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Abstract. Consideration of the feasibility of building combined power 

plants (CPP) based on renewable energy sources (RES) and the choice of 

parameters, type of equipment, layout, and design solutions is based on an 

assessment of economic efficiency, the indicator of which is the ratio 

between the required investments and the achieved technical and economic 

effect. An accurate assessment of economic efficiency is a rather difficult 

task since it is necessary to take into account a large number of factors, for 

example, specific features of design solutions, operating conditions of the 

CPP depending on the requirements of the consumer, the stochastic nature 

of the manifestation of energy resources, the possible mode of operation of 

the CPP for the needs of individual consumers and others. An approach 

based on the minimum cost criteria has been widely used for the economic 

justification of the objects under construction for a long time. In rigidly 

centralized economic management, such an approach based on ensuring 

optimal construction planning played an important role in increasing the 

scientific validity of economic decisions. It proceeded from the global and 

national economic goals of economic development. In the conditions of a 

free market economy, a method of evaluating the effectiveness of taking 

into account all the main features of it is necessary. 

1 Introduction 

All over the world, scientific research is being conducted to improve operating modes and 

methods aimed at improving the energy, economic, and environmental efficiency of power 

plants based on renewable energy sources in separate and combined use, aimed at reducing 

the cost of fuel resources, greenhouse gas emissions, the cost of electricity received and the 

payback period of power plants [1,2,3]. In this direction, including through the 

development of effective methods for managing operating modes and technological 

schemes of combined systems based on renewable energy sources, research is considered a 

priority to determine the economic feasibility [4,5,6 ] and assess the reliability, stability, 
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and safety [7,8] of electricity generation. This task is reduced to the need to determine and 

evaluate power plants' technical, economic, and environmental indicators. [9,10,11]. 

For the correct assessment of the effectiveness of the creation of a CPP, it is of 

particular importance to take into account the following factors: 

1)renewable hydropower resources, manifested in fuel economy and associated costs for 

fuel extraction, processing, and transportation. The fuel effect on renewable energy 

installations is a significant part of the overall economic effect, growing yearly [12,13]. 

2) ecological cleanliness of renewable energy installations. Due to the deterioration of 

the environmental situation, the requirements governing emissions of harmful substances 

into the atmosphere during the operation of stations by non-renewable, incinerated sources 

are being tightened. Ensuring the operation of these stations following these requirements 

requires huge funds, which negatively affects their economic efficiency [14,15,16]. 

3) power shortage, frequent disconnections of the centralized power supply network due 

to energy restrictions. Producers, especially small and medium-sized businesses engaged in 

agricultural production, incur tens of times more losses than the cost of undelivered energy. 

Considering this factor when determining the economic effect of renewable energy 

installations operating in accordance with the schedule of energy consumption of business 

entities is very important [17,18,19]. 

Currently, methods for assessing the economic efficiency of various combined power 

plants have been developed in the economy [1,2,3,4,5]. However, due to the increasing 

urgency of environmental problems, there is a further development of methods for 

determining the economic efficiency of combined power plants that consider environmental 

issues [1]. 

The object of the experimental study is a silicon polycrystalline photovoltaic module 

(PVM) of the CHSM66-10P-270W type. Experimental studies of PVM were conducted on 

the territory of the Tashkent State Technical University (Department of "Hydropower and 

Hydraulics). The areas of activities of the department are the calculation of improving the 

efficiency of hydraulic structures [20,21,22], especially pumping stations [3,7,11,23] and 

hydroelectric power plants [13], as well as power plants based on renewable energy sources 

[1,3]  and especially combined with hydropower plants [9,12]. Currently, one of the main 

areas of scientific research is the study of the operating modes of power plants based on 

renewable energy sources and the development of methods for assessing economic 

efficiency. Therefore, when performing scientific work, two tasks were solved: studying the 

operation of power plants (their energy and economic parameters)  and developing a 

methodology for evaluating effectiveness. 

2 Methods 

To analyze the results of measurements of short-circuit current, no-load voltage, the values 

of short circuit electric current Isc and idling voltage Uidling measured at 13-00 hours at the 

maximum of solar radiation were compared with the nominal values of Isc, Uidling, which are 

indicated on the nameplate of CPP type CHSM66-10P-270W. PVM type CHSM66-10 P-

270W was installed at an angle of 45° to the horizon with a southern orientation. The 

comparison of the measured Isc and Uidling with the nominal values of the CPP type 

CHSM66-10 P-270W is shown in Table 1. 
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Table 1. Comparison of measured Isc and Uidling with nominal values of CPP type CHSM66-10P-

270W. 

Technical parameters/ 

Date of measurement 

Nominal 

values 

Measured 

values 
Deviation 

W, W/m2 / 23.07.2022 1000 918 -82 

W, W/m2 / 23.08.2022 1000 928 -72 

Isc, А  /23.07.2022 9.45 7.86 -1.59 

Isc, А  /23.08.2022 9.45 8.81 -0.64 

Uidling, V / 23.07.2022 38.0 29.5 -8.5 

Uidling, V / 23.08.2022 38.0 30.6 -7.4 

 

Field studies and tests to determine the energy-hydraulic parameters of micro-electric 

power plants were carried out at the source - the Turnabulak River (Uzbekistan) [13].  

The results of measurements of micro-electric power plants with a propeller turbine are 

shown in the graph in Fig. 1. 

 

 

Fig. 1. Results of field tests of micro-electric power plants with propeller turbine 

 

It is believed that the operating wind speeds for wind turbines should be about 8-10 m/s 

[24,25,26]. However, recently there has been a problem with using wind turbines in regions 

with lower wind speeds. In this regard, the task of determining the technical and economic 

characteristics of wind turbines in such regions seems urgent [1]. 

In this paper, based on the analysis of wind turbine characteristics, approximation 

dependencies for wind turbine parameters of different power are proposed in Fig. 2. The 

paper considers combined installations based on renewable energy sources without taking 

into account changes in the technical and economic characteristics of wind turbines when 

the design (operating) speeds change, i.e., the possibility of using wind turbines in regions 

with wind speeds lower than the commonly used design speeds at the level of 8-10 m/s, i.e., 
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when designing wind turbines, the nominal wind speed Vn in this region and the design of 

wind speed Vd should be set (for three-bladed wind turbines, it is currently considered that 

Vd is of the order of 8-10 m/s) [25]. 

 

 

Fig. 2. Graph of dependence of power of low-power wind turbine on wind speed V and total shaft 

speed n 

The following technical and economic indicators were used in the analysis and 

development of the methodology for calculating the efficiency of installations CPP 

[12,19,27,28,29 ]: 

- capital investments in the CPP KCPP; 

-  electricity generation for the consumer Econsumer; 

– accumulating electricity in rechargeable battery (accumulator battery- AB) EAB; 

– annual saving of fuel resources for fuel Dfuel; 

– economy is fuel  Efuel; 

– annual cost of operational costs OCCPP; 

– reduction of annual emissions of CO2  ∆EM; 

– economic efficiency for the year EFFCPP; 

– payback period of capital investments Tpayback; 

– profitability of capital investments R. 

As you know, economic efficiency generally represents the difference between income 

and costs. Let's consider the economic characteristics of the CPP, taking into account the 

above-mentioned features of its application. Investments in the CPP KCPP are generally 

equal to [27,28]: 

 

КCPP = NW ·CWPP+ NH ·CHPP +NАК ·CАК + NS ·CSPP, [$]  (1) 

 

Where  

NS , NW , NH are the power of solar, wind, and hydropower plants. $/kW 

CSPP, CWPP, CHPP are the total unit cost of solar, wind, and hydropower plants. $/kW  

Electricity generated by the CPP Egen: 

 

    Egen = Econs + EAK, [kWh]     (2) 

 

Annual electricity generation for the consumer Econsumers: 

 

Econsumer = Efullday · tdays, [kWh]     (3) 
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where tdays are the days of work during the year (330 days can be accepted for the 

conditions of Uzbekistan); Efullday is the generation of electricity during the day for the 

consumer [1,3]. 

Annual accumulated electricity in AB EAK [3,6]: 

 

EAK = NAC · tAC, · tdays, [kWh]                                       (4) 

 

where tAC is the time of accumulation of electricity in AB during the day; tdays is the days 

of operation during the year NAC is the battery capacity, determined by the following: 

 

Kn

UW
N

out

in

total

bat

AC

24


 [kW]         (5) 

 

where nout is the number of days during which the PVM cannot work (due to weather 

conditions or for another reason); 

 Uin  is incoming voltage, V; 

K is a coefficient that considers the ambient temperature in the room where the AB is 

installed. 

K = 1.11 at a temperature of 15.6
0
 C. 

K = 1.19 at a temperature of 10.0
0
 C. 

K = 1.30 at a temperature of 4.4
0
 C.       

γ is the value of the permissible discharge of the battery, which can be assumed to be 

0.2 - 0.3 since large discharge values degrade the battery's performance. 
total

bat
W   is the total capacity of the batteries. It is determined by the following 

dependence: 

 



KnA
W outtotal

bat

hour [kW*h]       (6) 

where Ahour is the daily requirement in ampere•hours: 

 

in
U

E
A 

hour
[A*h]                         (7) 

Annual saving of fuel resources of fuels Dfuel [27,28,30]: 

 

                   Dfuel =γfuel *Econsumer, [kg of standard fuel]                      (8) 

 

where γfuel  is the specific fuel economy per 1 kWh of electricity, kg.s.f./ kWh. 

 

Fuel economy: 

 

Efuel= Dfuel*βfuel , [$]                        (9) 

 

where βfuel  is the cost of 1 kg.s.f, [$/kg.s.f]. 

Annual operational costs OCCPP are determined by the formula: 

 
OCCPP = Camortization + Crepair + Csalaries + Cother, [$]                             (10) 
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where Camortization is the amortization cost for the CPP, we accept 5% of the capital 

investments KCPP for the creation of the CPP: 

                                             Camortization = 0.05 KCPP, [$].                           (11) 

Crepair  is repair maintenance costs, 18% of the Camortization is accepted: 

 

Crepair = 0.18  Camortization = 0.18 · 0.05 KCPP = 0.009 KCPP,   [$]         (12) 

 

Csalaries is salaries of service personnel,   

Cother is other expenses (overhead). 

 

Cother = 0.15(Camortization + Crepair + Crepair) = 0.15 (0.059КCPP + Csalaries),    [$].      (13) 

 

For CPP with a capacity of more than 100 kW:  

 

                                  CCPP = 0.06785КCPP + 1.15 Csalaries, [$]                  (14) 

 

For CPP with a power of less than 100 kW   (Cother = 0; Csalaries = 0): 

 

                        CCPP = 0.05 КCPP + 0.009 КCPP = 0.059 КCPP, [$]                  (15) 

 

The cost of the energy produced (prime cost) by the above installations is determined by 

the following dependence: 

                               Сprime = CCPP / Econsumer,                  (16) 

The cost of electricity generated for consumption by the CPP: 

  

                                PCPP = Econsumer  · βEP, [$]     (17) 

 

βep – electricity tariff, $/(kW•hour). 

And the annual economic efficiency of the CPP will be equal to:  

 

EFFCPP = PCPP + Efuel + ∆EM – CCPP – 0.15 КCPP, [$]    (18) 

 

where ∆EM is the effects of reducing greenhouse gas emissions. 

The effect of reducing greenhouse gas emissions due to the CPP is determined by the 

expression:   

 

             ∆EM = EM · βCO2 [$],                              (19) 

 

where  

βCO2  is the annual cost of environmental measures to clean up from CO
2
 taken 15...20 

$/ton; 

EM  is the annual CO
2
 emission (tons/year) for each type of fuel (combustion plants) 

produced according to the formula: 

 

   EM = M * K1 * CVfuel* K2 • 44/12,                         (20) 
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where M is the actual fuel consumption for the year: 

 

                   M=γfuel* Econsumer,   [ton/year]                    (21) 

 

γfuel is the specific fuel consumption per 1 kWh of electricity. 

K1 is the coefficient of carbon oxidation in fuel (shows the proportion of burnt carbon), 

K1 = 0.98-0.995 (for coal – 0.98, for oil and petroleum products – 0.99, for gas – 0.995); 

CVfuel is the net calorific value (J/tons) (for petroleum fuel is 41.15 GJ/tons, for coal is 

17.62 GJ/tons, for natural gas is 34.78 GJ/tons);  

K2 is the coefficient of carbon emissions (tons/J) (for petroleum fuel - 20.84 t/TJ, for 

coal - 25.58 t/TJ, for natural gas - 15.04 t/TJ);  

44/12 is the coefficient of conversion of carbon into carbon dioxide (molecular weights, 

respectively: carbon - 12 g/mol, O2 = 32 g/mol, CO2 = 44 g/mol). 

The formulas obtained are general; however, there are features when assessing the 

economic effects for a CPP with a capacity of less than 100 kW. So, for example, the 

component of 0.15KCPP is not taken into account (other expenses – infrastructure costs, 

ecology, etc.) (14 and 15). 

The payback period Tpayback and the profitability R of capital investments in the CPP        

were determined by well-known formulas [27,28]. 

3 Results and discussions 

If there are many methods for determining the economic efficiency of power plants 

operating separately [31,32,33], then there are few methods for combined power plants 

working together. Combined solar and wind power plant systems are mainly considered 

[34,35,36]. In addition, when developing methods, it is necessary first to consider local 

peculiarities (economic, social, and environmental) [2,35,36,37]. The proposed 

methodology for calculating the economic efficiency of combined power plants (solar, 

wind, and hydraulic) considers all economic, natural, and socio-ecological features of the 

Republic of Uzbekistan. 

Based on the above methodology, calculations were carried out to determine the 

technical, economic, and environmental indicators of a 100 kW power plant. Based on the 

approximation of the results, a diagram was constructed (Fig.2) to determine the payback 

period of a 100 kW power plant with different power ratios of three types of renewable 

energy plants (solar power plant SPP, wind power plant WPP and hydropower plant HPP). 

As a result of the calculations carried out, the following technical and economic 

indicators were determined for the CPP based on the SPP, wind turbine, and HPP with a 

capacity of 100 kW: 

- fuel resource savings – 64.68 t.s.f.; 

– cash income from the saved fuel –17 570 $; 

– reduction of annual CO2 emissions – 682 tons/year; 

– environmental efficiency –13 640 $ /year; 

– the economic efficiency of the CPP, depending on the combination of the power of 

the SPP, wind turbine, and CPP – 32000÷40000  $ / year. 
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Fig. 1. Diagram for determining the payback period of CPP with capacity of 100 kW at different 

power ratios of three types of renewable energy installations. 

4 Conclusions 

1. A methodology has been developed for calculating the economic efficiency of combined 

power plants based on renewable energy sources, which considers all economic, natural, 

and socio-ecological features of the Republic of Uzbekistan. 

2. According to this methodology, the technical and economic indicators of a 100 kW 

CPP were determined, and a diagram was constructed to determine the payback period for 

different power ratios of three types of renewable energy plants (SPP, WPP, HPP). As can 

be seen, the cost of power for a consumer with an SPP significantly exceeds the cost of the 

power of an SPP for the manufacturer. Of course, as in the case of wind turbines (WPP), 

with an increase in load capacity, or thus, with an increase in the power of the power plant, 

the cost of power will fall. It can also be seen that with low water consumption, as in wind 

turbines of WPP, the power costs of HPP are the highest. 

3. The developed methodology for determining economic efficiency and the diagram 

can be used in designing, calculating, and selecting equipment for combined power plants 

based on renewable energy sources in Uzbekistan. 
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