a daily dip in the load schedule, which increases such unevenness, there is a need to 
motivate consumers to shift the daily schedule of electric energy and loads up to the peak gen-
eration hours of the PV power plant. For this, the concept of virtual power plants and regulator 
consumers is used, which greatly simplifies such a task.

The main idea of this approach is not to generate electricity, but to create new or motivate 
existing electricity consumers to maneuver their own consumption. Currently, the main measure of 
motivation for electricity consumers is the zonal electricity tariff (Table 2.6), according to which 
the cost of electricity is differentiated by periods of the day. Thus, the consumer can reduce the 
electricity bill without reducing the amount of consumption. At the same time, the unevenness of 
electricity consumption schedules is reduced. A similar approach can be used to evaluate the effec-
tiveness of coordination of schedules of generation and consumption of RES in the electric network.

In order to estimate the cost of shifting consumption power, it is necessary to develop an indi-
cator that would take into account the change in the coefficient of the cost of electricity according 
to the zone tariff, the cost of compensatory costs to the consumer for shifting the electricity 
consumption schedule, the cost of reducing power losses due to the coordination of the total daily 
SEL with the generation schedule:
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B K K C P Cij tj ti t t� �� � � � � �� � ,  (2.7)

where Ktj – coefficient of the cost of electricity according to the zonal tariff of the stage of the 
schedule from which the capacity is planned to be transferred; Kti – coefficient of the cost of 
electricity according to the zonal tariff of the stage of the schedule to which the power is planned 
to be transferred; Ct  – electricity tariff according to the energy supply company; β  – cost of the 
technological shift in production, which must be compensated by the energy system; δP  – reduc-
tion of power losses due to adjustment of the consumer’s load schedule.

 Table 2.6 The zonal tariff for electricity is differentiated by time periods

Period of time Night Day Peak

Two-zone tariffs, differentiated by time periods

Tariff coefficients 0,5 1 –

Duration of the period 23:00 – 07:00 07:00 – 23:00 –

Three-zone tariffs, differentiated by time periods

Tariff coefficients 0,4 1 1,5

Duration of the period 23:00 – 07:00 07:00 – 08:00
11:00 – 20:00
22:00 – 23:00

08:00 – 11:00
20:00 – 22:00

The indicator of the cost of transferring the load Bij  from one stage of SEL to another is expe-
dient to use in the task of coordinating RES generation schedules for the load.

The appearance of sources of decentralized generation in distribution electric networks allows 
to consider them not as main-radial networks, but as networks with two-way power supply or local 
electric systems. Since the configuration of the electrical network can be considered relatively 
constant, using the coefficients of the current distribution matrix, it is possible to determine the 
consumers whose load schedule will have the greatest impact on the total unevenness of the daily 
electrical load schedule of the LES caused by the generation of the PV power plant.

The use of such an approach, in the task of equalizing the daily SEL, will allow not only to reduce 
the unevenness of the latter, but also to reduce the loss of electricity in the LES.

To reduce the unevenness of the total daily REL DEN and minimize losses of active power, it 
is suggested to adjust the schedule by each node in turn according to the current distribution 
coefficient. To solve this problem, let’s use the classical transport problem (Table 2.3), in which it 
is possible to conditionally allocate m hours in which the actual consumption of the node is greater 
than the generation of SES, Аi,…, Аm, and n hours in which the generation of SPP will prevail over 
the consumption of the node, Zi,…, Zm. For this purpose, node capacities are used, refined by mul-
tiplying by the current distribution coefficient. The relative cost Bij of power transfer from one-time 
interval of the schedule to another will be determined by (2.7).
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The dependence of the mode of operation of renewable energy sources on natural conditions in 
most cases leads to the deterioration of the mode of operation of distribution electric networks. 
Therefore, it is necessary to carry out artificial coordination of load and RES schedules. This is 
especially true of photovoltaic power plants. 

A method based on the application of morphometric analysis of consumption schedules, optimal 
coefficients of current distribution and transport problem is proposed to solve the problem of 
equalizing the total schedule of electric power consumption of DEN and reducing electricity losses 
in distribution electric networks.

The algorithm for matching the generation schedules of the PV power plant and the load of 
the LES is shown in Fig. 2.27. Having information about these schedules and information about 
the number of consumers in the LES, the initial data for the operation of the algorithm are formed. 
Taking into account the topology of the electrical network and the value of the load and generation 
capacities, the matrix of current distribution coefficients is determined for each consumer in re-
lation to the PV power plant. It should be noted that this matrix has the dimension of the number 
of nodes per the number of branches in the network. To determine the current distribution coeffi-
cients of the PV power plant, only the row corresponding to the node in which the plant is installed 
is selected from the matrix.

To determine the power that can be maneuvered by the consumer, the technological minimum 
is determined for each consumer. Based on this, the power that can be displaced by the consumer 
will be equal to the difference between the actual consumption power PНі and the technological 
minimum Pmin і and at a certain hour of the load schedule. Next, consumers are ranked according to 
their current distribution ratio.

The hours in which the actual consumption of the node is less than the generating capacity of 
the PV power plant are conditionally referred to as "generation" hours. That is, the hours for which 
consumption capacity will need to be shifted.

The hours in which the load is greater than the generation capacity and the condition 
P Ploadit it

� �min 0  is fulfilled are the hours from which the power can be transferred. It is this dif-
ference that determines the amount of excess power P litsup  that can be shifted at a certain cost 
and Pdefit

 – the power that is not enough at a certain hour of the day to balance the daily schedule. 
Taking into account the identified deficit and surplus capacities, a transport matrix of capacity 
transfer from surplus hours to deficit hours is formed to equalize the daily load schedule. In the 
event that the total generation power will exceed the power that can be shifted to equalize the 
electric load schedule, let’s introduce an additional fictitious load source P P PFLS SEL

t
l

t
it it

� � �� sup  
(FLS) to obtain a balanced transport problem. In the case when the own generation of the PV 
power plant is not enough to meet the electricity needs of consumers, let’s introduce a conditional 
source of centralized power.

The solution to the transport problem is a recommendation to shift the schedule of electric 
loads of consumers, which have the greatest impact on the unevenness of the total load schedule 
of the LES.
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2.5 Renewable energy sources with inverter energy conversion devices as a means 
of regulating reactive power in the electrical network

The impact of RES on the quality of electrical energy has an ambiguous result, especially with 
regard to the non-sinusoidal nature of voltages and currents and voltage deviations [29].

Ensuring the quality of electricity directly depends on ensuring the balance of active and reac-
tive power in the electrical system. As a source of electrical energy, RES is an element capable of 
influencing the quality of electricity supply. As for the balance of active capacity, the necessity of 
forecasting the daily schedule of active capacity for a day ahead is foreseen at the legislative level. 
As for the reactive power balance, since RES such as PV power plant are not its source, we cannot 
talk about the impact on the balance. However, the technical ability of the inverter to influence the 
angle between the current and the voltage at its output allows it to influence the flows of reactive 
power in the electrical network.

Since one of the main elements of a photovoltaic plant is an inverter, we will consider its pos-
sible modes. Fig. 2.28 shows a fragment of an electrical circuit with an inverter with PWM control 
and a vector diagram for it.

 Fig. 2.28 An electrical circuit with an inverter with PWM control: a – a fragment of 
the electrical circuit; b – vector diagrams

The equation compiled according to Kirchhoff’s second law for the circuit (Fig. 2.28, a) will be 
written as follows:

U E jx I1 0 1 1� � ,  (2.8)

where E U I0 1 1, ,   – the resulting vectors of the EMS at the output of the inverter, the network 
voltage and current:
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E U e j
0 0� � �mod ,  (2.9)

where µ – modulation coefficient, ϕmod – the phase of the modulation voltage in relation to the 
mains voltage.

In the supply network, an increase E0  compared to U1  leads to an effect corresponding to 
the appearance of capacitive currents at the point of connection of the PV power plant to the 
electric network. So, it is possible to say that by changing the opening angle of the thyristors of 
the inverter, it is possible to achieve different angles between current and voltage, which will cause 
a change in reactive power flows in the electrical network.

To confirm these conclusions, mathematical modeling was performed in the Simulink Matlab 
R2015a environment. It is based on the model presented in the Matlab example base (Fig. 2.29) – 
‘power_PVarray_grid_det’ [30]. Since this model worked out only one of the possible modes im-
plemented by modern inverters, the model of the inverter control system was improved for the 
possibility of implementing the active power output mode with a power factor equal to unity. The 
model also allows maintaining a given value of it other than unity and maintaining a given level of 
reactive power at the connection point of the PV power plant. In addition, the parameters of the 
model were changed in accordance with the parameters of the real PV power plant to check the 
adequacy of the model (data on solar insolation and temperature of solar panels are taken for an 
average day without precipitation, significant cloudiness and wind).

 Fig. 2.29 Simulink model with improved inverter control system

Fig. 2.30 shows the results of modeling the graph of active power generation for different 
reactive power modes. Curve 1 corresponds to the change in the generated active power in the 
DC network.

Curve 2 corresponds to the graph of active power generation in the alternating current net-
work at the point of connection of the PV power plant to the 10 kV network, in the mode when 
the inverter is set to cosϕ=1. Curve 3 corresponds to the generated active power at the point of 
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connection of the PV power plant to the 10 kV network in the mode when the inverter is adjusted 
to maintain the specified voltage level by influencing the reactive power balance. All curves shown 
in Fig. 2.30, obtained under the same conditions.

Therefore, photovoltaic stations have the technical ability to influence the flows of reactive 
power in the electrical system. Depending on the power and voltage class of the electrical network 
to which the PV power plant is connected, it is possible to provide different modes of influence on 
reactive power flows. In Fig. 2.31 schematically shows the area of possible impacts.

The change in reactive power flows affects the losses of active power in the network, that is, 
photovoltaic stations can be used to increase the efficiency of electrical systems [31]. 

 Fig. 2.30 Results of simulation of the active power generation schedule

 Fig. 2.31 Reactive power regulation function for a photovoltaic station
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Therefore, it is possible to draw a conclusion about the technical possibility of using sources 
of electrical energy such as PV power plant to maintain the necessary level of power supply quality 
by using inverters in modes that allow influencing the flows of reactive power in the electrical 
network. As a result, it is possible to influence not only voltage deviations in network nodes, but 
also their cost-effectiveness.

Conclusions

Renewable energy sources can be used as a means of improving the quality of electricity supply.  
However, due to the dependence of their generation mode on natural conditions, it requires the 
development of methods to determine the conditions for their appropriate development. The 
results of the conducted research confirm the positive influence of distributed generation sourc-
es on the balance reliability of distribution electric networks. However, this positive effect is 
obtained only if a detailed analysis of the connection point and the power of the electrical energy 
source is performed. The methods of estimating the probabilistic characteristics of RES proposed 
in the work allow to improve the methods of determining the value of the installed capacity, 
which should be connected to a certain point of the electric network. At the same time, the con-
figuration of the network and the features of the connected load, which is fed from it, are taken  
into account.

Taking into account the possibilities that open up during the development of "smart" networks, 
a method of coordinating the schedules of RES generation and consumption is proposed. This ap-
proach allows obtaining conditions for the effective use of renewable energy sources and improving 
the quality of electricity supply. This approach is especially effective if electricity storage is provided 
in the electrical network. In this case, it is possible to regulate not only the schedule of electricity 
consumption, but also to actively influence the balance of electricity in the electrical network, using 
the charge/discharge of accumulators. In addition, the use of electrical energy storage systems in 
networks would allow to reduce the reserve volume in the electric power system.

The availability of inverter equipment on a number of sources of renewable energy expands 
their use also for regulating reactive power flows in electrical networks. Modeling of different 
modes of inverters and studies of modes of electrical networks carried out on their basis confirmed 
the technical feasibility and effectiveness of such use of RES.
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Abstract

Today, more and more attention is paid to non-traditional rechargeable sources of electric 
current, which are able to quickly charge and discharge (in a few seconds or minutes), have high 
power (kW/kg) and a long service life (tens of thousands of charge-discharge cycles). Such current 
sources include electrochemical capacitors (EC), which in the special literature are called superca-
pacitors, ultracapacitors, ionistors, or molecular storage devices.

The principle of operation of such current sources is based on their ability to store and release 
electrical energy at a given time through the internal redistribution of electrolyte ions in a double 
electric layer (DEL). The rate of redistribution of ions in the DEL is several orders of magnitude high-
er than the rate of ion transfer through the "electrode-electrolyte" phase boundary during classical 
redox transformations in batteries. That is why ECs are non-traditional current sources, they have 
significant advantages over batteries in terms of their specific power, the rate of charge-discharge 
processes and service life, although they are inferior to batteries in terms of their capacity and 
energy density. Particular attention has been paid to EC in connection with the start of production 
in many countries of the world of environmentally friendly cars and buses with electric motors that 
require high power at the time of engine start. In addition to being used in transport, ECs are widely 
used in military and space technology, in energy storage systems at peak loads, for regulating wind 
generator turbines, etc.

The production of electrochemical capacitors requires fairly large capital investments. This is 
due to the requirements for the environmental friendliness of the production itself, where a sig-
nificant amount of costs is spent on ensuring safe working conditions for personnel, on capturing 
harmful substances and their disposal. That is why the issue of developing EC to reduce the cost 
of production through the use of new materials and the improvement of technological processes 
becomes especially relevant.

The main scientific research in recent years in the field of EC has been associated with the 
study of new electrochemical systems, electrode materials and electrolytes. To a certain, but 
insufficient extent, attention was also paid to the improvement of the technology of combining the 
active material and the current collector. Even less research work is related to the development of 

DOI: 10.15587/978-617-7319-63-3.CH3

Volodymyr Khomenko, Oksana Chernysh, Viacheslav Barsukov,
Viktor Tverdokhlib, Arkadij Berezovskij, Volodymyr Slobodianyk

© The Author(s) 2022

COMPOSITE MATERIALS BASED ON WATER-SOLUBLE  
BINDERS FOR ELECTROCHEMICAL CAPACITORS



77

3 COMPOSITE MATERIALS BASED ON WATER-SOLUBLE BINDERS FOR ELECTROCHEMICAL CAPACITORS

CH
AP

TE
R 

 3

environmentally friendly technologies for the production of composite active materials for capaci-
tors, although the development of these components can potentially provide high electrical perfor-
mance of capacitors and significantly reduce the cost of their production. These circumstances put 
forward the research and development of environmentally friendly methods for obtaining composite 
materials for electrochemical capacitors into the category of complex, but relevant scientific and 
technical problems.

KEYWORDS

Electrochemical capacitor, cellular carbonaceous material, activated carbon, graphite,  
polymer-carbon composite, water-based polymers.

Electrochemical capacitors (EC), compared to traditional primary and secondary current 
sources and electrolytic capacitors, are a relatively young type of current sources that are 
at the beginning of their wide practical implementation. A significant difference between the 
operating principle of EC and traditional CСS systems is that charge accumulation occurs in a 
double electric layer (Fig. 3.1). This makes it possible to distinguish EC into a separate class of 
current sources.

 Fig. 3.1 Schematic representation of a charged EC

However, the basic principle on which the operation of EC is based remains the same as for 
traditional systems: a positive charge is collected mainly on one electrode, and a negative charge is 
collected on another, which is located nearby, but electrically separated from the first by an insu-
lating layer. That is, the accumulation of electrical energy occurs in a static form, as in traditional 
capacitor systems. For EC, three main factors determining the possibility of energy storage are 
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decisive: the surface area of the electrodes, the distance between them, and the dielectric prop-
erties of the insulating layer between the electrodes. The entire path of development of capacitor 
engineering was associated with the improvement of these three factors: an increase in the area 
of the electrodes, a decrease in the distance between them, and an improvement in the properties 
of the insulating layer. EC is no exception to this rule. That is, the EC capacitance is also described 
by the classical formula for a flat capacitor:

C S d� � / ,  (3.1)

С – EC capacitance; ε – dielectric constant of the insulating layer; S – area of the electrode;  
d – distance between the electrodes. 

The difference is that the EC in the case of identical electrodes consists of two capacitors 
connected in series through the resistance of the electrolyte, where the total capacitance of the 
EC is described as:

1 1 11 2/ / / ,C C C� �  (3.2)

and if C1=C2, then

C=C1/2. (3.3)

According to formula (3.1), an increase in the specific area of the electrodes leads to an 
increase in the specific capacitance. Therefore, EC developers pay great attention to electrode 
materials with a large specific surface area [1].

Taking into account that the EC is actually two capacitors connected in series through the 
resistance of the electrolyte, the calculation of the specific capacity of the material was carried 
out according to the formula:

C
C
Tspec

m=
2

1

,  (3.4)

where Сspec – specific capacity of the material; Cm – measured capacitance during discharge;  
T1 – mass of the active material of one electrode.

In EC, the accumulation of electrical energy occurs directly along the electrical double layer. In 
this case, there is no charge transfer along the phase interface, that is, a true capacitance is ob-
served. The surface charge generation mechanism includes surface dissociation of the electrolyte, 
adsorption of ions from solution in pores and defects in the electrode crystal lattice. In this case, an 
excess (or deficit) of charge appears on the electrode surface, and ions with the opposite charge 
flow around the electrode/electrolyte interface to maintain electrical neutrality [2].
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The DEL thickness depends on the electrolyte concentration and ion size (Fig. 3.2) and is 
about 5–10 Å for concentrated electrolytes. The DEL capacitance varies from 10 to 20 µF/cm2 for 
smooth electrodes in concentrated electrolyte solutions.

 Fig. 3.2 Schematic representation of the electrical 
double layer

The main difference between EC and traditional electrolytic capacitors is as follows: instead of 
developing a microstructure (for example, increasing the surface of aluminum foil by electrochemi-
cal etching, followed by the formation of a dielectric oxide layer on it [3] with a thickness of about 
several micrometers), in EC, for the manufacture of electrodes, mainly carbon nanostructured ma-
terials. That is, ECs accumulate charge in carbon nanotubes or nanosized pores of activated carbon. 
Carbon nanofibers are used less frequently, and relatively recently information has appeared on the 
use of graphenes as electrode materials [4, 5].

Various names are used in the technical literature for electrochemical capacitors: ionists, 
supercapacitors, ultracapacitors, asymmetric capacitors, hybrid capacitors, etc. Unlike the well-
known conventional capacitor, the EC does not have a dielectric layer. The technical implementation 
of EC began with the Baker patent (USA, 1957) [6], and its use began in the 1980s (NEC, Japan), 
although the basic principle was discovered at the end of the 19th century by Helmholtz [7].

Unfortunately, there is no mass production of EC in Ukraine yet. Limited Liability Company 
"UNASCO Ukraine", the successful scientific management of which is carried out by Corresponding 
Member of NAS of Ukraine, Doctor of Chemical Sciences, Yuriy Maletin, powerful ECs based on 
organic electrolytes were developed, which were tested in 2006 at the Institute of Transportation 
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Studies (Davis, CA, USA), recognized as the best among the EC prototypes of world manufactur-
ers [8] and are now mass-produced for specific customers. It should be noted that in Ukraine 
there are no state programs for financing developments in the field of EC, and therefore devel-
opments are carried out through the sale of finished products. For comparison, Maxwell received  
3 million USD in 2005 under the Clean Transportation Development Program in the United States 
for the development of EC for a hybrid bus [9].

Currently, the manufacturers mentioned above offer different types of EC, so it becomes 
necessary to classify them. There are different approaches to the classification of EC. The classi-
fication adopted in the USA (Miller, J., JME Inc.) [10] is generally recognized, according to which 
all ECs are divided into 4 classes, conventionally called generations. Each class also displays the 
sequence in which the given CI type appears. In accordance with the proposed classification, the 
following types of ECs can be distinguished:

I. First generation ECs contain the same positive and negative activated carbon electrodes and 
an aqueous electrolyte solution (mainly KOH or H2SO4).

II. Second-generation ECs are electrochemical systems similar to first-generation ECs that use 
an organic electrolyte based on aprotic solvents (mainly acetonitrile).

III. Third-generation ECs are created by combining electrodes with a fundamentally different 
mechanism for the occurrence of electrode reactions (charge-discharge DEL and redox process) 
and using an aqueous electrolyte solution. An example of such an EC is an electrochemical system 
in which one of the electrodes is made of activated carbon, and the second is a redox electrode 
made of CCS such as a nickel-cadmium or lead-acid battery.

IV. Fourth-generation ECs are also built using fundamentally different types of electrodes and 
an organic electrolyte. An example of such an EC can be electrochemical systems in which one of 
the electrodes is made of activated carbon, the other is made of intercalation-type materials that 
work inversely in aprotic electrolytes (for example, graphite or Li4Тi5O12).

Third and fourth generation ECs are often referred to as "asymmetric" or "hybrid". Electrochemi-
cal capacitors can be divided into groups according to the mechanism of electrode reactions, namely:

a) EC of the electrical double layer (EC of the 1st and 2nd generation);
b) pseudocapacitive EC (3rd and 4th generations).
Accordingly, the type of electrochemical process and electrolyte are divided by the above ECs in 

terms of power and energy. So, ECs of the 1st, 3rd and partially 2nd generations are more powerful 
ECs compared to ECs of the 4th generation. The most powerful are ECs of the 1st generation (up to 
15 kW/kg per pulse), but their energy does not exceed 1 Wh/kg. The most energy-intensive are ECs 
of the 4th generation (more than 10 Wh/kg), but their power is <1 kW/kg.

The characteristics of the above electrochemical systems depend on the method of manufac-
turing the electrodes. The most widely known method of manufacturing electrodes for EC is the 
rolling method using an aqueous suspension of polytetrafluoroethylene (PTFE) as a binder [11]. 
The binding mechanism is that the PTFE particles undergo fibrilization as a result of mechanical 
agitation and form long, thin fibers. Due to the formed fibers (fibrils), a strong electrode grid is 
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formed. Elasticity and electrochemical stability of PTFE in a wide temperature range from –70 to 
+270 0С gives certain preferences to this polymeric material. In general, the rolling method has 
its advantages and disadvantages. The advantages of the method include the high density of the 
electrode and the absence of toxic organic solvents. The disadvantages of the method are the 
complexity of manufacturing thin electrodes (thickness less than 30 µm) and the need to prelim-
inarily apply an adhesive sublayer to the metal current collector (most often aluminum foil), since 
PTFE has practically no adhesion to aluminum [12].

Carbon particles from a high electrical conductivity material are first applied to the surface of 
an aluminum current collector to form a carbon discrete layer. After that, an electrically conductive 
adhesive film is applied to the surface of the aluminum current collector formed by carbon particles, 
and the carbon particles are partially pressed into the surface of the polarization electrode and the 
aluminum current collector [13].

When carbon particles are pressed into the surface of an aluminum current collector, the 
oxide film on the aluminum surface is destroyed, exposing pure aluminum, while a tight mechanical 
contact is formed between the carbon particle and aluminum, which prevents the interaction of 
aluminum with oxygen in the air and the capacitor electrolyte, i.e. this ensures low resistance and 
stability of the electrical contact between the aluminum current collector and the particles of the 
carbon material pressed into its surface. The adhesive conductive film has two functions. First, 
it fixes the position of the polarizing electrode relative to the aluminum current collector with an 
embedded carbon layer, which stabilizes the operation of the electrode. Secondly, due to the elec-
trically conductive component of the electrically conductive adhesive film, an additional electrical 
contact is created between the polarization electrode and the aluminum current collector, which 
reduces the contact resistance. Thus, the electrodes of the double electric layer capacitor, made 
by rolling, have a low contact resistance and high stability [14].

One of the well-known methods of manufacturing electrodes is the pressing of the active 
material. This method is widely used in laboratory research. For the manufacture of electrodes, 
activated carbon is mixed with electrically conductive additives and a polymer, followed by the for-
mation of a mixture by pressing and heat treatment to the softening temperature of the polymer 
and the connection of the base with the current collector [15].

This method of manufacturing an electrode material requires the addition of a large amount of 
a binder material. An increase in the amount of binder leads to a decrease in the amount of acti-
vated carbon material, which significantly worsens the electrical characteristics of the capacitor.  
It should also be noted that this method is acceptable for the production of small-sized electro-
chemical capacitors with a capacity of up to 10 F [16].

The smear method [17] is well known and tested in the battery industry and makes it possible 
to obtain electrodes of different thicknesses – from 2 µm with an accuracy of ±1 µm [18]. The 
essence of the method lies in the fact that the prepared mixture of the active material with the 
binder solution is applied to the metal current collector, followed by drying and compaction (rolling) 
of the obtained active material layer. The difference in the mechanism of binding dry components in 
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this method in comparison with the rolling method is that the binding polymers are in the state of 
solution, which makes it possible to more evenly distribute the polymer over the electrode volume. 
In addition, the range of polymers that can be used in the manufacture of electrodes is greatly 
expanded. Among them, the following polymeric materials should be distinguished: polyvinylidene 
fluoride, sodium carboxymethyl cellulose, styrene-butadiene rubber, and others [19].

Certain requirements are imposed on the polymer binder:
– inertness to electrolyte;
– high physicochemical and electrical resistance and stability;
– high adhesion to the metal down conductor;
– stability at elevated temperatures during the manufacture and operation of EC;
– high mechanical strength and elasticity of the electrode with a minimum amount of polymer in it.
All of the above requirements are met by the polymer polyvinylidene fluoride (PVDF), which is 

widely used in the production of chemical current sources.
The sodium salt of carboxymethyl cellulose (Na-carboxymethyl cellulose, NaCMC) is of the 

greatest practical importance. It is an amorphous colorless substance with a bulk density of 400–
800 kg/m3 and a density of 1.59 g/cm3. NaCMC is an anionic polyelectrolyte, highly soluble in water. 
The viscosity of the NaCMC solution is practically independent of pH; it also binds water well.

Dry NaCMC salt has a weak corrosive effect. It is biologically inactive and resistant to biodeg-
radation; however, its aqueous solutions undergo enzymatic hydrolysis during long-term storage 
in air (Fig. 3.3).

 Fig. 3.3 Structural formula of the carboxymethyl 
cellulose sodium salt molecule

The main property of carboxymethyl cellulose is the ability to form a viscous colloidal solution 
that does not lose its properties for a long time [20].

It should be noted that an aqueous suspension of styrene-butadiene rubber (SBR) is used as a 
binder polymer, which is a completely amorphous polymer with a density of 0.91–0.99 g/cm3 [21]. 
The properties of the polymer differ depending on the content of bound styrene (Fig. 3.4).

With an increase in the content of the attached styrene in the polymer, the density, glass 
transition temperature, and dielectric characteristics increase. Rubber is soluble in aliphatic and 
aromatic hydrocarbons, chloroform, carbon tetrachloride, carbon disulfide.
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 Fig. 3.4 Structural formula of styrene-butadiene rubber

3.1 Research methods, materials and their characterization

Viscometric method
In this work, solutions of N-methylpyrrolidone with different contents of PVDF were studied. 

The studies were carried out using a ВПЖ-4 glass viscometer at a temperature of 30 °C, which 
was maintained with a thermostat.

To determine the dynamic viscosity of the studied solutions, a calibration graph (Fig. 3.5) was 
constructed based on the viscosity of glycerol solutions of different concentrations (Table 3.1).

 Table 3.1 Viscosity and leakage time of glycerol* from the ВПЖ-4 viscometer at different temperatures

Glycerol, % t, °C Viscosity, cPs Time, s

100 20 1495 7286

100 25 942 4667

100 30 622 3130

95 30 248 1295

90 30 115.3 756

85 30 60 345

*Viscosity of glycerin solutions is taken from the handbook [22]

The relative viscosity of the studied solutions was determined by the formula:

� � � �spec sol sol solx xd d� � � � �· · / · ,  (3.5)

where ηsol and dsol – the viscosity and density of the solvent; τx and τsol – the outflow times of the 
solution and solvent, respectively; dx – density of the solution.

The density of the solution was determined by the pycnometric method, maintaining the tem-
perature at 30 °C.



84

ENERGY FACILITIES: MANAGEMENT AND DESIGN AND TECHNOLOGICAL INNOVATIONS
CH

AP
TE

R 
 3

 Fig. 3.5 Calibration graph

Specific viscosity reflects the increase in relative viscosity compared to unity. To take into 
account the influence of the concentration of the solution, it is necessary to estimate how high the 
specific viscosity per unit concentration of the solute is.

According to formula (3.6), the specific viscosity ηspec was determined:

� � � �spec s sol sol� �� �� �/ ,  (3.6)

where ηs – viscosity of the solution; ηsol – viscosity of the solvent.
Formula (3.7) was used to calculate the reduced viscosity:

/ ,� �red spec c�� �  (3.7)

where ηspec – specific viscosity; с – concentration of the solution.
Having plotted the graphs of the dependence of the induced viscosity on the concentration 

(Fig. 3.6), let’s determine the intrinsic viscosity [η] of the solutions of the studied polymers.
For this purpose, the experimental curves were extrapolated up to their intersection with the 

y-axis and the numerical values of the intrinsic viscosity of PVDF solutions were determined. The 
characteristic viscosity does not depend on the concentration of the solution and the conforma-
tional state of the macromolecules. The dependence of intrinsic viscosity on molecular weight is 
described by the Mark-Kuhn-Houwink equation [23]:

� ��� �� � �k M ,  (3.8)
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where k – constant for the homologous series of polymers; α – parameter characterizing the 
shape of a macromolecule in solution. Its values vary within 0.55–0.85 and characterize the elas-
ticity of macromolecule chains in solution.

The coefficients k and α are determined experimentally. From the intrinsic viscosity data, the 
average molecular weight of the HMC can be calculated:

M
k

�
[ ]

.
�

�  (3.9)

 Fig. 3.6 Determination of the intrinsic viscosity of the HMC solution

Determination of viscosity by rotational method
The viscosity of the active masses during their manufacture was measured by the rotational 

method using the Fungilab Alpha series instrument.
Thanks to a set of rotary cylinders of different diameters, the device allows measurements in a 

wide range of viscosities for viscous systems, temperature range from 25 to 40 °C.
Calibration of the Fungilab Alpha series instrument was performed using silicone oil with a 

viscosity of 200 cSt (PMS-200, GOST 13032-77).

X-ray fluorescence analysis
To determine the chemical composition of the active masses of the electrodes, an X-Supreme 

8000 X-ray fluorescence analyzer from Oxford Instruments (Great Britain) was used.
Using a spectrometer, various elements can be found from sodium to uranium. This device 

uses an X-ray tube with a palladium anode as a radiation source. The detector resolution is 123 eV.  
X-Supreme 8000 complies with international test standards such as ASTM D4294, ISO8754, 
ISO20847 and ISO13032.

Determination of the surface area and porosity of active masses of EC electrodes
The surface area and porosity were measured by the nitrogen capillary condensation method. 

Adsorption isotherms were obtained using Quantachrome Instruments version 3.0. For a detailed 
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analysis of the porous structure of the active material of the electrode (calculation of the propor-
tion of pores of different diameters in the total porous structure) using adsorption isotherms, the 
BET method proposed by Brunauer, Emmett and Taylor was used. The BET method is a method of 
mathematical description of physical adsorption based on the theory of polymolecular (multilayer) 
adsorption. The linear form of the adsorption isotherm (BET equation) has the form:

� �
� �

� �/
/

/
,0

0

0

1
1 1

a a C

C

a Cm m�� � � �
�� �

 (3.10)

where ρ/ρ0 – ratio of the pressure in the system to the condensation pressure; a – the adsorption 
value; am – monolayer volume on the adsorbent surface; C – ratio of the adsorption equilibrium 
constants in the first layer and the condensation constants.

The BET method can be used to determine the surface area with an accuracy of 5–10 % in 
the range of relative pressure values (ρ/ρ0) 0.05–0.35. For a more detailed analysis of the cellular 
structure of a solid (calculation of the proportion of pores of different diameters in the total cellular 
structure), additional computational models were also used from adsorption isotherms.

Infrared spectroscopy
Infrared spectroscopy was used to determine the presence of certain functional groups in 

polyvinylidene fluoride molecules.
IR spectra were obtained using a Termo scientific IR spectrometer, the operating range of 

which is within (400 cm-1–4000 cm-1).
In this work, we used the most common method for preparing samples for infrared spectros-

copy, namely, pressing a polymer sample into a tablet with KBr.

Optical microscopy
The size and shape of particles, as well as the structure of polymers and active masses of the 

electrodes, were studied in direct and reflected light using microscopes MSt 30 (minor magnifi-
cations) and MB-15U42 (large magnifications, studies in penetrating and reflected light), MIN-8 
(study in polarized light). The image was captured using a DCM 520 digital camera (USB 2.0). The 
dimensions of the structural elements were determined using an object micrometer.

Scanning electron microscopy
An electron microscope, due to its high resolution (more than two orders of magnitude higher 

than a light microscope), makes it possible to observe subtle features and details of the structure 
of micro-objects at the atomic-molecular level. The technique of scanning electron microscopy and 
energy dispersive elemental analysis (EDEA) was used in the work. The study was carried out on 
a scanning electron microscope REM-130. The EDAX EDEA detector was used to determine the 
elemental composition.
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Method for determining the factor of structure formation
One of the most common methods for determining the structure formation factor is the "oil 

absorption" method. The factor is characterized by the amount of milliliters of linseed oil that is 
absorbed by 1 gram of soot [24].

The structure of carbon materials is understood as the type and method of combining individ-
ual particles into aggregates of larger and smaller sizes (the latter are more stable) in the form 
of a chain or clusters. High structure carbon materials are used to make electrically conductive 
plastics. Low structure – characterized by good dispersion and a slight tendency to concentrate.

On the one hand, oil claying depends on the specific surface of the particles of carbon materials, 
which increases with decreasing particle size; on the other hand, with the same specific surface 
area (and dispersion), oil absorption increases with increasing product structure. The oil absorption 
of different brands of carbon materials highlights the differences in their structure. Oil absorption 
is determined by finding the so-called points of fat content and the beginning of the flow. In the 
latter case, the final stage of oil absorption is reached when the so-called standing paste is formed 
(Fig. 3.7, a), which bends to the glass plate (Fig. 3.7, b) on which it was rubbed from a light push.

 Fig. 3.7 Image of "standing paste": a – an example of the existing structure of 
the paste; b – deformation of the paste during a push

The procedure itself is as follows: a 0.5 g sample of carbon material was transferred to a glass 
plate, to which 2 ml of linseed oil was gradually added dropwise. After each stage of adding oil, 
thoroughly mix the mass with a metal spatula. The final stage of oil absorption will be considered 
the concentration at which, after removing the spatula, the paste will be extracted into a pointed 
cone (Fig. 3.7) hence the name "standing paste".

pH determination
In the manufacture of electrodes, one has to pay attention to the interaction of the adhesive 

with the substrate. Not only physical interaction occurs between them, but hydrogen and even 
chemical bonds can form. To assess the possibility of formation of such bonds, the pH value of a 
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solution of a polymeric aqueous extract from the corresponding carbon material is used. To do this, 
the investigated carbon material was boiled for several minutes, and after cooling it was filtered 
through filter paper. The pH value of the resulting filtrate was measured using an 801 Stirrer 
"Metrohm" pH meter.

Methods for determining adhesive strength
Uniform breakaway method
Particular attention was paid to the adhesion of the electrode composition to the current 

collector, which primarily affects the operation of electrochemical current sources. Adhesion was 
evaluated by the method of uniform separation of the electrode composition from the metal current 
collector. This method measures the amount of force applied over the entire contact area required 
to separate the composite polymer material from the substrate. The force is applied perpendicular 
to the plane of the connecting seam, and the adhesion value is characterized by the force applied 
per unit contact area (N/m2) (Fig. 3.8).

 Fig. 3.8 Laboratory unit for measuring the amount of force applied to detach  
the sample from the surface of the base: a – a device for measuring the adhesion 
of a composite material to a substrate; b – a steel plate with glued samples and  
a metal nickel of the same diameter, for peeling off with a load

The device consisted of a fixed platform, to which the test sample was fixed with a double- 
sided adhesive tape from the metal side, as well as a movable cylinder connected to an elec- 
tronic dynamometer.
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This movable cylinder was connected to the surface of the active layer of the electrode also 
by means of double-sided adhesive tape. During the study, the dynamometer together with the 
cylinder was slowly lifted up and the force of separation of the electrode mass from the metal 
current collector was recorded.

Adhesion test method using adhesive tape according to ASTM D 3359
This test procedure describes a procedure for evaluating the adhesion of coatings to metal 

substrates by applying and peeling off adhesive tape to slots made in the coating. A cross-shaped 
incision of 6 blades is made on the surface of the coating, on which the adhesive tape is glued and 
then torn off. Adhesion is assessed excellently on a scale from 0 to 5 (Fig. 3.9).

 Fig. 3.9 Classification of adhesion test results according to ASTM D 3359
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However, for our coating, the qualitative assessment method was reduced to three criteria 
(Fig. 3.10):

1) good adhesion and cohesion;
2) poor adhesion, good cohesion;
3) good adhesion, poor cohesion.

 Fig. 3.10 Schematic representation of different types of destruction of 
the electrode layer: a – good adhesion and cohesion; b – poor adhesion, good 
cohesion; c – good adhesion, poor cohesion

Composite mixing methods
By means of an electromagnetic stirrer, mechanical mixing of the electrode mass was carried out;  

in some cases, heating was also used simultaneously.
A compact vacuum mixer GN-SFM-7 was also used. The mixer is designed for vacuum mixing of 

the components of electrode materials and obtaining homogeneous suspensions without gas bubbles.
Characteristics:
– rotation speed: not less than 320 rpm;
– ultimate vacuum: –0.8…0.9 MPa;
– vibrating platform vibration frequency: not less than 1000 Hz.
By means of ultrasonic stirring, additional dispersion of the components of the electrode mass 

was carried out. In addition, with the help of ultrasound, air was removed from the pores of carbo-
naceous materials. This method is quite effective and should not be neglected.

Method of manufacturing electrodes for EC
In the production of EC electrodes, dry substances are prepared in advance and stored in 

hermetically sealed containers.
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Preparation of the electrode suspension is carried out by mixing the dry mixture with a certain 
amount of a binder solution. Preparation of the electrode mass was carried out in special mixers. 
Let’s use the doctor blade method of applying the electrode mixture to a metal current collector 
(foil 20 µm thick). When applying an electrode coating on the current collector, the electrode 
suspension must have a certain density and viscosity, which is determined separately for each 
electrode composition. The electrode coating by the doctor blade method was carried out on 
specialized equipment such as Doctor Blade. The main instrument of this equipment was an adjust-
able applicator (squeegee) – a thin steel plate pointed at the end for removing the excess layer 
of the electrode composition. When applying the coating by the squeegee method, the electrode 
suspension is loaded into the applicator, which, when pulled, doses the suspension on the surface 
of the metal foil. The thickness of the coating layer depends on the speed of the squeegee and its 
distance from the surface of the foil. The quality of the coating depends to a large extent on the 
parameters of the application process (applicator gap distance, application speed, slurry and foil 
temperature) and the composition of the electrode slurry. All these parameters were optimized for 
each composition of the EC electrode.

After coating, the electrodes are dried in air for 20–30 min at a temperature of 60–100 °C 
to remove the binder polymer solvent. The final drying of the electrodes is carried out in a special 
vacuum cabinet at a temperature of 100–120 °C for 8–12 hours. After that, the electrodes are 
subjected to rolling and cutting to the standard size of the test cell.

After assembling the EC mock-ups, they were tested using electrochemical methods of analysis.

Electrochemical research methods
For various electrochemical studies, computerized potentials MSTAT 32 (Arbin Corpora- 

tion, USA) and VMP3 (Princeton Applied Researcher, UK) were used.
The characteristics of electrodes and electrochemical capacitors were determined by standard 

methods, and the results of research and modeling were performed using specialized software for 
personal computers, namely:

– software for multichannel potentiostats – ARBIN (MITS Pro Software MSTAT 32, Arbin 
Corporation, USA) and UMP3 (EC-LAB software U9.42, Bio-Logic-Science Instruments, France);

– software for analysis and modeling of impedance spectroscopy data – ZSimpWin (Princeton 
Applied Researcher, UK).

Models of supercapacitors were fabricated using a sandwich cell (Fig. 3.11, 3.12).
The appearance of EC layouts is shown in Fig. 3.12.
The EC charge/discharge characteristics at DC are produced to determine charge/discharge 

capacity over a specific voltage range, energy efficiency, and to calculate equivalent series resis-
tance values. 

Since the studied EC can have a wide range of capacitance values, it is necessary to set the 
value of the cycle current. The test current at the beginning of testing was C/1 or C/3 (where C is 
the rated capacitance of the EC).
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 Fig. 3.11 Design of the two-electrode cell of the laboratory model of the EC: 
1 – nut; 2, 3 – sealing rings; 4, 6 – down conductor; 5 – electrode; 7 – body

 Fig. 3.12 Two-electrode laboratory mock-ups of EC

At the beginning of the test, the actual capacitance of the capacitor is unknown. Therefore, 
the value of the discharge current corresponding to the nominal capacity of the EC is calculated as 
follows. The theoretical value of the charge for the capacitor is found from the classical relation 
Q=C·U according to the equation:

Q
C U U

�
�� �max min ,

3600
 (3.11)

where C – capacitance in farads; Umax–Umin – operating voltage range used in the study; Q – final 
charge in ampere-hours.

This Q value divided by 3 is the C/3 current rate. But the magnitude of the current is used 
only for the initial determination of the nominal capacity. After the test is completed and a stable 
capacitance is determined, the current strength is specified for subsequent testing.

Capacitor capacitance determination
The nominal capacitance was determined in a certain voltage range (from Umax to Umin) at a 

constant current of 5C. This value is considered more suitable for possible use in EC than C/1 or 
C/3 used at the beginning of testing. The nominal capacity is determined from the discharge data 
from Umax to Umin in 12 minutes at room temperature. The capacity of the EC is determined by the 
results of the discharge, which were carried out at least 3 times. The capacitance value is calcu-
lated according to the equation:
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C
Q

U UI
I�
�max min

,  (3.12)

where CІ – actual capacitance at current I; QІ – charge transferred at current I (in the range 
between Umax and Umin).

The change in nominal capacitance (∆С) during long-term cycling was recorded as a relative 
value of the decrease in capacitance, expressed as a percentage of the initial capacitance C0. Cal-
culations are made according to the equation:

�C C Ct% / .� � � �� � �100 1 0  (3.13)

For cycling capacitors, the power loss (∆P) and energy loss (∆W) is calculated as a percentage 
of the nominal values according to equations (3.10) and (3.11):

�P P Pn n% / ,� � � �� � �100 1 0  (3.14)

where P U RN =
2 4/ ;

�W W Wn n% / ,� � � �� � �100 1 0  (3.15)

where W CUN =
2 2/ .

Determination of equivalent EC resistance
The determination of the equivalent resistance RESR is made by a fixed change in the current 

value. The equivalent resistance is calculated according to the equation:

R
U
IESR �

�
�

,  (3.16)

where ∆U – change in voltage due to a change in the current value.
RESR was also determined from the data of impedance spectroscopy at a frequency of 1000 Hz.

Impedance spectroscopy
Impedance spectroscopy (IS) is used to study the metal, metal oxide or semiconductor elec-

trode/electrolyte interface, dielectric and transport properties of materials, establish the mech-
anism of electrochemical reactions, study the properties of porous electrodes, passive surfaces 
and fuel cells, assess the state of electrochemical batteries and the integrity of poly [25–34]. The 
essence of the method (IS) is to apply an exciting sinusoidal signal of small amplitude to the system 
under study and study the signal-response caused by it at the output (Fig. 3.13) [35].
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 Fig. 3.13 Diffuse system resistance: (ESR) equivalent resistance – the 
resistance of all components of the capacitor; (EDR) equivalent diffuse 
resistance includes ESR and additional resistance to the process of charge 
redistribution in the electrode

Active materials used in the manufacture of electrodes
After preliminary studies, our attention was focused on the following carbon materials, with 

which the study continued (Table 3.2).

 Table 3.2 Carbon materials with which studies were carried out

Brand Manufacturer General information

Supra 30 Norit (USA) Activated carbon

Super 30 Norit (USA) Activated carbon

Supra 50 Norit (USA) Activated carbon

Super 30 Norit (USA) Activated carbon

YP-50F Kuraray Co. (Japan) Activated carbon

Super C65 Тimical (Switzerland) Conductive additive

Pure Blake Superior Graphite Co. (USA) Conductive additive

Acetylene soot МТІ Со. (Korea) Conductive additive

Сarbon black-001 Superior Graphite Co. (USA) Conductive additive

Сarbon black-003 Superior Graphite Co. (USA) Conductive additive

ABG-1000 Superior Graphite Co. (USA) Conductive additive

Polymer binders
Among the many varieties of polymer binders, attention has been focused on N-MP-soluble 

polymers of polyvinylidene fluoride, as well as on its aqueous suspensions. Other water-based 
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polymers such as polytetrafluoroethylene, styrene-butadiene rubber, and water-soluble sodium 
carboxymethyl cellulose were also investigated (Table 3.3).

 Table 3.3 Characteristics of the polymeric materials used in the research

Material Formula Molecular weight, 
g/mol

Density,  
kg/m3

Melting point, 
°С

Polyvinylidene fluoride [-CH2-CF2-]n 90000–300000 1680–1760 171–180

Polytetra- 
fluoroethylene

[-CF2-CF2-]n 140000–500000 2000–2200 326.8

Carboxymethyl  
cellulose sodium salt

76000–130000 1348–1590 150–170

Styrene butadiene 
rubber

150000–400000 910–990 120–130

Materials for a metal down conductor
Since one of the important parameters of an electrochemical capacitor is the reduction of the 

transition resistance between the active mass and the metal current collector, various types of 
aluminum foil were considered (Table 3.4).

 Table 3.4 Different types of metal down conductors

Manufacturer Metal Thickness, µm Surface condition

Hohsen Co Aluminum 20 Smooth

Kawatake Electronics Co Aluminum 20 Etched

MTI Aluminum 30 Applied electrically conductive carbon 
polymer layer

Henkel Aluminum 30 Aqueous dispersion of LOCTITE DAG 
1050 E&C graphite applied
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3.2 Study of polymeric binders

Study of physico-chemical binding properties
Today, the creation of new composite materials for EC has gained special weight, since they 

determine the electrical characteristics of EC. To develop modern technologies for the production 
of EC electrodes, it becomes necessary to choose a good polymer binder. There are certain require-
ments for a polymer binder that it must meet when used in chemical current sources.

One of the polymers that meets most requirements is PVDF. PVDF samples may differ in 
molecular weight, supramolecular structure, the introduction of another monomer units into the 
chain, the presence of surfactants or plasticizers. Undoubtedly, the chemical nature of the polymer 
binder affects its adhesion to the substrate and thus also affects the electrochemical properties 
of the electrode [36–39].

As part of the EU Energy Caps international collaborative project, we were tasked with re-
searching and selecting modified PVDF polymers from Solvay’s range of synthesized polymers that 
can be used in the manufacture of EC, and comparing their properties with some commercially 
available types of PVDF produced in Japan and the USA.

To evaluate the properties of PVDF, which were studied, model samples of electrodes were 
made containing composites based on various types of PVDF and Norit activated carbon, for which 
the values of the fracture force were determined by the direct separation method, as well as the 
surface area by the BET method. In addition, the electrodes were used to make EC mock-ups and 
determine internal resistances. The results obtained are presented in Table 3.5.

 Table 3.5 Destruction strength of electrodes with different types of PVDF

Polymer code Without 
PVDF

Solef 
0001

Solef 
0004

Solef 
5130

Solef 
5320

Solef 
6020

KF 
1100

KF 
9306

Flex 
2801

Breakaway force, 
N/m2

– 680 335 860 75 225 15 1950 Peeled 
off

EC diffusion  
resistance, Ohm

– 7.6 6.7 7.8 4.1 3.9 4.4 9.2 3.7

BET surface, m2/g 1430 830 956 850 1100 920 985 780 1150

Results in the Table 3.5 indicate a decrease in the active surface of activated carbon when 
using samples of PVDF containing functional groups. Such polymer samples lead to a significant 
increase in the internal resistance of the EC and, accordingly, to a decrease in its power. Therefore, 
it is necessary to carefully optimize the content of the polymer binder in the electrode.

To establish differences in the chemical composition of PVDF samples, their IR – spectroscopic 
studies were carried out. Fig. 3.14 shows the spectra of polymers Solef 6020 (curve 1) and  
Solef 5130 (curve 2).
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The obtained IR absorption spectra indicate that the Solef 5130 polymer contains oxygen- 
containing functional groups. Thus, in the case of Solef 5130, intense absorption peaks appear at 
1724 cm–1 and 1750 cm–1, which can correspond to the carboxyl and carbonyl groups, respectively.

 Fig. 3.14 IR absorption spectra of polymers Solef 6020 (curve 1)  
and Solef 5130 (curve 2)

The presence of a hydroxyl group was also established, which is confirmed by the presence of 
an extended peak at frequencies of 3650–3200 s–1.

In this work, all selected samples of PVDF were analyzed for the presence of oxygen-containing 
functional groups in them. The results of IR spectroscopy are presented in Table 3.6.

Based on the IR spectroscopy data, all the studied samples can be divided into two groups. 
Solef 6020, KF 1100 and Flex 2801 polymers are functional group free. On the contrary, all other 
samples of PVDF (Solef 001, Solef 004, Solef 5320, Solef 5130 and KF 9306) contain functional 
groups in the macromolecule. It is the presence of oxygen-containing functional groups that can 
explain the increase in the viscosity of the polymer solution and the improvement in the adhesive 
properties of the metal current collector.

Reducing the amount of polymer binder leads to a decrease in adhesive properties, but increas-
es the mass fraction of the active material. The given data indicate that different samples of PVDF 
provide different adhesion of the composite to the metal current collector. It can be assumed that 
this is primarily due to the different molecular weights of these polymers. In order to determine the 
molecular weight, rheological studies were carried out, the kinetic, relative, specific and intrinsic 
viscosities were determined, and based on the data obtained, relative viscosity versus concentra-
tion dependences were plotted. The studied solutions of PVDF with N-MP solvent were conditional-
ly divided into low-viscosity (up to 20 Pa) (Fig. 3.15) and high-viscosity (up to 120 Pa) (Fig. 3.16).

Based on the data obtained, the intrinsic viscosity values were determined, which made it possible 
to determine the molecular weight of the studied PVDF using the Mark-Houwink formula (Table 3.7).
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 Table 3.6 Presence of oxygen-containing functional groups in different types of PVDF

PVDF code
Functional group

Hydroxyl (3650–3200 cm-1) Carbonyl (1750–1705 cm-1) Carboxyl (1725–1700 cm-1)

Solef 001 + + +

Solef 004 + + +

Solef 5320 + + –

Solef 5130 + + +

Solef 6020 – – –

KF 1100 – – –

KF 9306 + + –

Flex 2801 – – –

 Fig. 3.15 Dependence of relative viscosity (up to 20 Pa) on the concentration of polymer binders

 Fig. 3.16 Dependence of relative viscosity (up to 120 Pa) on the concentration of polymer binders
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 Table 3.7 Intrinsic viscosity and molecular weight of different types of PVDF

PVDF code [η] Pa·s M

Solef 001 0.710 37052

Solef 004 3.904 422727

Solef 5320 1.921 153554

Solef 5130 3.177 314944

Solef 6020 2.772 259258

KF 1100 1.067 66250

KF 9306 2.954 283938

Flex 2801 1.490 106750

Drawing an analogy between the intrinsic viscosity and the molecular weight of polymers, 
it can be assumed that for uniform dispersion of the active mass of the electrode and ensuring 
optimal physico-chemical characteristics, the best option is a viscosity within 3 Pa·s. This value 
corresponds to the polymers Solef 5130, Solef 6020 and KF 9306, which molecular weights are 
quite close in value. However, the latest KF 9306 is characterized by the fact that its working  
solution (5 %) has a fairly large increase in viscosity.

According to the nature of the curves in the graphs, it can be assumed that low-viscosity 
polymers crystallize with the formation of a spherulitic structure, while high-viscosity polymers 
remain with an amorphous structure. It is known that the adhesion of amorphous polymers to the 
substrate is preferable compared to crystallizable polymers. The best adhesion performance in 
our studies was demonstrated by the Kureha KF 9306 polymer. However, if we take into account 
the value of the useful surface area for electrodes according to the BET analysis results, then the 
Kureha KF 9306 polymer blocks it to the maximum. In addition, EC samples, the electrodes of which 
are made using this binder, have the highest resistance.

In terms of adhesive properties and molecular weight, Solef 5130 is the closest to KF 9306. 
Based on the results obtained, Solef 5130 and Solef 6020 were selected for further studies. Based 
on the dependence of viscosity on binder concentration, it can be concluded that polymers with low 
viscosity. (Fig. 3.14) refer to polymers with linear macromolecules capable of crystallization. The 
degree of crystallinity of the PVDF homopolymer is 60 %. While high-viscosity polymers (Fig. 3.16) 
can be attributed to typical amorphous ones by the nature of the curves. To determine the super-
molecular structure of these polymers, films were formed from solutions; micrographs of their 
structures are shown in Fig. 3.17.

In Fig. 3.17, a is a micrograph of a film with Solef 6020 polymer, which crystallizes to form 
a typical supramolecular spherulitic structure. A micrograph for a Solef 5130 film in Fig 3.17, b 
indicates that the supramolecular structure is globular, characteristic of amorphous polymers.
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a b

 Fig. 3.17 Supermolecular structure of PVDF films: a – Solef 6020, 
magnification (x20); b – Solef 5130, magnification (x80)

Based on the theory of polymer adhesion, our results well confirm the fact that amorphous 
polymers always have preferable adhesion characteristics than crystalline ones. It is known from 
the literature that with an increase in the viscosity of the polymer solution, its adhesive properties 
decrease. But in our case, high adhesion with Solef 5130, in theory, is facilitated by the functional 
groups present in the macromolecule, which are capable of forming hydrogen, and possibly chemical 
bonds with oxygen groups on the metal surface.

Analyzing the results of the experiments, we can conclude that the nature of the interaction 
of the studied polymers with the carbon filler segments is different. If the Solef 5130 macromol-
ecules interact better with the filler lobules, which promotes adhesion to them, then they are 
limited by the ability to move one relative to the other. Also, a polymer containing various functional 
groups can interact more strongly with the surface of the carbon material. Such an interaction can 
manifest itself in blocking the active surface of the electrode material, which is undesirable for EC 
electrodes. This conclusion was confirmed experimentally. According to (Fig. 3.18), it can be ar-
gued that the Solef 5130 polymer with functional groups blocks the activated carbon surface more 
strongly, increasing the EC diffuse resistance in the Nyquist diagram by almost a factor of two.

 Fig. 3.18 Nyquist diagram obtained for EC with electrodes with 
various polymer binders: 1 – Solef 6020; 2 – Solef 5130
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Effect of polymer binder concentration on electrode properties
It should be noted that the mechanical properties of electrodes largely depend on the conditions 

of their manufacture, as well as the ratio of components. In this paper, the physical and mechanical 
properties of various EC electrodes based on the use of Solef 5130 and Solef 6020 as a binder 
were studied. Particular attention was paid to the adhesion of the electrode composition to the 
current collector, since it primarily affects the operation by affecting the contact of the electrode 
mass with the current collector, thereby changing the contact resistance of the system. To evalu-
ate the adhesive properties of the studied PVDF samples, electrode samples were made. Adhesion 
was evaluated by the method of uniform separation of the electrode composition from the metal 
current collector. This method measures the amount of force applied over the entire contact area, 
which is necessary to separate the composite polymer material from the substrate (Table 3.8).

 Table 3.8 Dependence of the force to destruction of the carbon composite layer on the binder 
concentration. (Electrode composition: Solef 6020 – 4–8 %, graphite – 89–93 % and carbon filler 
(graphitized carbon soot) – 3 %)

Polymer code Binder  
content, %

Thickness of the wet 
active layer, µm

Thickness of the active 
layer after drying, µm

Breaking force,  
N/m2

PVDF – 5130 4 100 92 2073

PVDF – 5130 6 100 81 2994

PVDF – 5130 8 100 78 3651

A decrease in the concentration of the binder in the composite material reduces its adhesion to 
the metal, worsens the cohesive properties of the electrode mass, brittleness appears, but the density 
and electrical conductivity of the electrodes increase and the content of the active material increases.

One of the main requirements for a polymer binder is to ensure sufficient mechanical strength of 
the electrode composite itself with its minimum amount. An increase in the polymer content in the 
electrode not only reduces the usable mass of the electrode, but also increases its resistance [40]. 
In most cases, the content of dry polymer content in the electrode should not exceed 10 %.

The influence of the binder concentration (by dry residue) on the adhesion of a composite ma-
terial to an aluminum current collector was studied in this work. As can be seen from the results 
given in Table 3.9, with an increase in the content of Solef 5130 in the original composition from 
4 to 8 wt. % adhesion of composites increases by 80 %.

The same pattern is observed in Solef 6020, where adhesion increased by 70 %. This is obvi-
ously caused by changes in both the composition and structure of the electrodes.

Taking into account the different viscosities of the working solutions of the studied polymers, 
it is obvious that the density of the electrode compositions prepared under the same conditions 
will be different. Samples prepared on the basis of a less viscous 5 % solution in N-MP Solef 6020 
have a noticeably higher density (Table 3.9).
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 Table 3.9 Effect of PVDF content on the adhesion of electrode active material

PVDF  
concentration, %

PVDF  
concentration, %

Graphite 
content, %

Conductive 
additive, 3 %

Density ρ, 
kg/m3

Breaking 
force, N/m2

5130 8 89 Pure Black 946 1774

5130 6 91 Pure Black 1275 520

5130 4 93 Pure Black 1539 353

5130 8 89 C65 1414 1970

5130 6 91 C65 1688 764

5130 4 93 C65 – 412

6020 8 89 Pure Black 1235 916

6020 6 91 Pure Black – 539

6020 4 93 Pure Black 1780 221

This is probably due to the greater mobility of the particles of the dispersed phase in the 
solution of this polymer in the process of applying the composite material to the current collector 
using the Doctor Blade device. Analyzing the results of the research, it can be concluded that with 
a decrease in the concentration of the binder, the density of the electrode material increases, on 
which the electric capacitance of the electrode depends.

3.3 Effect of EC electrode manufacturing conditions on their characteristics

We have studied the influence of such factors on the characteristics of EC electrodes:
– suspension mixing time;
– mechanical mixing and ultrasonic dispersion;
– influence of drying and rolling temperature.

Temperature-time modes of preparation of EC electrodes
The distribution of the binding volume of the composite material is undoubtedly affected by the 

technological parameters of their manufacture. There is a significant improvement in the adhesion 
of the composite (Fig. 3.19) to the substrate with an increase in the mixing time of the suspension 
used to obtain it. The combination of mechanical mixing with the use of ultrasonic dispersion of the 
system components improves the characteristics of the electrodes and reduces the mixing time of 
the suspension by 2–3 times.

Mechanical mixing with the additional action of ultrasound, in our opinion, is not only a mechan-
ical process, since the viscosity of the system decreases with time. Composite material of long 
mixing is able to deform more easily under load. This can be explained by the partial destruction of 
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macromolecules under the action of the bias voltage and the fixation of the formed radicals on the 
unpaired electrons of the carbon segments. Of course, the capacitance of the electrode depends 
on the amount of active material in it. But the existing technology practically does not allow in-
creasing the thickness of the composite layer. With a thickness of more than 200–250 microns, 
when the composite dries, a system of cracks appears on its surface. This is primarily noticeable 
when the binder has insufficient adhesion to the filler. Fig. 3.20 shows a photograph of the surface 
of a composite based on Solef 6020.

 Fig. 3.19 Dependence of the adhesive properties of  
the composite material on the mixing time

 Fig. 3.20 Partial destruction of the active mass during separation 
(layer thickness 250 µm, magnification 5x)

The formation of these cracks is facilitated by the compression of the polymer during drying. 
Model samples of films obtained from a solution of PVDF in N-MP showed that their shrinkage upon 
drying was approximately 10 % (Fig. 3.21) [41].



104

ENERGY FACILITIES: MANAGEMENT AND DESIGN AND TECHNOLOGICAL INNOVATIONS
CH

AP
TE

R 
 3

 Fig. 3.21 Shrinkage of the polymer after drying

In our opinion, with high adhesion of the polymer, the active mass adjacent to the metal is not 
able to contract when the solvent evaporates. With distance from the adhesive layer, its influence 
on the counteraction of the sealing forces gradually decreases and, at a certain distance, the 
cohesive forces in some places are not able to withstand the stresses that arise during drying.

The effect of the adhesive layer on the mechanical properties of the electrodes is also evi-
denced by the results of the studies given in Table 3.10. With an increase in the thickness of the 
active mass, its mechanical properties decrease.

 Table 3.10 Dependence of breakaway force on coating thickness

Thickness of the wet active layer, µm 50 100 120 140 160 180

Breakaway force, N/m2 4700 4425 4380 4290 3985 2980

An important parameter in the manufacture of electrodes are temperature-time conditions. 
To assess the effect of temperature on the properties of Solef 6020 films, model samples were 
made from its solutions in N-MP under normal conditions. The polymer was applied to copper tapes 
0.5×7 cm in size; their thickness after drying was 0.5 mm. They are elastic, easily stretched 
with the formation of a neck, in which the original structures turned into fibrillar. Their elongation 
before failure is 50–70 %. After heating the films to 150 °С (the crystallization temperature of 
polyvinylidene fluoride is 140–150 °С), the films become rigid and insoluble in N-MP in a short time. 
After a series of experiments, the drying temperature of the samples was chosen at 120 °С. The 
effect of the film heating time at this temperature on the adhesive properties of the polymer is 
shown in Fig. 3.22.

At the studied temperature, to relieve stress, the macromolecules gradually begin to occupy 
the most favorable position on the surface of the substrate over time, which contributes to an 
increase in adhesion.

As seen in Fig. 3.22, already after 120 min of warming up, the value of the load force almost 
does not change with time. In addition, according to the previously obtained results, it was shown 
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that already after 180 min of heating, the density of the polymer begins to increase significantly. 
The results obtained showed that the maximum reverse deformations are observed in the region 
up to 180 min and heating at a temperature of 120 °С. The nature of residual deformation changes 
during heating. Vacuum-dried samples are deformed uniformly and the main type of plastic deforma-
tion is due to the movement of macromolecules relative to each other. But already in the process 
of heating, when the samples are stretched, "necks" appear on the material, associated with the 
transition of the initial globular to the oriented fibrillar structure, the reverse deformation of which 
does not exceed 1 % (Fig. 3.23).

 Fig. 3.22 Dependence of the breakaway force on  
the heating time at 120 °С

 Fig. 3.23 Image of a polymer film with the "neck" formation

Thus, it can be seen from the results obtained that the main processes at the molecular level 
occur when PVDF is heated at 120 °С for up to 180 minutes. Further heating not only reduces the 
reverse deformation, but also stiffens the structure.
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Electrode rolling
The specific energy consumption of EC depends on the specific mass of the active substance on 

the surface of the current collector. During the evaporation of the solvent, the composite material 
is compacted on the surface of the current collector (Fig. 3.24), but the lobules of the solid filler 
interfere with obtaining the active mass of the desired density.

It should be taken into account that the technique for the production of electrodes implies the 
compaction of the dried composite material using rollers at an elevated temperature (100 °С). An 
increase in temperature reduces the internal stress that occurs during the evaporation of the sol-
vent, and thus increases the adhesive properties of the polymer (Table 3.11). It has been established 
that the compaction of the electrode composition improves the adhesive properties by 8–12 %.

 Fig. 3.24 Scheme of rolling electrodes and the device itself: a – rolls 
for rolling; b – electrode for rolling; c – electrode after rolling; d – device

 Table 3.11 Density and breakaway force of the active layer of electrodes before and after their rolling 
(composite composition: graphite – 89–91 %, conductive admixture Pure Black – 3 %, binding Solef 
5130 – 6–8 %)

№ PVDF, %
Before rolling After rolling

ρ, kg/m3 Р, N/m2 ρ, kg/m3 Р, N/m2

1 8 873 2484 995 2822

2 6 977 2185 1147 2372
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By means of rolling, all components of the electrode mass are compacted. This, in turn, pro-
motes better contact between the active material and the conductive additives. Also in the work, 
the influence of the temperature of the rollers was studied. It has been established that heating 
the electrodes during rolling reduces the tension of the material itself and contributes to a more 
uniform and compact arrangement of the components of the electrode mass. The heating of the 
electrodes during compaction of the active material reduces the internal resistance of the elec-
trode and thereby improves the electrical conductivity of the system as a whole. As can be seen 
from Table 3.12, the appearance of the surface of the electrodes without rolling and with rolling at 
a temperature of 100 °С differs significantly after cutting through the electrodes.

 Table 3.12 Image of the surface of the electrodes after applying the method with cutting into 
segments. Electrode composition: activated carbon YP-5F – 89 %, conductive additive C65 – 5 %, 
polymer binder Solef 6020 – 6 %

Rolling After cutting After peeling off the tape

Without rolling

Rolling at temperature (100 °С)

The active mass of the electrode without rolling already after cutting peels off quite easily and 
disappears, however, such a result is no longer observed after the application of rolling. The second 
stage of this experiment after peeling off the adhesive tape is characterized by better adhesion of 
the sample with rolling compared to the sample without rolling.

There is a direct relationship between rolling force and internal resistance - the greater the 
compaction, the lower the resistance. But there are reasonable limits to rolling beyond which fur-
ther compaction is inappropriate. After a series of experiments, it was determined that compaction 
of 20–30 % of the electrode mass is optimal. With further compaction of the active layer of the 
electrodes, a shear stress arises (Fig. 3.25), which can adversely affect the structure of the 
composite and even deform the metal current collector (Fig. 3.26).
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 Fig. 3.25 Schematic representation of the applied load during rolling

 Fig. 3.26 Image of electrode deformation after sealing: a – sealing on 20 %; b – sealing on 35 %; 
c – sealing on 50 % 
Note: Electrode composition: activated carbon (YP-50F) – 88 %, conductive additive C65 – 5 %, 
polymer binder Solef 6020 – 7 %

Under the action of pressure, the interlayers of the polymeric binder between the lobules of 
the active material decrease and the area of contacts between them increases, which, of course, 
contributes to a decrease in the electrical resistance of the electrodes.

Table 3.13 shows the values of the internal resistance of EC, assembled with electrodes 
before and after compaction.

 Table 3.13 Change in the internal resistance of the EC depending on the compaction modes

PVDF type PVDF content, % Electrode processing RESR, Ohm REDR, Ohm

Solef 6020 8

Without rolling 0.28 4.85

Rolling without heating (20–25 °С) 0.28 1.72

Rolling at heating (100 °С) 0.27 0.59
*EC assembled on the basis of activated carbon Norit Supra 50 and electrolyte -1.5 M TEABF4 in acetonitrile, 
electrode area 2 cm2
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Selection of a metal down conductor for EC
An essential component of the total resistance of the electrode is the resistance between the 

active mass and the metal current collector.
In this work, electrodes were fabricated using commercial samples of aluminum foil recom-

mended for use in lithium-ion batteries (LIA) and EC. To compare adhesive and electrical charac-
teristics, four types of aluminum current leads were selected (Table 3.14), namely, foils manu-
factured by Hohsen Co. (a), Kawatake Electronics Co. (b) LIB foil pre-coated with an electrically 
conductive carbon-polymer layer obtained from MTI Co. (c), as well as an analogue of such a com-
posite current collector, made by applying a hydrogen dispersion of LOCTITE DAG 1050 E&C graph-
ite to aluminum foil from Henkel (d). The selection of graphite dispersion LOCTITE DAG 1050 E&C  
is based on Henkel’s recommendation of this product for the production of lithium-ion battery 
electrodes and electrochemical capacitors.

As can be seen from Table 3.14, the foil sample from Kawatake Electronics Co. has the best 
adhesion (breakaway force) (Japan) and a sample with a carbon-polymer layer from MTI Co. (USA), 
although the latter demonstrates a rather high resistance as part of the finished EC.

 Table 3.14 Commercial samples of aluminum foils for use in LIB and EC*

Code Aluminum foil (manufacturer) Breakaway force, 
N/m2

EC Resistance 
REDR, Ohm

(a) Foil from Hohsen Co. (Japan) 3381 1.43

(b) Foil from Kawatake Electronics Co. (Japan) 4704 1.15

(c) Foil from MTI Co. with carbon-polymer layer (USA) 4116 4.31

(d) Foil from Henkel with graphite layer LOCTITE DAG1050 E&C 1744 5.12
*EC assembled on the basis of activated carbon Norit Supra 50 and electrolyte -1.5 M TEABF4 in acetonitrile, 
electrode area 2 cm2

A sample with a carbon layer based on LOCTITE DAG1050 E&C demonstrates both sufficiently 
low adhesion and the highest resistance in the EC composition. This indicates that the polymer used 
by LOCTITE DAG1050 E&C has poorer adhesion to the Henkel foil.

We have found that the main criteria affecting the adhesion force are the surface and the 
shape of the aluminum foil surface relief. The more developed the surface and the inhomogeneous 
relief, the better the contact of the active mass of the electrode with the metal surface. This 
profile is achieved by targeted surface treatment of the aluminum foil by the manufacturer.

Fig. 3.27 shows the change in the EC impedance in the case of using foil from Hohsen Co. as 
a current collector. and Kawatake Electronics Co.

As can be seen from Fig. 3.27, the modification and increase in the specific surface area of the 
current collector (foil from Kawatake Electronics Co.) significantly reduces the internal resistance 
of the capacitor compared to the EC based on untreated (smooth) foil from Hohsen Co.
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 Fig. 3.27 Change in EC impedance depending on the type of 
current collector: curve 1 – foil from Kawatake Electronics Co.; 
curve 2 – foil from Hohsen Co.

Also, according to the studies, it was shown that the preliminary application of an electrically 
conductive polymer-carbon layer does not always improve the electrical characteristics of the EC. 
As can be seen from Table 3.14, the electrically conductive polymer-carbon layer in options (c), (d),  
deposited on the aluminum current collector, on the contrary, significantly increases the internal 
resistance of the capacitor compared to modified foil electrodes from Kawatake Electronics Co.,  
which do not have such a layer. This can be explained by the presence of a large amount of polymer 
in the pre-applied layer (c) and insufficient adhesion in option (d), which leads to blocking of the 
charge-discharge kinetics of the EC active material.

The selection of an aluminum current collector with a fine-grained relief (for example, grass 
foil from Kawatake Electronics Co.) can significantly (approximately 40 %) improve the adhesion 
of the electrode layer by increasing the effective contact surface, as well as reduce the internal 
resistance of the electrochemical capacitor by 20 % to a down conductor from Hohsen Co., which 
is often considered "standard").

Unlike the unmodified surface of the Japanese-made foil, the surface of the Kawatake Electron-
ics Co. foil has been artificially modified. In our opinion, this fact can be explained by photographs 
of the foil surfaces (Fig. 3.28).

Fig. 3.28, a shows the surface of a Japanese Hohsen foil with machining marks. The foil sur-
face of Kawatake Electronics Co. is modified by electrochemical digestion, which greatly increases 
the effective surface area.

An original technique for reducing contact resistance is proposed in patents [13]. According 
to this technique, slices of graphite or soot are fused into the aluminum surface using electrospark 
technology (Fig. 3.28). In this case, the aluminum oxide surface layer is destroyed and is not 
restored further on the graphite/aluminum interface. According to this technique, the specific 
contact resistance decreases by two orders of magnitude.
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 Fig. 3.28 Surface of Al foil of the company: a – Hohsen; b – Kawatake Electronics Co.

Microscopic studies confirm the fusion of graphite particles into aluminum (Fig. 3.29).

 Fig. 3.29 Modified surface of aluminum foil by spark discharge

Electrospark processing leads to point deformation of the foil, which increases its specific surface.
Using the uniform breakaway method, it was determined that the adhesion of such a foil is 

30 % higher compared to the adhesion of a smooth foil from Hohsen and amounted to 5580 N/m2. 
However, obtaining such a foil on an industrial scale is a rather complicated process and leads to 
significant costs for electricity.

Thus, grass foil from Kawatake Electronics Co. shows the best results. (Japan), which has 
sufficiently high adhesion rates and, accordingly, a low contact resistance, which positively affects 
the electrochemical characteristics of EC. It was this foil that was chosen for further use in the 
manufacture of EC.

As a result of the studies performed, in the third chapter it can be concluded that it is the 
Solef 6020 polymer in N-MP that meets most of the electrochemical characteristics and require-
ments for a polymer binder.
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The combination of mechanical mixing and ultrasonic dispersion significantly improves the ho-
mogeneity of the electrode mass suspension, which affects the uniformity of application to the 
metal current collector.

By many experiments, the appropriate concentrations of binder polymers, the composition of 
the components of the electrode mass, the thickness of the deposition, and the temperature-time 
modes of drying the electrodes were selected. Also, after drying the electrodes, they were addition-
ally rolled at a temperature of 100 rolls °С for compaction. After rolling, the number of useful con-
tacts in the electrode partially increases and, in turn, the internal resistance decreases (by 80 %).  
Thus, the rolling of the electrode layer improves the electrochemical and physical characteristics 
of the EC electrodes.

3.4 Application of water-soluble polymer binders

In further studies, the possibility of replacing the organic solvents of PVDF with water was 
considered. This is possible when using aqueous solutions (suspensions, emulsions) of polymers. In 
particular, electrodes were fabricated using mixtures of sodium carboxymethyl cellulose (NaCMC) 
solution with industrial acrylate (BM-12), polyurethane, and styrene-butadiene (SBR) suspensions. 
The active masses with these binders showed high adhesive properties of the aluminum current 
collector, which are not inferior to the properties of the composite based on PVDF [42].

Carboxymethyl cellulose is a simple ester of cellulose and glycolic acid [43]. It is a colorless 
substance, insoluble in water, low molecular weight alcohols and ketones. As a rule, not the poly-
mer itself is used, but its sodium salt, which is also often called carboxymethyl cellulose.

NaCMC is also an amorphous colorless substance with a softening point of 170 °С and a 
density of 1.59 g/cm3, soluble in water. The most common for the use of NaCMC are polymers 
with a degree of polymerization of 200–1500. The degree of substitution of hydroxyl groups for 
sodium ions in the macromolecule unit is from 0.4 to 1.2. Polymers with a degree of substitution 
of more than 0.4 dissolve well. Transparent solutions are characterized by high viscosity, so that 
the viscosity of a 2 % solution is 10–25 103 mPa s. NaCMC is well compatible in aqueous solutions 
with other water-soluble natural and synthetic polymers. In aqueous solutions, it has the properties 
of weak surface-active substances (surfactants). From aqueous solutions, transparent films are 
obtained with a breaking load of 4900–9114 N/m2 and a relative elongation at failure of 8–14 %. 
Possesses weak acidic properties.

The rheological and adhesive properties of solutions of this artificial polymer depend on many 
factors, including the nature of the initial cellulose (cotton, wood species, and other plants), molec-
ular weight, the degree of substitution of hydroxyl groups in the macromolecule unit, and the purity 
of the finished product. We had three samples of NaCMC at our disposal: technical, food (Holland), 
and electrolyte (Dow Chemical, Germany). In the solid state, they are in the form of a fine white 
powder, but their solutions are transparent. In this work, thin films formed during the drying of 
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solutions of these polymers were carefully studied. Careful examination of these films at the optical 
level revealed the presence of foreign solid particles in them (Fig. 3.30).

 Fig. 3.30 Structure of initial NaCMC: a – technical; b – food (Holland); 
c – electrolyte (Dow Chemical, Germany)

In our opinion, wood was used as the starting material for the preparation of technical NaCMC, 
while residues of cotton fibers were found in the food and electrolyte samples. The conducted 
studies unequivocally indicate that the electrolyte NaCMC is the purest of those studied. It was 
this polymer that was selected for further work.

As mentioned earlier, the polymeric EC electrode binder [44] should have good adhesion to 
the metal current collector. Typically, in the technology of manufacturing electrodes, solutions 
are used, the concentrations of which are 5–8 %. It was interesting to compare the adhesive 
properties of 5 % solutions of PVDF and NaCMC. Thin films were fabricated from such solutions 
on copper foil, and after drying they were examined by the detachment method. The results 
show that the adhesion of PVDF (breakaway force 4537 N/m2) is much greater (by 97 %) 
compared to NaCMC (breakaway force 118 N/m2). In our opinion, this difference can be ex-
plained by a significant difference in the viscosities of the solutions studied in this experiment. 
Even when applying the solution to the copper base, it was clear that due to the low mobility of 
macromolecules in a rather viscous solution of NaCMC, the polymer wets the substrate much 
worse. In addition, the NaCMC viscous solution formed a thicker film compared to PVDF, which, 
according to theory, also weakens adhesion. To reduce the viscosity, a 1 % solution of NaCMC 
was prepared. The adhesion properties of such a film have increased significantly (breaking load 
3676 N/m2). Considering that aqueous solutions of NaCMC are well compatible with solutions 
of water-soluble polymers, it was interesting to modify NaCMC with aqueous suspensions of 
polymers with high adhesion to metals.

Synthetic latexes are aqueous dispersions of synthetic polymers stabilized with surfac-
tants [45]. In latex macromolecules are in the form of balls (globules). The size of the globule 
significantly affects the viscosity of the latex, as well as its stability. The smaller the globule 
size, the higher its stability. The average diameter of globules of different polymer emulsions is 
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from 80 to 300 nm. When water-soluble polymers are added to the latex, the globules grow  
in size [46].

The most common are polyurethane, polybutadiene-styrene, polyacrylate synthetic latexes.  
An example of the globular structure of latex suspensions is shown in Fig. 3.31.

 Fig. 3.31 Surface of ultrathin film of BM-12 acrylate 
suspension (x13000, electron microscopy)

Linear polyurethanes have the general formula [-OCHN-R-NHCO-OR’O-]n.
The presence of strongly polar groups (urethane, complex and ether bonds) in the chain of 

the macromolecule promotes the formation of hydrogen bonds. Reactive isocyanate groups may 
remain at the ends of the macromolecule. There are many varieties of polyurethanes, since there 
are a large number of starting monomers. The disadvantage is the low resistance to thermal and 
thermal-oxidative degradation. Macromolecules of some polyurethanes begin to decompose at a 
temperature of 120 °С.

Styrene-butadiene latexes are amorphous polymers. They have a density of 0.91–0.99 g/cm3. 
Soluble in aromatic and aliphatic hydrocarbons.

Polyacrylate latexes are obtained by emulsion polymerization of esters of acrylic and metaacryl-
ic acids with different numbers of carbon atoms in the radicals [45, 46].

General formula: (– CH2 – CR’(COOR  –)n.
Physico-mechanical characteristics significantly depend on the length of the radicals. Under 

normal conditions, polyacrylate latexes are resistant to dilute acids and alkalis, but at temperatures 
above 80 °С they can be hydrolyzed by solutions of polyacrylic acid and alkalis. At temperatures 
above 150 °С, thermal destruction of macromolecules begins, accompanied by cross-linking of mac-
romolecules. In this case, a slight release of monomers may occur. When the aqueous dispersion 
dries, polyacrylates form a stable transparent film.

Some doubts are caused by polyurethane and polyacrylate suspensions, the macromolecules of 
which contain active functional groups, which can later react with the components of the electrode 
system. Signs of the onset of coagulation were noticed when the polyacrylate suspension was 
added to the NaCMC solution.
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For further work, preference was given to a suspension of styrene-butadiene rubber (SBR) 
(Fig. 3.32).

 Fig. 3.32 Structural formula of styrene-butadiene rubber

First, there are no active groups in the macromolecule of this polymer that could interact with 
the electrolyte; the polymer is resistant to acids and bases. Secondly, the polymer has flexible 
chains with good adhesive properties. Thirdly, π-bonds in macromolecules and free bonds on car-
bon particles, under certain conditions, can lead to the formation of a cross-linked structure and, 
thus, strengthen the composite material. Aqueous suspension of SBR is technologically advanced, 
sedimentation-resistant for a long time of storage.

Thus, for further studies, a suspension of SBR was chosen for comparison and characterization.
On the basis of a mixture of NaCMC and SBR, EC electrodes were fabricated and studied. 

The composition of the electrode: activated carbon – 89 %, conductive additive – 5 %, polymer 
binder – 6 %. Table 15 shows the internal resistance values of EC based on electrodes made from 
these polymer binders and electrodes made from solutions of Solef 6020 in N-MP.

 Table 3.15 EC internal resistance

Polymer bonding electrodes RESR, Ohm REDR, Ohm

NaCMC / SBR in a ratio of 1:1 1.1 2.7

Solef 6020 0.71 1.15

Electrochemical studies of electrodes based on NaCMC/SBR composites indicate their poorer 
stability compared to PVDF. Fig. 3.33 shows the anodic polarization curve of an aluminum current 
collector, on the surface of which various polymers were deposited.

According to the results obtained, SBR can be oxidized at potentials of more than 3.7 V rela-
tive to the lithium reference electrode, which is almost 1 V less than in the case of PVDF.
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 Fig. 3.33 Linear voltammetry of an aluminum current collector 
with a polymer film: 1 – PVDF; 2 – SBR. The potential sweep rate 
is 1 mV/s. Electrolyte: 1M LiPF6 solution in EC/DMC (1:1)

Use of water-based polyvinylidene fluoride suspensions
Solef® PVDF aqueous suspensions (XPH-859 and ХРН-884) were used to develop highly sta-

ble EC electrodes, which were started to be produced by the Belgian company Solvay. Within the 
framework of the joint international project of the EU Energy Caps, we were tasked to investigate 
the possibilities of using these binders to obtain EC electrodes.

Aqueous suspensions contained amorphous polymers with a molecular weight of about 90,000; 
they are elastic in the solid state and have a globular structure (Fig. 3.34).

 Fig. 3.34 Scanning electron microscopy of the Solef KhRN-884 structure with  
different magnifications of PVDF particles: a – 300 nm/cm; b – 100 nm/cm

The concentration of Solef ХРН-884 is 22 %, and Solef ХРН-859 is 27 %. The polymers have 
different sedimentation resistance, which is low in Solef PVDF ХРН-859. After some time, about  
6 months, the Solef ХРН-859 polymer precipitates and polymerizes to form an insoluble precipitate. 
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In addition, the surfactant in the Solef XPH-884 suspension has a pronounced foaming ability. Films 
obtained from these suspensions differ significantly in structure and their physical and mechanical 
properties (Fig. 3.35).

Thus, homogeneous, transparent, elastic films are formed from the Solef ХРН-859 suspension, 
while films from Solef ХРН-884 retain a clear globular structure, are quite fragile and opaque.

 Fig. 3.35 Film structure after drying: a – at room temperature; b – at a temperature of 150 °С

The polymers feature stabilizing surface agents (Solef XPH-859 suspensions have a pH of 
approximately 4.5 and Solef XPH-884 ≈2.5), and Solvay limits information on polymer composition 
for confidentiality reasons. The joint between these suspensions is very low viscosity. This makes it 
impossible to produce a stable suspension for applying the active material to the current collector 
of the electrode. To increase the viscosity of the suspension, we proposed the use of NaCMC.

This polymer belongs to the rigid-chain ones, due to which it forms a slightly deformed struc-
ture. The rigidity of NaCMC macromolecules and the presence of active groups in them have 
a significant effect on the physical and mechanical properties of the active material of EC, the 
components of which are activated carbon and a conductive additive. On the particles of these 
components there are always active centers in the form of oxygen-containing groups, edges and 
corners of crystallites, other atoms. Naturally, their number depends on different methods of ob-
taining these materials and affects the formation of conductive structures in the composite. When 
preparing the mixture, it should be taken into account that the maximum viscosity of the NaCMC 
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solution is achieved at a pH of about 7–9, and the used aqueous PVDF suspensions are acidic, 
which helps to reduce the viscosity of the working binder solution. The results showed that the 
use of these suspensions in combination with NaCMC has rather high electrochemical parameters 
compared to the classical PVDF polymer soluble in N-MP (Table 3.16) [47, 48].

 Table 3.16 Internal resistance of EC* with electrodes made with different polymers

Polymer binders RESR, Ohm REDR, Ohm

Solef 6020 (from N-MP solution) 0.71 1.15

NaCMC/SBR (ratio 1/2) 1.10 2.70

NaCMC/XPH 859 (ratio 1/2) 0.37 1.43

NaCMC/XPH 884 (ratio 1/2) 0.44 1.15

*EC was assembled on the basis of Norit Supra 50 activated carbon and -1.5 M TEABF4 electrolyte in acetoni-
trile. The polymer content in the electrode was 10 %

As for the adhesion strength of electrodes made using water-based polymer suspensions, 
it is higher than that of electrodes made using the standard method based on solutions of PVDF  
in N-MP (Table 3.17).

 Table 3.17 The value of the internal resistance of EC based on electrodes made of various polymeric binders

Polymer binders Р, N/m2 Score at ASTM D 3359

NaCMC/XPH 859 (ratio 1/2) 2420 3B

NaCMC /XPH 884 (ratio 1/2) 2519 3B

Solef PVDF 6020 (from N-MP solution) 2201 2B

Thus, the replacement of N-MP-based technology with a mixture of suspension PVDF and 
water-soluble NaCMC makes it possible to simplify the technology for manufacturing EC electrodes 
and obtain better results (by 38 %) in reducing the internal resistance of EC.

3.5 Manufacturing and testing of models of an electrochemical capacitor

Selection of activated carbon for the production of EC electrodes
Carbon materials are widely used in various branches of technology and are used as adsor-

bents, carriers for catalysts, and catalysts themselves [49–55]. They are most widely used in 
adsorption processes. There are many different activated carbon materials that differ in origin and 
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method of activation, for example, according to [56], more than 150 types of activated carbon 
(AC) are presented. The entire range of presented materials is characterized by narrowly specific 
areas of application, and so far the specific area of application of each new material is selected 
only empirically, and there is no single approach to predict the properties and behavior of AB in 
specific systems.

For example, it is known [56] that activated carbon selectively absorbs hydrocarbons and their 
derivatives, aromatic compounds, dyes, and, to a lesser extent, lower alcohols, carboxylic acids, 
and esters, and the chemical structure of the surface of the carbon material has a great influence 
on water adsorption [57]. For example, water adsorption does not occur on an unoxidized carbona-
ceous surface, and when the surface is oxidized, significant H2O adsorption is noted, which can be 
increased by introducing alkaline earth metal ions and increases by a factor of 4–5 for alkali metal 
ions. Functional groups can be aliphatic radicals, hydrogen atoms, and various oxygen-containing 
compounds (hydroxyl, carboxyl, carbonyl, lactone, quinoid, etc.).

Each of the functional groups is attached to one carbon atom, the lactone group is already 
closed on two adjacent carbon atoms, and the quinoid group changes the electronic structure of 
the carbon atom associated with it.

The presence of such features leads to many options for implementing surface properties for 
the same initial structure [58]. Depending on the direction and method of surface transformation, 
various functional groups are formed and, accordingly, the surface can acquire directed specificity 
upon adsorption of certain molecules [59].

Since the capacitance of an electrochemical capacitor directly depends on the available sur-
face area of the carbon material on which a double electric layer is formed, part of the work was 
focused on the selection of carbon material [60–63]. Samples of activated carbon brand Norit DLC 
(Netherlands) and YP-50F Kuraray Chemical Co (Japan) were selected for research [64]. The main 
characteristics of the samples are given in Table 3.18.

As can be seen from Table 3.18, activated carbon of the Supra 30 and Supra 50 brand has the 
largest surface area and micropore volume.

The EC characteristics are greatly affected by the pore size distribution. Supra 30 and Supra 50  
activated carbons have very small pores, which are not available for TEABF4 electrolyte.

The electrodes made from these samples of activated carbon were of poor quality. Due to the 
sufficiently high internal stress, the active layer of the electrode cracked and was characterized by 
low adhesion to the current collector. Fig. 3.36 shows ASTM D 3359 test results for Supra 30 
and Supra 50 activated carbon electrodes.

The active layer is completely detached when the adhesive tape is peeled off from the  
Kawatake Electrics Co. Grass Aluminum Foil.

Fig. 3.37 shows the results of the ASTM D 3359 test for the YP-50F activated carbon electrode.
Activated carbon of the YP-50F brand differed from previous brands in that the active layer 

has good adhesion to the metal current collector (Fig. 3.37) even with a lower content of polymer 
binder (6 % versus 10 %). High adhesion has a positive effect on the electrical characteristics of 
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the electrode. It was found that EC based on YP-50F has a significantly lower internal resistance 
compared to EC based on Supra 50 activated carbon (Table 3.19). According to Table 3.19 Inter-
nal resistance of Supra 50 based EC is 63 % higher than that of YP-50F activated carbon based EC.

 Table 3.18 General characteristics of various types of activated carbon

General indicator
Brands of activated carbon

Super 30 Supra 30 Super 50 Supra 50 YP-50F

Total surface area (BET), m2/h 1850 2100 1850 2100 1660

Imaginary density, kg/m3 350 275 400 325 370

Micropore volume, cm3/g 0.68 0.85 0.68 0.85 0.74

Mesopore volume, cm3/h 0.07 0.1 0.07 0.1 0.21

Particle size D10, µm 2–4 2–4 3–5 3–5 5–20

Particle size D50, µm 5–10 5–10 9–13 9–13

Particle size D90, µm 13–20 13–20 21–31 21–31

Particle size D100, µm 30 30 50 50

Ash content, % 2 2 2 2 0.3

Solvent components of ash, % 0.02 0.02 0.02 0.02 –

Chlorides, g/100g 0.04 0.04 0.04 0.04 –

Iron, ppm 40 40 40 40 –

 Fig. 3.36 Image of the electrode surface: a – after cutting; b – after peeling  
off the adhesive tape. Electrode composition: Supra 50 – 85 %, conductive  
additive – 5 %, polymer binder Solef-6020 – 10 %
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 Fig. 3.37 Image of the electrode surface: a – after cutting; b – and peeling  
off the adhesive tape. Electrode composition: YP-50F – 89 %, conductive 
additive – 5 %, polymer binder Solef-6020 – 6 %

 Table 3.19 EC internal resistance based on different brands of activated carbon

Activated carbon RESR, Ohm REDR, Ohm

Supra 50 1.2 3.9

YP-50F 0.89 1.43

In order to establish the reasons for the different characteristics of electrodes based on 
activated carbon samples with fairly similar physical and chemical characteristics (Table 3.18), mi-
croscopic studies of the structure of the samples were carried out. Activated carbon Norit Supra 
50 after soft dispersion has a fine structure (Fig. 3.38, a) with a small amount of soot chains, 
unlike YP-50F carbon (Fig. 3.38, b).

 Fig. 3.38 Microstructure of activated carbon film: a – Norit Supra 50;  
b – YP-50F at 7x magnification
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Thus, the YP-50F activated carbon covers the metal foil more compactly. This is due to the 
secondary structure of the particles of said sample of activated carbon. Fig. 3.39 shows the  
results of electron microscopic studies of YP-50F coal.

 Fig. 3.39 Microstructure of activated carbon particles: a – YP-50F  
magnification; b – magnification by 200 times

From Fig. 3.39 it follows that activated carbon particles up to 20 µm form a secondary struc-
ture in the form of compact chains. It is possible that such a structure makes it possible to obtain 
a compact coating on the current collector.

The structure formation of finely dispersed carbon materials can be assessed by oil absorption. 
To this end, the oil absorption of various carbon materials was established. The results of the study 
are given in Table 3.20.

 Table 3.20 Oil absorption value of different carbon materials

Carbon material Oil absorption, ml/g

Norit Supra 50 1.6

Norit Super 50 1.9

Norit Supra 30 1.7

Norit Super 30 1.8

YP-50F 2.2

Graphite soot (Pure Black-205) 3.8

Graphite carbon soot (Super C65) 9.4

Acetylene soot 2.8

Acetylene soot (Shawinigan) 7.9
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Selection of conductive additive
The specific characteristics of the activated carbon particles and the conductive additive can 

affect their interaction with the polymer macromolecules. Such characteristics can be considered 
the chemical nature, size, shape, granulometric composition, specific surface area (geometric, 
total), real and bulk density, porosity, particle packing, surface pH.

The hydrogen index of the water extract from carbon materials makes it possible to speak 
about their wetting, selective adsorption, and the ability to aggregate particles.

Nevertheless, the nature of surface active centers has the main influence on the intermolec-
ular interactions of the polymer-filler and filler-filler [65]. Such active centers on carbon particles 
can be unpaired electrons, foreign atoms and groups of atoms (primarily oxygen), and crystallite 
lattice defects. In turn, the nature and number of active centers depend on the technology for 
obtaining carbon particles.

The primary structure of carbon black (soot) is chaotically arranged packets of planar molecu-
lar layers [66]. These fine layers have a structure similar to graphite, but are irregularly arranged. 
Such crystallites are linked by valence bonds and form two- or three-dimensional racemose aggre-
gates. Considering all this, one of the important components of electrode masses is a conductive 
additive, which provides reliable contact between the system components and promotes better 
wetting with electrolyte [67–70]. Among these additives, we chose Super С65 carbon black with a 
density of 160 kg/m3, which differed from others in its good dispersion and ensured reliable contact 
between active material lobules [71].

Fig. 3.40 shows a schematic model of the arrangement of particles of a carbonaceous conduc-
tive additive in an EC electrode. Using this model, it is possible to explain how exactly the conductive 
additive works and according to what scheme the charge is transferred to the current collector [72].

 Fig. 3.40 Schematic representation of the location of the particles  
of the conductive additive C65
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As can be seen from Table 3.20, graphitized carbon black Super C65 demonstrates maximum 
oil absorption, which is characterized by a good structure formation factor and, accordingly, the 
ability to form chains of soot lobules for reliable electrical contact of all components (Fig. 3.41).

The ability to structure increases with an increase in the degree of dispersion of particles and 
a decrease in the amount of volatile impurities in them.

The specificity of the electrode mass is that it should have maximum electrical conductivity with 
a minimum amount of polymer binder, which ensures the mechanical strength of the electrode. It is 
known that a small content of a solid dispersed filler in a polymer can increase the strength of the 
composite, since cracks growing under the action of a load are stopped by filler particles. However, 
an excessive concentration of filler increases the brittleness of the material.

In our case, the maximum oil absorption provides the greatest value of structure formation on 
the one hand, but also has the greatest shrinkage after drying on the other (Fig. 3.42).

The samples were prepared in the ratio of carbon material – 90 %, polymer binder (sodium 
salt of carboxymethyl cellulose) – 10 %. As can be seen from Fig. 3.42, the greatest shrinkage 
was observed precisely in Super C65, which had the maximum oil absorption value of all carbon 
materials, which indicates a fairly strong intermolecular interaction between carbon segments. In 
addition, Super С65 is sufficiently well dispersed and wetted by electrolyte, which has a positive 
effect on the electrochemical characteristics of EC.

 Fig. 3.41 Micrographs of structures of various electrically conductive materials at 
7x magnification: a – Super C65; b – acetylene soot; c – acetylene soot (Shawinigan);  
d – graphitized carbon soot (PureBlack-205)
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 Fig. 3.42 Image of shrinkage of a composite material based on various types 
of conductive additives after drying of the polymer binder: a – Super C65;  
b – acetylene soot; c – carbon Black 001; d – Pure Black

Optimization of the composition of the EC electrode
As was shown earlier, the state of the surface of the current collector of the electrode has a 

significant effect on the adhesion of the polymer [73, 74]. Therefore, surface-modified aluminum 
foil from Kawatake Electronics Co. was preferred as the metal current collector (Japan). As shown 
in Fig. 3.43, the contact surface of the active material and the metal is significantly increased due 
to the high porosity of the surface layer of the foil. Therefore, the production of EC electrodes was 
realized on the basis of aluminum foil from Kawatake Electronics Co. (Japan).

 Fig. 3.43 Surface microstructure of modified aluminum foil
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In this work, nitrogen sorption isotherms were obtained for electrode material samples based 
on selected YP-50F activated carbon and various polymeric materials. Fig. 3.44 shows isotherms 
of sorption and desorption of nitrogen.

 Fig. 3.44 Adsorption – desorption isotherms of an electrode composite 
based on YP-50F activated carbon and various polymeric materials:  
a – SBR; b – Solef ХРН-859; c – Solef ХРН-884; d – Solef 6020

The obtained isotherms are typical for polymolecular adsorption in micro and mesopores of 
cellular materials. For all samples, the isotherms show a hysteresis loop, which is associated with 
capillary condensation in mesopores. The parameters of the porous structure of the electrode 
compositions were determined based on the analysis of nitrogen adsorption/desorption isotherms.

As can be seen from Fig. 3.45 and 3.46, the introduction of a polymeric binder leads to a 
decrease in the specific surface area and total pore volume of the electrode composite.
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 Fig. 3.45 Specific surface of the electrode composite based on YP-50F activated 
carbon and various polymeric materials (dry binder content – 10 %)

 Fig. 3.46 Total pore volume of the electrode composite based on YP-50F activated 
carbon and various polymeric materials (10 % of the binder by dry residue)

According to the results of the study, the use of an aqueous suspension of Solef ХРН-884 
and SBR as a polymer for the electrode mass, in combination with a soluble sodium salt of CMC, 
makes it possible to obtain composites with the maximum specific surface area and the largest 
total pore volume. It should be noted that this binder fully met all the requirements for a polymer 
binder in the manufacture of electrochemical current sources [75–77]. The electrode composite 
had good adhesion to the metal current collector, ensured reliable connection of all components 
of the system, and left the surface of the active material as accessible as possible, which was 
confirmed by analysis.

Considering all the results obtained, a combination of an aqueous suspension of Solef ХРН-884 
with NaCMC in a ratio of 2:1 was proposed as a binder polymer. The latter served as a polymeric 
thickener and provided the necessary viscosity of the suspension for applying it to the metal cur-
rent collector by the doctor blade method (Fig. 3.47).
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The first step in the manufacture of electrodes was to obtain a working solution of poly-
mers containing a dispersed electrically conductive additive. To do this, a weighed portion of the  
Super C65 conductive additive was added to a solution of Solef ХРН-884 with NaCMC in a ratio 
of 2:1 in three stages. Each introduction of carbon material into the solution was accompanied 
by mechanical stirring for 15 min and 10 min. The electrode mass was subjected to the action of 
ultrasound. Activated carbon YP-50F was also added to the prepared solution in three stages. To 
achieve a homogeneous mass, a combination of mechanical mixing and ultrasonic dispersion was also 
carried out. The second stage was the direct application of the electrode mass to the current col-
lector. After the final drying, the electrodes were compacted by rolling at a temperature of 100 °С.

The microstructure of the obtained electrode is shown in Fig. 3.48.

 Fig. 3.47 Image of the electrode on the device Dr. Blade after applying  
the YP-50F activated carbon suspension and the combination of  
Solef XPH-884 aqueous emulsion with NaCMC in a ratio of 2:1

 Fig. 3.48 Photomicrograph of the surface and side cut of an electrode  
based on activated carbon YP-50F and a combination of an aqueous  
suspension of Solef ХРН-884 with NaCMC in a ratio of 2:1



129

3 COMPOSITE MATERIALS BASED ON WATER-SOLUBLE BINDERS FOR ELECTROCHEMICAL CAPACITORS

CH
AP

TE
R 

 3

The active material layer has high strength and adheres tightly to the metal current collector. 
Also, the conductive additive is evenly distributed in the active layer. According to Fig. 3.48, the 
correct selection of technological parameters for applying an electrode suspension makes it pos-
sible to avoid the well-known defects of the electrode layer, which are typical for the manufacture 
of electrodes based on aqueous suspensions of polymers. In particular, there are no formations of 
agglomerates and holes in the electrode layer of the electrode.

Electrical characteristics of EC laboratory prototypes
In this work, compact ECs with an organic electrolyte were fabricated. EC mock-ups were 

made using body parts of primary lithium CDM of CR2016 size (Fig. 3.49).

 Fig. 3.49 Structural components of EC size CR2016

Various organic electrolytes have been studied in this work. A solution of TEABF4 in acetonitrile 
has the best electrical conductivity. For example, 1.5 M TEABF4 in acetonitrile has the highest 
electrical conductivity (over 60 mS/cm) of organic electrolytes and allows the operation of electro-
chemical systems down to –40 °C.

However, such solutions have high chemical activity with respect to stainless steel-based EC 
body parts. Corrosion of body parts complicates the development of the EC design based on them. 
An aluminum disk 0.5 mm thick is used to protect the body parts. The electrolytes of lithium cur-
rent sources allow the use of stainless steel body parts, which simplifies the selection and design 
of the EC, but they are significantly lower in electrical conductivity (13–15 mS/cm). 

In the work, models of electrochemical capacitors based on manufactured electrodes with 
different electrolytes were compiled and tested. The CVs of capacitors with electrodes based on 
various electrolytes are shown in Fig. 3.50. The curves are rectangular, which is typical for an ideal 
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capacitor. On the CV of a capacitor with an electrolyte composition of 1.2 M LiTFSI in acetonitrile, 
a sharp increase in current is observed at a voltage above 2.5 V.

This may indicate the passage of corrosion processes in such EC.
Fig. 3.51 shows the impedance spectra of a symmetrical capacitor based on different electrolytes.

 Fig. 3.50 CVA EC based on different electrolytes;  
EC voltage sweep rate – 10 mV/s

 Fig. 3.51 Nyquist dependence of EC based on various electrolytes

The internal resistance of capacitors made with lithium battery electrolytes (1M LiPF6 in EC:DMC)  
is three times higher than EC.

Therefore, we fabricated and studied ECs based on YP-50F activated carbon with the proposed 
combined composite binder: NaCMC Solef XPH-884 and electrolyte 1.5 M TEABF4 in acetonitrile. 
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For comparison, ECs were also studied with electrodes made from binding PVDF according to the 
standard method (using solutions of PVDF in N-MP). The electrical characteristics of the developed 
EC are given in Table 3.21.

 Table 3.21 Specific characteristics of laboratory models of EC

Electrode material Characteristics*

Activated 
carbon Bonding material Voltage, V W, W·h/kg Resistance, 

Ohm·cm
Рмах,  
kW/kg

YP-50F Solef-6020 3.0 29 0.88 47

YP-50F Solef-5130 3.0 26 1.43 34

YP-50F Solef ХРН-884 with NaCMC 3.0 33 0.67 73
* electrical characteristics are calculated without taking into account the mass of the EC body

In terms of electrical characteristics, the ECs based on a mixture of suspension PVDF and 
water-soluble NaCMC are not inferior to analogs manufactured by the standard method. One 
of the main advantages of the developed ECs is the avoidance of using the toxic organic solvent 
N-MP [78, 79]. This made it possible to ensure a low cost of EC production and improve the envi-
ronmental situation in the manufacture of EC electrodes.

Laboratory studies of EC based on the proposed electrode composite showed that there is 
no significant change in their electrical characteristics after cycling. Experimental data obtained 
during the first 100 cycles show that the total capacitance loss of the capacitor is 3 %. The drop 
in capacity after a cycle for 10,000 charge/discharge cycles was less than 5 %.

Conclusions

1. A technology has been developed for producing electrodes based on a mixture of an aqueous 
suspension of PVDF (Solef XPH-884) and a water-soluble sodium salt of CMC. These electrodes 
are not inferior in electrochemical characteristics to electrodes made using PVDF solutions, and 
in some cases even surpass them (for example, they provide a decrease in internal resistance up  
to 40 %). Due to the use of water-based components, the production of EC becomes cheaper and 
more environmentally friendly.

2. Taking into account the results of a comparative analysis of a series of PVDF samples of 
various modifications synthesized by Solvay, PVDF-6020 homopolymer and PVDF-5130 copoly-
mer brands were chosen as a binder in electrode compositions. Of these, PVDF-5130 has the 
best adhesive properties (by 40÷75 %). However, this polymer significantly blocks the surface of 
activated carbon, thereby doubling the internal resistance of the EC, so its concentration in the 
electrode should not exceed 4 %.
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3. The possibility of replacing the N-MP solvent for the PVDF polymer with a safer DMSO sol-
vent for the manufacture of EC electrodes has been proven. The technological process of applying 
a suspension of the active material based on DMSO should be carried out at a temperature of 
40–60 °С. The presence of functional groups in the polymer (for example, as in PVDF Solef-5130) 
leads to an increase in the content of sulfur-containing products (up to 400–600 g) in the active 
layer of the electrode. The source of sulfur-containing compounds are the decomposition products 
of DMSO. Getting into the electrolyte EC, they cause side reactions leading to self-discharge of the 
EC and limiting its operating voltage to 1.5 V, as well as a drop in capacity during cycling. However, 
the replacement of the toxic solvent by DMSO becomes possible with additional washing of the EC 
electrodes with ethyl alcohol.

4. Comprehensive studies have been carried out on the process of formation of EC strip elec-
trodes with an active layer thickness of up to 100 µm. Technological parameters of the process 
of formation of EC electrodes and their operational characteristics are established. A technological 
scheme for the production of electrodes is proposed.

5. It is shown that the highest capacity of electrodes based on an aqueous suspension of PVDF 
and water-soluble NaCMC corresponds to a polymer content of 6 %; drying of the electrodes 
should be carried out in two stages – at 60 °C for 15...20 minutes, then at 120 °C in a vacuum; 
the density of the active layer of electrodes should be 0.6...0.8 g/cm3; Increasing the temperature 
of the rollers during rolling up to 100 °C makes it possible to increase the density and strength of 
the electrodes up to 2 times.

6. Prototypes of stable ECs have been developed, where for the first time new composite 
materials based on a mixture of water-soluble suspensions of PVDF (Solef XPH-884) and NaCMC 
are used. The specific energy of laboratory prototypes of ECs is 33 Wh/kg, which is almost an order 
of magnitude higher than the energy of traditional ECs with electrodes made using PVDF solutions 
in N-MP.
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Abstract

Investigations of solar cells based on CdS/CdTe, designed for reserve power supply of securi-
ty systems and control of objects in conditions of damage to the power supply system, have been 
carried out. An analysis is made of losses in the initial parameters of solar cells based on cadmi-
um telluride, which are due to the design features of the device structure and photoelectric pro-
cesses occurring in their volume upon absorption of light. Implemented approaches to increasing 
the efficiency of a photocell based on CdS/CdTe and their effectiveness are studied. Ways are 
proposed to increase the efficiency of such film solar cells by improving the method of obtaining a 
rear contact. Design and technological solutions for SC ITO/CdS/CdTe/Cu/Au have been developed, 
which make it possible to obtain laboratory samples with an efficiency factor of more than 10 %. 
Laboratory samples of ITO/CdS/CdTe/Cu/ITO CEs have been fabricated, the two-sided illumination 
of which makes it possible to increase the electric power by 30 %. The research of Cu/ITO trans-
parent rear contacts for CdTe-based solar cells intended for use in tandem and bilaterally sensi-
tive device structures have been studied. The study of the light Current-voltage characteristics 
of SnO2:F/CdS/CdTe/Cu/ITO solar cells under illumination from both sides made it possible to es-
tablish significant differences in the initial parameters and light diode characteristics under illumi-
nation from the side of the glass substrate and from the side of the transparent rear electrode. 
Testing of laboratory samples of ITO/CdS/CdTe/Cu/ITO solar cells as part of tandem photovoltaic 
converters has been carried out. Research has been carried out on methods for obtaining CdTe 
base layers for creating efficient solar cells on a flexible substrate. With a series connection of 
ITO/CdS/CdTe/Cu/Au SC, experimental samples of micromodules with an efficiency of 5.4 % have  
been obtained.

KEYWORDS

Film solar cell, cadmium telluride, rear contact, transparent rear contact, tandem structure, 
two-sided sensitive solar cell, flexible substrate, micromodule.
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An analysis of emergency situations shows that one of the problems of localization and elimina-
tion of consequences is power outages due to damage to power lines. Therefore, it is necessary to 
provide emergency power supplies or the tools used must work autonomously.

Modern security and control systems consume only a small part of the total energy consump-
tion of the facility, their uninterrupted operation is ensured by the presence of electricity in the 
network. As a rule, such security systems have a backup power source in case of an emergency 
power outage in the network, but in most cases, its charge lasts no more than 24 hours. In this 
case, the use of solar cells becomes relevant. In general, the scope of solar panels is expanding 
every day. Sometimes the most unexpected branches of industry and the national economy turn 
to solar cells for help [1–3]. Solar cells are out of competition in places where there is no conven-
tional power grid, but there is enough sun, or in the event of long-term damage to the grid supply 
of electricity.

Photovoltaic technology is one of the most important renewable energy sources, for which, 
since its first recognition in 1839, many studies have been carried out to improve their efficiency. 
But improving the efficiency and reducing the cost of photovoltaic technology still requires a lot 
of effort. Crystalline silicon (c-Si) solar cells are known as materials in first generation solar cells.  
In terms of cost, performance and manufacturability, the application of new advanced materials 
such as amorphous silicon (a-Si), cadmium telluride (CdTe) and indium gallium copper diselenide 
(CIGS) is achieved in the second and third generations of solar cells. The typical conversion effi-
ciency of first generation technologies is currently between 15 % and 24 %, while that of second 
generation technologies is currently between 7 % and 16 %. The unique physical characteristics of 
CdTe make it possible to use the material to create a number of microelectronic devices. Cadmium 
chalcogenide films are increasingly being used as the base layers of various devices. The main goal of 
many scientific studies of cadmium telluride should be considered the development of a technology 
for obtaining thin films of the compound with certain electrical parameters.

Therefore, an urgent topic is the development of approaches to the use of CdTe-based photo-
voltaic cells for redundant security and control systems in the event of a long-term power outage 
from utility networks.

4.1 Study of film solar cells based on CdS/CdTe

4.1.1 Improving the efficiency of film solar cells based on CdS/CdTe

Solar cells based on crystalline silicon and thin films are the most common commercial technol-
ogies in the field of photovoltaics. However, the dominant position in the market is occupied by solar 
cells based on crystalline silicon, the serial production of which is 85 % of the world production of 
all photovoltaic converters [4]. In the manufacture of this type of SC, high-quality raw materials are 
used, the production of which is currently energy-intensive. In addition, SC based on single-crystal 
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and polycrystalline silicon are indirect-gap conductors and, accordingly, have a low absorption co-
efficient. Therefore, for the effective use of solar radiation, the thickness of the base layers should 
not be less than 200 microns. Also, in such device structures, a significant decrease in efficiency 
with increasing temperature is observed.

Promising technologies for terrestrial application are solar cells based on CdTe [5].
The formation of such instrumental structures is carried out with less energy consumption for 

their manufacture. In addition, the technology for producing CdS/CdTe films is rapidly reproducible 
and makes it possible to form uniform thin films with an area of more than 1 m2, which have the 
highest theoretical efficiency among single-junction photovoltaic converters, 29 % [6]. However, 
the maximum experimental efficiency is 16.5 % and was recorded for SC based on the CdS/CdTe 
heterosystem when implementing the back-barrier structure of the devices [7], shown in Fig. 4.1.

 Fig. 4.1 Structure of a rear-barrier SC based on  
CdS/CdTe with an efficiency of –16.5 %

To achieve such high values of the efficiency of creation, shown in Fig. 4.1, SC was carried out 
on borosilicate glass [7], which is more valuable than traditional SiO2. The TCO (In2O3SnO2) layer 
was replaced with a TCO (Cd2SnO) layer [7] because the leading oxide Cd2SnO4 has a better com-
bination of optical and electrical properties and has a higher transparency (over 90 %). Thin CdS 
films were deposited using an aqueous solution of Cd(C2H3O2)2, C2H3O2NH4 CS(NH2)2 NH4OH and 
according to the technology described in [8]. The deposition of CdTe was carried out by sublimation 
in a closed space. After CdTe deposition, the samples were subjected to chloride treatment, which 
is a mandatory procedure for the formation of efficient CdTe-based SCs [9, 10]. Without chloride 
treatment, the efficiency of CdTe-based SC is typically <5 %. The chloride treatment is believed 
to increase the grain size of CdTe, passivate their grain boundaries, and promote efficient adhesion 
of CdS and CdTe. To form a rear contact, HgTe:CuTe graphite paste was applied, followed by the 
deposition of silver paste and an antireflection MgF2 layer.

However, despite the implemented technologies, the efficiency of the obtained samples is far 
from the theoretical value. Since the formation of stable low-resistance rear contacts is another 
important step in the fabrication of high-performance CEs based on CdTe/CdS [11].
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The main technological approach implemented by many authors when creating low-resistance 
contacts to SCs based on CdS/CdTe is the formation of tunnel contacts [12]. The formation of 
an ohmic contact to the p-CdTe base layer under industrial production conditions is not econom-
ical, since only platinum has the electron work function necessary for the formation of an ohmic 
transition. Therefore, tunneling contacts are traditionally formed to p-CdTe layers using thin films 
containing copper or copper chalcogenide [12]. However, the diffusion of copper into the base layer 
leads to degradation of the initial parameters of film CEs based on CdS/CdTe. Therefore, compre-
hensive studies are needed to develop rear contacts in CdTe base layers to create highly efficient, 
degradation-resistant solar cells.

4.1.2 Analysis of losses in the initial parameters of solar cells based on CdS/CdTe

The main characteristic of any solar cell is the coefficient of performance (COP). The value of 
the efficiency of any solar cell is calculated by the formula [13]:

� � � � � ��� �� �� �P P P P SHM HMu r ce/ % / %,*100 100   (4.1)

where Рr* – the specific radiation power on the photoreceiving surface of the solar cell; Sсе – the 
area of the photoreceiving surface of the solar cell.

The power РHM depends on three experimentally determined initial parameters of the SC as 
follows:

P I V FFHM sc nl= ,  (4.2)

where Isc – the short-circuit current; Vnl – the no-load voltage; FF – the filling factor of the light 
current-voltage characteristic.

Therefore, to calculate the efficiency of a photoelectric converter, along with formula (4.1), 
the following relation is used:

� � � ��� �� �I V FF P Ssc nl cer/ %* 100 .  (4.3)

As can be seen from expression (4.3), the efficiency increases with an increase in each of the 
three key initial SC parameters – Isc, Vnl and FF, and therefore it is necessary to analyze the losses 
of these quantities.

Short-circuit current density losses (Jsc) in the SC are due to the following processes:
– reflection of solar radiation from the surface of the instrumental structure;
– absorption of solar radiation in photoelectrically inactive layers;
– absorption of light in the area of contacts.
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The short circuit current density is determined by the following analytical expression:

J Q J dsc E sol� � ( ) ( ) ,
min

max

� � �
�

�

 (4.4)

where QE(λ) – the quantum efficiency coefficient, Jsol – the intensity of solar radiation. The losses 
corresponding to each of the actions described above can be calculated using the following expression:

J F J dloss sol� � ( ) ,
min

max

� �
�

�

 (4.5)

where F(λ) – the partial reflection or absorption of each wavelength.
The sum of losses and quantum efficiency (QE) values should be equal to units for all wavelengths.
The main physical mechanisms that cause losses in the value of the open-circuit voltage have 

not been sufficiently studied at present. It is believed that Vnl is limited by the dominant current flow 
mechanism. The current-voltage characteristics of a typical solar cell is described as follows [13]:

J J
q V V

AkT
Jp n

p�
�� ��

�

�
�

�

�

�
�
��

0 exp ,  (4.6)

where Jp – the photocurrent density; J0 – the saturation diode current density; V – the voltage 
drop across the SC; Vp-n – the potential barrier height; q – the electron charge; k – the Boltzmann 
constant; Т – the temperature of the solar cell; А – the diode ideality factor. Saturation diode 
current density (J0) depends on the specific operating mechanism that dominates the forward 
current flow. Let’s assume that the processes in CdTe solar cells are mainly controlled by volume 
recombination and, therefore, J0 can be expressed as:

J qpvr0 = ,  (4.7)

where р – the hole concentration; vr – the recombination rate. Thus, Vnl can be represented as:

V V
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p

� �
�
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�

�
��� ln .  (4.8)

The expression relating the height of the potential barrier and the band gap (Eg) looks like this:

V
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�
�

�

�
�ln ,  (4.9)

where Nv – the effective density of states in the valence band.
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So for A=2:
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��ln .

2 2

2  (4.10)

Regardless of the details, Vnl decreases with increasing recombination rate. Thus, a decrease 
in recombination should contribute to an increase in Vnl. The ratio of recombination rate to thermal 
rate is expressed as (vr /vt), where vt is 107 cm/s, and is used as the primary recombination pa-
rameter for voltage loss analysis.

To analyze the losses in the value of the replenishment factor of the light current-volt-
age characteristic (FF), an empirical expression is used that determines the dependence of 
FF on the open-circuit voltage (Vnl), diode ideality factor (A), series resistance (Rp) and shunt  
conductivity (G).

In the absence of series resistance and shunt conductance, the expression for FF can be 
represented as [14]:

FF
v v

v
nl nl

nl
0

0 72

1
�

� �� �
�

ln .
,  (4.11)

where

v
qV
AkTnl

nl= .  (4.12)

In the presence of a series resistance (Rs), the expression for the filling factor of the light 
current-voltage characteristic (FFs) becomes:

FF FF R Rs s E� �� �0 1 / ,  (4.13)

where Rх=Vnl /Jsc – characteristic impedance. When the series resistance (Rs) and shunt conduc-
tance (G) are significant, the expression for the duty factor of the light current-voltage charac-
teristic (FFs+w) is:

FF FF
v FF

v R Gs w s
nl s

nl E
� � �

�� �
� �

�

�
�
�

�

�
�
�

1
0 72.

/
.  (4.14)

According to expression (4.14), it is obvious that an increase in the value of FFs+w will con- 
tribute to a decrease in Rs and G.
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4.1.3 Analysis of implemented approaches to reduce losses in the initial 
parameters of a solar cell based on CdS/CdTe

To reduce the reflection of solar radiation from the surface of the device structure, in the design 
of modern CdS/CdTe film SCs, SnO2 layers are usually used, which, with a surface resistance of about 
10 Ohm/, have a transmittance of 80 %. An alternative to the traditional SnO2 layer was the use 
of Cd2SnO4 oxide as a front, transparent electrode, which has the best combination of optical and 
electrical properties. Cd2SnO4 layers have a higher transparency (over 90 %), which is achieved 
by reducing their thickness to 0.1 µm, since their surface resistance is about 3 Ohm/, which is 
several times lower than that of traditional SnO2 electrodes [15–17]. Thus, the use of Cd2SnO4 con-
tributes to the reduction of losses Jsc to the level of 0.62 mA/cm2 due to absorption in the spectral 
range (300–800) nm, while for traditional SnO2 layers such losses are (2.8–1.3) mA/cm2 [18].

The recombination of nonequilibrium charge carriers generated under the action of photons in 
the spectral range (300–520) nm in the CdS layer also has a significant negative effect on the Jsc 
value. Reducing the recombination level can be achieved by reducing the thickness of the CdS layer, 
however, this leads to a decrease in the values of Vnl and FF. In [19], it was proposed to use a ZTO 
buffer layer, which ensures mutual diffusion with the CdS layer during structure formation. During 
interdiffusion, which occurs at an annealing temperature of 600 °C in the presence of Ar or He,  
penetration of approximately 3–5 % Cd in the ZTO layer and approximately 2–3 % Zn in the CdS 
layer is observed. Diffusion at a lower annealing temperature of 420 °C for 15 minutes in the 
presence of CdCl2 also indicates a significant amount of abundant Cd and Zn in the ZTO and CdS 
layers, respectively.

Thus, the consumption of the CdS layer during interdiffusion contributes to a decrease in the 
absorption of photons with energies exceeding the band gap of CdS, an increase in the quantum 
efficiency of >75 % for photons with a wavelength of more than 400 nm, and a decrease in losses 
Jsc due to absorption 1.0–1.3 mA/cm2 in the layer, while maintaining high Vnl and FF values. At 
present, an obligatory technological operation in the manufacture of high-efficiency film solar cells 
based on CdS/CdTe is chloride heat treatment [20]. The processes occurring as a result of Cd-
Te-CdCl2 interfacial interaction cause an increase in the grain size of cadmium telluride and cadmium 
sulfide, as well as an increase in the lifetime of nonequilibrium charge carriers [21]. However, the 
stresses at the TCO/CdS interface arising as a result of grain growth can significantly impair the 
adhesion of these layers and contribute to the formation of a bulge. The use of a buffer layer ZTO 
(Zn2SnO4) reduces the stress that has arisen in the crystal lattice, providing better adhesion [22]. 
The use of optimal "chloride" heat treatment and the use of the ZTO buffer layer makes it possible 
to reduce the diode saturation current density J0 to 10–11–10–9 /cm2 and the diode ideality factor 
A to 1.6–2, while for traditional film solar cells based on CdS/CdTe J0>10-9 and A>2. The appli-
cation of this approach makes it possible to reduce losses Jsc due to recombination within grains. 
There are two theoretical approaches to increase open circuit voltage. The first approach is to 
increase the concentration of holes (acceptors) in the CdTe layer up to 2×1017 cm-3. It should be 
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noted that at present, for a typical SC based on CdTe, the concentration of acceptors in the base 
layer is three orders of magnitude lower, 2×1014 cm-3. In this case, a decrease in the width of the 
depletion region at an increased concentration of charge carriers contributes to an increase in the 
diffusion length of minority charge carriers, and, therefore, provides an increase in the lifetime, 
which will increase Vsc. In addition, an increase in the concentration of charge carriers leads to an 
increase in the height of the potential barrier, the value of which limits the maximum possible value 
of the open circuit voltage. However, with an increase in the charge carrier concentration, the 
rate of surface recombination at the CdS/CdTe heterojunction can limit the increase in open circuit 
voltages due to the intensification of the removal of nonequilibrium charge carriers generated under 
the action of light in the base layer. In addition, it is impossible to actually achieve the required 
charge carrier concentrations with existing approaches to reducing resistivity. At present, the 
decrease in resistivity is carried out with the "chloride" treatment, as a result of which shallow 
acceptor levels are generated that have defective ClTe – VCd complexes. With an increase in the 
chlorine concentration, the energy structure of the base layer evolves; as a result of an increase 
in the concentration, there are no defective complexes described above, but isoelectronic traps 
2ClTe – VCd are formed, which contribute to an increase in the resistivity of the base layer [23]. 
The second approach is to form a p–i–n structure with a hole concentration in the CdTe layer 
of 2×1013. In this case, the internal field propagates over the entire thickness of CdTe, and the 
resulting barrier, which is called the "electronic reflector", limits the recombination rate on the 
rear surface. Without an increase in the conduction band barrier, the voltage is lower than the 
voltage at a typical charge carrier concentration of 2×1014 cm3 in CdTe, but even with a modest 
electronic reflector (0.2 eV), the Vsc voltage should increase significantly. One possibility to create 
such a barrier is to add a layer of ZnTe [13] or other material with an extended discontinuity in the 
conduction band. A potential difficulty, however, is that any recombination in CdTe/ZnTe or contact 
with a reflector is fraught with the positive effect of an "electronic" reflector [24].

To increase the filling factor of the light current-voltage charsteristics (FF), it is necessary to 
provide a decrease in Rs and an increase in Rw. One way to reduce Rs is to replace the traditional 
doped SnO2 layer with a Cd2SnO4 layer, which has a lower resistivity value caused by a high mobility 
value (µ=54.5 cm2/(Vs)) and a high level of charge carrier concentration n=8, 94×1020 cm-3 while 
maintaining its transparency, which is twice as much as in the SnO2 layer.

An increase in Rw can be realized by introducing an undoped ZTO (Zn2SnO4) layer about 0.1–0.2 µm  
thick into the TCO/CdS contact region. With a decrease in the thickness of the CdS layer in order 
to increase Jsc, small windows appear in it, through which the TCO contacts p-CdTe and the p-n 
junction is shunted. A high-resistance ZTO layer with an optical band gap (~3.6 eV) prevents the 
appearance of a defective TCO/CdTe heterojunction. By implementing the approaches described 
above, the authors of [25] managed to increase the FF value to the level of 77.34 %.

The analysis performed shows that many directions for increasing the efficiency of SCs based 
on cadmium telluride have already been practically implemented. At the same time, insufficient at-
tention is currently paid to the problems of increasing the efficiency by optimizing the rear contacts.
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4.1.4 Formation of low-resistance rear contacts in SC base layers based  
on CdS/CdTe

The efficiency of operation, as well as the resistance to degradation of SC based on CdS/CdTe, 
depends on the material and method of obtaining the rear contact. When a metal film is deposited 
on the surface of the CdTe layer, a Schottky barrier is formed. Because the electronic affinity of 
CdTe is so great, only metals with a work function >5.7 eV form ohmic contacts. Platinum has 
the highest work function (5.5 eV). But such a material is not economically feasible to use [25].

Therefore, a tunnel junction is usually used as a rear contact. To do this, CdTe is digested on 
the back surface to form an excess of elemental Te [26]. The next step is to deposit CdTe or a 
semimetal with a low bandgap on the surface of a semiconductor in the form of a thin buffer layer 
(~10 nm), followed by the deposition of a metallization layer.

Base film CdS/CdTe heterosystems were deposited by thermal vacuum evaporation in a single 
technological cycle. The formation of film back contacts, which are Cu/Au film heterostructures of 
nanosized thickness, was also carried out by this method. The back contacts of the ITO films (indium 
and tin oxides) were deposited by non-reactive DC magnetron sputtering using an original material- 
saving magnetron. Before applying the rear contacts, the cadmium telluride surface was etched in 
a 5 % solution of bromine in methanol for 10 seconds. Then, copper layers 12 nm thick and a gold 
film 50 nm thick were deposited on the surface of the base layer by thermal condensation without 
heating the substrate. After that, annealing was carried out in air at a temperature of 200 °C for 
30 minutes. In this case, during the previous 10 minutes, the laboratory sample was heated up 
to annealing. In addition to laboratory samples with standard technological operations during the 
formation of rear contacts, let’s analyze SCs in the design of the rear contacts of which there 
was no copper layer and which, after obtaining the Cu/Au film heterosystem, were not annealed.

To study the effect of a nanosized copper layer in the back contact design on the efficiency of 
photovoltaic processes in ITO/CdS/CdTe film SCs, let’s measure the light current-voltage character-
istics of a series of samples with different back contact design solutions at an illumination power of 
10 mW/cm2 to 10 (100 mW/cm2 corresponds to the standard mode lighting AM1) [27].

Thus, in the process of studying SCs based on CdS/CdTe with a back contact consisting of 
a copper interlayer 12 nm thick and a layer of gold 50 nm thick, as well as SCs whose back 
contact does not include copper, it was found that the SC efficiency at power illumination of  
1000 W/m2 with the Cu/Au rear contact approaches 10 %, and with the Au rear contact it 
approaches 3.1 %, which is primarily due to the high value of the open circuit voltage and the 
filling factor of the light CVC. The dependence of the short circuit current density on the level of 
illumination of both types of contacts is traditionally linear (Fig. 4.2, a). In this case, for a SC with 
a rear contact containing copper, at a radiation power of 70 mW/cm2, the maximum efficiency is 
observed, and for device structures with a rear contact of Au, the efficiency somewhat increases 
with increasing illumination. The light current-voltage characteristics of the SC at different illumi-
nation powers are shown in Fig. 4.2.
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 Fig. 4.2 Light current-voltage characteristics at different illumination levels: a – ITO/CdS/CdTe/Cu/Au; 
b – ITO/CdS/CdTe/Au; 1 – 10 mW/cm2; 2 – 30 mW/cm2; 3 – 70 mW/cm2; 4 – 100 mW/cm2

An analysis of the light diode characteristics shows that for a SC with a Cu/Au back con-
tact, with increasing illumination, a traditional increase in the photocurrent density is observed  
(Table 4.1), which is due to an increase in the concentration of nonequilibrium charge carriers with 
an increase in the incident photon flux density. With an increase in illumination, the shunt resistance 
decreases, which is due to an increase in the specific conductivity of the base layer. The size of the 
series resistance does not depend enough on the illumination. This indicates that the predominant 
contribution to the value of the series resistance of the device structure is made by the resistance 
of the back and front contacts.

 Table 4.1 Effect of illumination level on initial parameters and light diode characteristics of  
ITO/CdS/CdTe/Cu/Au

Parameters and 
characteristics

Рс, mW/cm2

10 20 30 40 50 60 70 80 90 100

JSC, mA/cm2 1.9 3.8 5.94 8.3 10.3 12.8 15.0 17.0 19.5 21.2

Vnl, mV 697 711 719 720 728 727 729 731 727 731

FF, c.u. 0.66 0.67 0.67 0.67 0.67 0.663 0.66 0.66 0.66 0.66

Efficiency, % 8.7 9.1 9.49 10 10 10.29 10.37 10.23 10.36 10.19

Jp, mA/cm2 1.87 3.8 5.95 8.4 10.3 12.8 15.1 17.0 19.5 21.3

Rs, Ohm·cm2 <1 <1 <1 <1 <1 1.3 1.3 1.4 1.6 1.6

Rw, Ohm·cm2 8250 4420 2390 2400 1280 1010 894 741 694 623

A, c.u. 2.9 2.9 2.8 2.8 2.7 2.6 2.6 2.5 2.5 2.5

J0, 10-7 A/cm2 1.3 2.2 2.7 2.7 2.6 2.2 2.6 2.1 1.8 1.9
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The effect of annealing at a temperature of 200 °C for 30 minutes on the initial characteristics 
of a SC with a Cu/Au back contact was also studied.

 Table 4.2 Effect of rear contact annealing on the initial parameters of the ITO/CdS/CdTe/Cu/Au

Output parameters Vnl, mV Jsc, mA/cm2 FF Efficiency, %

Before annealing 322 20.2 0.41 1.6

After annealing in air 723 22.2 0.54 8.8

It has been established that the efficiency is limited to 2 % after annealing in device struc-
tures. The decisive contribution to the limitation of efficiency is made by low values of the no-load 
voltage. The results obtained indicate that only annealing in a SC with a Cu/Au back contact leads 
to the formation of an effective tunnel contact. According to the literature data [28], this is due 
to the interfacial interaction of the copper film and the surface layer of tellurium, which leads to 
the formation of a degenerate Cu2-xTe semiconductor. Without a degenerate semiconductor layer, 
in device structures with a Cu/Au back contact, as well as for a SC with an Au back contact, the 
through diode mode is implemented, which limits the value of the open-circuit voltage.

4.2 Study of tandem and bilaterally sensitive solar cells based on CdS/CdTe

4.2.1 Results of investigation of transparent rear contacts Cu/ITO for  
double-sided sensitive SnO2:F/CdS/CdTe/Cu/ITO solar cells

A promising direction for increasing the efficiency of photoelectric conversion of solar en-
ergy and the ability to work stably for a long period of time is the development of tandem and 
bilaterally sensitive photoelectric converters (PECs). The development of multilayer tandem 
structures involves the use of several base layers with different band gaps. This makes it pos-
sible to efficiently convert solar radiation in a wide spectral range. Thus, high-energy photons 
are absorbed in the first base layer, the rest of the radiation enters the PEC located below 
with a base layer having a smaller band gap. The main requirements for the creation of tandem 
structures are the small thickness and transparent rear contact of the PEC with the wide-gap 
base layer [29]. This is necessary for the passage of the long-wavelength part of the spectrum 
through the base layer with minimal losses. For bilaterally sensitive photovoltaic converters, 
the main requirement is efficient conversion of solar radiation when illuminated from both sides. 
Given the high radiation resistance of cadmium telluride, it is promising to use bilaterally sensi-
tive solar cells based on it for power supply of spacecraft. Since the back of the solar battery 
of the spacecraft is illuminated by solar radiation reflected from the body. Therefore, it is nec-
essary to conduct research on the conditions for creating transparent rear electrodes for pho-
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toelectric converters based on CdTe, intended for use in both tandem and bilaterally sensitive  
device structures.

The use of PV film PEC with CdTe and CuInSe2 [30] base layers is promising for creating tandem 
structures. It is known that the band gap of CdTe is 1.46 eV [6], and the band gap of CuInSe2 is 
1.10 eV [31]. The combination of the energy structure of such PECs is able to provide efficient 
conversion of solar radiation, both in terrestrial and atmospheric conditions. However, the use of 
PEC based on CdTe in tandem structures is constrained by the difficulty of creating back contacts 
suitable for industrial production. This is due to the fact that only platinum has the electron work 
function necessary for the formation of an ohmic transition. Other metals with cadmium telluride 
form a Schottky barrier, which affects the efficiency of photovoltaic processes in solar cells based 
on it [32]. Therefore, the main approach to the creation of low-resistance electrodes is the for-
mation of tunnel electrodes containing copper. However, the diffusion of copper into the base layer 
leads to degradation of the initial parameters of film solar cells based on CdS/CdTe. The authors 
of [33] proposed the creation of a rear contact without the use of copper. However, the efficiency 
of the studied samples did not exceed 6.2 %, and their degradation resistance was studied only 
for one year, which is not enough for operation in terrestrial and atmospheric conditions. The 
work [34] presents studies devoted to the creation of ohmic back contacts using an organic layer 
of the leading PEDOT-PSS polymer, which also does not contain copper. However, the efficiency of 
the obtained samples did not exceed 2 %. As shown by the authors, the low efficiency of experi-
mental samples is due to the operation of the device structure in the mode of a through diode. The 
authors of [35] studied several types of metal oxides as a buffer layer for creating a high-quality 
rear contact for solar cells based on CdTe. But this approach complicates the adaptation to mass 
industrial production.

Thus, at present, the problem of creating efficient and transparent rear contacts with solar 
cells based on CdTe without the use of copper remains unresolved. Therefore, it is necessary to 
carry out research aimed at optimizing the design and technological solution for creating transpar-
ent rear electrodes.

4.2.2 Materials and equipment used to obtain SnO2:F/CdS/CdTe/Cu/ITO photovoltaic 
converters

The studied device structures with a photoreceiving surface area of up to 2 cm2 were obtained by 
thermal vacuum evaporation using a UVN67 vacuum unit with modified internal equipment [36–38].  
The thickness of the CdTe base layer was 2.5 µm. The view of the internal equipment of the instal-
lation is shown in Fig. 4.3.

ITO films (indium and tin oxides) were deposited by nonreactive DC magnetron sputtering in a 
VUP-5M vacuum unit (Fig. 4.4). It should be noted that magnetron sputtering is one of the most 
promising methods for obtaining all transparent electrodes [15, 16]. This is due to the high degree 
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of accuracy in transferring the target composition to the substrate and the reproducibility and 
controllability of the magnetron sputtering process [39, 40].

 Fig. 4.3 Internal structure of the CdS and CdTe sputtering unit:  
1, 2 – screens; 3 – cadmium telluride powder evaporator;  
4 – cadmium sulfide powder evaporator; 5 – carousel;  
6 – substrate heater; 7 – substrate holder

 Fig. 4.4 Vacuum unit VUP-5M: a – photograph of the vacuum unit; 
 b – photograph of the material-saving magnetron

Since it is not possible to obtain efficient device structures without a copper interlayer, a nano-
sized copper layer 2 nm thick was deposited on the surface of cadmium telluride before ITO was 
deposited. The minimization of the copper layer thickness was aimed at increasing the degradation 
resistance of the device structure.
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According to [27], the technology of forming tunneling electrodes provides for chemical diges-
tion before applying the electrode, during which a Te layer is formed, and the final stage is annealing, 
leading to the formation of the Cu2-xTe phase, which is an innate conductor.

4.2.3 Measurement technique and analytical processing of light current-voltage 
characteristics

The measurement of light current-voltage characteristics (hereinafter – CVC) was carried out 
according to the method described in [41]. Imitation of solar radiation, close to the standard mode 
AM1.5, was carried out using a system of LEDs.

To measure the compensation method in the stationary mode of irradiation, close to the  
standard AM1.5, of the light current-voltage characteristics of SC samples.

Determination of the output parameters and light diode characteristics of photoelectric 
converters based on cadmium telluride was carried out according to the experimental light cur-
rent-voltage characteristics. Analytical processing of the light CVCs of the studied PECs was car-
ried out using a PC.

The relationship between the PEC efficiency and the light diode characteristics is implicitly 
described theoretically by the light CVC of the PEC:

J J J exp e V J R AkT V J R Rl p l l s l l s w� � � �� � � ��� �� �� � �� �/ / ,0 1  (4.15)

where Jl – the current density flowing through the load; е – the electron charge; k – the Boltzmann 
constant; Т – the temperature of the solar cell; Vl – voltage drop across the load.

According to the program, the analytical expression (4.15) for the light CVC turns into expres-
sions having the form:

I A AV A exp A V A II I l l� � � �� �0 1 2 3 4 ,  (4.16)

A I I R R Rp w s w0 0� � �� � � �/ ,  (4.17)

A R Rs w1 1� �� �/ ,  (4.18)

A I R R Rw s w2 0� �� �/ ,  (4.19)

A e AkT3 = / ,( )  (4.20)

A eR AkTs4 � � �/ .  (4.21)
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Using expression (4.16) and the experimentally obtained values of II and VI, by varying the 
values of the above coefficients А0, А1, А2, А3, А4 the best approximation of the experimental data  
II= II(Vl) of the curve described by the transformed theoretical expression (4.16) is achieved. Usu-
ally, during analytical processing, the standard deviation does not exceed 10-8, which corresponds 
to a relative error in determining the initial parameters and light diode characteristics at a level 
of no more than 1 %. After finding the indicated coefficients, which provide the best approxima-
tion, the initial parameters of the PEC are determined: Isc, Vnl, FF, Rw, efficiency. The light diode 
characteristics Rs, Rw, А and I0 are calculated from the found coefficients А0, А1, А2, А3, А4, using 
relations (4.17)–(4.21) [42–44]. The error in determining the initial parameters and light diode 
characteristics is determined not only by the value of the standard deviation, but also by the error 
in the light CVC measurement.

4.2.4 Results of the study of light current-voltage characteristics of  
SnO2:F/CdS/CdTe/Cu/ITO photoelectric converters

By analytical processing of the light CVCs (Fig. 4.5), the initial and light diode properties of the 
made solar cells were analyzed.

 Fig. 4.5 Light CVC characteristics of SnO2:F/CdS/ CdTe /Cu /ITO cells:  
1 – in the initial state; 2 – 8 years when illuminated from the front side; 
3 – in the initial state; 4 – ~ 8 years when illuminated from the back side

After taking the initial light CVCs under illumination from the front and back sides, the stan-
dards were kept at a constant light flux in a special chamber in the idle mode. Lighting was provided 
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by a 500 W incandescent lamp, the sample temperature was 80 °C. It was shown in [42] that 
such illumination regimes increase the degradation rate by a factor of 100. At certain intervals, 
conditionally corresponding to: 0; 0.5; 1.4; 3.6; 4.2; 5.4; 6.02 and 8 years, repeated measure-
ments of light CVCs were made. Table 4.1 presents the results of analytical processing of light CVC 
characteristics under illumination from the front side are shown in Table 4.3.

 Table 4.3 Output parameters and light diode characteristics of ITO/CdS/CdTe/Cu/ITO PV cells when 
illuminated from the front side

t, h 0 0.5 1.4 3.6 4.2 5.4

JSC, mA/cm2 19.4 19.4 19.4 19.4 19.5 19.4

Vnl, mV 740 720 710 710 710 710

FF, c.u. 0.68 0.73 0.75 0.74 0.73 0.73

Efficiency, % 9.8 10.2 10.3 10.1 10.2 10.1

Jp, mA/cm2 19.5 19.0 19.5 19.4 19.5 19.4

Rs, Ohm·cm2 1.6 1.2 0.5 0.3 0.7 0.4

Rw, Ohm·cm2 1031 911 882 965 821 922

A, c.u. 2.28 1.68 1.65 1.77 1.76 1.91

J0, 10-7A/cm2 6.2×10-8 1×10-9 9,7×10-10 3,3×10-9 2,5×10-9 9×10-9

Table 4.3 shows that at the beginning of the PEC operation and up to 1.4 years, there is an 
increase in efficiency from 9.9 % to 10.3 %, which is due to an increase in the filling factor of 
the light CVC from FF=0.68 to FF=0.75 against the background of an insignificant lowering the 
open circuit voltage from Vnl=740 V to Vnl=710 V and the short circuit current density from 
Jsc=19.5 mA/cm2 to Jsc=19.4 mA/cm2. With a further increase in the operating time to 6 years, 
the efficiency slowly decreases to 10 %. Then the decrease in efficiency occurs faster and with 
an increase in operating time up to 8 years, a decrease in efficiency to 9.7 % is observed. The 
reduction in efficiency occurs as a result of a decrease in the filling factor of the light CVC from 
FF=0.75 to FF=0.71, and the open-circuit voltage also continues to decrease slightly to 700 mV.  
The short circuit current density practically does not change. It should be noted that after 8 years 
of operation, the efficiency of the SnO2:F/CdS/CdTe/Cu/ITO PEC practically coincides with the initial 
value, which indicates a high degradation resistance of the resulting heterosystems [45, 46].

An analysis of the worldwide diode characteristics of SnO2:F/CdS/CdTe/Cu/ITO solar cells shows 
that initially, with an increase in operating time up to 1 year, the saturation diode current density 
decreases from J0=1.6×10-8 A/cm2 to J0=9.7×10-10 A/cm2, At the same time, the diode ideality 
coefficient also decreases. With a further increase in the operating time to 7.5 years, the diode 
saturation current density increases by almost two orders of magnitude up to J0=2.4×10-8 A/cm2,  
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the ideality factor also increases. This may be due to the fact that copper atoms, diffusing into 
the base layer at the grain boundary, reach the p-n transition region and partially shunt it. At the 
same time, the series resistance during almost the entire period of operation decreases from  
Rs=2.2 Ohm·cm2 to Rs=0.3 Ohm·cm2, and only after 7 years of operation is its reverse in-
crease to Rs=0.6 Ohm·cm2. The shunt resistance first increases from Rw=850 Ohm·cm2 to  
Rw=960 Ohm·cm2, and after four years it decreases to Rw=880 Ohm·cm2 with a subsequent 
return to the level Rw=960 Ohm·cm2.

The light diode characteristics of SnO2:F/CdS/CdTe/Cu/ITO solar cells improve at the beginning 
of operation, and after 7–8 years they deteriorate and return almost to their initial values. This 
behavior of the diode characteristics is responsible for the observed high degradation resistance.

Thus, the use of a copper layer 2 nm thick makes it possible to create a rear Cu/ITO tunnel 
contact without lowering the degradation resistance of the device structure. Since thin-film PECs 
are traditionally guaranteed stable efficiency for 5 years, it becomes obvious that the use of the 
proposed transparent rear electrodes in the conditions of industrial production of film PECs based 
on cadmium telluride becomes obvious [47].

The results of analytical processing of the experimental CVC under illumination from the back 
are presented in Table 4.4.

 Table 4.4 Output parameters and light diode characteristics of ITO/CdS/CdTe/Cu/ITO PV cells under 
illumination from the back side

t, h 0 1.4 3.6 5.4 6.0 8

JSC, mA/cm2 4.7 7.5 6.7 6.7 6.9 7.0

Vnl, mV 650 660 660 650 650 630

FF, c.u. 0.55 0.42 0.39 0,39 0.36 0.32

Efficiency, % 1.7 2.1 1.8 1.7 1.6 1.4

Jp, mA/cm2 4.7 7.7 6.9 6.8 7.1 7.2

Rs, Ohm·cm2 3.2 4.3 4.6 1.5 3.8 3.1

Rw, Ohm·cm2 438 146 155 150 132 112

A, c.u. 1.9 1.2 1.3 1.3 1.1 1.1

J0, 10-7A/cm2 6.9×10-9 3.1×10-13 3.8×10-12 1.2×10-11 3.6×10-13 3.6×10-13

As can be seen from Table 4.4, the PEC efficiency when illuminated from the back side is sig-
nificantly less than when illuminated from the front side. The ratio between the efficiency during the 
entire period of operation remains in the range from 5 to 7, reaching a minimum difference when 
the efficiency when illuminated from the front and rear sides reaches maximum values. Moreover, 
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the relative increase in efficiency at the beginning of operation with illumination from the back side is 
greater (23 % compared with the initial value) than with illumination from the front side (4 % com- 
pared with the initial value). The lower values of efficiency are primarily due to the lower values of 
the filling factor of the light CVC and the lower short-circuit current density. When illuminated from 
the back side in the initial state, the filling factor of the light CVC is FF=0.56, and after 7.5 years it 
decreases to FF=0.32. It should be noted that when illuminated from the front side, the fill factor 
decreases slightly. The short-circuit current density in the initial state when illuminated from the 
back side is 4 times less than when illuminated from the front side. After a year of operation, the 
ratio of these currents becomes approximately equal to 2.6 and remains unchanged further. The 
open-circuit voltage, both when illuminated from the front side and when illuminated from the back 
side, changes slightly and differs from the value for front illumination by (0.05–0.1) V.

Thus, the study of the light current–voltage characteristics of the SnO2:F/CdS/CdTe/Cu/ITO PEC 
showed that a decrease in the thickness of the copper layer deposited on the CdTe surface to ~2 nm  
made it possible to create degradation-resistant solar cells with a transparent rear contact.

The fixed evolution of the output parameters with a change in the direction of illumination 
is due to a change in the light diode characteristics. The decrease in the short circuit current 
density is due to the corresponding decrease in the photocurrent density. The fixed decrease in Jp 
when the direction of illumination changes is due to the fact that when illuminated from the front 
side, active generation of nonequilibrium charge carriers occurs near the p-n junction or inside its 
depletion region. As a result, most of it is generated under the action of light from nonequilibrium 
charge carriers and falls into the region of the built-in electric field of the p-n junction, where, after 
separation, a photocurrent is formed. When the device structure is illuminated from the rear, the 
nonequilibrium carrier generation region is separated from the p-n transition region. Therefore, a 
significant part of the generated nonequilibrium charge carriers as a result of volume and surface 
recombination do not contribute to the creation of a photocurrent.

When illuminated from the back, the series resistance is several times higher than when illu-
minated from the front, and does not decrease with increasing operating time. The density of the 
diode saturation current when illuminated from the rear side decreases by almost three orders of 
magnitude and practically does not change with an increase in the operating time. When changing 
the direction of illumination from the front to the back, the shunt resistance decreases several 
times. In addition, with an increase in the operating time, a decrease in the shunt resistance is 
observed. So, in the initial state, the ratio of the shunt resistance in front lighting to the shunting 
resistance in back lighting was 2 times, and by the end of operation it quickly increased to 8 times.

When analyzing the world-class diode characteristics, it is necessary to take into account the 
possibility of realizing the inverted diode regime presented in [48] in the structure under study, 
when the rear contact is a diode connected in series with respect to the main diode. The energy 
structure of the diodes is affected by the direction of illumination, which causes a change in the 
series and shunt resistance, as well as a change in the diode saturation current density. If the main 
contribution to the value of J0 is made by the energy structure of the main separating barrier,  
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the decrease in J0 when the direction of illumination changes from front to rear is due to an expo-
nential decrease in the intensity of its illumination.

This, in turn, reduces the concentration of nonequilibrium charge carriers near the p-n junction. 
If the main contribution to the shunt resistance is made by the barrier properties of the back con-
tact, it becomes obvious that this diode characteristic decreases when the direction of illumination 
changes from front to back. When the rear barrier is illuminated in the space charge region, the 
concentration of nonequilibrium charge carriers increases, which leads to a decrease in the shunt 
resistance as a result of a decrease in the thickness of the depletion layer. The series resistance 
is higher when illuminated from the rear, since in this case a significant amount of nonequilibrium 
charge carriers is not generated near the main p–n junction, and the depletion region increases, 
which leads to an increase in series resistance.

The evolution of the global diode characteristics with an increase in the operating time is due 
to the diffusion of copper from the nanosized interlayer into the volume of the base layer, which 
can occur according to the grain boundary and volume mechanisms.

Since copper is an acceptor impurity for cadmium telluride, its diffusion in the volume of 
the base layer of cadmium telluride leads to a decrease in the resistivity of the base layer and,  
accordingly, to a decrease in the PEC series resistance [49]. Diffusion of the acceptor into the 
grain boundary surface leads to the formation of a p-p + transition between the boundary and the 
bulk of the grain. Such potential barriers push nonequilibrium electrons into the bulk of the grain, 
generated under the action of light, by their built-in electric field, which reduces the negative ef-
fect of the grain boundary surface as a region with a high concentration of recombination centers. 
This approach makes it possible to expand the range of materials for creating rear contact with 
CdTe-based solar cells.

The obtained low efficiency values of the SnO2:F/CdS/CdTe/Cu/ITO PEC under illumination from 
the side of the transparent rear contact require a more detailed analysis and further studies aimed 
at optimizing the thickness of the base layer.

4.2.5 The results of the study of the initial parameters of the ITO/CdS/CdTe/Cu/ITO 
SC under bilateral irradiation

To quantify the effect of bilateral irradiation on the efficiency of electric power generation, 
comparative studies of the CdS/CdTe/Cu/ITO light CVC were carried out under irradiation from the 
back and front sides and simultaneous irradiation (Fig. 4.6).

By analytical processing of the light CVCs of the studied samples, the initial parameters were 
obtained for various types of irradiation, which are given in Table 4.5.

As can be seen from Table 4.5, when irradiated from the rear side, a significant decrease in the 
values of Jsc and Vnl is observed and, accordingly, is accompanied by a significant decrease in effi-
ciency. However, simultaneous irradiation on both sides shows high results of the initial parameters.
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 Fig. 4.6 Light CVC of CdS/CdTe/Cu/ITO SCs: 1 – when irradiation  
from the rear side; 2 – when irradiated from the front side;  
3 – when simultaneous irradiation from the back and front sides

 Table 4.5 Initial parameters of the ITO/CdS/CdTe/Cu/ITO SCs under various irradiation options

Irradiation direction

SC initial parameters from the front side from the back side on both sides at the same time

Jsc, (mA/cm2) 19.6 12.5 32.4 32.1*

Vnl, (mV) 620 570 610 –

FF, c.u. 0.59 0.44 0.50 –

Efficiency, % 7.17 3.13 9.88 –
Note: * are the initial parameters of the theoretical light CVC obtained by adding two experimental light CVC 
under illumination from the back

4.2.6 Results of studying the spectral dependences of the assembly factor of  
ITO/CdS/CdTe/Cu/ITO SCs at various bias voltages

To analyze the possibility of using the developed SC based on ITO/CdS/CdTe/Cu/ITO in tandem 
device structures, let’s study the spectral dependences of the removal factor at various bias 
voltages and various irradiation directions. On the basis of the obtained spectral dependences, the 
effect of the space-charge region of the rear contact on the efficiency of photoelectric processes 
in the base layer of a SC based on ITO/CdS/CdTe/Cu/ITO was analyzed (Fig. 4.7).



159

4 STRUCTURAL AND TECHNOLOGICAL SOLUTIONS FOR FILM SOLAR CELLS BASED ON CdS/CdTe  
FOR RESERVE POWER SUPPLY OF EMERGENCY PREVENTION SYSTEMS

CH
AP

TE
R 

 4

 Fig. 4.7 Spectral dependences of the assembly factor of CdS/CdTe/Cu/ITO SCs with  
a base layer thickness of 1 μm at various bias voltages (1 – 0 V, 2 – 0.5 V, 3 – 0.6 V,  
4 – 0.7 V , 5 – 0.8 V, 6 – 0.9 V, 7 – 1.1 V, 8 – 1.2 V): a – when irradiated from the  
front side; b – when irradiated from the back side

To quantify the contribution of incomplete absorption to a decrease in the photocurrent density,  
let’s study the CdS/CdTe/Cu/ITO light CVCs with a base layer thickness of 1 µm under illumination 
from the rear side (Fig. 4.8).

 Fig. 4.8 Light CVC of CdS/CdTe/Cu/ITO SCs: 1 – irradiation from  
the rear side; 2 – rear-front irradiation

The initial parameters of the SC during the analytical processing of light CVC are presented  
in Table 4.6.
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 Table 4.6 Initial parameters of the CdS/CdTe/Cu/ITO SCs with a base layer thickness of 1 µm for various 
irradiation options

SC initial parameters
Irradiation direction

Rear side rear-front front

Jsc, (mA/cm2) 12.5 14.1 19.7

Vnl, (mV) 570 571 666

FF, c.u. 0.44 0.43 0.60

Efficiency, % 3.1 3.4 7.8

When conducting such studies, a mirror was installed on the front side under illumination from 
the back side, which allowed the radiation transmitted through the SC to be directed again to the 
base layer from the front side. Thus, the loss of electric power generated by the SC due to incom-
plete absorption of light when illuminated from the back was analyzed experimentally.

4.2.7 The results of the study of the initial parameters of the ITO/CdS/CdTe/Cu/ITO 
SCs as part of tandem SCs

The developed ITO/CdS/CdTe/Cu/ITO SCs were tested as part of tandem SCs with a narrow-gap 
layer based on copper and indium diselenide. Such solar cells were made at the Swiss Institute 
of Technology. Mo/CuInSe2/CdS/ZnO/ZnO:Al/Ni SCs were produced on glass substrates and had a 
front configuration. Illumination of such device structures is carried out from the side of Ni comb 
contact. The light CVCs of such device structures were studied when the ITO/CdS/CdTe/Cu/ITO 
SCs with a base layer thickness of 1 µm and an efficiency of 7.8 % was located on the illuminated 
surface (Fig. 4.9).

The initial parameters of characteristic samples of Mo/CuInSe2/CdS/ZnO/ZnO: Al/Ni SCs and 
the ITO/CdS/CdTe/Cu/ITO – Mo/CuInSe2/CdS/ZnO/ZnO: Al/Ni tandem photovoltaic converter are pre-
sented in Table 4.7.

As can be seen from Table 4.7, placing an ITO/CdS/CdTe/Cu/ITO SC on a Mo/CuInSe2/CdS/ZnO/
ZnO:Al/Ni surface leads to a significant decrease in the efficiency of the latter.

Thus, we have analyzed the parameters and efficiency of the device structure of the ITO/CdS/
CdTe/Cu/ITO SC, which were obtained by analytical processing of light CVC. It has been established 
that the resulting light CVC of the SC when illuminated from both sides is the sum of the light CVC 
when illuminated from the rear and front sides.

However, double-sided lighting allows to increase the generated electrical power by 43 %. 
This reduces the area of the corresponding one-sided SC, which makes it possible to expand the 
possibilities of their use in the prevention of emergencies in the case of a limited deployment area.
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 Fig. 4.9 Light CVC: 1 – Mo/CuInSe2/CdS/ZnO/ZnO:Al/Ni SC;  
2 – when ITO/CdS/CdTe/Cu/ITO is located on its front surface

 Table 4.7 Initial characteristics of the solar parts of the tandem structure 

SC parameters CuInSe2 CuInSe2/ CdTe CdTe

Jsc, (mA/cm2) 25,9 13,8 19,7

Vnl, (mV) 634 590 666

FF, c.u. 0,68 0,74 0,60

Efficiency, % 11,2 6,0 7,8

An analysis of the spectral dependences of the ITO/CdS/CdTe/Cu/ITO SC collection coefficient at 
various bias voltages has been carried out. It was found that in the absence of a shear stress, the 
maximum in the spectral dependence is observed at a wavelength of 0.65 µm, then a decrease in the 
photoresponse is observed, so that the area under the spectral dependence decreases by 20 %.

Since the area under the spectral dependence of the quantum efficiency coefficient is propor-
tional to the short-circuit current density, the efficiency of the device structure also decreased 
by 20 rel. %. Such a significant decrease in the efficiency of photoelectric processes can probably 
be due either to the negative effect of surface recombination at the rear contact or to incomplete 
absorption in the base layer due to the small thickness of the base layer.

Analysis of the Table 4.6 shows that if the radiation transmitted through the solar cell, when 
illuminated from the back side, is again directed to the front surface with the help of a mirror, 
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this leads to an increase in electric power by 0.3 mW/cm2. The increase in efficiency is due to an 
increase in the short-circuit current density by 1.6 mA/cm2 at constant values of the open-circuit 
voltage and the filling factor of the light CVC. Relative to the value of the short-circuit current 
density during irradiation from the front side, the increase in this initial parameter is 8 %. Thus, it 
has been experimentally shown that, in reducing the efficiency of photoelectric processes, the con-
tribution of incomplete light absorption in the base layer to its photosensitivity practically coincides 
with the negative contribution of the rear contact.

With an increase in the forward bias, the area of the space charge of the main separating bar-
rier, where there is a built-in electric field that accelerates the movement of electrons, decreases. 
This leads to a decrease in the assembly efficiency of nonequilibrium charge carriers generated 
under the action of light due to a decrease in the region of the semiconductor where they drift in an 
electric field. A decrease in efficiency is experimentally observed in the analysis of spectral depen-
dences. With increasing voltage, a decrease in Q(λ) is observed in the entire spectral range of the 
photosensitivity. In this case, the largest decrease is observed for nonequilibrium charge carriers 
generated under the action of photons from the long-wavelength part of the spectrum. With an 
increase in the wavelength, the depth of light absorption increases, which leads to the removal of 
the active generation region from the region of the separating barrier. There is also an increase in 
the negative effect on the volume recombination collection coefficient during the diffusion of charge 
carriers from the generation region to the separation region.

At a voltage of 0.7 V, which corresponds to the open circuit voltage, the photosensitivity 
becomes equal to zero, since the external electric field becomes equal to the internal field of the 
separating barrier. Since these electric fields have the opposite content, the process of separa-
tion of nonequilibrium carriers stops. With a further increase in the bias voltage, its drop is car-
ried out on the rear diode, connected in the opposite direction. Therefore, the rear diode begins 
to separate nonequilibrium charge carriers. As a result, the shape of the spectral dependence of 
the photorecall changes. Nonequilibrium charge carriers, generated under the action of photons 
from the long-wavelength part of the spectrum, begin to make the greatest contribution to the 
creation of photoresponse, since the region of their generation is located near the fission region. 
When illuminated from the rear side (Fig. 4.7, b), the maximum in the spectral dependence is 
observed when photons are absorbed from the long-wavelength region of the spectrum, which 
indicates a high surface recombination at the rear contact. Indeed, nonequilibrium charge carri-
ers, when illuminated from the back side, are generated near the back surface. If this surface is 
characterized by a high rate of surface recombination, then the contribution of charge carriers 
generated near the back to the photorecall is minimized, which is observed experimentally. With 
an increase in the bias voltage, the energy structure of the rear contact is optimized and the 
depletion region grows, which causes an increase in the photoresponse over the entire spectral 
range of the photosensitivity.

An analysis of the initial parameters of the ITO/CdS/CdTe/Cu/ITO – Mo/CuInSe2/CdS/ZnO/ZnO: 
Al/Ni tandem structure shows that the absorption of a part of the incident radiation in the  
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ITO/CdS/CdTe/Cu/ITO SC leads to a decrease in the efficiency SC Mo/CuInSe2/CdS/ZnO/ZnO:Al/Ni 
from 11.2 % to 6.0 %. This decrease in efficiency occurs due to a decrease in the short circuit 
current density from 25.9 mA/cm2 to 13.8 mA/cm2.

In this case, the open-circuit voltage decreases slightly, and the filling factor of the light CVC 
increases. The results obtained are in good agreement with those shown in Fig. 4.2 by the spectral 
dependence of the transmittance of the ITO/CdS/CdTe/Cu/ITO SC. Since the short circuit current 
density linearly depends on the intensity of the incident radiation, and the open circuit voltage 
depends on it logarithmically.

It should be noted that, despite a significant decrease in the efficiency of the Mo/CuInSe2/CdS/
ZnO/ZnO:Al/Ni SC when it is darkened by the ITO/CdS/CdTe/Cu/ITO SC, the efficiency of the tandem 
structure is noticeably higher than that of such CEs separately and amounts to 13.8 %.

4.3 Study of solar cells based on CdS/CdTe on a flexible substrate as  
part of a module

4.3.1 Development of a method for obtaining a CdS/CdTe/Cu/Au module on 
a flexible substrate designed for backup power supply of emergency 
prevention systems

Thin film solar cells can generally be designed in two structures, known as superstrate and 
substrate, depending on the direction of light entry into the bulk of the device structure. In film 
solar cells of the "superstrate" type, light enters the cell from the side of the substrate on which 
the base layers are deposited and then passes into the volume of the device structure. For film 
solar cells of the "substrate" type, the light comes from the side opposite to the substrate. Thus, 
for superstrate SCs, the substrate must be transparent in order to transmit enough light into 
the volume of the device structure. Therefore, for the most part, it is the "superstrate" type 
that is used to create efficient solar cells based on CdTe [50]. While metal substrates can only be 
used for the "substrate" structure, polymer substrates are used in both cases depending on their 
transparency [51]. At present, the highest efficiency of film solar cells based on CdTe on a flexible 
substrate in the implementation of the "substrate" type reaches 13.8 % [52]. For film elements 
of the "substrate" type, 7.3 % when using a polymer and 7.8 % when using a metal foil, while the 
predicted theoretical maximum for CdTe-based SC is almost 30 % [53].

It is believed that with the superstrate configuration it is possible to obtain more efficient 
solar cells. This is due to the "chloride" treatment, which results in a decrease in the electri-
cal resistivity of CdTe due to the generation of ClTe–VCd acceptors. In [45, 54], the use of 
"chloride" treatment made it possible to obtain experimental samples of solar cells with an 
efficiency of more than 10 %, but solar cells were fabricated on glass substrates. In the case 
of "substrate", "chloride" treatment can only be applied to CdS layers [34, 55]. In such a case, 



164

ENERGY FACILITIES: MANAGEMENT AND DESIGN AND TECHNOLOGICAL INNOVATIONS
CH

AP
TE

R 
 4

the crystallinity of CdTe is not optimized. To create flexible solar cells, several materials are used 
as substrates, each of which has advantages and disadvantages. Among metals, molybdenum, 
titanium and stainless steel are most widely used, and among polymers – polyamide, polyethylene 
terephthalate and polyethylene naphthalate. The author of [56] used molybdenum as a flexible 
substrate. However, the efficiency of the obtained samples did not exceed 5 %, which is due to 
the complexity of forming an ohmic contact of such device structures. In [57], molybdenum and 
stainless steel were used as flexible substrates. The resulting device structures were studied 
by X-ray diffractometry, which made it possible to establish that, in addition to the difficulty of 
forming a rear contact, a limiting factor is the presence of defects in the form of dislocations 
in the base layer. In [58], Upilex polyimide films were used as substrates, which can withstand 
high temperatures (450 °C). The obtained results of the study demonstrated low efficiency 
values, which, according to the authors, is associated with inefficient radiation absorption in the 
polyamide substrate.

Thus, in the case of creating film solar cells based on CdTe on flexible substrates, the efficiency 
of device structures is limited by two groups of factors: firstly, it is the difficulty in creating a 
high-quality back contact, and secondly, significant absorption of the visible part of the spectrum 
when passing through the substrate .

4.3.2 Preparation of samples of the ITO/CdS/CdTe/Cu/Au module on  
a polyamide substrate

The tested solar module based on CdS/CdTe consisted of four micromodules connected in par-
allel. Each micromodule consisted of five solar cells connected in series (Fig. 4.10). A set of metal 
masks was used to manufacture the module (Fig. 4.11). This method is more economical than  
photolithography. The module was fabricated on polyamide substrates, Kapton brand, manufac-
tured by DuPont, amber color, 50 µm thick, by magnetron sputtering of the target [59]. The 
target was a compressed mechanical mixture of In2O3 (90 wt. %) and SnO2 (10 wt. %).

ITO films were formed at a deposition temperature of 300 °C. For the deposition of ITO 
films, a mask was used without separation into separate electrodes. The initial partial pressure 
was 104 Pa. The specific power of the magnetron was 1.5 W/cm2, which corresponds to the 
range of values commonly used to obtain transparent and electrically conductive ITO films [60].  
ITO sputtering was carried out in an argon-oxygen mixture at a pressure of 8×10-1 Pa. Under 
such conditions, layers were formed with a surface resistance of 10 Ohm/ and an average 
transmittance in the visible spectral range of about 90 %, which is achieved by reducing their 
thickness to 0.1 µm [60].

The same mask was used to apply the cadmium sulfide and telluride layers. The deposition of 
these layers was carried out in a single technological cycle by thermal vacuum deposition from 
graphite evaporators at an initial vacuum of 104 Pa without its excitation.
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 Fig. 4.10 Appearance of the solar cell module

 Fig. 4.11 The system of masks for the module manufacture

The resulting instrumental heterosystems were subjected to the "chloride" treatment stan-
dard for this type of SC. In this case, smaller mask sizes were used. This is due to the fact that 
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cadmium telluride layers were used as dielectric layers separating the elements from each other, 
which are not affected by cadmium by the chloride layer and, therefore, were not subjected to 
"chloride" treatment, which reduces series resistance. To implement the "chloride" treatment, 
CdCl2 films were deposited on the surface of the CdTe layers by thermal evaporation without 
heating the substrate. It is well known that "chloride" treatment [34] causes an increase in 
efficiency by several times. As a result of such treatment, the electrical resistivity of CdTe de-
creases due to the generation of ClTe–VCd acceptors with a concentration of about 1014 cm-3,  
which reduces Rs. In addition, during such treatment, recrystallization of the base layer is ob-
served, in which the CdTe columnar structure with a small grain size is transformed into a free 
orientation structure with large grain sizes. As a result, the probability of partial shunting of 
the separating barrier by the grain-boundary surface decreases, which causes an increase in Rw. 
Then the obtained multilayer film systems ITO/CdS/CdTe/CdCl2 were annealed in air in a closed 
volume at a temperature of 430 °C for 25 min. To remove the reaction products, the annealed 
samples were subjected to digestion in a 5 % bromine solution in methanol.

To form the rear electrodes of the SC, two-layer Cu/Au electrical contacts were deposited on 
the etched surface of cadmium telluride in a vacuum setup by thermal evaporation. Since it is im-
possible to obtain effective device structures without a copper interlayer, a nanosized copper layer 
2 nm thick was deposited on the surface of cadmium telluride. The minimization of the copper layer 
thickness was aimed at increasing the degradation resistance of the device structure.

4.3.3 Results of the study of the light current-voltage characteristics of  
CdS/CdTe/Cu/Au micromodules on a flexible polyamide substrate

The initial parameters of the micromodules included in the ITO/CdS/CdTe/Cu/Au module with 
serial connection of elements were obtained by analytical processing of the light CVCs (Table 4.8).

 Table 4.8 Initial parameters of ITO/CdS/CdTe/Cu/Au micromodules with serial connection of solar cells

Micromodule Vnl, mV Jsc, mA/cm2 FF Efficiency, %

M5_1 2449 2.8 0.59 4.0

M5_2 3489 2.7 0.39 3.7

M5_3 3572 2.8 0.54 5.3

M5_4 3052 2.1 0.56 3.5

The light CVC of the micromodules, measured at a light flux power of 100 mW/cm2 and with a 
series connection of solar cells, are shown in Fig. 4.12, 4.13.
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 Fig. 4.12 Light CVC of the M5_1 micromodule: 1 – with a series 
connection of four SCs; 2 – with five solar cells are connected in series

 Fig. 4.13 Light CVC of micromodule M5_3 with serial connection 
of five solar cells

As can be seen from Table 4.8, when the elements in the micromodule are connected in series, 
the efficiency of the micromodules reaches the maximum efficiency at the level of 5.3 %.
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4.3.4 The results of the study of the effect on the efficiency of micromodules on 
a flexible polyamide substrate of the initial parameters of the constituent 
elements and conditions for obtaining experimental samples

By analytical processing of light CVCs, the initial parameters and light diode characteristics of 
the studied solar cells were obtained separately and when they were connected in series as part 
of a micromodule.

The results obtained are presented in Tables 4.9, 4.10, where C is a single SC, C2-C5 is a 
micromodule M5_1 when four SCs are connected in series, C1-C5 is a micromodule when five SCs 
are connected in series.

As can be seen from Tables 4.9 and 4.10, the solar cell in the micromodule M5_1 has the 
highest efficiency at the level of 8.4 %. However, the maximum efficiency of the entire micromod-
ule is limited to 4.9 %.

 Table 4.9 Output parameters and LED characteristics of micromodule SC M5_1

Sample C1 C2 C3 C4 C5 С2-С5 С1-С5

Vnl, mV 97 748 755.5 133 752 2389 2486

Jsc, mA/cm2 10.6 16.6 18.2 12.6 16.2 3.4 2.7

FF, c.u. 0.27 0.61 0.61 0.26 0.59 0.59 0.58

Efficiency, % 0.3 7.5 8.4 0.4 7.1 4.9 3.9

Rs, Ohm·cm2 4.1 8.77 8.47 3.03 8.77 186 239

Rw, Ohm·cm2 9.4 498 673 808 623 7×103 1×105

J0, A/cm2 9×10-4 5×10-11 4×10-11 9×10-6 6×10-9 2×10-14 2×10-14

A, c.u. 1.8 1.5 1.5 1.1 2.0 3.7 3.8

Jp, mA/cm2 18.4 16.7 18.4 17.3 16.5 3.5 2.8

The study of the initial parameters of micromodules in the composition of the module on a 
polyamide substrate showed that the maximum efficiency (Table 4.8) is observed for the M5_3 
micromodule at the level of 5.3 %. Serial connection of solar cells in micromodules M5_1 made it 
possible to obtain an efficiency of 3.9 %. Such a low efficiency value for the micromodule M5_1 
compared to the micromodule is due to M5_3 with a low value of Vnl. The presumably low Vnl 
value for the M5_1 micromodule is due to the shunting of the solar cells in the micromodule. This 
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assumption was confirmed by analyzing the initial parameters and light diode characteristics of indi-
vidual solar cells of modules M5_1 and M5_3. An analysis of the initial parameters and light diode 
characteristics of individual solar cells of modules M5_1 and M5_3 showed that the first of the 
micromodules (M5_1) had two practically shunted solar cells. The second micro-module (M5_3) 
had one solar cell with a significantly lower efficiency.

 Table 4.10 Output parameters and LED characteristics of micromodule SC M5_3

Sample C1 C2 C3 C4 C5 С1-С5

Vnl, mV 752 762 552 758 741 3582

Jsc, mA/cm2 15.2 16.7 16.9 17.8 16.9 2,7

FF, c.u. 0.54 0.61 0.28 0.60 0.55 0.55

Efficiency, % 6.2 7.7 2.6 8.1 6.8 5.3

Rs, Ohm·cm2 5.6 5.7 12.8 6.3 10.1 243

Rw, Ohm·cm2 238 476 24 520 400 15630

J0, A/cm2 3×10-7 5×10-8 6×10-8 2×10-8 7×10-9 5×10-8

A, c.u. 2.8 2.3 2.0 2.2 2.0 2.8

Jp, mA/cm2 15.6 16.9 25.9 18.0 17.3 2.8

Analysis of the Table 4.9 shows that for individual solar cells of the first micromodule, the light 
diode characteristics and initial parameters changed in the following intervals: Rs=(3–9) Ohm·cm2, 
Rw=(9–620) Ohm·cm2, J0=(4×10-11–9×10-4) A/cm2, Vnl=(97–755) mV, Jsc=(10.6–18.2) mA/cm2,  
FF=(0.26–0.61), efficiency=(0.3–8.4) %, for the second micromodule – Rs=(5.5–10) Ohm·cm2, 
Rw=(24–520) Ohm·cm2, J0=(7×10-9–3.0×10-7) A/cm2, Vnl=(550–760) mV, Jsc=(15–17.8) mA/cm2,  
FF=(0,28–0.6), efficiency=(2.6–8.1) %.

Thus, it can be argued that the low efficiency of micromodules in comparison with the efficiency 
of single solar cells in the micromodule is due to a decrease in all initial parameters. The creation 
of a Cu/Au tunnel back contact made it possible to obtain high Vnl values for individual solar cells, 
but as part of a micromodule it is limited to a shunted solar cell. The greatest role in reducing the 
efficiency of the entire micromodule is played by a significant decrease in Jsc, both for the first and 
second micromodules. This circumstance may be due to the inefficient absorption of radiation when 
passing through the dark yellow polyamide film. Therefore, for further research, it is necessary to 
focus on reducing the thickness of the polyamide film.
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Conclusions

1. An analysis of losses in the initial parameters of solar cells based on CdS/CdTe showed that 
in order to increase the efficiency of the device structure, it is necessary to reduce the recombina-
tion rate of minority charge carriers in the volume of the photovoltaic converter, reduce the series 
resistance and conductivity of the shunt level. 

The main directions for increasing the efficiency of CdS/CdTe based SCs by increasing Vnl and 
Jsc have already been implemented, but insufficient attention is paid to increasing the efficiency by 
increasing the FF of the light CVC by reducing the series resistance when creating low-tilt rear 
contacts.

It has been experimentally established that in the absence of a copper interlayer on the rear 
surface or the absence of an annealing process after the formation of a rear contact, the efficiency 
of ITO/CdS/CdTe/Cu/Au film SCs is limited at the level of 3–4 %, which is due to the operation of 
the device structure in the "through diode" mode. When a Cu/Au tunnel contact is formed, the SC 
efficiency increases to 10 %.

2. The study of transparent Cu/ITO rear contacts for CdTe-based solar cells intended for use in 
tandem and bilaterally sensitive device structures made it possible to establish that the preliminary 
deposition of a nanosized copper layer on the CdTe surface to form the back electrode makes it 
possible to form a high-quality tunnel contact. After 8 years of operation, the efficiency of the 
studied solar cells practically coincides with the initial one. 

It has been established that changing the direction of illumination of the SnO2:F/CdS/CdTe/Cu/
ITO SCs leads to a significant decrease in the efficiency of the device structure. The differences in 
the initial parameters and light diode characteristics of SnO2:F/CdS/CdTe/Cu/ITO SCs are due to the 
effect of the rear diode on the efficiency of photovoltaic processes in the base layer.

3. Using the DC magnetron sputtering method, experimental samples of a module based on 
cadmium telluride on a flexible polyamide substrate have been obtained, consisting of four micro-
modules with series-connected solar cells. Researches of initial parameters and light diode charac-
teristics of the micromodules which are a part of the module havew been carried out. 

It has been found that the maximum efficiency of the micromodule as part of the module 
reached 5.3 %. It has been established that the low efficiency values of micromodules are due to 
the partial shunting of solar cells in the composition of micromodules and inefficient absorption of 
the visible part of the radiation when passing through the polyamide substrate.
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Abstract

We have developed several prototypes of solar concentrators that are compact, light, and 
inexpensive. As an example of solar concentrators, we selected parabolic solar concentrators with 
plane mirrors that approximate the parabolic surface. A methodology is proposed for the evaluation 
of the impact of combinations of solar concentrators together with certain agricultural crops. The 
proposed mathematical model is simple and applicable for different cases of combination of solar 
concentrators and agricultural fields. This study is dedicated to renewable energy on the example of 
two countries, Mexico and Azerbaijan. The relief and climate of both countries have many common 
features, which are expressed particularly in the abundance of solar radiation, the predominance of 
mountainous regions with remote and hard-to-reach settlements that need to create autonomous 
life support systems. The main problem for proposed solar concentrators is the automatization of 
the assembly process of these solar concentrators. We proposed two methods of assembly that 
is, using a parabolic rule and using a robotic arm with a stereoscopic vision system. Both methods 
are described in this chapter.

KEYWORDS

Agricultural crops, mathematical model, solar concentrator, Micro Equipment Techno- 
logy (MET), flat triangular mirrors, assembly, automatization.

The global climate change and its negative impact on the stable economic development of 
countries around the world have created a real danger to humanity in recent decades. It is well 
known that the active consumption of traditional energy sources (e.g., coal, oil, gas) is the main 
cause of environmental imbalance and climate change. This requires vigorous decisions and actions 
from the world community, scientists and politicians to hamper the global warming, reduce carbon 
dioxide emissions (CO2) caused by anthropogenic factors. Scientists and experts on climate change 
estimate that even a 1.5 °C increase in temperature will lead to irreversible changes in the environ-
ment. Therefore, it is necessary to reduce greenhouse gas emissions (GHG) by 2030 by 45–60 % 
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compared to 2010, and by 2050 it is necessary to achieve a zero balance allowing ecosystems to 
absorb all anthropogenic emissions [1].

To date, all UN member countries have ratified the Paris Agreement, which sets the goal of 
preventing global temperatures from rising by more than 2 °C [2]. Each country has commit-
ted to Nationally Determined Contributions (NDCs) to reduce greenhouse gas emissions. In this 
regard, the ever-growing demand for energy in the world is accelerating the gradual transition 
of nation-states to green energy. The implementation of NDCs includes commitments to reduce 
greenhouse gases in the energy, agriculture, transport, and other sectors.

Agriculture is a critical component of the economy and plays a vital role in food security [3]. 
This area also stimulates the employment of the able-bodied population living in rural settlements, 
and provides a certain contribution to the achievement of sustainable development goals [4].

Along with this, agriculture is the most vulnerable segment of the economy to climate change, 
which manifests itself in the amount and distribution of precipitation, drought, land pollution, re-
duced water supply, changing seasons, etc. [5–7].

One way to meet the growing demand for food is to increase agricultural productivity and re-
duce the cost of agricultural production. Addressing this issue is of particular importance given the 
demographic trends that contribute to some extent to increased emissions and lead to an increase 
in per capita consumption of agricultural products. According to the new UN forecasts, by mid- 
November 2022, the world’s population is estimated to increase to 8 billion people, and humanity 
to reach 8.5 billion people by 2035, 9.7 billion people by 2050, and 10.4 billion people by 2100. 
Back in 2011, the world population reached 7 billion people [8].

The development of agricultural production is largely determined by the technological modern-
ization of the industry, the development of new intensive agricultural methods that increase the 
harvest and diversity of crops while protecting the soil through the use of environment-friendly  
renewable energy sources, conservation of water resources, etc. [9, 10]. Currently, many coun-
tries specify the transition to green energy as their national priorities. To implement this complex 
task, various concepts, numerous applied developments, technological solutions and equipment 
for the modernization of energy supply systems based on various renewable energy sources have 
already been proposed [11, 12].

One of the cleanest energy sources is solar energy, which is safe for the environment and does 
not cause global warming. Solar photovoltaic stations, which are the basis for the development of 
low-cost autonomous power supply systems, are now used to generate energy in many countries. 
A significant large area of roofs and walls of houses, including business buildings, as well as the 
availability of free territories may contribute to getting and collecting large amounts of free energy.

In the context of agriculture, technologies of solar energy are applicable in every sector of the 
agro-industrial complex and may address many problems in this field of activity.

In the modern practice of crop growing, one of the innovative, but promising applications of 
solar energy is the combination of plants and solar energy production on one piece of land. The idea 
of integrating solar devices into agro-ecosystems, namely agrovoltaic, provides the possibility of 



179

5 SOLAR CONCENTRATOR APPLICATIONS IN AGRICULTURE

CH
AP

TE
R 

 5

dual use of land, i.e. growing plants while generating electricity on the same land. Agro-electric 
systems are particularly effective in agriculture in countries that suffer from land scarcity and lack 
of areas for crops, as well as those with dry areas and high solar potential.

Various approaches to the implementation of the technology of combining solar energy and 
land use require a precise calculation of the features of shadows, taking into account the risks 
negatively affecting the growth and development of plants, the crop size, etc. 

Many researchers around the world are now focusing on these studies, aimed at both the 
development of agriculture and the improvement of solar devices, including the development of 
alternative energy [13–20]. According to the results of studies and experiments, the combination 
of solar energy with crops, with the right scientific approach, may increase crop yields on the one 
hand, and generate environmentally friendly energy on the other [21].

In another study [19], the objective was to examine the performance of agrovoltaic systems, 
which produce crops and electricity simultaneously based on the installation of stilt-mounted PV 
panels on farmlands (Fig. 5.1).

 Fig. 5.1 Three different agrovoltaic system types: a – using the space between 
PV panels for crops; b – a PV greenhouse; c – a stilt-mounted system [19]

The abovementioned studies consider three principles for the application of solar devices in 
agroecosystems: 

1) emphasis on the agricultural crops that make up the agroecosystem; 
2) emphasis on the solar energy production; 
3) emphasis on the integration of solar panels into agroecosystems. 
The first principle is aimed to maximize biomass production by minimizing changes in production 

systems. Devices for electricity production are installed on available lands and do not severely 
change agricultural production. The second principle attempts to maximize the generation of solar 
energy and minimize the changes in standard technologies in solar energy receiving, contributing to 
the agricultural growth around renewable energy facilities. The third principle efforts to merge both 
cases and benefit from the increase in biomass and energy capacity of solar devices. 
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In this study, implemented within the framework of the third principle, we have made an effort 
to preserve and upsurge the productivity of agricultural crops while guaranteeing the highest 
power generation.

5.1 Our approach

This article explores the reasons for the transition of countries to a green economy through the 
prism of global climate change. An analysis of the state of development of environmentally friendly 
energy sources is performed on the example of two countries, i.e., Azerbaijan and Mexico, the en-
ergy sectors of which are mainly based on natural fuel. These countries, taking into account the val-
ues of their basic economic indicators, have upper-middle-income economies (4,046–12,535 USD)  
being referred to the group of developing countries and are gradually approaching the category of 
developed countries and also have a number of similar climatic, agrobiological and geographic relief 
features. More than 77 % of the world’s population lives in developing countries, which make up 
about 4/5 of all countries in the world [22].

The main factors determining the relevance of the development of renewable energy sources in 
these countries are identified, with an emphasis on the use of the latter in agro-complexes. As the 
main segment of agriculture, crop production is considered, which is the leading field in ensuring 
food security and exports in both countries.

Taking into account the prospects of introducing agrovoltaics into crop production, this study 
considers the issues of creating integrated systems for electricity production and growing crops in 
one field through the use of solar energy.

Analysis of approaches to solving the problem of merging solar energy and agriculture, which 
makes it possible to identify two main problems when choosing a model for combining concentra-
tors with certain types of plants. The first problem is related to the selection or development of 
solar concentrators that are most suitable for certain crops. The second factor is related to the 
choice of the mathematical model proposed to evaluate the most efficient placement of solar con-
centrators in the field in the combination with plants.

In Fig. 5.2 we demonstrate flowchart of our model work. The model is subject to requirements 
of ease of use and versatility, providing simulation of various combinations of solar concentrators and 
agricultural fields. Another important point when choosing a model is to provide the ability to simu-
late various combinations of solar concentrators and plants without the need for empirical studies 
directly in the field. We can describe the general objective and specific objectives in the following way.

General objective is investigate the possibility of solar concentrator collocation between plants 
in agricultural fields.

Specific objectives:
1. Development of solar concentrators that are compact, light, and inexpensive. We selected 

parabolic solar concentrators with plane mirrors that approximate the parabolic surface.
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2. A methodology is proposed for the evaluation of the impact of combinations of solar concen-
trators together with certain agricultural crops. The proposed mathematical model is simple and can 
be implemented for different cases of a combination of solar concentrators and agricultural fields.

3. Parameter selection for solar concentrators (the characteristics taken into account in solar 
concentrators include their dimensions, weight, plate width or dish diameter, shade produced, 
mounting structure, the material of construction, quantity and distribution of solar concentrators).

4. Parameter selection for agricultural fields (the field area, its slope, soil type, humidity, spac-
ing between the rows, crop type, crop density, maximum plant width, and plant height).

5. Creation of a computer program to realize the mathematical model.
6. Comparative analysis of Mexico and Azerbaijan and their possibilities to develop green energy.
7. Development of methods of automatic assembly of solar concentrators.
This article substantiates the expediency of choosing a linear model with two objective functions 

that make it possible to satisfy the specified requirements. Such a model can be effectively used in 
crop production in the countries with analogous characteristics and high solar radiation potential.

 Fig. 5.2 Flowchart of our model

5.2 Azerbaijan and Mexico: Drivers for Development of Green Economy

The main factors determining the need for the development of a green economy in Azerbaijan 
and Mexico may include: 

1) global trend towards the decarbonization of energy and the need to fulfill obligations to 
reduce greenhouse gases;

2) climate policy of countries;
3) geographical location and landscape;
4) climatic conditions;
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5) along with traditional energy resources, presence of high potential of renewable en- 
ergy sources;

6) priorities of social and economic development policy.
A comparative analysis of Azerbaijan and Mexico through the prism of factors that determine 

the relevance of the development of new types of renewable energy makes it possible to identify a 
number of similar features of these countries, which are listed below.

5.2.1 Oil and gas industry

Azerbaijan and Mexico are the countries with a developed hydrocarbon industry. Huge reserves 
of oil and gas resources, which are produced on land and under the sea, have contributed to the 
attraction of large investments to these countries ensuring energy security, and became the main 
driving force of national economies, the most important source of foreign exchange earnings and a 
growth factor of the population’s well-being.

However, as mentioned above, the extraction and refining of traditional energy resources are 
associated with environmental problems, and furthermore, fossil fuels are among the main sources 
of environmental pollution and global climate change. Therefore, in recent years, the importance of 
the transition to low-hydrogen and carbon-free energy sources has become specifically relevant. In 
this regard, Azerbaijan and Mexico, despite the large reserves of oil and gas, focus on the transfer 
of their energy systems to alternative, mainly renewable energy sources.

Currently, electricity generation in Azerbaijan and Mexico is mainly based on hydrocarbon re-
sources. In recent years, both countries have been intensively converting traditional oil power 
plants into natural gas with cleaner burning.

Thus, in Azerbaijan, the share of gas in electricity production in early 2020 was estimated 
at 92 %. As of 2020, the country’s share of electricity generation from environmentally friendly 
sources (mainly through the generation of energy from hydroelectric power plants) in the total 
amount of energy produced in the country amounted for 17 %.

In accordance with the Paris climate agreement, Azerbaijan has committed to reduce the level 
of gas emissions and a thermal effect by 35 % by 2030 compared to the base year 1990 [23]. In 
November 2021, at the COP26 conference held in Glasgow, Azerbaijan made a new commitment 
to reduce emissions by 40 % by 2050 and create a "Net Zero Emissions" zone in the territories 
liberated from occupation [24].

Positive demographic and economic trends played an important role in the growth of annual 
emissions in Mexico between 1990 and 2010, increasing by 33 %, and led to an increase in en-
ergy demand [25]. To prevent unsafe climate change and the development of low-carbon energy, 
the Mexican government has adopted a series of climate measures, due to which, in early 2020, 
70.1 % of the installed net power capacity in Mexico came from thermal gas power plants. Energy 
production from low-carbon nuclear power plants in Mexico accounted for 2.1 %, while electricity 
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generation from clean renewable sources accounted for 27.8 % of the total electricity produced 
in the country [26].

Under the Paris Climate Agreement, Mexico’s greenhouse gas reduction commitments are 
among the most ambitious in the world, compared to those of many developed countries and most 
other Latin American countries. Thus, Mexico’s national greenhouse gas (GHG) emission reduction 
goals are to provide for bringing electricity generation from environmentally friendly sources to 
35 % by 2024, and by 2035 to achieve a share in electricity generation with zero or low emis-
sions up to 40 %. In the long term, it is planned to continue increasing the capacity of the energy 
sector by up to 50 % by 2050, including both renewable energy sources and low-carbon nuclear  
and fossil fuels [25].

Fig. 5.3, based on the BP Statistical Review of World Energy, shows the results of various 
types of energy consumption in Azerbaijan and Mexico. To concern from primary direct energy con-
sumption, an inefficient factor has been applied or fossil fuels (i.e. the "substitution method") [27].

 Fig. 5.3 Consumption of various types of energy (in Azerbaijan and Mexico in 2021 [27])

5.2.2 Climate change policy

The growth of the renewable energy sector necessitates the enhancement of the policy and 
institutional environment in this field. Therefore, both countries have recently adopted relevant 
laws and regulations.
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It should be mentioned that the establishment of the Azerbaijan Renewable Energy Agency 
under the Ministry of Energy of the Republic of Azerbaijan in 2020 [28], as well as the adoption of 
the law of the Republic of Azerbaijan "On the use of renewable energy sources in the production of 
electricity, in 2021 [29], significantly contributed to the growth of renewable energy.

The institutional and programme framework for national climate change mitigation policy in 
Mexico is specified in the 2012 General Law on Climate Change. Mexico [30] and the National 
Climate Change Strategy adopted in 2013. In 2021, the Mexican Ministry of Energy (Secretaría de 
Energía, SENER) prepared the Law on New Electric Industry in Mexico and the National Electricity 
System Development Programme for 2022–2036 [31].

5.2.3 Geographical position and relief diversity of the countries

The territories of Azerbaijan and Mexico are characterized by a unique geographical position 
and diversity of relief.

The Republic of Azerbaijan is located in the east of the South Caucasus, to the southwest of 
the Caspian Sea. The total area of the country is 86,600 km2. The population of Azerbaijan as of 
March 1, 2022 reached 10,164,464 people, the population density is 117 people per km2 [32].

Azerbaijan has a unique geographical position, being at the crossroads of Europe and Asia, which 
gives it certain advantages and shapes the relief. Up to 60 % of the total area of the country is 
occupied by mountains, of which 43 % have a height of more than 1000 m, and 17 % of the area is 
occupied by low mountains and foothills. The rest of the country’s territory, i.e., 40 % of the area, 
covers plains and lowlands with high mountains, intermountain depressions, valleys, and volcanic 
highlands. At the same time, 18 % of flats and lowlands are located 28 m below sea level [33].

Given the complexity of the landscape and suitability for agriculture, Azerbaijan refers to the 
category of land-poor countries in the world. According to the State Committee on Property Issues 
of the Republic of Azerbaijan, only 55.2 % of the country’s land fund is suitable for agriculture, of 
which only 44.4 % of arable land is used for agriculture and perennial crops. The situation with ar-
able land has become even more complicated by the fact that 20 % of the territories of Azerbaijan 
were under occupation for almost 30 years. Ecocide of agricultural lands as a result of burning land 
and forests, destruction of flora and fauna, widespread contamination of liberated territories with 
mines and other illegal actions led to the degradation of fertile lands in Karabakh.

Mexico is located in the south of North America and occupies most of Central America. To the 
west and south, the country is washed by the Pacific Ocean and to the east by the Gulf of Mexico 
and the Caribbean Sea. Mexico is the northern part of Latin America and the most populous country.

Mexico covers an area of 1,972,550 km2 and is the 13th largest country in the world. 
The population of the country is 132,838,093 people, and the population density in Mexico is  
67.6 per km2 [34]. The relief of the country is made up of high mountain ranges, low coastal plains, 
high mountain plateaus, and deserts. Most of the territory of Mexico lies 1000 m above sea level. 
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Mountainous regions and highlands occupy almost 2/3 of the country’s area. At the same time, the 
highlands, which occupy most of Mexico, in places rise above 3000 m or consist of vast depres-
sions with gentle slopes. The lowlands and plains account for only 25 % of the country’s territory. 
Thus, Mexico is also characterized by a lack of land and the predominance of remote mountainous 
regions with hard-to-reach settlements [35].

According to the World Bank’s set of development indicators, generated from officially renowned 
sources, agricultural land (% of land area) in Mexico was 54.99 % in 2018 [36]. Agricultural lands 
are the territories which are arable, and occupied by permanent crops and permanent pastures.

5.2.4 The climate

The characteristic topographical features and the main landscape types determined the diver-
sity of climatic conditions in Azerbaijan and Mexico.

Azerbaijan, being a predominantly mountainous country, at the same time has vast lowlands, 
valleys, sea and other water resources that shape the country’s climate. The country is protected 
from the invasion of cold air masses from the north by the main Caucasian ridge. Depending on the 
height above the level, several types of climate, namely semi-desert and dry steppe climate types 
are observed in Azerbaijan, which are characterized by hot summers and mild winters with little 
precipitation due to intense evaporation; humid subtropical type with warm-temperate climate and 
dry summers; cold climate with ample rainfall, which is distinctive for the Alpine zone of the greater 
and Lesser Caucasus, and others. Northern winds observed on the Absheron Peninsula sometimes 
even reach the strength of a hurricane [37, 38].

Mexico is also distinguished by its diverse landscape and unique geographical position, being a 
mountainous country, and possessing significant marine and other water resources that shape the 
country’s climate. In the north of Mexico, the climate is subtropical, in the rest of the country it is 
predominantly tropical, on the coastal plains it is humid and hot [35, 39]. 

On the Pacific coast, daytime temperatures throughout the year do not fall below +30 °C 
degrees, and nighttime temperatures range from 21 to 24 °C. Temperatures are cooler on the 
Caribbean coast. In the winter months, during the day, the air warms up to +24 °C, and in the 
summer – up to +31 °C, at night, about 19 °C of heat is observed in winter and 25 degrees of 
heat in summer.

In the central highlands of Mexico, the climate is sharply continental, with a maximum tempera-
ture in April and May (+27 °C), and at night in the same months the air cools down to +11 or 
+13 °C. In winter, daytime air temperatures rise to +21 °C, at night it is about 7 °C.

In Mexico, an altitudinal zone is well expressed. Thus, in the northern part of the country, which 
is the driest region of the country, at the altitudes in winter, the temperature can drop below  
0 degrees. The rainy season lasts from May to October, when powerful tropical cyclones often 
occur. The greatest amount of rainfall is observed in the southern regions of the country.
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The geographical positions and climates of Azerbaijan and Mexico cause abundant solar radia-
tion and heat, creating an opportunity for the cultivation of many crops and the production of solar 
electricity. Vegetation in both countries is distributed in altitudinal steps depending on the zonal 
changes in climate and soil.

5.2.5 Non-oil sector

The main priorities of the policy of both Azerbaijan and Mexico in the socio-economic sphere 
are aimed at diversifying the economy through the development of the non-oil sector. Alternative 
energy, agriculture, and "green economy" successfully fit this concept.

Today, a significant part of the remote highlands of Mexico does not have a centralized elec-
tricity supply. The population of these areas lives in the rural areas and most of them are engaged 
in subsistence farming. Connecting rural settlements to the centralized electrical systems is com-
plicated due to the high capital costs for laying expensive heating networks and the construction 
of power lines, as well as the complexity of the terrain and the lack of infrastructure. Under these 
conditions, solutions for the autonomous power supply to the residents of remote and hard-to-
reach areas of Mexico are uncontested.

The program adopted and implemented by the government of Mexico to provide modern clean 
energy to almost three million people in remote rural areas of the country without access to 
electricity, as well as to reduce the use of traditional biomass for domestic purposes, will certainly 
play an important role in improving the quality of life of villagers, increasing the productivity of rural 
economy, development of the regional economy, and achievement of the country’s goals in the field 
of clean energy [26, 31].

The pace of "green energy" development in Mexico has enabled the country’s energy companies 
to offer the lowest prices for solar energy. This allows for increasing access to electricity to all 
segments of the population [40]. In recent years, Azerbaijan has been focusing on the development 
of the "green economy" in agriculture, the second most important sector of the country after the 
oil industry. "Clean Environment and Green Growth" has been propagated as one of the top five 
national priorities [41]. The territories of the country liberated from occupation were declared a 
"green energy" zone [42] and an action plan for the establishment of a "green zone" in the terri-
tories of the Republic of Azerbaijan liberated from occupation in 2022–2026 was approved [43].

Furthermore, a number of factors have been taken into account. Consequently, firstly, the 
liberated territories, declared "green" energy zones, are predominantly agricultural. Secondly, 
in the process of reintegration of 1,670.3 thousand hectares of territories liberated from oc-
cupation into the country’s economy, the area of agricultural land is estimated to increase by 
680.8 thousand hectares of suitable arable land and 10.7 thousand hectares of household land,  
247.3 thousand hectares of forests [44]. Thirdly, the policy of agricultural development in the 
liberated territories of Azerbaijan is based on the use of environmentally friendly and safe technol-
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ogies. The country has already initiated a number of projects in the field of solar and wind energy 
production in the liberated territories with the involvement of investors.

5.2.6 Solar energy

Currently, the technical potential of solar energy is estimated to be the highest among renew-
able energy sources, particularly in the countries with significant annual solar radiation resources.

The Mexican Republic has a huge and diverse renewable energy resource base that can provide 
a significant increase in clean energy capacity. Mexico’s national renewable technical potential 
includes 24,918 GW of solar Photovoltaic power, 3,669 GW of wind power, 2.5 GW of con-
ventional geothermal power, and 1.2 GW of additional capacity from existing hydropower facili-
ties [45]. There are about 3126.3 solar hours during the year [35]. The level of solar radiation is  
5.2 kWh/m2 [46]. Mexico receives high levels of solar radiation over much of its territory (Fig. 5.4).

 Fig. 5.4 Solar map of Mexico [47]

The Ministry of Energy of the Republic of Azerbaijan estimates the potential of economically 
practical and technically reasonable renewable energy sources in the country as 27,000 MW, 
including 23,000 MW of solar power, 3,000 MW of wind power, 380 MW of bioenergy potential, 
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520 MW of mountain river potential [24, 48]. Solar radiation in Azerbaijan is 2400–3200 hours 
per year and is well comparable with the international indicators. The sunshine duration on the 
Absheron Peninsula and in the coastal areas of the Caspian Sea is about 2500 hours, and in the 
Nakhchivan Autonomous Republic – about 2900 hours [49]. Fig. 5.5 demonstrates the solar radi-
ation high level in these areas.

 Fig. 5.5 The photovoltaic power potential of Azerbaijan [49]

With sufficient investment and improved regulatory frameworks, Mexico and Azerbaijan are 
capable to rapidly realize this potential in short term, meet the country’s electricity needs, and 
achieve their energy goals in the field of clean energy production. The use of solar energy is the 
most cost-effective way to solve the problems associated with the energy supply of rural settle-
ments, remote and hard-to-reach areas of both Azerbaijan and Mexico, which have complex land-
scapes suffering from the lack of land. Along with power generation, solar installations may assist 
to improve agricultural systems by reducing wind erosion as well as saving water.
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5.2.7 Practical examples

The company "Gecko Logic Mexico" offers renewable energy systems that can be interconnect-
ed to the Mexican electrical net system now available in Mexico [46]. The solar panel systems are 
designed to capture energy from the sun (Fig. 5.6). The hypothesis is based on the idea of placing 
solar devices in areas occupied by crops in such a way that the mutual influence between them is 
minimal, and thus one could benefit from solar devices for crops.

 Fig. 5.6 Solar farm [46]

Azerbaijan has favorable climatic conditions, sufficient amount of heat and light, which enable 
growing and harvesting some agricultural crops twice a year. The main trends of agricultural pro-
duction in the country include crop production, as well as grain-growing, vegetable-growing, fodder 
crops, tea-growing, potato-growing and various types of fruits [38].

Crop production is also the leading branch of Mexican agriculture, and the main crops grown 
include wheat, corn, soybeans, rice, beans, coffee, tomatoes, fruits, and cotton [50].

For the first time in Azerbaijan, as part of the "Agrovoltaics" pilot project, various agricul-
tural plants were sown on a plot with solar panels in the village of Sarygamysh, Samukh region. 
Vegetables (peas, onions, red beets, carrots) were sown in the inter-panel space on an area of  
1.2 hectares [51].

A group of Stanford University researchers recommends using solar-panels in agricultural fields 
that cultivate agave (Fig. 5.7), the plant that is used to make tequila [50]. Solar panels have to be 
washed to keep off the dust in the desert and maintain efficient electricity production. From this 
point of view, it seems that water is wasted. However, agave plants need water, and co-locating 
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them together proves beneficial. One of the major issues is that most of the food crops do not 
grow in deserts because of low water availability, and soil not being very fertile. But agave and aloe 
are adapted to desert landscapes.

Azerbaijan and Mexico already have experience in installing and operating solar power plants. 
Thus, in Azerbaijan, solar power plants operate in Gobustan, in the villages of Surakhani and Sahil 
(Fig. 5.8), on the island of Pirallahi, in the regions Samukh and Garadagh, Sumgayit and Nakhchivan. 

A wide network of solar power plants installed in various regions of Mexico is available [52]. 
Many of the proposed solar installations consist of large photovoltaic systems [18].

 Fig. 5.7 Agave for production of tequila [50]

 Fig. 5.8 Surakhani, Azerbaijan
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5.3 Challenges of combining solar energy and agriculture

As photovoltaic plants continue to grow, the use of land for solar farms upsurges the competi-
tion for land resources between food production and clean energy [53]. Although photovoltaic sys-
tems require less land than other renewable energy options [54], in fact, commercial photovoltaic 
power plants can occupy a significant area of land locally.

One of the first experiments recorded and described in the literature to develop an agro-power 
plant on a farm was the system in Montpellier, France, in 2013 [55]. The system grew lettuce in 
combination with a system consisting of photovoltaic modules mounted on 0.8 m wide piles. The 
same piece of land was used for electricity and food production. The results of the experiments 
showed that the shades of the PV matrices had no significant effect on lettuce yield.

To date, three types of agro-electric systems have been proposed for the simultaneous growth 
of crops and electricity production on agricultural lands. The first type was proposed in the early 
1980s using photovoltaic panels in the spaces between crop rows [56]. The second type is the 
photovoltaic greenhouse, in which a part of the transparent roof is replaced by photovoltaic pan-
els [57]. The third type is the photovoltaic systems mounted on poles above the crops, which 
consist of pipes and rows of photovoltaic panels. They are installed on the ground and located at 
regular intervals allowing enough sunlight to reach the plants for photosynthesis.

An example of the placement of solar concentrators is described in [58, 59]. In 2019–2020 
we have proposed to collocate our solar concentrators with different types of plants [58, 59].  
In Fig. 5.9 we demonstrate the proposed structure.

 Fig. 5.9 Structure of collocation of solar concentrators with agricultural 
fields: a – Structure; b – Structure with solar concentrators [58]

In 2018, Amaducci and Colauzzi [60] proposed an agro-electric system, solar tracking, mount-
ed on suspended structures (piles). The horizontal main axle is mounted on frames, on which the 
secondary axles supporting the solar panels are pivotally connected. The two shafts rotate driven by 
interconnected electric motors through an innovative wireless communication and control system.

To simulate the growth and production of crops in the shade of the Agro voltaic system,  
Scilab [61] develops a software platform combining the radiation and shading model with the  
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universal plant growth simulator GECROS [62]. The GECROS agricultural crop model predicts  
biomass and yield depending on climatic factors (radiation, temperature, wind speed and humidity) 
and available water and nitrogen amount in the soil.

We propose using the solar concentrators in the fields of Mexico and Azerbaijan. For Mexico, 
these can be systems together with common crops such as beans, corn, and agave. For Azerbaijan, 
these can be plantations of early vegetables, fields of potatoes or beets. The spaces between plant 
rows can be used to install solar concentrators. Moreover, the parabolic surface dimensions do 
not affect the plants at all.

Global demand for energy leads to an increase in the need for the use of green energy for 
irrigation, domestic purposes, etc. The studies [13–19, 53–55] describe the solar concentrators 
installed in combination with an agricultural field infrastructure. They show the economic feasibility 
of these systems in some rural areas and their opportunities for the electrification of the latter, 
while stimulating their economic growth.

The first problem required to be solved for combining solar energy with agriculture is the choice 
of solar concentrators and the most suitable crops for such concentrators.

The need for solar energy varies for different crops depending on their metabolism and the 
timing of sunlight use. The design of solar concentrators and the mounting methods (distance and 
height of frames) can generate different amounts of energy according to the requirements of 
selected crops.

One of the motivating options can be obtained using parabolic dish solar concentrators covered 
with flat triangular or square mirrors. For example, the studies [63–67] present the development 
of such concentrators. The cost of such a solar concentrator is low due to the modeling of a 
parabolic surface by flat mirrors, and small dimensions (from 2 to 3 meters in diameter). Such a 
concentrator operates in two modes:

1) capturing solar energy, when the parabolic dish axis is directed towards the sun;
2) in the minimum shadow, when the parabolic dish axis is fixed perpendicular to the sun’s direction.
The hypothesis is based on the idea of placing solar devices in areas occupied by crops, so that 

the interaction between them is minimal, thus, benefitting from solar devices for crops.

5.4 Solar concentrator prototypes

Before discussing the mathematical model for the evaluation of solar concentrators and 
agricultural plants we present several prototypes of solar concentrators and discuss the 
existing problems.

We have developed several prototypes of solar concentrators. As an example of solar con-
centrators, we selected parabolic solar concentrators with plane mirrors that approximate the 
parabolic surface. This decision is based on our experience in developing new solar concentrator 
prototypes that are compact, light, and inexpensive. 
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During the last decades we have developed several variants of solar concentrators with para-
bolic surfaces. To decrease their cost, we propose to approximate the parabolic surface using flat 
triangular or square mirrors. For this purpose, a special support frame was developed. Fig. 5.10 
shows the support frame simulated using SolidWorks [68]. The structure consists of bars and 
nodes [69–71].

 Fig. 5.10 Support structure of the solar concentrator  
with triangular mirrors

The bars are made from aluminum angles that are connected by screws (Fig. 5.11).

 Fig. 5.11 Structure of the first prototype: a – backside of the concentrator;  
b – right side of the concentrator with flat triangular mirrors

Prototype of a solar concentrator
The first solar concentrator prototype was developed, as shown in Fig. 5.11. It contains  

24 triangular flat mirrors. Fig. 5.11, a displays the backside of the solar concentrator. The struc-
ture of the support frame is clearly presented in this figure. The aluminum bars are connected to 
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each other by screws and form a triangular structure where it is possible to collocate the flat trian-
gular mirrors, as exhibited in Fig. 5.11, b. This prototype was made manually. It is a labor-intensive 
assembly. Therefore, it is very important to automatize this process.

We propose prototypes of solar concentrators with flat triangular or square mirrors. These 
concentrators have a support frame from bars and nodes. To automatize the structural construc-
tion process, we propose an automatic assembly system that can be used for the construction of 
the solar concentrator support frame. The first step is to simulate the structure and the two main 
modules (manipulator and computer vision) using SolidWorks. The results of the simulation will be 
used to fabricate real prototypes in the future.

5.5 Mathematical model for evaluation of solar concentrators and agricultural 
plants

The main aim of this study is to develop a methodology for evaluating the effectiveness of 
possible models for combining solar concentrators with a certain type of plant. The methodology 
we propose in solving two tasks. The first task is to develop a mathematical model, which includes 
two important steps. The first step implies the development of an analytical model with the param-
eters characterizing agricultural fields. The second step is to evaluate the characteristics of the  
solar concentrator.

The second task implies the computer implementation of the developed model and virtualizes 
the interaction process of crops on an agricultural field and the placement of solar concentrators 
on it to obtain the maximum productivity of both.

The hypothesis is based on the idea of placing solar devices in areas occupied by crops, so that 
the interaction between them is minimal, thus, benefitting from solar devices for crops (Fig. 5.12).

Detailed implementation of the first task is described below.
The parameters taken into account in the fields include the field area, its slope, soil type, hu-

midity, spacing between the rows, crop type, crop density, maximum plant width, and plant height. 
Irritability of plants to external agents (light, temperature, humidity, etc.) and plant development 
are determinable by the timing of sowing, germination, growth and harvesting.

The objective function may include all of these parameters or some of the most important in a 
particular situation. The simplest model is the linear model. In this case, the objective function has 
the following form:

f x a xi i
i

N

1
1

� � �
�
� ,  (5.1)

where xi – the selected parameters for the field and plants; ai – the coefficients obtained by calcu-
lation or experiment for a specific task; i=1,…, N.



195

5 SOLAR CONCENTRATOR APPLICATIONS IN AGRICULTURE

CH
AP

TE
R 

 5

 Fig. 5.12 The scheme of combining solar energy with agricultural plant

The characteristics taken into account in solar concentrators include their dimensions, weight, 
plate width or dish diameter, shade produced, mounting structure, material of construction, quan-
tity and distribution of solar concentrators. The type of objective function is selected depending on 
the specific task. In this case, the objective function can be presented as follows:

f y b yj j
j

M

2
1

� � �
�
� ,  (5.2)

where yj – the selected parameters of the characteristics of solar concentrators; bj – the coeffi-
cients obtained by calculation or experiment; j=1,…, M.

Some of these parameters can be obtained from various statistical tables, for example, the 
yield rate of certain crops. Certain parameters require additional mathematical calculations, for 
example, how many concentrators can be placed on a field with a predetermined distance between 
the poles (supports), etc. Some values can be obtained during the operation of the first real pro-
totype of the combined system.

The efficiency of the system functioning is evaluated by two main criteria. The first criterion 
is the maximization of yield per field, and the second criterion is the maximum number of solar 
concentrators distributed per field.

Based on these goals, the first objective functions and models are constructed. Taking into 
account these functions and the ratio of the parameters of solar concentrators and cultivation 
fields, secondary goals can be obtained.
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Based on these objective functions, new functions will be defined to determine the relationship 
between field parameters and concentrators’ characteristics. For example, determination of the 
stability of solar concentrator support on the ground or the amount of shadow by solar concentra-
tors on plants throughout the day. The computer system can be developed by model developers, or 
available software systems can be used, for example, software modules described in [66].

5.6 Discussion of possible options for the model implementation

A holistic system combining renewable energy sources and agricultural fields may use new 
designs of solar concentrators. Fig. 5.13 shows several prototypes of solar concentrators devel-
oped and patented in Mexico, Spain and the United States of America [17, 63–67]. The developed 
prototypes are 1 meter in diameter. Since the support structure is made of aluminum poles, it is 
not heavy. The cost of prototype materials is low. For example, flat mirrors are now available on 
market for about 3 USD per square meter. The only expensive and time-consuming step is assem-
bling. This stage is estimated to require automation in the future, which will significantly reduce the 
cost of the assembling process.

 Fig. 5.13 Prototypes of flat mirror solar concentrators

Equipment technology (MET) has been developed over the past few years [72]. The task of 
manufacturing solar concentrators was chosen as an application of MET. Various types of solar 
concentrators with flat mirrors and their prototypes have been developed so far. These concentra-
tors can be installed on the horizontal roofs of buildings, as are in many cities and towns in Mexico. 
Installing solar concentrators in agricultural fields is a new trend. This study proposes, as an ex-
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ample, to use these solar concentrators in potato fields in Azerbaijan and agave fields in Mexico to 
achieve dual benefits such as power generation and minimal crop losses.

The main problem is the automatization of the assembly process of these solar concentrators. 
Thus, we propose two methods of assembly, which is, using a parabolic rule and using a robotic arm 
with a stereoscopic vision system. Both methods are described in this article.

Parabolic surface adjustment
The concept of easily constructing a parabolic surface was patented in the USA, Mexico, and 

Spain [69–71]. The tool used is the parabolic rule, as illustrated in Fig. 5.14 (the parabolic rule is 
colored red). This rule is installed on the center of the support structure (central tube) and can 
rotate over the surface. In the screw location, the screw must be rotated until it contacts the 
parabolic rule. This procedure is performed for all screws of the support frame structure. Thus, the 
screw heads will have different heights and the screw heights will approximate the parabolic surface.

 Fig. 5.14 Adjustment of the parabolic surface:  
1 – parabolic rule; 2 – solar concentrator

The parabolic rule can also be used to prepare the structure of a solar concentrator to collo-
cate the flat mirrors.

Manipulator and computer vision system
To automatize the process, it is proposed to use a robot manipulator with a computer vision 

system. The proposed robot manipulator is depicted in Fig. 5.15.

 Fig. 5.15 Adjustment of parabolic surface using:  
1 – the parabolic rule; 2 – the manipulator
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The second task implies the computer implementation of the developed model and virtualizes 
the interaction process of crops on an agricultural field and the placement of solar concentrators 
on it to obtain the maximum productivity of both.

Another variant of the system for an automatic adjustment that we propose is displayed  
in Fig. 5.16. In this system, a central tube is installed as a guide for a special type of manipulator.

 Fig. 5.16 Variant of the automatic adjustment system

Components of the system for automatic adjustment
A more detailed view of the guide showing the different components is presented in Fig. 5.17. 

This guide contains two important components: the manipulator and the computer vision block.

 Fig. 5.17 Components of the system for automatic adjustment

The computer vision system contains two cameras to implement a stereoscopic vision, which is 
used to evaluate the distance to the point of the screw position. A stereoscopic kit with two digital 
cameras is depicted in Fig. 5.18.
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 Fig. 5.18 Stereoscopic kit with two digital cameras

To recognize better the position of the screw, we propose to use a mark, as indicated in Fig. 5.19.

 Fig. 5.19 Example of a mark for screw detection

Another variant of the system for an automatic adjustment we propose is displayed in Fig. 5.15.  
In this system, a central tube is installed as a guide for a special type of manipulator.

The prototypes of solar concentrators with flat triangular or square mirrors have the support 
frame from bars and nodes. The goal is to automatize the structural construction process. We 
propose an automatic assembly system that can be used for the construction of the solar con-
centrator support frame. The first step is to simulate the structure and the two main modules 
(manipulator and computer vision) using SolidWorks. The results of the simulation will be used to 
fabricate real prototypes in the future.

In Azerbaijan, the period of active agricultural activity, for example, for planting potatoes 
or beets, depending on the region, starts from late February to April. Potato varieties are 
distinguished depending on how many days after planting the tubes are dug out: early – after  
50–65 days; medium early – after 65–80 days; mid-season – after 80–95 days; medium-late – 
after 95–110 days; late – after 110 or more days. Planting rows are often wide enough to install 
solar concentrators.

In Mexico, cultivation starts in April and ends in October or November [55]. Solar concen-
trators can be used during this 7-month period. In early May, plants do not consume much solar 
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energy, and during this period, the solar concentrators can be placed easily. However, by the end 
of the second month, the plants are fully grown and need more sunlight. In this case, solar concen-
trators can be removed from the field and put into storage. In the period from November to April, 
concentrators can be installed throughout the field.

Fig. 5.20 shows the extent of agricultural activity during the twelve months of the year in 
Mexico. It is possible to compare the season in Mexico with season in Azerbaijan (Fig. 5.21, a). 
The harvest periods correspond to the grayscale rectangles in Fig. 5.21, a.

 Fig. 5.20 Extent of agricultural activity

 Fig. 5.21 Agricultural activity: a – three harvests over a 12-month period in Mexico; 
b – one harvest period in Azerbaijan

The maximum number of solar collectors could be placed in the field during the November-April 
period (Fig. 5.20). The crop is harvested two or three times during the April-November period 
when agricultural activity recommences; thus, three harvests were considered in the present 
study (Fig. 5.21, a).
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Each harvest was divided into two periods. The first period corresponded to when the plants 
are small and solar concentrators can be used, while the second period corresponded to when the 
plants are mature, during which all concentrators are removed.

Secondly, the situation with potato fields in Azerbaijan, characterized by only one harvest 
period per year is shown in Fig. 5.21, b.

Conclusions

We have developed several prototypes of solar concentrators that are compact, light, and 
inexpensive. We selected parabolic solar concentrators with plane mirrors that approximate the 
parabolic surface. 

We proposed the creation of integrated systems for electricity generation and agricultural 
products on one field of land through the use of solar energy. The proposed models, without any 
need for empirical studies directly on the field, made it possible to evaluate the distribution of 
solar concentrators, to avoid their assembly in the field, and to obtain results without conducting 
experiments on real sowing and harvesting cycles.

The next stage of the study includes the development of an optimal strategy for placing solar 
concentrators among crops and the production of new prototypes of solar concentrators with 
the parameters obtained after experimental trials. The proposed system includes a dual source of 
income for farmers, employment opportunities for both solar and crop production, rural electrifica-
tion, and the availability of electricity for local agricultural processing.

Due to the geospatial positions of Azerbaijan and Mexico located in privileged regions of solar 
radiation, they have many opportunities for the practical use of solar energy.

The main problem of the proposed solar concentrators is the automatization of their assembly. 
We analyzed two approaches for the assembly automatization of solar concentrator frames. The 
both methods can be further realized and do inexpensive the solar concentrator manufacturing.
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