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ABSTRACT

Nowadays, the use of renewable energies, especially wind, solar, and biomass, is essential as an effective solution
to address global environmental and economic challenges. Therefore, the current study examines the energy-
economic-environmental analysis of off-grid electricity generation systems using solar panels, wind turbines, and
biomass generators in various weather conditions in Iran. Simulations over 25 years were conducted using HOMER
v2.81 software, aiming to determine the potential of each region and find the lowest cost of electricity production
per kWh. In the end, to identify the most suitable location, the Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) method was employed to rank different stations based on simulation output parameters
and some other influential factors. Considering the evaluation of various parameters, the stations in Yazd, Marand,
and Dezful achieved the best results, while the stations in Ramsar, Shahrekord, and Gonbad presented the least
favorable outcomes. In Yazd, the wind turbine is an economic priority, and a 100 kW wind turbine is utilized in the
optimal system. In Yazd, where the simultaneous use of renewable energies is most prominent, the lowest pollutant
production occurred with a quantity of 1174 kg/year. Annual energy losses are highest in Jask station and lowest
in Yazd.
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1 Introduction

The simultaneous use of renewable energies, biomass, wind, and solar, holds significant impor-
tance and necessity for residential electricity supply in various climates across Iran [1]. Given the
country’s climatic diversity, leveraging these energies can contribute to improving residential electricity
provision and reducing dependence on fossil fuels [2]. In the southern regions, characterized by
scattered sunlight and strong wind resources, the installation of solar panels and wind turbines can
aid in producing stable and clean electricity [3]. Additionally, in the northern areas abundant in
biomass resources, utilizing biogas and biomass can contribute to electricity generation [4]. The use of
these energies in residential electricity production not only reduces air pollution and greenhouse gas
emissions but also helps decrease reliance on fossil fuels and lowers energy costs [5]. Furthermore, due
to the independence of these energies from the power grid, residential electricity supply is guaranteed
and stable even in the event of a grid outage [6].
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1.1 Biomass Energy Worldwide

Bioenergy is the largest renewable energy source, accounting for 12.6% of the total energy
consumption in 2020. Globally, the predominant use of bioenergy has been for heating. In 2022, 672
TWh of electricity were generated from a wide range of biomass feedstocks, constituting 24% of the
total electricity production. The total installed bioenergy capacity was 149 GW in 2022 (Fig. 1) [7].
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Figure 1: Global electricity generation capacity from biomass for each region worldwide [7]

1.2 Solar Energy Worldwide

With the addition of 243 GW of new facilities, the solar PV market continued its steady growth
in 2022, reaching a total capacity of 1185 GW (Fig. 2) [7]. In 2022, global solar production averaged
6.2%, compared to 5% in 2021 [&]. For the tenth consecutive year, Asia dominated in new photovoltaic
solar installations, claiming 64% of the added global capacity in 2022. Leading countries in cumulative
installed PV solar capacity remained China, the United States, India, Brazil, and Spain. While solar PV
panel production remains concentrated in China, many countries have strengthened import barriers
and incentives for domestic production, led by initiatives in the United States and India [7].

1.3 Wind Energy Worldwide

In 2022, more than 77 GW of wind energy were added to global grids, bringing the total grid-
connected capacity to 906 GW (Fig. 3) [7]. The global increase in wind power grid connection
decreased by more than 17%, primarily due to reduced speeds in China and the United States. Europe
was the only region where an increase in this matter was observed. Countries worldwide increased
their wind energy goals due to climate change, energy security, economic growth objectives, and the
competitiveness of wind energy [9].
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Figure 2: Global electricity generation capacity from solar cells worldwide [7]
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Figure 3: Global electricity generation capacity from wind turbines worldwide [7]

1.4 Literature Review

Table 1 evaluates recent studies in the field of wind, solar, and biomass energy use, with a focus on
Iran. The purpose of presenting Table | is to clearly articulate the existing scientific gap, in addition
to providing a brief overview of the work and areas of investigation conducted by others. The aim is
to highlight the distinctiveness of the current study in comparison to the work of others.
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1.5 Innovation of the Current Work

As evident in Table 1 and based on the information provided by the authors of the present study,
selected stations in eight diverse climates of Iran have not been previously investigated in the context
of electricity generation. Previous studies either had different scales, employed different methods, or
focused on different locations and objectives. In this study, for the first time, the performance of an off-
grid renewable electricity generation system, utilizing wind, solar, and biomass, was examined at eight
selected stations in Iran. A 25-year simulation was conducted using HOMER v2.81 software to not
only serve as a roadmap for decision-makers in the renewable energy sector but also provide a suitable
estimation for potential investors. To identify the best station, analytical analyses were performed using
the TOPSIS method with eight independent parameters, including energy, environmental, economic,
population, and natural disaster risk analyses. The most suitable station was then selected based on
these criteria.

2 Location under Study

In Fig. 4, the locations of Iran in the world and the positions of the studied stations are indicated
on the map of Iran [20]. It also shows the climate zone to which each station belongs. Other climate-
related information required for simulation is provided in Table 2, including geographical longitude
and latitude, annual average of wind, solar, and biomass, annual average air clearness index, and
elevation above sea level.
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Figure 4: Location of the studied stations on the map of Iran [20]
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Table 2: Climatic and geographical data of the studied stations [20]

City Annual average Longitude Latitude  Annual Annual Annual Elevation
solar radiation (XX° XX’ (XX°XX' average  average average (m)
(kWh/m?-day)  East) North) clearness wind Biomass

index speed (Tons/day)
(m/s) [15]

Dezful 5.13 48 50 3240 0.598 4.22 78.78 503

Gonbad 5.07 58 70 34 40 0.603 4.61 115.59 1195

Jask 6.18 57 50 2580 0.679 4.07 17.9 24

Marand 4.71 45 80 38 40 0.586 4.30 86.8 1406

Ramsar 4.34 50 70 3690 0.529 1.96 77.6 —20

Shahrekord 5.06 50 90 3230 0.590 4.25 34.1 2430

Tabas 5.17 56 90 3360 0.609 4.68 30.4 961

Yazd 5.15 54 40 3190 0.596 5.19 24.5 1230

The available biomass, extracted from reference [15], is divided by the ratio of urban population to
the total population of the province. This is because the biomass value cited in reference [15] pertains
to the entire province, not just one city.

3 Methodology

3.1 Energy-Economic-Environmental Analysis

In Fig. 5, the diagram of the relevant data for assessing solar, wind, and biomass power using the
HOMER software is presented. The software outputs are also described. HOMER software, designed
by the National Renewable Energy Laboratory of the United States, is tasked with analyzing and
optimizing renewable hybrid systems, providing rankings based on financial analysis [21,22].

Table 3 presents the equations governing the HOMER software, including solar cell power, biogas
generator efficiency, battery performance equation, and economic calculations.
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. Primary load (Hourly load; Random variability)

. PV (Price: Capital, Replacement, O & M; Size; Lifetime; Slope; Azimuth)

. Battery (Price: Capital, Replacement, O & M; Size; Lifetime)

. Converter (Price: Capital, Replacement, O & M; Size; Lifetime; Efficiency)

. Biomass generator (Price: Capital, Replacement, O & M; Size; Lifetime; Efficiency, Emissions)
. Wind turbine (Price: Capital, Replacement, O & M; Size; Lifetime; Hub height; Type)

D Economics (Annual interest rate; Project lifetime)

. Emissions (Penalties)

. Solar resource (Monthly average; Time zone; Latitude; Longitude)

. ‘Wind resource (Monthly average; Elevation)

. Biomass resource (Monthly average; Price; Carbon content; Gasification ratio; LHV of biogas)

. Best configuration

. COE

. PV array production
. Wind turbine production
. Biomass gennerator production

. Emissions avoided

Figure 5: Diagram of input and output parameters of HOMER software

Table 3: Governing equations

Parameter Equation Reference
H;
Power generated by solar cells Py = Yo frp.—— [23]
T,8TC
Power generated by wind turbines Pyr = ﬁ.PWT, sTC [24]
Po
. ) 3.6P,,
Biomass generator efficiency Nen = ——————— [25]
m/ue1~LH V/uez

(Continued)
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Table 3 (continued)

Parameter Equation Reference
M in (P burt,kbmorlm'rornwc)
Battery performance Priiyax = [26]
nban,c
.. The amount of DC input power
Converter efficiency Neow. = PP [27]
The amount of AC output power
. Cann totai o
Calculation of total net present cost totalNPC = T)IN [28]
i i
(+n"—1
. Cmm total
Calculation of cost per kWh of generated COE = z ’ [29]
loadserved

electricity

3.2 Ranking Analysis

Various multi-criteria decision-making (MCDM) methods, such as TOPSIS, were employed to
prioritize the examined panels. The formulas that guide the TOPSIS approach are outlined by previous

studies [30].
Step 1: Calculation of Normalized Matrix.
X, =
V2 X3
Step 2: Calculation of weighted Normalized Matrix.
Vi =X x W,

(D

)

Step 3: Computing the ideal best and ideal worst values, denoted as “V*” and “V~” for non-
beneficial criteria (minimum and maximum of V), and “V " and “V*” for beneficial criteria (minimum

and maximum of Vj).

Step 4: Calculation of the Euclidean distance from the ideal best and ideal worst.

s =[>" vi- vy
s =3 -]

Step 5: Calculation of Performance Score.

S-
Pi = !
S+ S;

3)

“4)

)
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4 Required Data

The schematic diagram of the system under investigation is presented in Fig. 6. For backup power
in emergency conditions, a combination of batteries and a biomass generator has been utilized. The
objective is to supply electricity to an area with 100 households [31].

PV
: = J_'_/ —!—’ 1
! A3 y
= — /
ST | :.E.':r.:__k; .I --.'\.1)
' ! ' = (&) _ .
; . RESIDENTAL AREA = L Wind turbine

©) N7 :

Diesel generator 1k ——
I 14
AC DC
Converter

Battery

Figure 6: Schematic diagram of the system under investigation

Table 4 presents the simulation data, which includes pricing and technical information on the
equipment used in the study.

Table 4: Required data for simulation with HOMER software

Equipment Cost ($) Size (kW) Other technical information
Capital Replacement Operating &
Maintenance
PV [32] 350 350 10 0-700 Lifetime: 25 years, Derating factor: 80%
Wind turbine [33] 2000 2000 20 0-500 Lifetime: 20 years, Hub height: 25 m

Type: Genreic | kW DC

Power Curve

1.0
0.8
g
X06
g 0.4
&
02
0.0
0 6 12 18 24
Wind Speed (m/s)
Battery [32] 174 174 5 0-500 Type: Trojan T-105, Lifetime: 845 kWh
Converter [32] 138 138 10 0-160 Lifetime: 15 years, Efficiency: 95%
Biomass generator [34] 800 700 0.001 0-5000 Lifetime: 15000 hr, Efficiency: 16%

Destination of fuel Carbon: CO, = 100%

Other necessary simulation data include the price of each ton of biomass equal to $18 [35], the
project’s lifetime of 25 years [36], and an annual real interest rate of 18% [37]. Penalties for pollutants
including CO,, CO, SO,, and NO, are considered in the simulations with respective values of $3.1,
$57, $560, and $184 per ton [35]. Fig. 7 illustrates the most crucial simulation data, i.e., the required
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electricity, with an average annual electricity demand of 1488 kWh/day. To account for random
variations, a 15% coefficient is applied for daily changes and a 20% coefficient for hourly variations.

max
daily high
mean
daily low
min

Jan Feb Mar Apr May Jun Aug Sep Oct Nov Dec Ann

Jul

200

Load (kW)
> @
o o

o
o

Month

Load (kW)

0 6 12 18 24
Hour

Figure 7: The electricity consumption profile throughout the year (upper chart) and over 24 h (lower
chart)

5 Validation

Regarding the validation of the present work’s results, it should be noted that the accuracy of the
software results has been previously assessed by the National Renewable Energy Laboratory (NREL)
of the United States, showing good agreement between simulation results and experimental data [38].
References [39-4 1] also indicate that the maximum simulation error with HOMER software compared
to experimental results is below 10%. Furthermore, HOMER software results for reproducibility
require precise input data such as annual electricity load profiles, monthly average solar radiation
profiles, monthly average wind speed profiles, and random variability coefficients, which can be
challenging to obtain. These types of data are not typically included in the published articles.

6 Results

The number of simulations performed for each station, considering the number of size taken into
account for each of the components, is equal to 226,270 (10 cases for PV, 11 cases for wind turbine, 11
cases for battery, 17 cases for electric converter, and 11 cases for biomass generator), with an average
CPU time of 20 min for eight stations under investigation.

Table 5 presents the simulation results for the studied stations in various climates across Iran.
The results indicate that in all scenarios, the economical priority is given to the 500 kW biomass
generator. The highest and lowest usage of solar panels is observed in Jask (550 kW) and Yazd
(300 kW), respectively. Additionally, only in the Yazd station, the economic optimum includes the
use of a wind turbine, with a 100 kW wind turbine being employed in the optimal system.
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Table 5: Simulation results for the investigated stations
Station Best LCOE  Pollutants  Electricity Electricity  Excess
configuration (tons/year)  production losses electricity
(kWh/year) (kWh/year) (kWh/year)
Tabas 500 kW PV, 0.637 1.350 PV: 843,793 45,192 754,029
500 kW BG,
400 Batt., BG: 498,615
150 kW Conv.
Dezful 400 kW PV, 0.648 1.407 PV: 656,112 48,418 584,222
500 kW BG,
450 Batt., BG: 519,837
150 kW Conv.
Gonbad 350 kW PV, 0.634 1.382 PV: 580,611 47,878 500,324
500 kW BG,
450 Batt., BG: 510,871
160 kW Conv.
Jask 550 kW PV, 0.615 1.197 PV: 1,066,504 52,203 914,336
500 kW BG,
500 Batt., BG: 443,098
150 kW Conv.
Marand 350 kW PV, 0.658 1.433 PV: 552,193 51,522 486,936
500 kW BG,
500 Batt., BG: 529,610
160 kW Conv.
Ramsar 400 kW PV, 0.660 1.446 PV: 562,031 47,931 505,068
500 kW BG,
450 Batt., BG: 534,217
160 kW Conv.
Shahrekord 350 kW PV, 0.652 1.440 PV: 559,907 48,094 500,188
500 kW BG,
450 Batt., BG: 531,736
160 kW Conv.
Yazd 300 kW PV, 0.636 1.174 PV: 490,929 44,796 496,373
100 kW WT,
500 kW BG, WT: 159,939
500 Batt.,
120 kW Conv. BG: 433,434

Note: PV: Photovoltaic panel; WT: Wind turbine; BG: Biomass generator; Batt.: Battery; Conv.: Converter.

The price per kWh of generated electricity for the examined system varies between 0.615 $/kWh
(Jask) to 0.660 $/kWh (Ramsar). The average electricity generation cost for the studied stations is
0.643 $/kWh. Considering that Yazd has the highest simultaneous utilization of various renewable
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energies (wind turbines and solar panels), it exhibits the lowest pollutant production with 1174 kg/year.
In contrast, Ramsar has the highest pollutant production, reaching 1446 kg/year.

Based on the results, it can be generally stated that the higher the electricity generation cost, the
lower the corresponding amount of wind and solar power. This is evident as the highest utilization of
electricity from biomass is observed in Ramsar with a quantity of 534,217 kWh/year, corresponding
to the most expensive electricity generation.

Additionally, the highest solar power production is 1,066,504 kWh/year in Jask, which has the least
expensive electricity production. The simultaneous use of wind and solar, resulting in a total annual
electricity production of 650,868 kWh, compensates for the weaknesses of wind and solar energies,
leading to the lowest biomass electricity usage in Yazd with a quantity of 433,434 kWh/year.

Regarding annual energy losses, Jask, which has the highest renewable DC power production, is
in the first rank. An interesting point about Yazd is that it has the lowest energy losses, with a quantity
of 44,796 kWh/year. This indicates that wind and solar energies are used when they can compensate
for each other’s shortages and deficiencies. Consequently, there is less stored electricity, resulting in
fewer losses.

Another point from Table 5 is regarding surplus electricity production, which can generate
significant income through selling to the grid or exporting to neighboring countries. However, the
authors of the present study suggest converting this surplus electricity into hydrogen for long-term
usability. The highest and lowest annual surplus electricity production levels are 914,336 kWh (Jask)
and 486,936 kWh (Marand), respectively. As renewable DC power production decreases, surplus
electricity production also decreases. In other words, the highest and lowest renewable DC power
production correspondingly results in the highest and lowest surplus electricity production.

In Fig. &, the weights and types of the parameters under consideration are presented. To calculate
the weights in Fig. 8, the average opinions of 10 experts were utilized, and then the weights were
normalized and presented in Fig. 8. Normalization has been performed in such a way that the size of
each parameter is divided by the square root of the sum of the squares of the parameters. Out of the 8
parameters under investigation, 5 are simulation output parameters, and 3 are influential parameters in
the problem (land price, population, and risk index), which have been added for final decision-making.
These three parameters are influential as they were not applicable in the simulations conducted by
the HOMER software but have a significant impact on the performance and the decision-making
process of investors in selecting the superior station. The parameters LCOE, Emission, Land price,
and Population carry the highest weights, while Excess electricity and Losses have the lowest weights.
Non-Beneficial parameters are those that, the higher they are, have a more negative impact, whereas
Beneficial parameters are those that, the higher they are, have a more positive impact. Out of the §
parameters under consideration, LCOE, Emissions, Losses, Land price, and Risk index are considered
Non-Beneficial, and the rest are Beneficial. The weights of the parameters are highly effective in
calculating the rank of each station as multiplying by the value of that parameter leads to scoring
and improving the rank of that station.

In Table 6, using Eqs. (1)and (2), the normalized matrix for the 8 parameters under consideration,
considering the weight of each parameter, is formed. This matrix is used to calculate the parameters
V*and V- (Step 3 of Section 3.2). It should be noted that in the calculation of parameters V* and V-
in Table 7, the type of parameter under consideration (Beneficial or Non-Beneficial) should be taken
into account.
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Table 6: Formation of the normalized matrix for simulation data considering the weight of each

parameter
Station Excess Electricity Electricity Pollutants LCOE Land  Population Risk
electricity losses production price index
Tabas 0.1411 0.1416 0.1281 0.0799 0.1054 0.0376 0.0246 0.1435
Dezful 0.1435 0.1475 0.1122 0.0856 0.0817 0.1054 0.1641 0.1435
Gonbad 0.1404 0.1449 0.1041 0.0846 0.0700 0.1129 0.0942 0.1435
Jask 0.1362 0.1255 0.1440 0.0923 0.1278 0.0457 0.0105 0.1435
Marand 0.1457 0.1503 0.1032 0.0911 0.0681 0.0260 0.1147 0.1076
Ramsar 0.1462 0.1516 0.1046 0.0847 0.0706  0.2333 0.0214 0.1435
Shahrekord 0.1444 0.1510 0.1042 0.0850 0.0699 0.1693 0.1181 0.0718
Yazd 0.1409 0.1231 0.1035 0.0792 0.0694 0.2258 0.3131 0.1076
Table 7: Calculation of the parameters V* and V-
Parameter Excess Electricity Electricity Pollutants LCOE Land Population Risk
electricity losses production price index
\'Al 0.1362 0.1231 0.1440 0.0792 0.1278 0.0260 0.3131 0.0718
\'%A 0.1462 0.1516 0.1032 0.0923 0.0681 0.2333 0.0105 0.1435

In Table 8, using Egs. (3) and (4), the parameters Sit and Si~ have been calculated. Then, with
the use of Eq. (5), the final score for each of the investigated stations has been calculated. According
to the results in Table 8, it is evident that Yazd, Marand, and Dezful are the top-performing stations,
while Ramsar, Shahrekord, and Gonbad are the least suitable stations, respectively. An interesting
observation is that, despite Jask having the lowest cost of electricity production, it does not rank among
the top three stations. This can be attributed to the high electricity losses in Jask. The choices of Yazd
and Ramsar were predictable since Yazd excelled in terms of pollutant emissions, losses, and surplus
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electricity production, while Ramsar performed poorly in pollutant emissions and the price of each
kWh of energy.

Table 8: Ranking of the investigated stations

Station Sit Si- Pi Rank
Tabas 0.2994 0.2019 0.4028 4
Dezful 0.1936 0.2008 0.5091 3
Gonbad 0.2571 0.1471 0.3640 6
Jask 0.3119 0.2030 0.3942 5
Marand 0.2164 0.2348 0.5204 2
Ramsar 0.3728 0.0136 0.0352 8
Shahrekord 0.2538 0.1445 0.3628 7
Yazd 0.2151 0.3065 0.5876 1

Fig. 9 provides an energy analysis for the most critical day of the year, January 30, when using the
wind-solar-biomass system in Yazd, the most suitable station. The critical day refers to the day with the
highest electricity demand, which, based on a detailed examination and in accordance with Fig. 7, is in
January, specifically the thirtieth day. The results in Fig. 9 indicate that the maximum battery charging
occurs when the biomass generator comes into operation, primarily during nighttime. It is noteworthy
that during the most critical time of the year when 170 kW of electricity is required, the biomass
generator and PV produce approximately 200 and 270 kW of electricity respectively at their maximum
capacity. At the same time, the wind turbine generates around 90 kW of electricity. According to the
findings in Fig. 9 and, as observed in Table 5, wind power has the lowest contribution, followed by
biomass and solar power. An important note is the significant and uniform demand for biomass power
on critical days throughout the year. According to the results in Fig. 9, the maximum battery charge
on critical days throughout the year ranges between 80%—-90%.
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Figure 9: Energy analysis for the most critical day of the year (January 30) when using the optimal
scenario in the city of Yazd
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7 Future Works

— Since the current work is on a residential scale and in an off-grid scenario, it is suggested that
in future works, other scales such as industrial and transportation be investigated, and also the
impact of grid connection be studied [42,43].

— Performing sensitivity analysis on influential parameters is another task that can be done in
the continuation of the current work [42].

— Due to the greater importance of CAPEX compared to OPEX in Iran due to the lower
OPEX costs in Iran, in the present work, the LCOE parameter was selected for ranking. It
is reccommended that in future works, the OPEX parameter also be considered in ranking [44].

— Since the TOPSIS method was used for ranking in the current work, it is suggested that in
future works, other ranking methods such as WASPAS, GRA, etc., be utilized [45].

— Due to the lack of use of solar trackers and not considering the effect of temperature on the
performance of PVs in the current work, it is recommended that these aspects be taken into
account in future studies and their impact be assessed.

— To diversify renewable energy sources in Iran, it is recommended to incorporate hydropower
alongside other types of renewable energy in future endeavors [42,46].

8 Conclusions

Finding a system capable of providing sustainable energy under different weather conditions and
acting as a self-sufficient system is crucial in a country like Iran with high climatic diversity. This study
investigates a solar, wind, and biomass system for electricity generation in eight different climates of
Iran using HOMER v2.81 software. The system is designed for use in areas not connected to the power
grid. After conducting energy-economic-environmental analyses and obtaining five influential output
parameters, a decision-making matrix is formed using three other influential parameters (land price,
population, and risk index). Finally, the results are ranked using the TOPSIS method, determining the
top-performing stations. The key findings of this study include:

— The use of a 500 kW biomass generator is prioritized as an economic choice in all scenarios.

— The highest and lowest usage of solar cells is observed in Jask (550 kW) and Yazd (300 kW),
respectively.

— Only in Yazd is the wind turbine considered an economic priority and a 100 kW wind turbine
is used in the optimal system.

— The price of electricity varies between $0.615/kWh (Jask) and $0.660/kWh (Ramsar).

— In Yazd, where the most simultaneous use of renewable energies occurs, the lowest pollutant
production of 1174 kg/year is observed, with the highest being 1446 kg/year in Ramsar.

— Annual energy losses in Jask (with the highest renewable DC power generation) rank first,
while Yazd has the lowest annual energy losses.

— Yazd, Marand, and Dezful are the top-performing stations, while Ramsar, Shahrekord, and
Gonbad are the least suitable.

— Weighting influential parameters using the average opinions of 10 experts showed that LCOE,
Emission, Land price, and Population have the highest weights.

— Energy losses in Jask are very high, potentially impacting the final decision regarding the
superiority of this station.
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