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Abstract 

Improving the quality of life in deprived areas is one of the main programs of the United 

Nations, highlighting the significance of a clean and reliable power supply for sustainable 

development. This study focuses on the configuration of hybrid renewable energy systems 

(HRES) in Iran's northern and southern rural areas, utilizing a combination of wind turbines, 

storage banks, photovoltaic panels, biogas, and diesel generators. These regions possess 

animal- and agriculture-based biomass resources that can effectively meet their primary 

residential energy needs. This study highlights the importance of employing multi-criteria 

decision-making (MCDM) for selecting suitable hybrid renewable energy systems (HRES) in 

rural areas. By incorporating a novel objective weighting process based on the SDG-17 

framework, the study considers a range of criteria, including economic, environmental, energy 

security, and technical factors. Furthermore, the validation of HOMER's accuracy in sizing 

renewable energy systems with particle swarm optimization (PSO) has demonstrated the 

significant capability of the primary model. The results demonstrate that relying solely on 

economically optimal scenarios may not align with CO2 emissions, energy efficiency, and 

reliability goals. Utilizing the HOMER-MCDM method, the study achieves a more optimal 

combination of energy systems, considering multiple aspects of sustainable development 

beyond economic efficiency. For the climates of northern and southern rural regions of Iran, 
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the study identifies the PV/WT/Bio/battery system as the best solution, with levelized costs of 

electricity (COE) of 0.251 and 0.219 $/kWh, respectively. This configuration relies entirely on 

local resources, emits nearly zero emissions, and provides power to the communities. 

Additionally, a sensitivity analysis assesses the impact of changes in capital costs of power 

generation components and the potential of renewable resources. Adjusting the investment 

costs of PV and WT systems between 0.7 and 1.3 times their original values results in a COE 

range of 0.198 to 0.233 $/kWh, representing a decrease of 9.2% and an increase of 6.9% 

compared to the initial operation, respectively.  

Keywords: Biomass; Renewable energy; Sustainable development; Multi-criteria decision 

making; Optimization. 

Nomenclature  

BG Biogas Generator Q The total energy in the beginning (kWh) 

𝐂𝐑𝐅 Capital Recovery Factor 𝐑 Gas constant (J⁄kgK) 

𝑪𝒂𝒏𝒏 Annualized cost R   Lifetime of the project (yr) 

𝐂𝐭𝐨𝐭  Total cost in the project lifetime ($) 𝐑𝐜𝐨𝐦𝐩 The lifetime of the components (year) 

𝐂𝐫𝐞𝐩 Replacement cost S Salvage ($) 

DG Diesel Generator 𝐓 Temperature (°C) 

𝐄𝐬𝐞𝐫𝐯𝐞𝐝 Total electrical load served (kWh/year) 𝑻𝜶 Temperature of ambient (°C) 

f Inflation rate (%) Tc Temperature of PV cell (°C) 

fgas Gasification ratio (kg, gas/kg, biomass) 𝐘𝐏𝐕 PV rated power (kW) 

𝐟𝐏𝐕 Derating factor of PV (%) Z0 Length of surface roughness (m) 

g Gravitational acceleration (m/s2) Zsnem The height of the anemometer (m) 

𝐆𝐓 Solar radiation hitting PV (kW⁄m2) Zhub Height of the wind turbine’s height (m) 

i Annual discount rate  SDG Sustainable Development Goals 

KBM Kinetic battery model Uanem Wind speed at anemometer height (m/s) 

LHV The lower heating value 𝐔𝐡𝐮𝐛 Wind speed at hub height (m/s) 

LHVbg Lower heating values of biogas  Greek Symbols 

𝐍𝐛𝐚𝐭𝐭 Number of batteries λP Temperature coefficient of power 

NPC Net present cost ($) α Solar absorptance of PV 

OC Operating cost αc Maximum charge rate of storage (A/Ah) 

P Pressure (Pa) αp Temperature coefficient of power (%/(°C)) 

𝐏𝐂𝐇𝟒
 Available methane in the biogas (%) Δt Temperature difference 

𝐏𝐞 Biogas generator power output (kW) τ Solar transmittance of PV 

PV Photovoltaic panel η Efficiency (%) 

Qbg The biogas flow rate (m3/h) ρ Real air density (kg/m3) 
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1. Introduction 

The energy sector has a profound impact on several crucial factors of national development, such 

as economic growth, advancements in healthcare, and the facilitation of remote working, among 

others. This underscores the undeniable significance and the increasing demand for a diverse range 

of energy sources [1]. It is estimated that more than one billion people live proper access to 

electricity [2], of which only 20% reside in cities [3]. The world's renewable electricity generation 

is projected to increase from 25% in 2018 to 65% in 2030, aiming for 90% of total power 

generation in 2050, based on the 1.5 °C global warming scenario [4]. It is projected that 40% of 

electricity will be generated by renewable energy sources (RE) by 2030, surpassing the demand 

for coal-based energy, which is expected to be less than 20% by 2040 [5]. Although fossil fuel 

reserves may not be available in long-term future [6], the demand for electricity is expected to 

increase in the coming years due to infrastructure and grid improvements, urbanization, economic 

prosperity, and other factors [7]. However, in order to facilitate the better development of deprived 

and rural areas, it is essential to implement a sustainable development program that includes the 

provision of affordable and accessible energy as one of its primary foundations. 

The Department of Economic and Social Affairs (DESA) of the United Nations (UN) introduced 

17 Sustainable Development Goals (SDGs) and 169 targets through its 2030 Agenda for 

sustainable development in 2015 [8]. Every nation strives to take short, medium, or long-term 

actions towards SDGs, of which renewable energy could be considered as the driving force and 

backbone for the following inevitable development [9]. One of the important SDGs is the seventh 

item, which emphasizes the importance of accessible, reliable, affordable, modern, and sustainable 

energy for everyone [10]. Developing and increasing the efficiency of reasonably priced renewable 

energy aligns with SDG 7, which aims to provide accessible electricity and instruments that use 

renewable and clean energy to all individuals. Furthermore, this effort also contributes to other 

objectives related to climate change and ecosystem preservation [11] While solar, wind, and bio 

resources are the most accessible renewable resources, there has been limited focus on hybrid 

renewable energy systems (HRESs) to meet the objectives of SDG 17, particularly in less 

developed countries with significant bio-resources potential. 
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Renewable technologies can be applied to both small-scale and large-scale units. Pirmohamadi et 

al. [12] applied an integrated solar thermal and photovoltaic system to optimize a small-scale near-

zero energy building in Iran. Their results demonstrated that incorporating the solar thermal system 

into the building increased the thermal efficiency to over 47% and also resulted in potential 

financial savings of 318 $. On the other hand, Jahangir et al. [13] implemented a biomass-powered 

off-grid plant to electrify a large-scale urban load in Iran. Their results showed a COE of less than 

0.3 $/kWh, highlighting the attractiveness of biogas generators in enhancing the power supply 

flexibility of highly renewable energy systems. However, it should be noted that the share of bio-

based power in Iran is still very low. 

It is projected that the use of biomass as an energy resource will increase from 11 EJ in 2020 to 96 

EJ in 2050 worldwide [14]. As a result, policymakers, governments, and energy sectors are 

increasingly interested in generating energy from biomass [15]. Liquid biofuels and biogas were 

the two fastest-growing sectors in rural energy production from bio-resources. Biogas ranks 

second, accounting for 14% of the total electricity generation from biomass, after solid biomass 

[16]. The main biomass resources for standalone energy systems include animal wastes, 

agricultural residues, and municipal solid wastes [17]. Compared to diesel-fueled generators in 

off-grid applications, bio-fueled generators have greater potential to reduce emissions, achieve 

affordable energy costs, and develop sustainable energy systems.  

Several studies have investigated HRESs that integrate biomass-powered systems. A wide range 

of applications, from grid-connected power systems in developed countries to off-grid systems for 

power supply in deprived areas, has been investigated by applying biomass-based HRES [18]. The 

feasibility of using a PV/biomass/wind turbine system to power small-scale mining in Europe was 

the subject of compelling research by Paneri et al. [19]. They stated that although biogas is known 

as a clean energy resource, high dependency on biogas generators can lead to high CO2 production 

from the direct burning of biogas. Therefore, integrating biogas generators with other renewable 

technologies such as photovoltaic panels (PV) and wind turbines (WT) is more promising to reduce 

direct GHG emissions from the energy system. Especially in deprived areas with unreliable power 

grids, the integration of biomass-powered systems in HRES can contribute to local development 

and social welfare [20]. Yong et al. [21] demonstrated the attractive socio-economic aspect of 
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HRESs coupled with biomass in the rural region of Sarawak, Malaysia. Their study highlighted 

the ability of renewable energy-based systems to reduce greenhouse gas emissions and enhance 

sustainability, ultimately improving the living standards of local communities in the long term. 

This integration also has the potential to create job opportunities with the number of jobs per MW 

increasing from approximately 0.5 for PV systems to 3 for hybrid power plants [22]. 

Singh et al. [23] optimized the PV/WT/biomass system and compared the performance of the 

artificial bee colony algorithm and the particle swarm optimization (PSO) method with the 

HOMER software. The results showed that the PSO algorithm had results more similar to those of 

the HOMER software, although all three methods differed by less than 1 cent/kWh in the final 

COE in the range of 0.17-0.18 $/kWh. Kharrich et al. [24] investigated an HRES comprising PV, 

diesel, biomass, and WT in an area of Saudi Arabia with considerable radiation. They used a 

metaheuristic algorithm called Giza Pyramids Construction to find the optimized system. The 

study revealed that the optimal energy system consisted of PV and biomass (1000 tons/year), 

resulting in a COE of 0.208 $/kWh. El-Sattar et al. [25] demonstrated the capability of the Runge-

Kutta algorithm to optimize PV/Bio/battery in rural Indian areas and achieved less than 0.10 

$/kWh COE. For a 100% renewable PV/WT/bio/battery system, a COE of 0.057 $/kWh was 

calculated to meet the peak load of 73.6 MW in India using the HOMER software [26]. In another 

study conducted by Alshammari and Asumadu [27] in a rural area, it was determined that the 

combination of PV/Biomass/WT and batteries was the most cost-effective system, outperforming 

other studied options. The COE for this system was calculated to be 0.254 $/kWh. However, the 

study also revealed that the inclusion of biomass generators in the system could have negative 

implications for CO2 emissions when compared to 100% renewable HRESs. 

Biomass could be a promising choice for an HRES in both humid and cold climates where solar 

irradiation is reduced or in regions that do not have significant wind potential, such as most rural 

areas in Iran. A study conducted in central regions of Iran demonstrated that integrating HRES 

with biomass can be economically feasible, even when the region is as far as 2.6 km away from 

the nearest national power grid [28]. Consequently, the development of renewable HRESs can be 

more economical than developing grid infrastructures for these off-grid regions [29]. The study on 

the most economically viable bio-resource for power production has been conducted in different 
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parts of the world. For example, Cano et al. [30] found that agricultural waste, such as wood 

residues, is the most economically viable bio-resource in Ecuador, while Khan et al. [31] stated 

that animal manure is a more affordable bio-resource in Pakistan. Kasaeian et al. analyzed the 

effect of applying animal-based manure to produce biogas in Iran for a PV/Diesel/Bio hybrid 

system and found that a COE of 0.19 $/kWh can be achieved. However, this value can increase to 

0.24 $/kWh under unfavorable economic conditions. As can be observed, the decision-making 

objectives in most of the previous literature primarily focus on economic goals. However, this 

approach can impact other sustainable development goals, including environmental 

considerations, energy efficiency, and the energy security of the HRES. 

In the study of Guo et al. [32], six indexes were considered, including four economic, one 

technical, and one environmental objective. However, it was evident that the results of this study 

were significantly affected by the inclusion of more economic parameters. Edrisi et al. also stated 

that biomass could enhance the reliability indexes of HRESs and contribute to national sustainable 

development [33]. However, the environmental and economic aspects need further investigation. 

Das et al. [34] considered three economic, two technical, and one environmental objectives in their 

study on the integrated VIKOR-TOPSIS MCDM method for a standalone HRES integrated with 

green and non-green fueled generators. Their system demonstrated a COE of less than 0.16 $/kWh, 

a renewable fraction of over 95%, and a low unmet load. However, the study neglected investment 

reliability, energy security, and social objectives. In a similar study in India [35], considering 

investment reliability and life cycle assessment factors, the COE optimized at about 0.21 $/kWh, 

showing the importance of objective selection and weighting methods in MCDM. Song et al. [36] 

highlighted the significance of bio-energy in enhancing energy, environmental, economic, and 

social sustainability indexes, which are related to SDG1, SDG7, and SDG13 in China. While these 

results demonstrated the impact of bio-energy on the importance weight of energy system 

objectives, there is currently a lack of decision-making approaches that consider SDG-based 

MCDM in bio-based energy systems. Especially when the result of many studies such as Ref. [37] 

shows the possibility of between 10-40% affordable rural power supply by biomass resources. 

Therefore, it is necessary to pay more attention to catching up with the sustainable development 

scenario (SDS) outlined by the IEA, which calls for an annual increase of 6% in bioenergy [38]. 

Toopshekan et al. studied the optimization of a renewable-diesel CHP system and found that 
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considering the importance of environmental factors in SDG17, estimating the objective 

importance of the MCDM method based on SDGs can result in an optimum system with a high 

renewable fraction but low power supply flexibility. This leads to excess electricity exceeding 50% 

and a cost of energy of more than 0.3 $/kWh [39]. Previous studies overlooked the potential for 

clean-fueled generators to align with SDGs when trying to maintain/improve the environmental, 

technical, reliability, and economic characteristics of HRESs.  

Based on the conducted literature, the absence of sufficient attention given to biomass power in 

less developed countries, the prioritization of economic objectives in off-grid applications, the lack 

of a global framework for objective weighting in rural energy supply, and the challenges associated 

with decision-making for identifying the optimum power supply scenario considering all 

sustainable development goals are the main limitations. These limitations have not been 

simultaneously considered in previous research and represent a significant research gap for the 

optimization of stand-alone HRESs. 

This study aims to harness the biomass potential, coupled with wind and solar energy, to propose 

a cost-effective and sustainable HRES that is more resilient to rural power supply. It takes 

advantage of the HOMER energy software and multicriteria decision-making, aligning with the 

sustainable development goals. The study targets the electricity supply for residential areas and 

the freshwater demand for two rural areas with different climate conditions in the southern and 

northern regions of Iran. The freshwater demand has been defined as a deferrable load to utilize 

the excess power from renewables and increase energy efficiency. Furthermore, the integration of 

bio and diesel generators has been applied to improve the reliability of the off-grid power supply 

and reduce the potential of CO2 emissions. To address global warming and the SDGs by utilizing 

biomass, the TOPSIS method has been applied to the outputs of the HOMER tool. This method 

employs the primary objectives weighting method according to the SDG17 framework. Moreover, 

both agricultural and animal-based biomass, with different gasification ratios, have been 

considered to ensure accurate calculations of potential benefits by implementing biogas generators 

in a stand-alone HRES. Finally, a sensitivity analysis is performed to examine the impact of 

possible changes on the HRES, taking into account factors such as solar radiation, wind speed, and 

input prices. 
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2. Methodology 

In sections 2.1 to 2.5, the power output formulation of wind turbines, photovoltaic panels, battery 

banks, fuel generators, and converters has been introduced. Also in section 2.6, the economic 

equations of HRES have been prepared. 

2.1.Wind Turbine 

HOMER data are updated at each time step, which is an hour here. Regarding wind turbines, the 

wind speed is calculated every hour at the hub height depending on the defined wind source as 

below [40]:  

Uℎ𝑢𝑏 = U𝑎𝑛𝑒𝑚

ln(𝑍ℎ𝑢𝑏 𝑍0⁄ )

ln(𝑍𝑠𝑛𝑒𝑚 𝑍0⁄ )
                               (1) 

In this equation Uanem (m/s) is the wind speed at anemometer height, Zhub (m) is the height of the 

wind turbine’s height, Z0 (m) is the length of surface roughness, Zsnem (m) is the height of the 

anemometer. It is worth mentioning that the WT does not produce any energy when the wind speed 

is lower or higher than the so-called cut-in and cut-out wind speed respectively. Considering the 

wind speed at the hub height and the power curve of a wind turbine, the generated power by WT 

will be calculated at the standard condition. To achieve real condition, a density correction formula 

is used to reach the WT power output as follow [41]: 

P𝑊𝑇𝐺 = (
𝜌

𝜌0
) P𝑊𝑇𝐺,𝑆𝑇𝑃                               (2) 

The generated power and air density at standard temperature and pressure are P(WTG, STP) (kW) and 

ρ0 (kg⁄m3) and the real air density is ρ(kg/m3). The air density ratio (ρ/ρ0) is computable by the 

ideal gas law. 

𝜌 =  
𝑃

𝑅𝑇
,                               (3) 

𝜌

𝜌0
=  

𝑃

𝑃𝜊

𝑇𝜊

𝑇
                               (4) 

With the assumption that temperature declines linearly with gaining height up to 11000 𝑚 

according to the US Standard Atmosphere, the air density is defined as [42]: 
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𝑇 =  𝑇0 − 𝐵𝑧                               (5) 

ρ

𝜌0
= (1 −

𝐵𝑧

𝑇0
)

𝑔 𝑅𝐵⁄

(
𝑇0

𝑇0 − 𝐵𝑧
)                               (6) 

In the above equations, T (K) is temperature, T0 (K) is the temperature at standard condition, R 

(J⁄KgK) is the gas constant, P (Pa) is pressure, Pο (Pa) is the pressure at standard condition, B (K/m) 

is the lapse rate, z (m) is the altitude and g (m/s2) is the gravitational acceleration. 

2.2. Photovoltaic Panels 

PV output power depends on weather conditions as well as temperature and technical parameters 

as shown in Eq. 7 [43]: 

𝑃𝑃𝑉 = 𝑌𝑃𝑉𝑓𝑃𝑉 (
𝐺̅𝑇

𝐺̅𝑇,𝑆𝑇𝐶

) [1    + 𝛼𝑃(𝑇𝑐 − 𝑇𝑐,𝑆𝑇𝐶)]  (7) 

where, YPV(kW), fPV(%), G̅T(kW⁄m2), G̅T, STC (kW/m2), αP(%/(°C)), Tc(
°C) and Tc, STC (

°C) are 

respectively, PV power generation at standard condition (rated capacity), derating factor of PV, 

solar radiation incident over the PV, the incident radiation of standard condition, temperature 

coefficient of power, the temperature of PV cell at each time step and standard condition. It should 

be noted that the adverse effect of temperature on PV output power [44] was considered in the 

calculations. The temperature of the PV cell is achievable by the energy balance equation indicated 

in Eq. 8 and solving the equation for cell temperature yields Eq. 9: 

𝑐𝛼𝐺𝑇 = 𝜂𝑐𝐺𝑇 + 𝑈𝐿(𝑇𝑐 − 𝑇𝑎)                        (8) 

 T𝐶 = 𝑇𝛼 + 𝐺𝑇 (
τα

𝑈𝐿
) (1 −

𝜂𝑐

τα
)                        (9) 

where τ(%) is the solar transmittance of PV cover, α(%) is the solar absorptance of PV, GT(kW⁄m2) 

is the solar radiation hitting PV, ηc(%) is the electrical efficiency of PV, UL(kW/m2°C) is the heat 

transfer coefficient to the surrounding, Tc(
°C) is PV temperature and Ta(

°C) is the ambient 

temperature. For simplification, the nominal operating cell temperature (NOCT) is reported by 

manufacturers, which is the cell temperature with no load (ηc=0) at the nominal operating cell 

temperature of Tc, NOCT(°C), the incident radiation of GT, NOCT=0.8(kW⁄m2) and Ta, NOCT=20(°C) 

leading to the better form of the equation as Eq. 10:  
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T𝐶 = 𝑇𝛼 + 𝐺𝑇 (
𝑇𝑐,𝑁𝑂𝐶𝑇−𝑇𝑎,𝑁𝑂𝐶𝑇

𝐺𝑇,𝑁𝑁𝑂𝐶𝑇
) (1 −

𝜂𝑐

τα
).             (10) 

2.3.Battery Bank 

Storage components play a crucial role in HRES by providing backup and mitigating 

intermittencies [45]. To effectively utilize excess renewable energy, it can be stored in storage 

banks, taking into consideration three limiting factors: the kinetic storage model, maximum charge 

rate, and the maximum charge current of the storage element [46]. The kinetic battery model 

(KBM) determines the maximum power that can be absorbed, yielding the following expression: 

 P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥,𝑘𝑏𝑚 =
𝑘𝑄1𝑒−𝑘Δ𝑡+𝑄𝑘𝑐(1−𝑒−𝑘Δ𝑡)

1−𝑒−𝑘Δ𝑡+𝑐(𝑘Δ𝑡−1+𝑒−𝑘Δ𝑡)
     (11) 

Then, the storage charge power according to the second constraint is: 

P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥,𝑚𝑐𝑟 =
(1 − 𝑒−𝛼𝑐Δ𝑡)(𝑄𝑚𝑎𝑥 − 𝑄)

Δ𝑡
                     (12) 

Finally, the maximum power related to the maximum charge current is: 

P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥,𝑚𝑐𝑐 =
𝑁𝑏𝑎𝑡𝑡𝐼𝑚𝑎𝑥𝑉𝑛𝑜𝑚

1000
                     (13) 

In the above equations, the accessible energy in the beginning is Q1(kWh), the total energy in the 

beginning is Q(kWh), the ratio of storage capacity is c, the storage rate constant is k(h-1), the time 

step length is Δt(h), the maximum charge rate of storage is αc(A/Ah), the total capacity of the 

storage unit is Qmax(kWh),  the batteries’ number in the storage unit is Nbatt and the nominal voltage 

of the batteries is Vnom(V). Then, the maximum storage is determined by choosing the least amount 

of the above-mentioned values. 

P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥

=
𝑀𝐼𝑁(P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥,𝑘𝑏𝑚,  P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥,𝑚𝑐𝑟 ,  P𝑏𝑎𝑡𝑡,𝑐𝑚𝑎𝑥,𝑚𝑐𝑐)

η𝑏𝑎𝑡𝑡,𝑐
 

(14) 

The efficiency of battery charging (ηbatt,c) and battery discharging (ηbatt,d)  is calculated by the root 

of battery round-trip efficiency (ηbatt,rt
0.5). Round-trip efficiency (ηbatt, rt) is the amount of energy 
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that could be restored from the energy put into the storage bank. The maximum discharge power 

over a definite time could be reached with the kinetic storage model as: 

P𝑏𝑎𝑡𝑡,𝑑𝑚𝑎𝑥,𝑘𝑏𝑚

=
−𝑘𝑄𝑚𝑎𝑥 + 𝑘𝑄1𝑒−𝑘Δ𝑡 + 𝑄𝑘𝑐(1 − 𝑒−𝑘Δ𝑡)

1 − 𝑒−𝑘Δ𝑡 + 𝑐(𝑘Δ𝑡 − 1 + 𝑒−𝑘Δ𝑡)
 

 (15) 

With the consideration of discharging loss ratio (ηbatt,d), the maximum discharge power is: 

𝑃𝑏𝑎𝑡𝑡,𝑑𝑚𝑎𝑥 = η𝑏𝑎𝑡𝑡,𝑑𝑃𝑏𝑎𝑡𝑡,𝑑𝑚𝑎𝑥,𝑘𝑏𝑚                     (16) 

 

2.4. Gasifier and Fuel Generator 

Biomass, due to the abundance of waste crops, livestock, and forests in rural areas, serves as an 

easily accessible energy source. Its utilization can effectively address the intermittency challenges 

in HRESs [47], and increase the resilience and sustainability of the system [48]. Furthermore, the 

gasification of animal waste is environmentally beneficial as it inhibits the production of methane 

gas during storage [49]. If the biomass is in its raw form, it needs to undergo a gasification and 

thermochemical process to convert it into biogas, which can then be used as fuel. The resulting 

gas, known as syngas, has a lower heating value compared to fossil fuels but offers higher 

efficiency, increased control, and reduced emissions. The amount of biogas generated from 

biomass (m3) is determined by multiplying the gasification ratio (kggas/kgbiomass) and the biomass 

feedstock per day (kg/day) [50]. Alternatively, the power generated by the biogas generator could 

be defined as [51]: 

𝑃𝑒  =  𝜂𝑒𝑄𝑏𝑔𝐿𝐻𝑉𝑏𝑔,                            (17) 

𝐿𝐻𝑉𝑏𝑔  =  
𝑃𝐶𝐻4

100
𝐿𝐻𝑉𝐶𝐻4

                            (18) 

Here, the efficiency of electrical conversion is ηe, the biogas flow rate is Qbg (m
3/h), the available 

methane in the biogas is PCH4
(%), the lower heating values of biogas and methane are LHVbg and 

LHVCH4
. LHVbg can be calculated based on LHVCH4

. The LHV typically has a value ranging from 

15 to 25 MJ m3⁄  for various organic substances. However, for methane specifically, the LHV is 
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approximately 36.3 MJ/m3 [51]. The generator output power (𝑃𝐹𝐺) and its fuel consumption (𝐹𝐹𝐺) 

can be calculated by Fq. 19 and Eq. 20. where 𝜂𝐹𝐺  (%) refers to fuel generator internal 

efficiency, 𝑌𝐹𝐺  (kW) is the nominal power of fuel generator device, and a and b are the constant 

multipliers of generator announced by manufacturer. Furthermore, the diesel fuel emission is about 

2.6 kg/L [52] while biogas emission is less than 5% of this value. 

𝑃𝐹𝐺 = 𝐹𝐹𝐺 . 𝜂𝐹𝐺 . 𝐿𝐻𝑉𝐹𝑢𝑒𝑙                            (19) 

𝐹𝐹𝐺(t) = 𝑎. 𝑌𝐹𝐺 + 𝑏. 𝑃(𝑡)                            (20) 

2.5.Converter 

The converter is used to link the AC and DC power hub containing an inverter and rectifier that 

could convert DC to AC and AC to DC electricity respectively. The output power of the converter 

is a function of the inverter (ηinv) and rectifier (ηrec) efficiency [53]. 

P𝑖𝑛𝑣,𝑜𝑢𝑡 = 𝜂𝑖𝑛𝑣P𝐷𝐶                        (21) 

P𝑟𝑒𝑐,𝑜𝑢𝑡 = 𝜂𝑟𝑒𝑐P𝐴𝐶                         (22) 

2.6. Economic Affairs 

The cost of energy (COE) in $⁄kWh as one of the significant parameters to compare various 

systems equals the division of annualized cost ($/year) to the total electrical load served 

(kWh/year) [54]. 

𝐶𝑂𝐸 =
𝐶𝑎𝑛𝑛,𝑡𝑜𝑡

𝐸𝑠𝑒𝑟𝑣𝑒𝑑
                         (23) 

The annualized cost is computable with net present cost (NPC) in $, which is the value of lifetime 

revenues deduced from the price of installing and operating components a present [55]. 

𝐶𝑎𝑛𝑛  =  𝐶𝑅𝐹(𝑖, 𝑅)  ∗  𝑁𝑃𝐶                        (24) 

where R is the lifetime of the project (year) and the capital recovery factor (𝐶𝑅𝐹) is: 
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𝐶𝑅𝐹(𝑖, 𝑅)  =  
𝑖(1+𝑖)𝑅

(1+𝑖)𝑅−1
.                    (25) 

The annual discount rate of 𝑖 could be determined as [56]: 

𝑖 =  
𝑖° − 𝑓

1 + 𝑓
                            (26) 

In the present study the annual inflation rate, nominal discount rate, project lifetime, diesel fuel 

price, and the maximum annual capacity shortage are considered 15%, 18%, 20 years, 0.3 $/L, and 

1%, respectively. 

 

3. System Modeling and Input Data 

The HOMER (Hybrid Optimization Model for Electric Renewable) software, developed by the 

National Renewable Energy Laboratory (NREL), has been widely utilized in various on-grid or 

off-grid research and has been subjected to experimental validation [57], numerical verification, 

and validation using well-known optimization codes. Moreover, it is considered one of the most 

accessible tools for investors and policymakers to analyze the economic aspects of renewable 

energy systems. The schematic representation of the analyzed HRES's overall configuration can 

be seen in Figure 1. Also, the Cycle Charging and Load Following dispatch strategies are 

conducted to control the renewable energy systems in the optimization problem. dispatch strategies 

play a critical role in controlling renewable energy systems, and they involve determining the 

optimal use of available energy resources to meet the energy demand at any given time. Cycle 

charging dispatch is a strategy used to maximize the use of generators when they are turned on, 

particularly in systems that integrated with high intermittent renewable energy sources. It is worth 

noting that the Cycle charging dispatch strategy was selected as the controlling mechanism because 

this strategy is similar to the performance of generators in local rural areas. In this strategy, the 

generator is turned on at its maximum capacity, enabling it to charge the battery bank using its 

surplus power generation. Therefore, non-renewable sources also participate in the process of 

charging the batteries, and the lack of experts to manage the level of fuel input to the generator in 

remote areas will not be a challenge. 
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Fig. 1 Schematic illustration of the proposed multi-generation renewable energy system 

3.1. Case Studies 

Iran benefits from high levels of solar irradiation, wind speeds, and agricultural or livestock residue 

production. In this study, two deprived and remote regions, namely Kavat and Azad (Figure 2), 

are modeled to provide electricity for basic necessities and freshwater through standalone HRES.  

 

Fig. 2 Kavat and Azad map locations. 
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Fig. 3 Close satellite view of a) Kavat village and b) Azad village [59]. 

The locations of the two areas, Kavat and Azad, can be observed in Figure 3, as they experience 

different conditions. Kavat is one of the oldest villages in Mazandaran province (mild and humid 

climate) in the North of Iran with a latitude of 36.278°, a longitude of 53.817°,  and an altitude of 
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1587m. Azad is located in the Sistan and Baluchestan province (warm and dry climate) in the East 

of Iran at a latitude of 31.104°, a longitude of 61.799°, and an altitude of 483𝑚. In the past few 

decades, the resident population of Kavat and Azad has been declining primarily due to factors 

such as limited job opportunities, inadequate freshwater supply, lack of development, and low 

wages. Specifically, between 2011 and 2016, the population of Kavat decreased from 339 to 227 

individuals in 96 to 81 families, while the population of Azad decreased from 172 to 101 

individuals in 45 to 36 families [58]. The majority of the population in these areas depends on 

agriculture and animal husbandry for their livelihoods. These statistics highlight the pressing need 

for improved facilities, attention, and development to address and potentially reverse this 

concerning trend of emigration. 

3.2. Loads 

The average electricity consumption in Kavat is 510.3 kWh/day, with a peak demand of 108.4 kW. 

In Azad, the average consumption is 244.8 kWh/day, with a peak demand of 52 kW. Figure 4 

provides a visual representation of the hourly electricity demands per rural household in Iran. It 

demonstrates that higher loads occur during the warmer months (June to September), while lower 

loads are observed from December to February, reflecting seasonal variations. When renewable 

resources are abundant, demand is low, and storage banks are full, the installed renewable capacity 

can lead to excess electricity generation. This excess is due to the goal of ensuring the highest 

power supply reliability even under the most challenging conditions [60]. To efficiently utilize a 

portion of the surplus power and meet essential local needs, a desalination device is integrated 

with the HRES. Therefore, it is intended that freshwater be supplied through reverse-osmosis 

desalination (ROD), assuming each human would consume approximately 25 L/day. In other 

words, considering 0.025 m3 as the minimum needed daily freshwater for each person, Kavat and 

Azad would require 5.7 m3 and 2.5 m3 per day, respectively. The desalination operation for 

generating 1 m3 of freshwater through ROD requires an average of 3.7 kWh [61,62]. It should be 

noted that freshwater can be produced at any time of the day, stored in a tank, and used during the 

day. Therefore, the power required for this process can be classified as a deferrable load, meaning 

that the exact timing is not a priority, and the process can be carried out when excess energy is 

available. The maximum power requirement is equivalent to that of two 0.8 kW pumps, which 
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represents the peak load necessary for delivering water to the storage tank and through the ROD 

system. 

 

 
Fig. 4 Power consumption profile per rural household. 

 

3.3. Solar and Wind Potential 

Iran's location in the radiation belt of the Earth makes it an ideal location for receiving solar 

radiation. In fact, more than 50% of Iran enjoys over 5 kWh/m2/day of radiation [44]. Figure 5 

shows the average global horizontal irradiance (GHI) and average wind speed for each month in 

Kavat and Azad, based on NASA meteorological data. The radiation is highest in the summer 

months and lowest in winter. Generally, Azad receives more radiation due to its location in the 

southern part of Iran compared to Kavat in the northern part. Furthermore, since Kavat is located 

at a higher altitude (1587 m), it enjoys a larger amount of wind speed, reaching 4.1 m/s, compared 

to Azad. Table 1 and Table 2 represent the economic and technical characteristics of the selected 

PV panel and wind turbine, respectively, which are prevalent in Iranian markets.  
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Fig. 5 Local solar and wind potential: a) Monthly average global horizontal irradiation and b) Monthly 

average wind speed [63]. 

Table 1. The techno-economic properties of sharp ND-250QCS PV module [6]. 

Specification Value 

Maximum Power 250 W 

Nominal operation cell temperature 47.5 °C 

Short Circuit Current 8.90 A 

Open Circuit Voltage 38.3 V 

Temperature Coefficient -0.458%/C 



19 
 
 

Efficiency 15.30% 

Lifetime 20 Years 

Capital Cost 1400 $/kW 

Replacement Cost 1400 $/kW 

Maintenance Cost 20 $/kW/Year 

 

Table 2. Wind turbine specifications [61]. 

Specification Value 

Type Horizontal 

Rated Power 1.5 kW 

Power Coefficient 0.45 

Rotor Diameter 3.2 m 

Hub Height 12 m 

Cut-in and Cut-off Speed 2.2 m/s 

Cut-out and Cut-off Speed 12 m/s 

Lifetime 20 Years 

Capital Cost 3000 $/kW 

Replacement Cost 2700 $/kW 

Maintenance Cost 30 $/Unit/Year 

 

3.4. Biomass Potential and Fuel Generators 

Biogas is generated by the fermentation of organic elements in biomass. These materials mainly 

consist of carbon dioxide (CO₂) and methane (CH₄) obtained from crop residue, sewage, industrial 

or household waste, and animal dung [16]. The highest share of biomass is allocated to agricultural 

residue, followed by livestock waste, with 59% and 28% in the world biogas production [64]. 

Agriculture is common in the northern regions of Iran and animal husbandry is common in the 

southern regions of Iran, so these regions have suitable conditions for using the biomass potential. 

Animal breeding, such as cattle and sheep, is a major occupation in rural areas, which can provide 

accessible and biodegradable biomass. Daily sheep droppings amount to almost 2 kg/day, and 

dairy cow dung contributes roughly 12 kg/day of solid waste [50]. On average, each household in 



20 
 
 

Azad village keeps 2 cattle and 11 sheep, resulting in the production of nearly 1.5 tons/day of 

animal manure, considering a 20% loss in waste collection operations. The collection and delivery 

of biomass to the site can cost about $10/ton. It is achievable to generate nearly 0.04 m³ of biogas 

from 1 kg of manure, containing 50-70% CH₄ (the remaining being mostly CO₂), with a lower 

heating value (LHV) between 21 and 24 MJ/m³ [65]. For the production of biogas from biomass, 

an LHV of 23 MJ/m³, a gasification ratio of 0.7, a generator capital and replacement cost of 1500 

$/kW [66] with a maintenance cost of 0.07 $/hour/kW, and a lifetime of 15000 hours are 

considered. While the total capital and O&M cost of a diesel generator is almost half that of a bio-

generator due to its lower complexity. 

Due to the abundance of fields in rural districts, agriculture is also prevalent and assumed to be 

one of the main sources of rural income. In Iran, agricultural residues account for nearly 30% of 

the total crop, including transportation and harvesting [67]. However, these agricultural wastes are 

usually burnt at a rate of 80% in Iran, causing environmental and ecological issues. The prominent 

farming practice in Mazandaran is rice cultivation, while in Sistan and Baluchestan, it is Alfalfa 

[68] with a residue-to-crop ratio (RCR) of 1.75 [69] and 0.15 [70] respectively. Based on the 

average amount of crop/rice production and considering 30% waste, Kavat has the potential of 

producing 630 kg of agricultural waste. Table 3 presents the available biomass characteristics in 

the selected cases. 

Table 3. Biomass resource characteristics in the selected cases. 

Bio resource 
LHV 

(MJ/kg) 

Carbon 

content 

(%) 

Gasification 

Ratio 

(m3/kgmass) 

Estimated 

Average Price 

($/ton) 

Estimated 

Availability 

(ton/day) 

Case 

village 

Animal-based 

[50,71] 
5.50 5.00 0.04-0.07 10 1.70 Azad 

Agriculture-

based [71,72] 
4.40 5.00 0.11-0.16 20 0.63 Kavat 

3.5. Air Temperature 

The monthly consumption of fresh water and the efficiency of PV is related to the ambient 

temperature. PV works better and generates more power when kept at lower temperatures. It is 
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also estimated that there will be harsher conditions between 2025 and 2049, especially in the 

southern part of Iran [73], affirmed by the monthly average temperature of Azad and Kavat in Fig. 

6. As can be seen, the southern part of Iran, has experienced higher air temperatures than the 

northern part. 

 

Fig. 6 Monthly average ambient temperature [63]. 

 

3.6. Storage Bank and Converter 

Batteries play a pivotal role in not only overcoming the intermittency of renewable energy but also 

storing excess energy to be used at low-demand times. It also enhances the system's efficiency and 

avoids exhausting costs, especially at peak demands. Table 4 shows the specifications of the 1 

kWh Li-Ion battery utilized and also the generic converter used in the simulation process.  

Table 4. The economic and technical properties of storage banks and the power converter [74]. 

Characteristics Data 

Generic 1kWh Li-Ion Battery bank  

Battery lifetime 15000 h 

Nominal Capacity 167 Ah 

Roundtrip efficiency 90% 

Maximum Charge Current 167 A 
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Capital cost 500 $/unit 

Nominal Voltage 6 V 

O&M Cost 1% capital $/year 

Replacement Cost 500 $/unit 

Generic 1kW Power Converter  

Converter Lifetime 12 years 

Rectifier Efficiency 95% 

Inverter Efficiency 95% 

O&M Cost 1% capital $/year 

Capital Cost 300 $/kW 

Replacement Cost 300 $/kW 

 

4. Primary Model Validation 

A comparison of HOMER's accuracy in the field of renewable energy systems with other common 

methods has demonstrated the tool's significant potential. In a review study, Emad et al. [75], 

highlighted the favorable competitiveness of HOMER's results when compared to GA (genetic 

algorithm) and PSO (particle swarm optimization). Additionally, Ref. [76], demonstrated that 

HOMER is the most widely used pre-made software in academic renewable energy optimization 

studies due to its attractive accuracy and optimization speed compared to other tools in this field.  

Previously, Fodhil et al. [77] and Yu et al. [78] validated the output of HOMER using PSO and 

Adaptive Marine Predators Algorithm (AMPA), respectively. However, to ensure the reliability of 

the simulation results, the initial model was validated using a similar study that applied a coded 

optimization algorithm. For the validation of the primary model with well-known optimization 

algorithms, the input data from Singh et al. [79] was imported into the HOMER software to 

compare the output results with the Particle Swarm Optimization (PSO) algorithm. As observed 

in Table 5, the results are nearly similar, with a slight variation in NPC and COE. This discrepancy 

may be attributed to the difference in the focus factor between the two models. In the HOMER 

simulation, a focus factor of 5% (indicating high reliability) was employed. 

Table 5. Validation of applying the HOMER optimizer with the results of [79] for a similar configuration 
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Algorithm 
PV 

(kW) 

WT 

(kW) 

BG 

(kW) 

BES 

(kWh) 

Conv 

(kW) 

RF 

(%) 

NPC 

(K$) 

COE 

($/kWh) 

PSO [79] 251 20 43 1400 115 100 730.1 0.17 

HOMER 275 19 45 1350 115 100 748.2 0.18 

 

5. Multi-criteria Decision Making (MCDM) 

The main problem with the HOMER software is that decision-making is based on a single 

objective criterion (NPC). However, in order to choose the best HRES, it is necessary to consider 

a set of criteria [80]. As shown in Table 6, these criteria are also reflected in the global sustainable 

development goals. Therefore, the outputs of the HOMER software were categorized, and multi-

criteria decision-making is performed using the TOPSIS (Technique for Order Preference by 

Similarity to the Ideal Solution) method in MATLAB software to determine the optimal HRES. 

To accurately estimate the optimal scenario, the decision objectives must be weighted. In this 

study, two weighting methods for the selected variables have been used. In the first method, based 

on the results of Sedghiyan et al. [81], the weight of each parameter is estimated using the AHP 

(Analytic Hierarchy Process) method in Iran. In the second method, each of the selected objectives 

was innovatively weighted based on the number of SDGs related to the parameters involved in 

each objective. In the first step, the ratio of the total number of SDGs in each objective to the total 

number of SDGs related to all objectives is calculated, and then this number is divided by the total 

number of parameters in each objective (Table 6). The constant worldwide framework of SDG17 

leads to different weights for each objective, while the parameters in each objective reflect similar 

weights in this study. In this method, the weight changes in the scale of parameters can be adjusted 

based on local policy, prioritizations of energy-related national organizations, and long-term 

programs, which vary in each city. Equations 27 to 40 state the TOPSIS formulas, presenting the 

MATLAB codes in Appendix A [82].  
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Table 6. Elected objectives and weighted values of each decision-making parameters for the 

MCDM process. 

Objective 
Decision-Making 

Parameters 
Related SDGs to the Objectives 

SDG 

Weights 

AHP 

Weights 

Economic  

NPC (Net Present Cost) 

IC (Initial Cost) 

COE (Cost of Energy) 

Sustainable cities in SDG11 

Economic growth in SDG8 

Affordable energy in SDG7 

No poverty in SDG1 

9.5% 12% 

Environmental 
NOX (Nitrogen Oxides) 

CO2 (Carbon Dioxide) 

Life on land in SDG15 

Climate action in SDG13 

Clean energy in SDG7 

Good health in SDG3 

14.2% 13% 

Energy Security 
Fuel Dependency (FD) 

Diversity 

Responsible production in SDG12 

Sustainable cities and communities in 

SDG11 

Reduced inequalities in SDG10 

10.7% 8.5% 

Technical 

EXEL in (Excess Electricity) 

Local Resources Share (LRS) 

Unmet Load (ULoad) 

Responsible production in SDG12 

Sustainable cities in SDG11 

Energy infrastructure in SDG9 

7.2% 7.5% 

 

The 𝑖  and j signs in Eq. 1 specify the number of criteria and the number of alternatives, 

respectively. Furthermore, when estimating the weight of parameters based on SDG goals, Eq. 28 

is utilized to determine the weight of parameters in each decision-making objective. Where 𝑁𝑆𝐷𝐺,𝐶 

is the number of related SDGs for the selected decision-making objective, 𝑁𝑆𝐷𝐺,𝑇 denotes the total 

number of SDGs related to all objectives. Meanwhile, 𝑁𝑃,𝐶 indicates the number of decision-

making parameters in the selected objective.  

𝑖 = 1,2,3, … 𝑚     𝑎𝑛𝑑     𝑗 = 1,2,3, … , 𝑛                                  (27) 

𝑊 =
𝑁𝑆𝐷𝐺,𝐶

𝑁𝑆𝐷𝐺,𝑇 × 𝑁𝑃,𝐶 
                                                                     (28) 
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The optimization algorithm can have negative or positive criteria or objective functions. 

Additionally, each optimized scenario introduces an alternative. Equation 2 defines the necessary 

criteria and alternatives for both the weight matrix (W) and the decision matrix (X). Accordingly, 

the normalized matrix (Eq. 30) is created. Finally, the normalized version of the weighted matrix 

is calculated by Eqs. 31 and 32. 

𝑋 = {𝑥𝑖𝑗}    𝑎𝑛𝑑    𝑊 = [𝑤𝑖]                                                     (29) 

𝑁𝑖𝑗 =
𝑥𝑖𝑗

∑ 𝑥𝑖𝑗
𝑚
𝑖=1

                                                                              (30) 

𝑅 =
𝑥𝑖𝑗

(∑ 𝑥𝑖𝑗
2𝑚

𝑖=1 )
0.5                                                                          (31) 

𝑉 = 𝑅 × 𝑊                                                                                (32) 

In the next step, the positive and negative ideal solutions are estimated based on Eq. 33 and Eq. 

34, respectively. It should be noted that in Table 6, the local resources shares and diversity 

parameters are positive criteria while other factors are negative criteria. Eqs 35 and 36 are applied 

to calculate the comparative proximity of every acquired solution to the optimal solution. Finally, 

the closeness coefficient is estimated based on Eq. 37, where a higher coefficient showed better 

optimality of the HRES scenario due to the SDG17 framework. 

𝐴+ = (𝑣1
+, … , 𝑣𝑚

+) = {(𝑚𝑎𝑥 𝑉| 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎), (𝑚𝑖𝑛 𝑉| 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎)}        (33) 

𝐴− = (𝑣1
−, … , 𝑣𝑚

−) = {(𝑚𝑖𝑛 𝑉| 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎), (𝑚𝑎𝑥 𝑉| 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎)}        (34) 

𝑆+ = √∑ (𝑣+ − 𝑣𝑖𝑗)
2𝑚

𝑖=1                                                               (35) 

𝑆− = √∑ (𝑣− − 𝑣𝑖𝑗)
2𝑚

𝑖=1                                                               (36) 

𝐶𝑗 =
𝑆−

𝑆−+𝑆+
; 0 ≤ 𝐶𝑗 ≤ 1, 𝑓𝑜𝑟 𝑗 = 1,2, … , 𝑛                                  (37) 
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6. Results and Discussion 

In this part, first, the overall optimization results of the HOMER software, categorized based on 

NPC, are introduced. Then, the outputs of the TOPSIS method are stated to take advantage of the 

multi-criteria solution finding process based on the SDG framework. After finding the optimum 

scenario, the power supply and technical performance are discussed. Then, a sensitivity analysis 

of the most important variables of the proposed hybrid energy system is performed. Finally, a 

comprehensive discussion and comparative analysis are conducted in the last subsection. 

6.1. HOMER Output Results 

The outputs of the HOMER results in Tables 7 and 9 demonstrate that the optimum configuration 

from an economic point of view is PV/WT/BIO/DG/BAT with a COE of 0.218 $/kWh for Kavat 

and PV/BIO/DG/BAT with a COE of 0.200 $/kWh for Azad. As it is obvious, the main reason for 

the difference in the optimum hybrid configuration is rooted in the wind potential of Kavat 

compared to Azad village. In Azad, the maximum installation of one wind turbine is observed, 

while in Kavat, the installation of 28 wind turbines is observed in the optimum scenario. On the 

other hand, due to very good solar radiation in Azad, the optimum PV capacity is about 70 kW, 

while in Kavat, it is about 32 kW. The lower capital cost of PV compared to WT and the high 

potential of the solar resource compared to wind potential in Iran result in a lower cost of energy 

in the southern village than in the northern village. Another key point is the role of fuel generators 

in improving the economic affordability of the hybrid system. As can be seen, the removal of the 

diesel generator from the optimum scenario will increase the energy costs for Kavat and Azad by 

15% and 9% respectively. Additionally, applying bio generators based on the local bio potential 

improves energy costs by 9% and 7% respectively. 

By referring to Table 8, it can be observed that applying a bio generator along with a diesel 

generator in the HRES reduced annual CO2 emissions by about 30% compared to a diesel-based 

HRES. On the other hand, based on Table 10, when renewable energy production in the night 

hours is low due to the system's dependency on PVs, this approach can't significantly reduce 

emissions. The main reason is the lower cost of power generated by diesel fuel compared to 

biofuel, which results in a large amount of power being supplied by diesel fuel during night hours. 
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All proposed scenarios have less than 1% (<80 hours) unmet load, demonstrating the proper power 

supply reliability of the hybrid units. Furthermore, the optimum scenarios have a renewable 

fraction of more than 70%, making the hybrid system an environmentally friendly unit. However, 

as can be seen from Table 7 to Table 10, the economically optimal scenario does not yield the best 

environmental, technical, and energy security results. This highlights the importance of multi-

criteria decision-making for each of the selected cases. 

In hybrid renewable energy systems, energy efficiency is defined as the portion of useful generated 

electricity to the total generated power. Useful electricity refers to the generated power by the 

hybrid system that is used to supply load or be stored in storage banks, while the total generated 

power also includes the unused part of power. Therefore, the difference in energy efficiency in 

each scenario is highly dependent on the unused part of electricity, which is known as excess 

electricity. Accordingly, a lower excess electricity percentage (EXEL) indicates a higher total 

energy efficiency of the power supply process. As seen in Tables 8 and 10, a higher share of fuel 

generators compared to the PV/WT system can lead to lower excess electricity due to increased 

power supply flexibility. However, more operating hours for the diesel generator can result in 

higher emissions from the HRES. In contrast, the operation of a bio generator, which is a flexible 

near-zero pollutant technology, can lead to lower emissions while improving the energy efficiency 

of a stand-alone microgrid. 

Table 7. Techno-economic optimization results of HOMER software for Kavat village. 

Scenario 
PV 

(kW) 

WT 

(Unit) 

BIO 

(kW) 

DG 

(kW) 

BAT 

(kWh) 

COE 

($/kWh) 
NPC ($) IC ($) 

PV/WT/BIO/DG/BAT 70.3 28 15 10 145 0.218 651,322 309,116 

PV/./BIO/DG/BAT 95 - 15 15 127 0.224 666,524 254,738 

PV/WT/./DG/BAT 84.9 35 - 15 219 0.240 714,194 376,145 

PV/WT/BIO/./BAT 143 37 15 - 374 0.251 746,174 544,494 

./WT/BIO/DG/BAT - 64 15 15 135 0.256 761,154 317,419 

PV/././DG/BAT 170 - - 15 319 0.270 803,978 444,917 

PV/./BIO/./BAT 246 - 15 - 486 0.274 812,966 636,906 

PV/WT/././BAT 293 59 - - 635 0.374 1,110,000 932,380 

PV/./././BAT 474 - - - 706 0.408 1,210,000 1,050,000 
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./WT/./DG/BAT - 147 - 15 856 0.452 1,340,000 908,772 

./WT/BIO/./BAT - 180 15 - 853 0.473 1,410,000 1,010,000 

./WT/././BAT - 518 - - 1472 0.978 2,900,000 2,330,000 

 

Table 8. Techno-enviro-security optimization results of HOMER software for Kavat village. 

Scenario 
CO2 

(kg/yr) 

NOX 

(kg/yr) 

EXEL 

(%) 

ULoad 

(%) 

LRS 

(%) 
diversity 

FD 

(L/yr) 

PV/WT/BIO/DG/BAT 36,160 212 13.3 0.573 76.6 5 13,801 

PV/./BIO/DG/BAT 45,303 266 18.9 0.578 70.7 4 17,291 

PV/WT/./DG/BAT 65,876 386 18.7 0.611 57.3 4 25,164 

PV/WT/BIO/./BAT 20.8 0.145 26.8 0.617 100 4 0 

./WT/BIO/DG/BAT 44,179 259 5.38 0.559 71.4 4 16,860 

PV/././DG/BAT 68,954 405 36.2 0.350 55.5 3 26,340 

PV/./BIO/./BAT 14.3 0.0989 41.7 0.740 100 3 0 

PV/WT/././BAT 0 0 57.6 0.756 100 3 0 

PV/./././BAT 0 0 67.5 0.724 100 2 0 

./WT/./DG/BAT 44,150 259 21.9 0.619 71.4 3 16,865 

./WT/BIO/./BAT 26.6 0.184 30.5 0.593 100 3 0 

./WT/././BAT 0 0 71.9 0.887 100 2 0 

 

Table 9. Techno-economic optimization results of HOMER software for Azad village. 

Scenario 
PV 

(kW) 

WT 

(Unit) 

BIO 

(kW) 

DG 

(kW) 

BAT 

(kWh) 

COE 

($/kWh) 

NPC 

($) 
IC ($) 

PV/./BIO/DG/BAT 32 - 10 5 58 0.200 284,836 102,615 

PV/WT/BIO/DG/BAT 33 1 10 5 57 0.201 286,555 106,580 

PV/././DG/BAT 62.5 - - 15 184 0.215 305,429 208,189 

PV/WT/./DG/BAT 61.5 1 - 15 179 0.215 306,588 206,629 

PV/./BIO/./BAT 72.7 - 10 - 223 0.218 309,675 237,564 

PV/WT/BIO/./BAT 37 1 10 - 104 0.219 312,123 129,240 

././DG/BIO/BAT - - 10 15 27 0.255 363,359 53,048 

./WT/BIO/DG/BAT - 1 10 15 24 0.256 363,875 54,542 

PV/./././BAT 123 - - - 255 0.264 374,830 313,138 
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PV/WT/././BAT 121 1 - - 255 0.265 376,506 314,351 

./././BIO/BAT - - - 15 83 0.298 423,202 70,825 

./WT/./BIO/BAT - 1 - 15 91 0.299 426,074 76,853 

 

Table 10. Techno-enviro-security optimization results of HOMER software for Azad village. 

Scenario 
CO2 

(kg/yr) 

NOX 

(kg/yr) 

EXEL 

(%) 

ULoad 

(%) 

LRS 

(%) 
diversity 

FD 

(L/yr) 

PV/./BIO/DG/BAT 17,025 99.9 11.4 0.587 77 4 6,488 

PV/WT/BIO/DG/BAT 16,686 97.9 12.7 0.540 77.5 5 6,358 

PV/././DG/BAT 13,290 78 18.5 0.563 82.9 3 5,077 

PV/WT/./DG/BAT 13,569 79.6 17.7 0.575 82.6 4 5,183 

PV/./BIO/./BAT 8.39 0.0582 22.6 0.635 100 3 0 

PV/WT/BIO/./BAT 61.8 0.429 13.4 0.573 100 4 0 

././DG/BIO/BAT 37,110 218 0 0.561 49.9 3 14,153 

./WT/BIO/DG/BAT 35,539 209 0 0.546 52.1 4 13,552 

PV/./././BAT 0 0 51.3 0.690 100 2 0 

PV/WT/././BAT 0 0 51 0.694 100 3 0 

./././BIO/BAT 77,626 455 0.638 0 0 2 29,652 

./WT/./BIO/BAT 77,150 453 0 0.550 0 3 29,471 

 

Figure 7 shows the monthly power generation share of each component in the HOMER's optimal 

scenario. Approximately, the overall energy production is about 230,981 kWh/yr for Kavat. In this 

village, the share of PV, BG, DG, and WT is about 22.2%, 21.4%, 19.5%, and 16.9%, respectively. 

The marginal power generation cost of each component is about 0.065, 0.067, 0.081, and 0.161 

$/kWh, respectively. Furthermore, the battery bank has an annual power discharge of 27,389 kWh 

with an average energy cost of about 0.062 $/kWh. The total energy production in Azad is about 

108,497 kWh/yr with a share of 50.5%, 30%, and 19.5% for PV, BG, and DG, respectively. In this 

village, the marginal power generation cost of PV is reduced to about 0.053 $/kWh due to 

appropriate solar potential. Also, the battery bank has an 11,988 kWh annual power discharge with 

an average energy cost of about 0.072 $/kWh. Although the energy cost of biogas generators in 

the northern and southern parts of Iran showed a negligible difference of less than 0.004, there was 
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a significant difference of approximately 10% and 30% in the energy costs of PV and WT, 

respectively. Consequently, biomass proves to be a reliable resource that contributes to stabilizing 

and enhancing the attractiveness of hybrid renewable energy systems. 

 

Fig. 7 Monthly electrical production share of each component in the HOMER's optimum scenario for a) 

Kavat and b) Azad. 

 

6.2. Optimal Configuration by MCDM 

By incorporating the estimated decision-making parameter weights, based on the AHP and SDG17 

framework, into the TOPSIS method, the order of preference for optimum scenarios has changed 

compared to the results obtained from HOMER. According to Figure 8, the PV/WT/Bio/battery 

configuration is selected by the MCDM in Kavat and Azad, resulting in a COE of about 0.25 and 

0.22 $/kWh, respectively. This configuration relies 100% on local resources and supplies power 

with near-zero emissions. The maximum possible power outage in this scenario is less than 50 

hours per year, demonstrating a significant improvement compared to the primary HOMER output 

for the selected rural cases. In this configuration, the power supply is accomplished using four 

different power equipment without any reliance on rural fossil fuels, providing higher energy 

security compared to the government's current choice of pure DG power supply for remote areas. 
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However, the only drawback of this scenario is the presence of more than 10% excess electricity, 

which is a result of its heavy reliance on renewable sources during peak demand periods.  

It is important to note that the excess power generated could present an opportunity for developing 

microgrids in neighboring villages with unreliable grid access. Additionally, the surplus electricity 

can be utilized for applications like water desalination or other deferrable loads. The results 

highlight the necessity of incorporating a bio-generator device to achieve economic efficiency 

while fulfilling environmental objectives. Technically, the presence of a generator enhances the 

flexibility of the power generation process and enables more cost-effective handling of load peaks. 

The optimality factor of the PV/WT/Bio/battery scenario exceeds 80% in both cases, indicating 

the consistent alignment of the results with sustainable development goals. The TOPSIS output, 

utilizing AHP and SDG weighting methods, demonstrates similar behavior in estimating optimal 

scenarios, with the SDG-based method yielding a higher optimality factor. Moreover, the SDG 

method exhibits a greater disparity between the best and worst scenarios, illustrating its superior 

performance compared to alternative methods. 

 



32 
 
 

 

Fig. 8 TOPSIS method optimality factor for each optimum configuration of HOMER software. 

 

6.3. Sensitivity/Uncertainty Analysis 

In order to assess the economic stability of the optimal scenario obtained through the integrated 

HOMER-SDG-MCDM method, a sensitivity analysis is performed on the key input uncertainties. 

This analysis is conducted under the primary condition, considering an average of two case studies. 

The sensitivity analysis is shown in Fig. 9, indicating the capital cost of both WT and PV has a 
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major effect on the COE. The cost multiplier changes from 0.7 to 1.3 (30% variation in the current 

capital) for both components leading to the COE in the range of 0.19 and 0.23 $/kWh, which 

implies a 9.2% decrease and 6.9% increase compared to the primary COE respectively. 

Furthermore, referring to the technical factor, the local resources chare decrease from more than 

93% to about 85% when the renewable technology prices rise. The reasonable changes in 

renewables potential (solar radiation and wind speed) led to the COE range of about 0.17 and 0.23 

$/kWh, while the highest slop of heat map color changes on PV resource potential demonstrates 

its higher effect on the economic affair of HRES. 

 

Fig. 9 Sensitivity of COE ($/kWh) to a) Uncertainty in renewable technology prices, and b) 

Uncertainty in available renewable potential 

 

According to Fig. 10, changes in fuel prices have a more significant effect on COE compared to 

possible uncertainties in fuel generator capital costs. Considering prevalent diesel fuel changes in 

the western region of Asia, ranging from 0.2 to 0.5 $/L, and potential local biomass prices ranging 

from 5 to 15 $/ton (mainly due to waste collection fees), the COE will vary between 0.19 and 0.23 

$/kWh. On the other hand, a possible 30% uncertainty in fuel generator capital costs results in 

COE changes of less than 0.02 $/kWh. Therefore, based on the outputs of Figs. 9 and 10, the 

sensitivity to possible local uncertainties is less than 0.05 $/kWh, demonstrating the economic 

stability of the optimal HRES introduced by the MCDM-SDG framework. 
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Fig. 10 Sensitivity of COE ($/kWh) to a) Uncertainty in fuel prices, and b) Uncertainty in generator 

capital cost 

Based on Fig. 11, applying battery bank technologies with high throughput showed a slight 

improvement in energy cost, while the initial capital cost of the battery bank had a more significant 

effect on COE variation (approximately 0.03 $/kWh variation). In fact, the dependency of off-grid 

HRESs on the storage bank cost is evident in the sensitivity analysis of Li-ion batteries applied in 

the current study. Furthermore, according to this figure, improving demand and increasing power 

supply reliability (by reducing possible capacity shortages) showed the highest uncertainty, 

ranging from about 0.20 to 0.35 $/kWh. Although considering a maximum possible load increment 

of 10% and less than 2% capacity shortage, the COE will not exceed 0.25, which is acceptable for 

an off-grid application. 

 
Fig. 11 Sensitivity of COE ($/kWh) to a) Uncertainty in fuel prices, and b) Uncertainty in generator 

capital cost 
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Figure 12(a) illustrates that when the capital cost of grid extension is less than 7,000 $/km, the 

distance to the nearest power grid must be more than 35 km for off-grid HRES to be affordable. 

Conversely, when this value exceeds 12,000 $/km, the grid breakeven distance can be within 

distances less than 20 km. This demonstrates the increased affordability of developed HRES in 

deprived areas located far from national transmission lines or in rugged terrains where the cost of 

developing power transmission lines is prohibitively high. Furthermore, Figure 12(b) demonstrates 

that as fuel availability decreases or becomes more uncertain, the COE tends to increase. 

Consequently, when the average diesel fuel availability is less than 10,000 L/yr, it becomes 

challenging to achieve an HRES with a cost lower than 0.24 $/kWh. Additionally, achieving an 

HRES with a cost below 0.23 $/kWh requires a biomass availability higher than 0.5 tons/day. 

Therefore, fuel availability plays a crucial role in maintaining the sustainability of the system. 

 
Fig. 12 a) Grid extension breakeven distance analysis, and b) COE sensitivity to uncertainty in fuel 

availability 

6.4. Performance Comparison 

The power generated by each component in the summer months is illustrated in Fig. 13 for two 

optimum scenarios using HOMER-MCDM and HOMER methods. As can be seen, in both 

scenarios, PV plays the main role in meeting the energy demand compared to other energy sources. 

The first scenario, consisting of PV/WT/bio/battery, is derived from the hybrid investigation of 

HOMER and MCDM. In this scenario, due to the absence of the diesel generator, higher renewable 

energy installations are implemented. The main difference between these two scenarios lies in the 
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operation of fuel generators and batteries. With the diesel generator applied in the HRES, the fuel 

generator operates for a longer duration due to the low cost of diesel fuel. However, by employing 

the bio generator, the operation hours of the fuel generator decrease, allowing for higher capacities 

of wind turbine and battery bank installations. The bio generator only operates when the total 

generated renewable energy is lower than the demand in the optimum scenario of SDG-based 

MCDM. Conversely, in the absence of wind power generation, both diesel and bio generators must 

operate simultaneously in the optimum HOMER scenario. This approach, which offers greater 

energy generation flexibility through two generators, reduces the need for costly battery operation. 

However, this scenario results in higher CO2 emissions and greater dependence on fuel, whereas 

the first scenario achieves an optimum system that relies 100% on renewable energy. Thus, SDG-

MCDM prioritizes environmental objectives alongside economic considerations, while HOMER 

aims to select the most affordable system. 
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Fig. 13 The power supply process of hybrid renewable energy system during the summer: a) optimum 

scenario by the HOMER-MCDM method, and b) optimum scenario by the HOMER method 
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6.5. Policy discussion and comparative analysis 

The international interest in SDG17 provides a common language and a shared vision for 

sustainable development, facilitating collaboration and knowledge sharing among different 

countries and regions. This is particularly relevant for rural areas HRESs can play a crucial role in 

providing access to clean and reliable energy, supporting economic development, and improving 

the quality of life for rural communities. The importance of rural development through renewable 

systems is emphasized by numerous studies every year, although the most economically viable 

power supply option for these areas may not always be the most environmentally friendly, energy-

efficient, and reliable method. This poses an international challenge for decision-making. 

The most widely available tools for investors and policymakers for developing renewable systems 

in different countries are commercial software programs, which primarily optimize energy 

solutions based on a single economic objective. However, numerous weighting approaches have 

been proposed today and combined with MCDM methods to overcome this limitation. 

Nonetheless, there is a significant need to implement a consistent global framework to mitigate 

the influence of subjective opinions on the weighting of energy system parameters, such as AHP-

based methods, or in cases where reliable data is unavailable for policymakers to weigh the 

objectives by data-driven methods. Therefore, this study applies SDG17 of the United Nations to 

assign objective weights to the off-grid bio-based energy system for rural applications. SDG17 can 

also be relevant from governance, policy, and practical perspectives by providing a set of 

guidelines and indicators to monitor and evaluate the performance of HRESs. This can assist 

policymakers and practitioners in identifying areas for improvement, tracking progress toward 

sustainability goals, and making informed decisions regarding resource allocation and investment. 

Consequently, the utilization of SDG17 can serve as a valuable tool for promoting sustainable 

development in the context of hybrid energy system planning, particularly in rural areas. 

This approach is also highly relevant to governance, particularly in the presence of national 

challenges for enhancing the quality of life in deprived and rural areas. SDG17 specifically focuses 

on partnerships for the goals, emphasizing the importance of collaboration and cooperation among 

different stakeholders, including governments, private sectors, and civil society, to achieve 

sustainable development. The significance of incorporating SDG17 into the planning of HRESs 
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lies in its ability to provide a comprehensive framework for evaluating the sustainability of these 

systems. By considering economic, social, and environmental factors, SDG17 helps ensure that 

the planning and implementation of HRESs are not only economically viable but also socially 

inclusive and environmentally sustainable. Therefore, the proposed method in this study can be 

integrated with practical scenarios introduced by commercial energy optimization tools. This 

integration can assist policy makers in the development of renewable systems while considering 

all aspects of sustainable development. 

The Power for All fact sheet, published in 2019 [83], stated that the average cost of a highly 

renewable stand-alone energy system is generally over 0.5 $/kWh. However, there is a need for 

methods to reduce this cost to less than 0.22 $/kWh by 2030 to achieve affordable power supply, 

which is one of the main objectives of the Sustainable Development Goals (SDGs). The sensitivity 

analysis of the HOMER-MCDM-SDG method demonstrated a range of COE from 0.18 to 0.24 

$/kWh, while simultaneously addressing all aspects of sustainable development instead of solely 

relying on economic objectives. By referring to the optimum HRES energy cost of some recent 

studies applying bio-resources (Table 11), it is evident that off-grid cases demonstrate a range of 

COE from 0.17 to more than 0.43 $/kWh. This range affirms the appropriate cost of the proposed 

PV/WT/BG/Battery 100% renewable energy system. However, despite the positive findings, these 

studies also highlight major challenges in off-grid applications, including the management of 

excess electricity, ensuring system stability while relying on renewable resources, and minimizing 

unmet electrical load. Simultaneously addressing these aspects remains a significant challenge 

without applying reliable MCDM methods. 

Table 11. Comparison of recent studies on utilizing bio-resources in hybrid renewable energy systems to 

provide economic profits 

Study System Bio-resource Load 
COE 

(USD/kWh) 
Main points 

[84], 2023, 

Sierra 

Leone 

PV/Bio-

generator/Battery 

Agricultural 

wastes 

266 

kWh/day 
> 0.37 

Due to the higher number of 

economic objectives, scenarios with 

greater economic viability have a 
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higher chance of being optimal in 

different MCDM methods.  

[85], 2023, 

Morocco 

PV/Battery/Bio-

walls 
Plant fibers 

11.2 

kWh/day 
> 0.21  

The application of bio-based breaks 

resulted in more than 25% annual 

energy savings, providing a 100% 

renewable solution for rural areas. 

[86], 2023, 

Brazil 

PV/Bio-

generator/Grid-sell 

back 

Agricultural 

wastes 
Large scale < 0.10  

The presence of a grid is essential to 

accommodate a high level of excess 

power injection and ensure 

affordability. 

[87], 2022, 

Iran 

PV/Bio-

generator/Diesel-

generator/Battery 

Livestock 

residue 

4219.4 

kWh/day 
> 0.17  

Prioritizing economic objectives can 

lead to a reduction of more than 25% 

in the off-grid renewable fraction, 

particularly when the local fuel price 

is low. 

[88], 2022, 

Qatar 

PV/WT/Bio-

generator/H2&NH3-

generators/Battery 

Waste oil and 

animal fat 

1750 

kWh/day 
> 0.28 

By employing different types of 

fuels in a countercurrent manner, the 

likelihood of achieving an affordable 

and reliable power supply with less 

than 1% unmet load is enhanced 

[89], 2022, 

MENA 

Grid-

purchase/PV/Bio-

generator/Diesel-

generator/Battery 

Plant waste, 

animal dung, 

and municipal 

solid waste 

1098.3 

kWh/day 
> 0.43 

When local fuel and grid tariffs are 

high, it becomes imperative to place 

more emphasis on renewable 

resources. 

[90], 2021, 

India 

PV/WT/Bio-

generator/Diesel-

generator/Battery 

Organic wastes Small scale > 0.17 

More than 90% of the power demand 

can be fulfilled by renewable 

resources, with the total fuel 

consumption level being a crucial 

factor affecting the COE. 
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Conclusion 

The present study aims to examine a hybrid energy system designed to power two rural regions 

with different biomass sources including agricultural and animal-based resources. By conducting 

a sizing optimization process using HOMER software, it was revealed that the economically 

optimal scenario did not align with the desired outcomes for CO2 emissions, energy efficiency, 

and reliability. This underscores the importance of employing multi-criteria decision-making for 

each specific case. In order to determine the most suitable renewable hybrid system, a 

comprehensive set of criteria including economic, environmental, technical, and energy security 

aspects were taken into account. Additionally, the Sustainable Development Goals were 

considered when assigning weights to these criteria, ensuring a holistic approach to the decision-

making process. 

Most conventional weighting methods for MCDM heavily rely on conventional AHP methods and 

expert opinions, often resulting in a higher prioritization of economic objectives for rural 

electrification. However, in this study, SDG-17, developed by the United Nations, is chosen as the 

primary criterion for determining the importance of decision parameters. Accordingly, each 

objective that aligns with a higher number of SDGs is assigned a higher weight. This approach, 

compared to conventional AHP-based methods, demonstrates higher weighted values for 

environmental and energy security factors, with increases of 14.2% and 10.7% respectively. 

Furthermore, the weighted values of the technical parameters remain relatively consistent, while 

the weights assigned to economic parameters are reduced to approximately 9.5%, compared to 

12% in the AHP method. So, by considering the alignment of energy system parameters with the 

SDGs, decision-makers can take into account broader sustainability goals beyond just economic 

considerations. 

 The resulting optimum solution reduces CO2 emissions by over 20% and displays significantly 

lower fuel dependency than HOMER's initial results. Moreover, sensitivity analyses were 

conducted on both the capital costs of power generation components and the potential of renewable 

resources. By adjusting the 30% possible variation in the investment costs of PV and WT units, 

the COE ranges from 0.198 to 0.233 $/kWh. Additionally, changes in biomass cost from 5 to 15 

$/tonne and diesel pricing from 0.20 to 0.5 $/L can lead to COE variations in the range of 0.194 to 



42 
 
 

0.227 $/kWh, representing an approximate uncertainty of 9.2%. The optimum system with this 

method, with an energy cost of less than 0.22 $/kWh, a renewable fraction of more than 90%, and 

less than 27% excess electricity (resulting in more than 73% hybrid system energy efficiency), is 

attractive for rural electrification in deprived areas with potential bio-resources. 

From a governance and policy maker’s perspective, the optimal scenario, considering the SDG17 

framework compared to a purely financial approach, leads to a more sustainable solution by 

reducing fossil fuel dependency, improving resource diversity, and decreasing CO2 emissions. 

This sustainable solution maintains power supply reliability and achieves a cost below 0.25 $/kWh. 

However, despite a surplus of more than 10% electricity due to higher participation of renewables, 

further implementation of additional methods is necessary to improve the surplus power utilization 

index. 

Although for Iranian deprived areas, the SDG-based and AHP-based MCDM showed almost 

similar optimum scenarios, it is suggested to analyze the proposed method in other regions of the 

world in future studies. This is because different situations may require different sets of criteria or 

weights, and it is essential to carefully evaluate and justify the selection of criteria, including the 

use of SDGs, based on the specific circumstances and stakeholders' priorities. Furthermore, it is 

suggested that other multi-criteria decision-making methods in modern integrated renewable 

systems with novel weighting methods will be investigated in the future. 
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Appendix A: MATLAB Codes for weighted TOPSIS method 

Xval=length(X(:,1)); 

Y = zeros([Xval,length(W)]); 

%% calculating the normalized matrix 

for j=1:length(W) 

    for i=1:Xval 

    Y(i,j)=X(i,j)/sqrt(sum((X(:,j).^2))); 

    end 

end 

Normalized_Matrix = num2str([Y]) 

%% calculating the weighted normalized matrix 

for j=1:length(W) 

    for i=1:Xval 

        Yw(i,j)=Y(i,j).*W(j); 

    end 

end 

Weighted_Normalized_Matrix = num2str([Yw]) 

%% calculating the positive and negative best 

 for j=1:length(W) 

    if Wcriteria(1,j)== 0 

        Vp(1,j)= min(Yw(:,j)); 

        Vn(1,j)= max(Yw(:,j)); 

    else 

        Vp(1,j)= max(Yw(:,j)); 

        Vn(1,j)= min(Yw(:,j)); 

    end 

end 

 Positive_best = num2str([Vp]) 

 Negative_best = num2str([Vn]) 

%% distance from Ideal Best and Worst 

for j=1:length(W) 

    for i=1:Xval 
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        Sp(i,j)=((Yw(i,j)-Vp(j)).^2); 

        Sn(i,j)=((Yw(i,j)-Vn(j)).^2); 

    end 

end 

for i=1:Xval 

    Splus(i)=sqrt(sum(Sp(i,:))); 

    Snegative(i)=sqrt(sum(Sn(i,:))); 

end 

%% calculating the performance score 

P=zeros(Xval,1); 

for i=1:Xval 

    P(i)=Snegative(i)/(Splus(i)+Snegative(i)); 

end 

Performance_Score =  num2str([P]) 
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