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Abstract: The limited availability of fossil fuels such as coal and increasing air pollution levels due 

to the burning of coal have pushed the trend of generating electricity from fossil fuels to generating 

it from locally available renewable resources. It is expected that the cost of electricity will decrease 

when locally available renewable resources are used. In this paper, it was proposed to commission 

a solar PV system in a part of an academic building of SRM IST University. The present study is an 

effort in-line with many initiatives taken up by the Indian Government. The performance index of 

solar PV system was analyzed. Supporting data were obtained from the NASA PDAV tool and then 

techno-economical analysis was carried out on HOMER. The average performance ratio and capac-

ity factor of the solar PV system were obtained as 64.49% and 14.90%, respectively. For the optimal 

configuration, the net present cost and the levelized cost of electricity are $639,981 and $0.34 per 

kWh, respectively. As per the estimation, there will be no air pollution due to the proposed config-

uration, whereas if only a diesel generator is commissioned, then 200,417 kg of carbon dioxide will 

be emitted annually. 

Keywords: performance index; solar PV system; off-grid hybrid power generation plant; net present 

cost; levelized cost of electricity; sensitivity analysis 

 

1. Introduction 

 There are several sectors contributing to the rising demand for electricity in India. 

These sectors include those involved in the development of smart cities, IoT-enabled de-

vices, smart agriculture, automation in manufacturing industries, the hospitality industry, 

automated life-saving equipment in hospitals, and many other sectors. This rise in elec-

tricity demand has an impact on the Indian economy. In India, around 50.7% of electricity 

is generated using fossil fuels and around 41.5% through non-fossil fuels [1]. Alternative 

resources of energy, other than fossil fuels, and a reliable energy infrastructure, can lead 

to the sustainable development of the economy [2]. The alternate energy source is green 

energy, which is generated through natural sources such as sunlight, wind, and water. 

Green energy supports the achievement of energy security in a country [3]. It is imperative 

to understand the downside of fossil fuels compared with renewable energy sources 

(RES)—(i) a decrease in reserves of fossil fuels and (ii) a rise in the level of greenhouse 

gases in the atmosphere due to the burning of fossil fuels for generating electricity. RES, 

such as sunlight and wind, are unlimited, and cause no environmental pollution. These 

reasons are promoting the use of RES to produce electricity [4]. As the RES-based power 

plant is situated close to the load center, the transmission and distribution losses are min-

imal [5]. It is imperative to create suitable policies to employ RES for electricity generation, 

which will positively impact the Indian economy, and the dependency on fossil fuels will 
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reduce with time [6]. India is located in the continent of Asia. India is situated north of the 

equator between 8°4′ north to 37°6′ north latitude and 68°7′ east to 97°25′ east longitude 

[7]. Therefore, India experiences a lot of sunlight and high wind speeds, together with its 

locally available biomass and hydropower. This means India has high potential for elec-

tricity generation using RES. 

As sunlight is non-polluting and is available in abundance, electricity generation 

through solar energy is gaining popularity in residential and commercial buildings. Re-

cently, electric vehicles have been implemented to reduce the air pollution produced by 

petrol- and diesel-based vehicles. These electric vehicles need electric charging for their 

operation. Therefore, charging stations have been commissioned at various locations and 

these charging stations are powered from solar energy-based power plants. Commission-

ing solar power plants reduces carbon footprints and involves zero emissions of green-

house gases [8]. Even though solar energy is called sustainable, it has a few limitations—

(i) it is not steady, (ii) it is not available during cloudy seasons and night hours, and (iii) 

the shadow effect reduces the efficiency of solar panels. Due to these limitations, energy 

planners draw electricity generation estimations based on weather forecasts. Such limita-

tions can be overcome by optimally blending other RES or non-RES with solar energy to 

serve the load continuously. Other RES for electricity generation can comprise wind en-

ergy, geothermal energy, hydropower, tidal energy, bio-fuels, and bio-mass, etc. It is 

worthwhile to note here that when a diesel generator (DG) uses bio-fuels in place of diesel 

to generate electricity, it is considered RES. In this way, hybrid power generation plants 

(HPGP) can be optimally designed and employed to serve the load of the area under con-

sideration. An HPGP can be off-grid or on-grid [9]. An off-grid HPGP is a stand-alone 

power plant which is not connected to the primary grid. It is mainly useful for load centers 

in remote areas such as isolated islands, hill stations, and rural areas [10,11]. The excess 

electricity produced by an off-grid HPGP can be stored in a suitable energy-storage sys-

tem such as batteries. This means that whenever HPGP cannot serve the load, probably 

during peak hours, the stored energy supports HPGP in fulfilling the demand of peak 

load [12]. An on-grid HPGP is connected to the primary grid. It promotes the bi-direc-

tional flow of electrical energy between the grid and HPGP. This means electricity can be 

borrowed from the primary grid whenever HPGP cannot fulfill the peak load demand. If 

HPGP produces excess energy, it can be sent to the primary grid. Therefore, smart meters 

employed at HPGP measure the net flow of electrical energy between the primary grid 

and the HPGP [13]. 

With rising global warming and pollution levels, many countries have initiated work 

on technologies supporting electricity generation using RES [14,15]. An optimum blend 

of RES is created based on the weather conditions of the concerned area, and suitable 

HPGP is employed. It has been estimated that it is preferred to generate electricity with 

RES-based HPGP due to its non-polluting characteristics compared with DG-based power 

plants [16]. Though the government provides subsidies in fuel prices for electricity gener-

ation using DG-based power plants, HPGPs are observed to be economically viable when 

the net present cost, operational cost, and energy cost are compared [17]. The government 

is also designing policies for RES-based power plants, especially for solar photovoltaic 

(SPV) systems, which are readily deployed on residential and commercial buildings [18]. 

The Indian Government has taken many steps to reduce air pollution by adopting 

green energy and in this regard, it has taken many initiatives to promote the installation 

of HPGPs. In January 2010, the government started The Jawaharlal Nehru National Solar 

Mission (JNNSM), also called the National Solar Mission. The target of JNNSM is 100,000 

MW for grid-connected solar PV arrays and 2000MW for off-grid applications [19]. In or-

der to bring down global warming levels worldwide, the Paris Agreement was adopted 

by 196 countries, including India. This agreement aims to reduce the emission of green-

house gases by the mid-century [20]. The Kyoto Protocol operates with the United Nations 

Framework Convention. It works on reducing greenhouse gases, with individual targets 

committed by industrialized countries [21]. In continuation of the agreements and 
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protocols mentioned above, the International Solar Alliance (ISA) was formed in collabo-

ration with countries with a high solar radiance. In this way, the member countries can 

work towards meeting energy requirements sustainably and affordably [22]. The aim of 

ISA is to create a world solar bank with one grid. The world’s largest solar park, with a 

capacity of 2.70 GW, is located at Bhadla in Rajasthan, India [23]. The Indian Government 

has set a target of increasing India’s electricity generation capacity to 175 GW by 2022 and 

500 GW through renewable energy sources [24]. Another target of the Indian Government 

is to build the world’s largest renewable park of 30 GW with the combination of solar and 

wind energy in the Kutch district, Gujrat [25]. The present study contributed to the targets 

and agreements mentioned earlier. 

In this article, an educational campus, SRM Institute of Science and Technology, 

Delhi-NCR Educational Campus, estimated the performance parameters of the SPV sys-

tem and technical analysis. The geographical location of India enables approximately 300 

solar days [26]. Delhi-NCR is also blessed with almost 300 sunny days, but has low poten-

tial for generating wind or hydro energy. Moreover, the minimum temperature experi-

enced in Delhi during winter season is around 1 °C for 2 to 3 days only in a year [27]. The 

campus aims to promote a green environment, so a solar energy-based power plant is 

proposed for the concerned location. This proposed HPGP will be commissioned on one 

campus building with 15 classrooms. The other factors to adopting green energy technol-

ogy by the campus are (i) to reduce the dependency on the primary grid for electricity 

supply, (ii) to reduce the cost of energy, (iii) to reduce the usage of DG and, hence, diesel 

consumption, and (iv) to reduce environmental pollution by decreasing the emission of 

greenhouse gases; the proposed HPGP is off-grid, so excess electricity produced can be 

stored in suitable energy storage systems. The objective is to balance technical and finan-

cial metrics while optimizing the design of HPGP. This paper is organized as follows: the 

introduction to the work is given in Section 1; in Section 2, meteorological conditions of 

the concerned area and estimated load are discussed, and Section 3 provides the details 

of the simulation tool used for HPGP analysis. The configuration of the proposed HPGP 

system is discussed in Section 4, performance and economic analysis of HPGP are pro-

vided in Section 5, Section 6 provides the results and discussions, a comparison of HPGP 

with a reference case is provided in Section 7, and Section 8 draws the conclusions. 

2. Weather Conditions and Load Estimation of the Selected Site 

An educational campus was chosen to assess the performance parameters and ana-

lyze the technical and economic parameters of the SPV system. The site selected for the 

mentioned purpose is SRM Institute of Science and Technology (IST), Delhi-NCR Educa-

tional Campus. Its geographical location is 28.8377° northand 77.5826° east. The selected 

site was marked on a map, as shown in Figure 1 [28]. The meteorological data of the se-

lected site exhibited variation of earth skin temperature between 13 °C to 37 °C, a monthly 

average ambient temperature between 13 °C and 32 °C, and monthly average daylight 

hours between 10 to 14 h. This is presented in Figure 2. The average annual daytime hour-

sof the selected site is 12.17 h [29]. 
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Figure 1. Map showing SRM IST, Delhi-NCR Educational Campus, South Central Asia. 

 

Figure 2. Monthly mean ambient temperature, earth skin temperature, and daylight hours of the 

selected site. 

In the present scenario, the campus purchases electricity from the primary grid to 

meet the electricity demand. To optimize the electricity cost, it has been proposed to com-

mission the SPV system in one part of the campus. So, a part of a building with 15 class-

rooms was chosen in the first phase. The load estimation of these 15 classrooms is pro-

vided in Table 1. As per the campus schedule, the classrooms are used for an average of 6 

h daily, and the average energy consumption is approximately 400 kWh per day. It is 

essential to assess the performance parameters of the SPV system to attain the required 

efficiency. In the present study, different performance indices were calculated based on 

the climatic conditions of the selected site. This analysis of the SPV system may help to 

decide on the future commissioning of SPV systems in other areas of the campus. 

Table 1. Load estimation of 15 classrooms at the campus of the selected site. 

Sr. No. Load Power (Watts) Quantity Usage h Total Load (Wh) 

1 LED light 24 6 6 864 

2 Ceiling fans 20 5 6 600 

3 Airconditioner (1.5 ton) 1500 2 6 18,000 

4 LCD Projector 280 1 6 1680 

5 PA system (microphone, speakers, etc.) 800 1 6 4800 

6 Computer system 100 1 6 600 

7 Mobile charging point 3 2 6 36 

The total load for one classroom 26,580 Wh/day 

The total load for 15 classrooms 
398.7 kWh/day 

(~400 kWh/day) 
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3. Software for Optimization of HPGP 

HOMER (Hybrid Optimization of Multiple Electric Renewables) is a simulation soft-

ware tool developed by the National Renewable Energy Laboratory (NREL) [30]. This 

software tool was used in the present study. It takes the input as the location of the se-

lected site, weather conditions of the selected site, the specifications of the components 

proposed to commission HPGP, and the load profile. The meteorological data, including 

solar radiation, were taken from NASA (National Aeronautics and Space Administra-

tion)—PDAV (Power Data Access Viewer) tool [29]. Other data from NASA-PDAV are 

monthly average daylight hours, direct normal radiation, diffuse radiation, and global 

horizontal radiation. The components of HPGP vary in cost and availability of RES. 

HOMER performs several simulations using optimization algorithms and performs sen-

sitivity analysis to aid in the decision-making process. The output from HOMER includes, 

but is not limited to, economic analysis and size of the components, sensitivity analysis, 

time-series analysis, estimation of the performance index, and emission of the pollutants 

in the atmosphere. This information is presented in a block diagram, as shown in Figure 

3. 

The data available from the NASA-PDAV tool can be utilized to estimate the perfor-

mance index of the SPV system. The economic analysis estimates the least cost of energy 

(LCOE) and net present cost (NPC). The technical analysis provides estimates of the sizing 

of the components of HPGP. There are other optimization tools available to calculate these 

estimations; these are based on artificial-intelligence methods. Such methods include the 

genetic algorithm, particle swarm optimization, flower pollination method, and the bird 

flocking method, etc. These methods have high convergence speed. However, the main 

drawback is that they require high-speed computers to perform complex calculations and 

long memory space to store the results. 

 

Figure 3. Flow chart of the HOMER Pro simulation tool. 

4. Components of HPGP 

The proposed components of HPGP include the SPV system, the battery storage sys-

tem (BSS) for storing excess energy produced, and DG as a source of captive power gen-

eration. As observed from the configuration of the proposed HPGP shown in Figure 4, 

there are two bus systems—AC and DC. Because DG supplies AC power, it is connected 

to the AC bus, while the SPV system and BSS provide DC power; it is connected to the DC 

bus. This DC power is converted to AC power by the converter, which is why the con-

verter is connected between the AC and DC bus, and then AC power is supplied to the 

electric load. If the SPV system produces excess power, it will be stored in BSS. Consider-

ing another case, when the SPV system and BSS are not able to meet the load demand or 

peak load, then the DG will operate. A converter to charge BSS will supply AC power 

supplied by DG, which will be converted to DC power. The proposed HPGP is expected 

to serve an average load of 400 kWh/day. The related diagrams and other component de-

tails were taken from the HOMER Pro software. 
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Figure 4. Proposed configuration of HPGP. 

4.1. Solar PV System 

The load estimation is provided in Table 1. The 24 h load profile is provided in Figure 

5. The load profile for 365 days in a year is provided in Figure 6. The factors affecting 

electricity generation through the SPV system are radiations from the sun and the ambient 

temperature. The sun’s total radiation on the earth’s horizontal surface is known as ALL-

SKY INSOL [30]. The ALLSKY INSOL and clearness index of the selected site were taken 

from HOMER and are mentioned in Figure 7. The light scattered at the earth’s surface due 

to dust particles and moisture content in the atmosphere is known as diffuse horizontal 

irradiance (DIFF) [31]. Direct normal radiance (DNR) is measured at the earth’s surface, 

which is location specific and does not include the scattered radiation due to atmospheric 

components [32]. DNR depends on the site’s weather conditions, time of day, and time of 

year. Cos z is the compass direction from which the sunlight comes and is known as the 

azimuth angle [33]. The three types of radiations were taken from the NASA-PDAV tool 

and are presented in Figure 8 for the selected site [29]. The ratio of direct to diffuse radia-

tion is shown in Figure 9. 

 

Figure 5. Daily profile of the electricity demand of 15 classrooms at the selected site. 
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Figure 6. Yearly profile of 15 classrooms at SRM IST, Delhi-NCR Campus. 

 

Figure 7. Solar radiation and clearness index of the selected location. 

 

Figure 8. ALLSKY INSOL, DIFF and DNR of the solar radiation of theselected location. 
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Figure 9. Ratio of direct to diffuse radiation of theselected location. 

The SPV system provides DC power, and because the load is AC in nature, it is re-

quired to be converted to AC power. The SPV array yield is fed into the inverter for con-

version of DC power to AC power. The efficiency of the inverter was considered as 90% 

for the analysis [30]. The information related to the power output from the inverter was 

used for calculating the performance parameters of the SPV system. It is depicted in Fig-

ure 10. Specifications of the polycrystalline PV array used in the proposed configuration 

are in Table 2. 

 

Figure 10. Block diagram of the solar PV array system. 

Table 2. Specifications of the polycrystalline PV array. 

Description Value 

Type of panel Flat plate 

Name (Abbreviation) PV  

Rated capacity (kWp) 1  

Capital cost ($/kW) 470 

Replacement cost ($/kW) 470 

O&M cost ($/year) 2.66 

Lifetime (years) 25 

Derating factor (% assumed) 80 

Temperature coefficient (per °C) −0.5 

Nominal operating cell temperature (°C) 47 

Efficiency (%) 0.13 

4.2. Energy Storage System—Li-Ion Batteries 

The extra energy generated from the SPV system or DG will be stored in BSS. In this 

proposed configuration, generic 1kWh Li-Ion batteries were applied, which are provided 

in Table 3. This stored energy can be utilized during peak hours, night hours, or cloudy 

days when sunlight is unavailable. Therefore, it becomes imperative to regularly check 
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battery health by monitoring the battery state of charge (SOC). This monitoring helps to 

the improve system’s battery life and prevent it from overcharging. Mathematically, SOC 

is defined as given in Equation (1) [32]. 

SOC(t) =
Q(t)

Q�
 (1)

Over time, the battery system becomes useless. The battery life is calculated as per 

Equation (2) [33]. 

R���� =

⎩
⎪
⎨

⎪
⎧

N����  Q��������

Q�����
                       If limited by productivity

R����,�                                     If limited by lifetime

MIN �
N����  Q��������

Q�����
, R����,� �     If limited by productivity and lifetime

 (2)

Table 3. Technical details of the battery. 

Description Value 

Nominal voltage (V) 6 

Nominal capacity (kWh) 1 

Maximum charge current (A) 167 

Estimated throughput (kWh) 3000 

Capital cost ($/kWh) 535 

Replacement cost ($/kWh) 465 

Lifetime (years) 10 

4.3. Backup System—Diesel Generator 

For the uninterrupted operation of HPGP, captive power generation is essential. In 

comparing the efficiency and initial investment of other systems such as turbines, DG has 

high efficiency and low initial investment. Therefore, in this article, DG was considered a 

captive power generation source. Diesel consumption was plotted in a fuel curve by 

HOMER, as shown in Figure 11. The intercept on the vertical axis shows fuel consumption 

at no-load. The consumption of diesel depends on the amount of electrical energy gener-

ated by DG, which can be calculated using Equation (3) [34]. 

F = F�Y��� + F�P��� (3)

The efficiency curve for the DG output has been plotted between zero and the rated 

output, as shown in Figure 12. In this proposed configuration, auto size Genset was con-

sidered, and its technical details are provided in Table 4. 

 

Figure 11. Fuel curve of the diesel generator. 
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Figure 12. Efficiency curve of the diesel generator. 

Table 4. Technical details of the diesel generator. 

Description Value 

Fuel Diesel 

Capital cost ($/kW) 665 

Replacement cost ($/kW) 535 

O&M cost ($/h) 0.027 

Fuel price ($/L) 1.14 

Lifetime (hours) 15,000 

CO (g/L/fuel) 16.5 

Unburned HC (g/L fuel) 0.72 

Particulates (g/L fuel) 0.1 

Fuel sulfur to PM (%) 2.2 

NOX (g/L fuel) 15.5 

4.4. Converter 

The HPGP contains both an AC bus and DC bus, as shown in Figure 4. The electrical 

load is AC in nature, so it will accept AC power. Out of all the components of HPGP, DG 

provides AC power. The SPV system and BSS will serve DC power, so this is required to 

be converted to AC power. In such a case, a converter is required to act as the inverter and 

convert DC power to AC power. On the other hand, BSS takes DC power to charge the 

batteries. If DG is serving the load, then AC power generated from DG must be converted 

to DC power. In this case, the converter will act like a rectifier and convert AC power to 

DC power to charge BSS. This converter serves the purpose of both rectifier and inverter 

to adjust the current direction between AC and DC bus components. The battery SOC 

level is the deciding factor for the size of the converter. 

5. Evaluation of Performance and Economic Analysis of HPGP 

Before commissioning the SPV system, comparing the performance to design expec-

tations is imperative. This comparison helps to determine the potential faults and perfor-

mance trends of the SPV system. The analysis was conducted by calculating the perfor-

mance index, which is defined as the ratio of measured energy to predicted energy of the 

SPV system. A performance index can also be termed an energy performance index (EPI) 

or power performance index (PPI). EPI was calculated based on the amount of energy, in 

kWh, for a particular interval of time. In contrast, PPI was calculated on the basis of in-

stantaneous power (kW). These data were plotted to analyze the time series trend [35]. 

The performance analysis of HPGP was conducted based on technical and economic 

analysis. This detailed analysis was conducted with the help of suitable software, which 
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estimates the capital investment required and payback period, etc. It helps in the decision-

making process of investing in technology. The relevant factors taken into consideration 

are (i) the total cost of the project, (ii) operating and maintenance costs, (iii) benefits, risks, 

and uncertainties of the technology, and (iv) the non-economic factors such as the location 

of HPGP [36]. 

5.1. Performance Index of SPV System 

The guidelines for calculating the performance index of the SPV system are provided 

in IEC 61724 [37]. The performance index is the ratio of actual energy generated by the 

SPV system to the forecasted value. It helps to make a comparison of the design parame-

ters with its performance and a comparison with other similar configurations, which are 

commissioned at different locations. The performance index also helps identify probable 

faults in the SPV system. In this article, the following six performance indices were calcu-

lated for analyzing the performance of the SPV array system [38,39]. 

5.1.1. AC Energy Output, EAC 

The AC energy output of the SPV system is determined by the efficiency of the in-

verter, as given in Equation (4). 

E�� = μ . E�� (4)

5.1.2. Array Yield, Yarr 

This ratio calculates the DC energy yield from the SPV system. The performance is 

calculated with respect to its rated capacity. It can be calculated daily for a month or a 

year. Mathematically, it is given as Equation (5). 

Y��� =
E��

Y��,�����
 (5)

5.1.3. Reference Yield, Yref 

This parameter is the ratio of incident solar radiation to reference radiation. The ref-

erence irradiation was considered as 1000 W/m2. This ratio is location specific because it 

depends on the daylight hours of the selected site. Mathematically, it is given as Equation 

(6). 

Y��� =
H�����

1000 W/m�
 (6)

5.1.4. Final Yield, Yfin 

This parameter is the ratio of AC energy yield to the rated capacity of the SPV system. 

In other words, AC energy yield depends on the size of the SPV system. This ratio can be 

calculated on a daily basis, for a month or for a year. Mathematically, it is given as Equa-

tion (7). 

Y��� =
E��

Y��,�����
 (7)

5.1.5. Performance Ratio, PR 

The performance ratio is the ratio of Yfin to Yref, which signifies the gap between them. 

This gap is expected due to certain losses in the SPV system such as thermal loss, environ-

mental loss, ageing of the PV array, and optical losses etc. Mathematically, it is given as 

Equation (8). 
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PR =
Y���

Y���
 (8)

5.1.6. Capacity Factor, CF 

The capacity factor is the ratio of the AC energy output to the actual energy output 

when the SPV system is operated at its rated capacity. This ratio can be calculated on a 

daily, monthly, or annual basis. Equation (9) presents a mathematical expression of CF, 

calculated every month. 

CF =
E��

Y��,����� X 744
 (9)

5.1.7. Array Capture Loss, Lcap 

The SPV system cannot gather the entire incident solar radiation in any location. So, 

there is a difference between actual and reference radiance, known as the array capture 

loss. Equation (10) presents the mathematical expression. 

L��� = Y��� − Y��� (10)

5.1.8. System Loss, Lsys 

The difference between Yarr and Yfin, is known as system loss. It is expressed as given 

in Equation (11). 

L��� = Y��� − Y��� (11)

5.2. Economic Analysis of HPGP 

An economic analysis was conducted to review the feasibility of the proposed HPGP. 

Two parameters were considered in this article—LCOE and NPC. LCOE is the ratio of the 

total associated cost of HPGP to the summation of electricity generated over the system’s 

lifetime. The mathematical expression of LCOE is given in Equation (12) [40]. The cost of 

HPGP includes, but is not limited to, capital investment on the components of HPGP, 

expenditure on operations, and the maintenance of the technology used and other related 

costs required for the proper functioning of HPGP during its lifetime. The calculations 

were performed considering a discount of 8% and an inflation rate of 2%. 

LCOE =
∑

��������

(���)�
�
���

∑
��

(���)�
�
���

 (12)

In Equation (12), Itis capital expenditure in $, Mt is the expenditure for the operation 

and maintenance in $, Ft is the expenditure of fuel in $, Et is the electrical energy generation 

in kW, r is the rate of discount in percentage, and n is the lifetime of the system in years. 

NPC is the total cost linked with HPGP over its lifetime, and from this, lifetime earn-

ings of HPGP are deducted. The total cost includes capital investment, replacement cost, 

operation and maintenance cost, fuel cost, any penalties paid for emitting pollutants, and 

the electricity cost purchased from the primary grid. The costs deducted are salvage costs 

and the cost of electricity provided to the primary grid. Mathematically, it is given as 

Equation (13) [41]. 

NPC =
C�

(1 + r)�
 (13)

In Equation (13), Ct is the net cash flow in $, r is the discount rate in percentage, and 

t is the time of cash flow in years. The specifications of HPGP components are provided 

in Table 5. 
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Table 5. Specifications of the components of HPGP. 

Component 
Capital Investment  

(in $) 

Replacement Cost  

(in $) 

O&M Cost  

(in $/Year) 

Life Span  

(in Years) 

SPV array 470 470 2.66 25 years 

Li-Ion Battery 535 465 0 10 years 

Converter 195 195 4 15 years 

6. Results and Discussion 

The project lifetime was taken as 25 years for the proposed HPGP. The simulation 

results support deciding the optimal configuration of HPGP. PV(509 kW)/BSS(383 kWh) 

was chosen as the optimal configuration due to its lowest energy cost. The evaluation of 

the performance index and technical and economic analysis are discussed in the following 

sections. 

6.1. Evaluation of Performance Index 

HOMER software provided data of optimal configuration for the time series analysis. 

Using these data, DC energy generated (EDC) by the SPV system was calculated for 12 

months in a year. The efficiency of the inverter was taken as 90%, so based on this, AC 

energy generated (EAC) by the SPV system was calculated. The energy produced by the 

SPV system depends on solar radiance, daylight hours, and ambient temperature. Taking 

into consideration these facts and the calculation, it can be observed from Table 6 that the 

maximum energy was produced in March for the selected site, where EDC was 2427.75 

kWh, and EAC was 2184.97 kWh. The minimum energy was produced in August, where 

EDC was 1664.27 kWh, and EAC was 1497.85 kWh. 

Table 6. Energy produced by SPV system at the selected site. 

Month 
Monthly Mean Energy Produced, EDC  

(in kWh) 

Monthly Mean Energy Produced, EAC  

(in kWh) 

January 2150.80 1935.72 

February 2315.85 2084.27 

March 2427.75 2184.97 

April 2239.98 2015.98 

May 2041.78 1837.61 

June 1875.17 1687.66 

July 1687.25 1518.52 

August 1664.27 1497.85 

September 1952.78 1757.50 

October 2182.45 1964.21 

November 2192.22 1973.00 

December 2028.91 1826.02 

Average 2063.27 1856.94 

The performance index calculated for the SPV system is provided in Table 7. It was 

calculated using Equation (5) to Equation (11). It can be seen from Table 7 that the average 

SPV array yield, reference yield, and final yield were 4.05 per month, 5.66 per month, and 

3.65 per month, respectively. Maximum array yield could be observed in March, and the 

minimum occurred in August. The average performance ratio and capacity factors were 

64.49% and 14.90%. The array capture loss and system loss were 1.60 per month and 0.41 

per month, respectively. Maximum system loss occurred in March and the minimum in 

July and August. 
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Table 7. Performance index of the SPV system at the selected site. 

Month 
Yarr 

(per Month) 

Yref 

(per Month)  

Yfin 

(per Month) 

PR  

(%) 

Lcap 

(per Month) 

Lsys 

(per Month) 

CF 

(%) 

January 4.23 5.59 3.80 68.06 1.36 0.42 15.85 

February 4.55 6.13 4.09 66.79 1.58 0.45 15.41 

March 4.77 6.68 4.29 64.30 1.91 0.48 17.89 

April 4.40 6.33 3.96 62.62 1.92 0.44 15.97 

May 4.01 5.88 3.61 61.41 1.87 0.40 15.04 

June 3.68 5.38 3.32 61.64 1.70 0.37 13.37 

July 3.31 4.72 2.98 63.23 1.40 0.33 12.43 

August 3.27 4.61 2.94 63.86 1.34 0.33 12.26 

September 3.84 5.44 3.45 63.51 1.60 0.38 13.92 

October 4.29 5.96 3.86 64.77 1.67 0.43 16.08 

November 4.31 5.89 3.88 65.85 1.58 0.43 15.63 

December 3.99 5.29 3.59 67.85 1.30 0.40 14.95 

Average 4.05 5.66 3.65 64.49 1.60 0.41 14.90 

The ambient temperature and the average SPV array cell temperature are plotted in 

Figure 13 of the selected site. The ambient temperature data were taken from the NASA-

PDAV tool [28]. The average SPV array cell temperature was taken from HOMER. The 

cell temperature of the SPV array varied due to variations in solar radiation and ambient 

temperature. There are lots of cooling techniques available, which can reduce the SPV 

array cell temperature and help to increase the efficiency of the PV panel [42,43]. The av-

erage maximum cell temperature was achieved in June (42.46 °C) and the average mini-

mum in January (20.72 °C). The ambient temperature ranged from 13.93 to 35.83 °C, with 

an average of 25.42 °C. 

 

Figure 13. Average SPV cell temperature and ambient temperature of the selected site. 

The quality of the SPV system can be inferred from PR. It indicates the amount of 

solar energy available for conversion to electrical energy. It is the ratio of measured output 

to expected output, where the expected output can be taken from the specifications of the 

SPV system. Table 7 indicates that maximum PR occurred in January (68.06%) and the 

minimum in May (61.41%). The capacity factor calculates the capability of the SPV array 

system to generate electrical energy. Table 7 indicates that the maximum CF occurred in 

March (17.89%) and the minimum in August (12.26%), the average CF for the year being 

14.90%. 

The above-discussed outcomes are outlined as follows: 

1. GHI ranged from 3.52 to 6.42 kWh/m2/day, with an average of 5.05 kWh/m2/day (re-

fer to Figure 8). 
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2. The average DNI was5.78 kWh/m2/day (refer to Figure 8). 

3. The average DHI was1.65 kWh/m2/day (refer to Figure 8). 

4. The average CI of the selected site was 0.58 (refer to Figure 7). 

5. The ratio of direct and diffuse radiation varied between 1.62 and 7.09 (refer to Figure 

9). 

6. The performance index varied as follows (refer to Table 7): 

7. Yarr between 3.27 and 4.77 per month 

8. Yref between 4.61 and 6.68 per month 

9. Yfin between 2.94 and 4.29 per month 

10. Lcap between 1.30 and 1.92 per month 

11. Lsys between 0.33 and 0.48 per month 

12. The average cell temperature ranged from 20.72 to 42.46 °C, and the ambient temper-

ature varied between 13.93 and 35.83°C (refer to Figure 13). 

13. Average PR and CF varied between 61.41% and 68.06% and 12.26% and 17.89%, re-

spectively (refer to Table 7). 

The performance index of the SPV system commissioned at the selected site was com-

pared with the SPV system commissioned at different locations. This comparison is pro-

vided in Table 8. The SPV systems of other locations were commissioned according to 

electricity demand and the weather conditions of respective locations. 

Table 8. Comparison of the performance indices of different SPV arrays installed at different loca-

tions. 

S. 

No. 
Location 

Solar PV Array 

Technology 

Yarr 

(per Month) 

Yref 

(per Month) 

Yfin 

(per Month) 

Lcap 

(per Month) 

Lsys 

(per Month) 

CF 

(%) 

PR 

(%) 
Reference 

1 Southwest Algeria Poly-Si 5.1 H/d  4.7 h/d    84 [44] 

2 Lakshadweep Poly-Si 4.13–4.29 5.79–5.88 3.72–3.86 1.58–1.66 0.41–0.43 15.51–16.09 64.22–65.83 [45] 

3 Oman Poly-Si 3.78 5.59 3.64 1.82 0.14 15 67 [46] 

4 Delhi, India Poly-Si 4.15 h/d 4.67 h/d 4.06 h/d   13.1 85–93 [47] 

5 Raipur, India Poly-Si       86 [48] 

6 Western Kenya Poly-Si 
4.88 

kWh/kW 
5.5 kWh/kW  

0.52 

kWh/kW 
  76.3 [49]  

7 Mauritania Micro-a-Si 2.89–5.06 4.51–7.12 4.26 1.63–2.46 0.12 11.66–20.54 66 [50] 

8 
Andhra Pradesh, In-

dia 
Poly-Si      24 80 [51] 

9 Bhopal, India Poly-Si      19.27 80.72 [52] 

10 Malaga Poly-Si   3.7    64.5 [53] 

11 Diyala, Iraq Poly-Si 3.88 h/d 6.1 h/d 3.99 h/d    66 [54] 

12 Uganda Poly-Si      19.07 75.84 [55] 

13 Northwest Spain Mono-Si 3.70 3.23     69.8 [56] 

14 Thailand Poly-Si 4.32 5.21 3.84 0.18 0.10  73.45 [57] 

15 
Andaman and 

Nicobar 
Poly-Si 3.66–3.90 5.08–5.43 3.30–3.51 1.42–1.53 0.37 to 0.39 13.73–14.61 63.40–64.93 [39] 

16 
SRM IST, Delhi-NCR 

campus 
Poly-Si 3.27–4.77 4.61–6.68 2.94–4.29 1.30–1.92 0.33–0.48 12.26–17.89 61.41–68.06 

Present 

study 

Note: Poly-crystalline (Poly-Si), Mono-crystalline (Mono-Si), Copper Indium disulfide (CIS) thin-

film, Amorphous Silicon (a-Si), and Hetero-junction Incorporating thin (HIT) film. 

6.2. Evaluation of Economic Analysis 

The simulation from HOMER provided 31,071 results, of which 4 optimal configura-

tions for HPGP were obtained. These configurations and the details of the simulation are 

provided in Table 9. The simulation took all possible combinations of the SPV system, DG, 

and BSS. The first optimal configuration obtained was PV (509 kW)/BSS (383 kWh), which 

has the least energy cost. This configuration was taken up as the proposed solution for 

HPGP. A reference case of a DG-based power plant will be compared with this proposed 

HPGP to understand the benefits of the proposed solution. The sensitivity analysis was 
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conducted by considering variables such as inflation rate, discount rate, and the entire 

project’s lifetime. 

Table 9. Optimal configurations evaluated by the HOMER software. 

Architecture Cost 

PV Array  

(kW) 

Diesel Generator  

(kW) 

Li-Ion Battery 

(kWh) 

Converter  

(kW) 

NPC  

($) 

Cost of Energy 

($/kWh) 

Operating Cost 

($/year) 

Initial Capital 

($) 

509  383 135 639,981 0.34 13,119 470,385 

 82 94 65 1,123,152 0.60 77,787 117,560 

468 82  42 1,442,095 0.76 89,692 282,602 

 82   1,747,678 0.93 130,972 54,530 

Total solutions simulated 31,071 

Feasible solutions 24,781 

Infeasible solutions due to capacity shortage constraint 6290 

6.2.1. Technical and Economic Analysis of PV/BSS Configuration 

The technical and economic analysis of HPGP has been performed using the HOMER 

Pro software. The optimum configuration was obtained as PV (509 kW)/BSS (383 kWh). 

For the selected configuration, LCOE, NPC, and operating costs were $0.34, $639,981, and 

$13,119 per year, respectively. The component cost summary for the selected configura-

tion is presented in Table 10. Figure 14 shows that the SPV system comprised 51% of the 

total capital cost, while BSS was 44% of the total capital cost. The converter made up only 

5% of the total capital cost. This means renewable sources of this configuration comprised 

51% of the total cost. BSS and the converter comprised 49% of the total cost. The selected 

site had an average GHI of 5.06 kWh/m2/day and a clearness index of 0.58, so the weather 

conditions favor the generation of electricity using renewable energy sources. The gener-

ation of electricity from the SPV system is shown in Figure 15. 

Table 10. Cost summary of the components for PV–BSS configuration. 

Component Capital ($) Replacement ($) O&M ($/Year) Salvage ($) Total ($) 

Battery 204,905 157,336 0 −21,332 340,909 

PV array 239,068 0 17,491 0 256,559 

Converter 26,412 11,206 7004 −2109 42,513 

System 470,385 168,542 24,495 23,441 639,981 

 

Figure 14. Cost summary of the components in PV–BSS configuration. 
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Figure 15. SPV array power output for the PV–BSS configuration. 

The total electricity generation with the PV–BSS configuration estimated by the 

HOMER software was 752,328 kW per year. The monthly production of electricity from 

the SPV array is given in Figure 16. 

 

Figure 16. Electricity production in each month from PV–BSS configuration. 

The energy stored in BSS is utilized at peak hours or when SPV arrays cannot gener-

ate electricity. Depending upon the energy output, batteries become charged between 80% 

and 100% from the 9th to the 19th h. This can be observed from the red-colored region in 

Figure 17. The monthly SOC of BSS is provided in Figure 18. 

 

Figure 17. Yearly profile of the SOC of batteries for PV–BSS configuration. 
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Figure 18. Monthly SOC of batteries for PV–BSS configuration. 

A time series analysis for 24 h duration was conducted to study the total electrical 

load served. This analysis was conducted on 1 January. The individual contribution of the 

SPV system and BSS was plotted. The following points can be observed in Figure 19: 

1. From 0 to 6th h—during this time, the demand for electricity was zero or minimum. 

The energy stored in BSS served the load. 

2. From 6th to 17th h—as the sunlight was available from the 6th hour, the SPV system 

started generating electricity. Now, the SPV system and BSS served the load as the 

demand for electricity rose during this duration. 

3. From 17th to 23rd h—in this duration, the demand for electricity dropped, so it was 

served by BSS. Additionally, during evening and night hours the SPV system cannot 

generate electricity. 

 

Figure 19. Time series plot of the electrical load served by PV–BSS configuration for 1January. 

6.2.2. Sensitivity Analysis 

Before commissioning a project, it is imperative to study the impact of different pa-

rameters which affect the project’s economics. The model known as what-if analysis is 

generally used to perform such a study. Another name for this model is sensitivity analy-

sis. It provides an economic model that estimates one parameter’s impact on the other. In 

this article, sensitivity variables were considered as inflation rate, discount rate, and pro-

ject lifetime. This variation was considered as (i) inflation rate was taken as 2%, 4%, and 

6%, (ii) discount rate as 6%, 8%, and 10%, and (iii) project lifetime as 20 years, 25 years, 
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and 30 years. However, the analysis uses a noble single-fix duo to vary the approach to 

investigate the impact of variation of these variables on system performance. 

Figure 20 presents an optimization plot in which the project lifetime was kept con-

stant at 25 years, and the cost of energy and renewable fraction was varied. Every point 

in the optimization plot is a feasible solution for that particular sensitivity case. It can be 

observed that most obtained solutions have a high renewable fraction with a low cost of 

energy. 

 

Figure 20. Optimization plot between the cost of energy and a renewable fraction (project lifetime 

of 25 years). 

The sensitivity variables impact cost of energy and NPC. NPC was plotted on the 

surface for a clear overview, and the corresponding energy cost was superimposed, as 

shown in Figure 21a–c. In each plot, the inflation rate and discount rate were varied while 

keeping the project lifetime constant. So, these three surface plots correspond to project 

lifetime of 20 years, 25 years, and 30 years. These plots indicate that as the inflation rate 

increases and, correspondingly, the discount rate decreases, a decrease in the cost of en-

ergy occurs. 

 

(a) 

 

(b) 
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(c) 

Figure 21. Variation in NPC concerning the inflation rate and discount rate with project lifetime of 

(a) 20 years, (b) 25 years, and (c) 30 years. 

6.3. Environmental Impact Assessment 

Electricity generation using renewable resources results in the production of hydro-

gen, which can be used as fuel for cars and produce electricity, etc. The production of 

hydrogen results in the emission of CO2, which is a major concern these days. So, an esti-

mation of CO2emission, which can be avoided due to electricity generation from the pro-

posed HPGP, was calculated. This calculation was conducted using Equation (14) [58]. 

E(CO�) = E� × F� (14)

where, E(CO2) represents the mitigating CO2 emissions, EG represents the annual electric-

ity generated from HPGP, and FE is the emission factor for India, taken as 0.8274 

kgCO2/kWh [57]. The result of this calculation is shown in Table 11. So, on commissioning 

this HPGP, 18,437.21 kg of CO2 can be saved from emission into the atmosphere. 

Table 11. Emission of CO2 avoided due to electricity generation from HPGP. 

Annual Electricity Generation 

(kWh) 

Emission Factor 

(kgCO2/kWh) 

Avoided CO2 Emission (kg of 

CO2) 

22,283.31 0.8274 18,437.21 

7. Comparison of Proposed HPGP with the Reference Case 

In this article, a DG-based power plant was chosen as a reference case. The selected 

optimal configuration of PV–BSS was compared with this reference case. The simulation 

performed by HOMER software estimated a DG of 82kW. This comparison is provided in 

Table 12. The points observed from this comparison are as follows: 

(i) The reference case provided an LCOE of $0.93 per kWh, while the proposed config-

uration provided $0.34 per kWh. This difference is mainly due to the cost of diesel 

used fuel to generate electricity in the reference case. It is estimated that diesel con-

sumption in the reference case will be $87,284 per year. The diesel cost has a direct 

impact on LCOE. 

(ii) Initial capital investment in the reference case was $54,530, which is low compared 

with the selected configuration of HPGP ($470,385). 

(iii) It was estimated that the reference case will have high NPC ($1,747,678) and a high 

operating cost ($130,972) as compared with the selected configuration of HPGP (NPC 

will be $639,981 and the operating cost will be $13,119). 

(iv) The O&M cost of the reference case ($250,725) is high compared with the selected 

configuration of HPGP (24,495). 
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Table 12. Comparison between the selected configurations of HPGP with the reference case. 

Parameter 
DG Only 

(Reference Case) 

PV/BSS Configuration 

(Selected Configuration) 

Initial capital ($) 54,530 470,385 

Operating cost ($) 130,972 13,119 

O&M cost ($) 250,725 24,495 

LCOE ($/ kWh) 0.93 0.34 

NPC ($) 1,747,678 639,981 

As DG is not used in PV–BSS configuration, it will not emit any pollutants into the 

atmosphere. The emission of the greenhouse, in this case, will be zero. On the other hand, 

if the DG-based power plant is operated throughout the year to generate electricity, then 

76,565 L/year fuel will be consumed. This will emit 200,417 kg/year of carbon dioxide, 

which results in an increase in greenhouse gases and, hence, global warming. This com-

parison is presented in Table 13. 

Table 13. Comparison of emission of pollutants to the atmosphere between the selected configura-

tion of HPGP and the reference case. 

Configuration 

Total Fuel 

Consumed 

(L/Year) 

Hours of Op-

eration of 

DG (Hours) 

Carbon Di-

oxide 

(kg/Year) 

Carbon 

Monoxide 

(kg/Year) 

Unburned  

Hydrocarbons 

(kg/Year) 

Particulate 

Matter 

(kg/Year) 

Sulfur  

Dioxide 

(kg/Year) 

Nitrogen 

Oxides 

(kg/Year) 

DG only  

(Reference case) 
76,565 8760 200,417 1263 55.1 7.66 491 1187 

PV/BSS 

(Selected config-

uration) 

- - - - - - - - 

The time taken to recover the investment cost of components is known as the payback 

period. The selected configuration of HPGP has a payback period of 3.39 years. Table 14 

presents a comparison of different hybrid power plants in different locations. 

Table 14. Comparison of off-grid hybrid systems at different locations. 

Sr. No. Location Proposed Hybrid System NPC ($) 
LCOE  

($/kWh) 
Reference 

1 Korkadu, Union territory of Puducherry, India PV–WTBiogen $16244.33 $0.18 [59] 

2 Rwanda, East African Country Hydro–SolarBattery $41,210.80 $0.05601 [39] 

3 Chamarajanagar district, Karnataka, India PV–WT–BGG–BMG–FCBattery $890,013 $0.214 [60] 

4 

Jask (near the Gulf of Oman) PV–WTBattery $44.1 M $0.219 

[61] Genaveh (near the Persian Gulf) PV–WTBattery $46.9 M $0.233 

Anzali (near the Caspian sea) PV–WTBattery $48.8 M $0.242 

5 Golbo II village, Ethiopia PV–DGBattery $82,734 $0.207 [62] 

6 Mankwadze, Ghana PV–WT–DGBattery $8,649,054 $0.382 [63] 

7 Rezwan village, Sudaklen, Iran PV–WTBattery $24,662 $0.322 [64] 

8 Leopard beach, Hongsibao, China PV–WT–BGGBattery $587,013 $0.201 [65] 

9 Industrial city II, Ardabil, Iran PV–WT–DGBattery $304,380 $0.471 [66] 

10 Fouay, Benin republic, Africa PV–DGBattery $555,492 $0.207 [67] 

11 Chikmagalur district, Karnataka, India PV–HydroBattery $712,975 $0.16 [68] 

12 
Singa village, Siang district, Arunachal Pradesh, 

India 
WT–Hydro–DG-Battery $23,808 $0.63 [69] 

13 Tamilnadu, India PV–WT–DGBattery $199,850.80 $0.2492 [70] 

14 

Smith PV–DGBattery -- $0.31 

[39] 
Middle Andaman PV–DGBattery -- $0.31 

Baratang PV–DGBattery -- $0.31 

Car Nicobar PV–DGBattery -- $0.31 
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Katchal PV–DGBattery -- $0.30 

15 SRM-IST, Delhi NCR Campus, India PV–BSS $639,981 $0.34 
Present 

study 

Legend: PV: Solar photovoltaic, WT: Wind turbine, Biogen: Bio generator, BGG: Biogas generator, 

BMG: Biomass generator, FC: Fuel cell, DG: Diesel generator. 

8. Conclusions 

(i) In this paper, a stand-alone HPGP was commissioned for a part of an academic build-

ing. The optimal configuration of this stand-alone HPGP is PV(509 kW)/BSS(383 

kWh). BSS is required to fulfill the electricity demand either in peak hours or when 

the SPV system is not able to meet the load demand. 

(ii) In this paper, the performance and feasibility of SPV system was analyzed. The per-

formance ratio was 64.49% and the capacity factor was 14.90%. The performance ratio 

is basically the proportion of the energy available for export to the grid. This value is 

less than 100% because of energy loss and energy consumption during operation. The 

energy loss can be due to thermal losses and conduction losses. This means that 

64.49% is available for export to grid and the rest is lost in energy loss and energy 

consumption. CF measures the amount of energy is produced by solar plant in com-

parison to its maximum output. CF is low in SPV systems due to the intermittent 

nature of solar energy. 

(iii) The meteorological data were taken from the NASA PDAV tool. These data helped 

to perform the above-mentioned calculations. 

(iv) The techno-economic analysis was conducted using HOMER. The initial investment 

was estimated to be $470,385, while NPC was $639,981. The LCOE was estimated as 

$0.34 per kWh. 

(v) The commissioning of the SPV system will also lead to zero emissions of air pollu-

tants. 

Therefore, the electricity demand of selected site can be fulfilled with by harnessing 

solar energy in a greater ratio in the near future. 
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