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Abstract
Hybrid renewable energy sources are sustainable and eco-friendly and challenge the 
alternative sources of conventional energy production facilities. Pakistan’s present 
energy dilemma is a serious impediment to its economic progress. This paper proposes a 
techno-economic analysis of commercial-scale photovoltaic (PV) systems for commercial 
agricultural farms in Punjab, Pakistan. A survey was conducted to gather the load data 
of the farms from major cities of north, center, and south Punjab. For the PV system 
design, the K-means approach was used to cluster data from 93 farmers into nine clusters 
with similar electrical consumption. A complete technical, economic, and environmental 
study is undertaken of the PV systems deployed in five selected cities. The most practical 
locations are Attock and Multan, which have the lowest Levelized Cost of Energy at 
5.52 and 5.37 cents/kWh, respectively. PV installations are nevertheless technically, 
economically, and environmentally feasible for all cities. Throughout its lifespan, the 
planned PV system has the potential for Faisalabad and Chiniot to minimize 154 metric 
tons of emissions, resulting in a greener environment.

Keywords Agriculture farms · Photovoltaic (PV) system · Sustainability · System advisor 
model (SAM)

1 Introduction

Global energy consumption has risen as a result of increased population and 
industrialization and it is expected to grow by 1.2% per year by 2040 (Martinopoulos, 
2020). The increasing demand for electricity production and consumption by utilizing 
fossil fuels has given a detrimental rise to climate change and environmental dismay. 
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For this reason, several new projects are being developed to meet the current energy 
needs. These initiatives make use of a range of conventional and unconventional energy 
sources. The key to attaining sustainable development in the power industry is obtaining 
sufficient, affordable, and environmentally benign energy. The worldwide energy focus is 
turning toward renewable resources due to rising fossil fuel prices, their environmental 
implications, and limited availability (Khan & Pervaiz, 2013). The issue of greenhouse gas 
(GHG) emissions is also linked to the usage of non-renewable energy sources. A global 
effort is imperative to face this plethora of challenges regarding energy and its impacts. It 
is also envisaged that carbon dioxide  (CO2) emissions rise by 27%, with an average annual 
growth rate of 1.2% by 2040 (Bp, 2013).

The energy mix of a country depicts a variety of energy sources that contribute to the 
country’s overall power consumption. Likewise, the energy mix of Pakistan (NEPRA, 
2019) demonstrates that fossil fuels are the main source of electricity generation and will 
be adamant till renewable energy sources replace them. It is evident from the energy mix 
of Pakistan that 64% of electricity generation is supported by fossil fuels and only 4% is 
coming from renewable energy sources. Pakistan spends a considerable amount of money, 
nearly 60% of its GDP, on fossil fuel imports to compensate for its energy deficit (Uddin 
et al. 2021). The cost of generating energy in Pakistan has increased significantly due to 
the global rise in fossil fuel costs, making it risky to import fossil fuels. Researchers and 
policymakers are focusing on addressing these issues. Consequently, Pakistan’s natural 
reserves like natural gas, oil, and high-grade coal are trampling rapidly. The demand and 
supply gap is widening at such a rate that present sources are becoming unstable (Irfan 
et  al. 2019). However, Pakistan appears to be ignorant of the impending problem. The 
goal of obtaining 60% of its electricity from renewable sources by 2030 has not even been 
attempted with much effort. The nation still uses fossil fuels to generate far over 60% of 
its electricity today. As a result, continuing to rely on fossil fuels for power generation is a 
bad concept, and Pakistan might consider renewable alternatives to combat the country’s 
energy scarcity.

The most fundamental hurdle to sustainable agriculture in Pakistan is a lack of energy. 
The majority of Pakistan’s fossil fuel consumption is for industrial and domestic purposes, 
while the country’s agricultural output is heavily reliant on fossil fuels. Renewable energy 
sources might help Pakistan’s agricultural output remain sustainable in the long run by 
delivering energy that is less expensive, renewable, and environmentally friendly. Solar-
powered water pumps and irrigation systems are currently among the most popular 
alternative energy ideas among the Pakistani government. Much of the population of 
Pakistan lives in rural areas which are devoid of electricity. Pakistan is currently facing 
a slew of energy hounds that not only hinders the country’s progress but also chides 
people’s lives (Javed et  al. 2016). Agriculture, transportation, manufacturing, and 
households are all key industries in Pakistan that require a constant supply of energy. In 
Punjab province, about 7432 villages are still struggling for electricity which is complete 
pandemonium (Irfan et al. 2019). People still rely on traditional energy sources including 
firewood, kerosene, animal dung, and husk. Pakistan is primarily an agricultural country, 
with most of its population residing in rural areas. The agriculture sector of Pakistan 
contributes about 24% of the GDP share of the economy and is a stave source of foreign 
exchange earnings (Agriculture Statistics | Pakistan Bureau of Statistics, 2012). To abet the 
agricultural needs and supply water for the crops, people often use tubewells which demand 
some energy source to plunge water underground that can either be done by electricity 
or diesel generators. Energy sources offer tubewells to consume high power which is a 
serious conjecture for farmers as an increase in energy price and inflation in the country. 
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Furthermore, prolonged electricity shortfall in rural areas especially in summer season 
disturbs the livelihood of farmers to water the crops. This energy shortage is causing a 
rapid decline in agricultural and crop exports, which is causing problems in Pakistan’s 
large-scale economy.

The havoc that has evolved between demand and supply in recent years can only be 
vanquished by green energy. Pakistan can consume myriads of sunlight to stave the 
socioeconomic circumstances of the people dwelling in unraveling regions and shrink the 
poverty level. It has been observed that approx. 40,000 faraway villages can be electrified 
by using a natural source of energy from the sun (Adnan et al. 2012). World experts and 
researchers of energy have revealed the need to transform conventional energy sources with 
modern energy sources for a better and green future. For this reason, photovoltaic (PV) 
is the most manifest and encouraging technology that can assist power-related issues in 
countries like Pakistan where there is an adequate amount of sunlight. This energy source 
has the potential to make agricultural farms independent and isolate them from the national 
grid (Shahzad et al. 2017). Agriculture farms are generally located in areas with plenty of 
sunlight. As a result, because farms require sun radiation, they have a high potential for PV 
panel adoption. In Punjab, the average daily solar irradiation is 5.11 kWh/m2/d, which is 
the minimum required solar irradiation for PV power generation (Ali et al. 2021).

Extensive techno-economic analysis was proposed for the grid-isolated hybrid energy 
system for proper design, planning, and electrification of agriculture and irrigation area in 
Dongola, Sudan. Results showed that the solar-wind-diesel-battery-hybrid converter is the 
best to serve the load demand with a decrease in carbon emissions and fuel consumption 
(Elkadeem et  al. 2019). HOMER (Hybrid Optimization Model for Multiple Energy 
Resource) is used to analyze alternate potential hybrid energy systems rather than diesel 
generators for the long term that is economical in Malaysia for sustainability and solution 
to environmental issues (Lau et  al. 2010). HOMER helps in constructing cost-effective 
and dependable hybrid microgrid and grid-connected systems that integrate traditional 
and renewable energy sources, storage, and load management. A layout has also been 
considered for the standalone hybrid PV-wind-hydropower station with pumped-storage 
installation (HSPSI) system in remote area Xiaojin, Sichuan, China and shows that the 
Levelized cost of energy has been reduced greatly (Xu et  al. 2020). HSPSI hydropower 
station with pumped-storage installation large-scale method of storing energy can be 
converted into hydroelectric power. The energy performance of dairy farmers was recorded 
online and a dataset of more than 25,000 observations was obtained between the years 
2015–2018 and a robust analysis was done which showed that on-farm use of PV manifests 
is the most vital source of renewable energy with proper use (Moerkerken et  al. 2021). 
RET screen Expert was also used to see the effectiveness of PV technology concerning its 
techno-economic and sustainability in Nigeria and to lead a road map toward clean energy 
(Owolabi et al. 2019). RET screen low-carbon planning, implementation, monitoring, and 
reporting are all possible with the Clean Energy Management Software platform. In the 
USA, the influence of regulations and business models on rooftop solar adoption has been 
examined, indicating that PV adoption is expanding among low and moderate-income 
households due to variables such as financial incentives, PV leasing, and property assessed 
financing (O’Shaughnessy et  al. 2021). To discuss the perception of people toward 
adopting rooftop solar PV systems, qualitative and quantitative analyses were carried out in 
Indonesia which indicated that an installation was constrained by barriers like high initial 
cost, long-term return, and some institutional barriers (Setyawati, 2020). The situation of 
PV irrigation had been recognized by working for the economic and technical feasibility of 
Bangladesh. The results presented good indicators in terms of financial and environmental 
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returns (Sarkar & Ghosh, 2017). A study was proposed to look for the potential impacts, 
feasibility, and limitations of PV for rural electrification and sustainable agriculture and 
discussed the need to support small and marginal farms (Sutar et al. 2018). Use of batteries 
as storage due to constant fluctuation in generation with the renewable energy systems 
for agriculture increases the electricity price unless managed (Fuchs et  al. 2021). To 
provide power to a rural agricultural town, a solar photovoltaic central command system 
was installed which displayed that the system can provide enough electricity to remote 
households (Fahmi et al. 2014).

For this reason, the purpose of the present study is to power the agriculture farms 
smartly by using innovative strategies and policies that may enhance the yield with 
available resources which will strengthen the economy of farmers and the country. To 
motivate individuals and organizations to invest in sustainable power, especially solar 
systems, minimize global warming concerns, and strengthen environmental conditions, 
a thorough review of energy planning and regulation is required. The development of a 
renewable energy system that satisfies agricultural needs and renders farmers independent 
of energy issues and crisis-free for an extended time is also of paramount importance. 
The solar system’s potential is mostly unrealized due to a lack of information. People are 
reluctant to adopt new technology because of the high hypothetical expenditures and a 
lack of awareness about the long-term economic and ecological advantages. The potential 
of solar energy, its expense, and its peculiar potential application throughout the nation 
should be discussed in depth in this context. The basic objective of this study was to design 
a feasible PV system for agriculture farms with measurable criteria that can be used as a 
benchmark for farmers in any location with similar atmospheric circumstances.

2  Methodology

In this section, a PV system is designed for agricultural farms with the aim of 
sustainability. The system includes a series of PV modules, inverters, and cables. For a 
sustainable system, the essential factors to be considered are the economy, society, and 
environment (Therapos, 2020). As a result, sustainability depicts a plan for investment that 
is secure in terms of the environment, as well as financial and social rewards. In recent 
years, companies have been debating sustainability to ensure safe and secure investment. 
Various approaches and standards have been developed to define a sustainable system. Our 
proposed system overviews the parameters behind the execution of a renewable energy 
system (RES) (Mohammadi-Aylar et  al. 2022; Rasoulinezhad & Taghizadeh-Hesary, 
2022). Following parameters are considered (Ali et al. 2021):

1. Finance: In the implementation of RES, finance plays a vital role in the decision-making 
of a system.

2. Environment: A RES might mitigate the current changes in climate and reduces the 
GHG emissions caused by conventional energy systems.

2.1  Photovoltaic (PV) source potential

Pakistan is located geographically between latitude 31.45  N and longitude 70.75 E and 
is one of the rich countries in the world with solar energy. With long sun shining hours, 
the country’s potential energy is high. In the present study, the most critical point to 
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observe was the solar energy potential in a particular area (Irfan et al. 2019). The number 
of solar systems to be built depends on the solar irradiation and the power output required 
proportionally. Figure 1. represents the PV potential in Pakistan.

Province Punjab was selected for the study as an ideal location for solar energy and 
significant potential for PV. The five major cities selected were Attock (A), Chiniot (C), 
Faisalabad (F), Mianwali (MWA), and Multan (M). Data indicated that the surface had a 
good solar prospect and can effectively generate power (Shahzad et al. 2017). Agriculture 
farms are available near the villages. Likewise, Fig. 2 represents the major cities of Punjab 
Province using Geo Mapping in Orange Software that is used to gather the required 
information. Table 1 is also representing the climatic data of the selected regions of Punjab 
used for collecting survey data from farmers. It is apparent from Table  1 that there is 
enough solar irradiance to produce electricity in the context of Pakistan. These regions 
cover all the provinces including northern, central, and southern Punjab.

Fig. 1  Photovoltaic power potential (Global Solar Atlas, n.d.)
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2.2  SAM

To see the practical side and the use of the PV systems in the field, the System Advisory 
Model (SAM) was used for modeling. SAM was also applied largely by many researchers 
(Martinopoulos, 2020). SAM is a reliable software and had been used recently many times 
for the calculation and analysis of renewable systems such as (da Silva, 2017; Hirbodi 
et  al. 2020; Jung et  al. 2021). The model calculated the system’s alternate current (AC) 
electrical output on an hourly rate by considering solar energy conversion to direct current 
(DC) electricity, DC to AC electricity altering effectiveness in the inverter, the variation in 
the surrounding air and warmth, and it also factored in losses related to each component. 
(Martinopoulos, 2020). SAM is renewable energy software for techno-economic design and 
analysis of a renewable energy system. SAM was first developed in 2006 by the national 
renewable energy laboratory (NREL). RES covers include PV, wind energy, biomass, 
concentrating solar power systems, tidal and marine energy, fuel cell, and battery storage. 
SAM helps in decision-making for people engaged in the renewable energy industry, 
which may include project managers, engineers, designers, technology developers, and 
researchers. SAM also provides financial models for residential and commercial projects, 

Fig. 2  Selected locations for the survey are represented using Geo map in orange software 

Table 1  Climatic data of selected locations

Multan Mianwali Faisalabad Attock Chiniot

Latitude 30.15 32.55 31.45 33.75 31.75
Longitude 71.45 71.55 73.05 72.35 72.95
Solar irradiation (KWh/m2/day) 5.29 5.11 5.04 5.09 5.04
Average Temp (°C) 29.1 27.1 28 25.3 28



Techno‑economic analysis of PV systems installed by using…

1 3

power purchase agreements, and third-party ownerships. Hence, the model determined 
the cost of producing electricity based on data provided, depicting project’s location, 
installation and operating costs, type of financing, applicable tax credits and incentives, 
and system requirements.

2.3  Survey

After an extensive literature review, a survey was conducted in Province Punjab to get the 
data load of agricultural farms and the viewpoint of farms owner to design a sustainable 
system and policy that might help the farmers in the coming years (Elma & Selamoǧullar, 
2017). A qualitative and quantitative survey was conducted with simple questions that also 
included multiple-choice answers and questions. In Pakistan, data are feeder based and 
it is not possible to get the individual datum of each farm from the electricity company. 
The farmers were called over the phone due to COVID-19 Standard Operating Procedures, 
as it was not possible to go and meet every farmer, so they were asked to take time and 
respond carefully. To design a sustainable alternative energy source, it was crucial to know 
the energy data of each farm because each farm had its traits and developing patterns. So, 
the data from different farms were used to have better results and analysis. The survey was 
classified into two sections. In the primary section, details were collected about electrical 
components, quantity, and their usage on farms. The components include a tubewell motor, 
chaff cutter, water motor, electric fence, light bulbs, and fans. The components for which 
the load data were asked from the farmers are shown in Table 2. The subsequent question 
was about their monthly bill and the overall amount of gasoline utilized on the farm in a 
month. This was required to determine the overall load on each farm and recommend a PV 
system to the farm owner. The secondary section of the survey included their knowledge 
and view about PV, power shortfall in their areas, any alternative energy source currently 
in use, knowledge about selling excess electricity (net metering), view about government 
policy regarding PV, and any concern about PV technology and suggestions. One important 
question was asked about their will to set up this system if the annual rate of return is 20% 
and if the government provides some subsidy.

As far as clustering algorithms go, K-means is the most popular. The recursive K-means 
methodology aims to split a dataset into K distinct, non-overlapping clusters, each carry-
ing only one data item. A cluster is a group of data objects that have been placed together 
so that they reflect some attributes. While maintaining clusters as distinct as feasible, it 
tries to make intra-cluster datasets as similar as possible. For the sum of the squared dis-
tances between data points to match the sum of the distances between them, it assigns data 

Table 2  Load of the components 
on the farms

Component Load

Tubewell Motor hp*746 W
Chaff cutter 1500 W
Water motor 300 W
Electric fence 10 W
Lights 24 W
Fan 120 W
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points to clusters in this manner (Yuan & Yang, 2019). K-means might be used for several 
approaches such as market divisions, data clustering, and image decomposition.

K-means clustering is a supervised method structured to handle a large amount of 
data set. The K-means method finds k centroids and then assigns each data point to the 
cluster closest to it, keeping the centroids as smaller as feasible. The entire load data 
collected through a survey of the farmers in Punjab was of 93 farmers from different cities. 
Therefore, to design the PV system for these farmers, the K-means algorithm was used 
to cluster the data into groups of similar data points. The clusters were made based on 
data points having similar distribution and characteristics. Initially, 2–25 clusters were 
selected in the Orange software, and from these silhouettes, scores were taken and plotted 
in excel from which the knee was observed to define the number of clusters to be used for 
the design (Satyam Kumar, 2020; Yuan & Yang, 2019). Knee denotes the point at which 
a greater k, or more clusters, stops giving helpful information and makes it more difficult 
to separate the clusters (Matt Clarke, 2021). Figure 3 shows that the required knee is at the 
9th cluster and hence 9 clusters are selected (Data Novia | Cluster Validation Essentials, 
2021).

To design the required PV System, it was necessary to have annual load data of each 
cluster. MATLAB code was used to evaluate the daily and annual load data.
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Fig. 3  Silhouette score and no. of clusters to find the knee

Table 3  Module characteristics Parameters Values

Name Prism Solar 
Technologies Inc. 
P72-360-WB15

Nominal efficiency 19.09%
Maximum power (Pmp) 364.074 Wdc

Max power voltage (Vmp) 39.3 Vdc

Max power current (Imp) 9.3 Adc

Open circuit voltage (Voc) 48.1 Vdc

Short circuit current (Isc) 9.8 Adc
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2.4  Module specifications

The generation of the PV module relies on solar irradiance and cell temperatures (Nacer 
et al. 2016). Hence, the module used for designing the PV system was chosen very carefully 
as it is the most vital unit of the whole system. A solar module is a foundational segment of 
converting energy from the sun into DC (UNBOUND SOLAR, 2020). The efficiency and 
technical viability of the designed system depend upon the module being selected. Table 3 
shows the characteristics of the module being used for simulations.

2.5  Design and layout of PV system for Agriculture farms

The layout diagram shown in Fig.  4 depicts a simple arrangement of PV systems for an 
agriculture farm. The model of the whole system built is shown in Fig. 4. Each farm had its 
system. The farm is made up of agricultural land and a tubewell with a water storage tank. 
Solar panels, inverters, mounting frames, and cables were the primary components of the PV 
plant. The solar panel was connected with the inverter by DC bus, then through the AC bus 
inverter, it was connected with the load components. The size of solar panels and the inverter 
was selected depending upon the acres of the agriculture farm and the electrical components. 
No land was used to build the PV System because all the farms already have a shed or roof, so 
the system is installed upon that saving land cost.

2.6  PV Module equation

A PV module is a collection of numbers of solar cells to provide the required output and 
voltage. The DC output of a module was calculated as the product of total incident global 
radiation, module area, module efficiency, and temperature co-efficient factor.

Fig. 4  Schematic diagram of PV system for agriculture farms
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 ETotal Incident are the total incident rays from the climate data encoder, and Pmp,Module is 
the module’s dc output. The module’s effectiveness at a particular incident global level of 
radiation is denoted by �Module , the module area in square meters by AModule , as well as the 
temperature conversion factor by FTempCorr.

The total number of modules to be installed for a particular system can be calculated as

Maximum power point tracking (MPPT) was used to select several parallel threads 
and modules per thread concerning the inverter. Given that voltage is inversely related 
and needed to remain within MPPT’s working range, it must be kept low to minimize the 
losses.

2.7  Inverter sizing

Depending on the system’s load demand, stated in Watts, an inverter was chosen. The size 
of the inverter should always be 30% more than the actual Watts for safety precautions.

2.8  Financial parameters

2.8.1  Net Present Value (NPV)

The net present value (NPV) is the present value of the after-tax cash flow discounted to 
year one using the nominal discount rate:

 where cn is the after-tax cash flow in Year n, N is the analysis period in years, dnominal is the 
nominal discount rate.

2.8.2  Levelized cost of Energy

The overall project lifecycle costs stated in cents per kilowatt-hour of electricity produced 
by the system during its lifetime are known as the Levelized cost of energy (LCOE).

 where Cn is the annual project cost in n years, Qn is the electricity generated by the system 
in n years, N is the analysis period in years and d is the discount rate.

2.8.3  Payback

The payback of the PV system was calculated as

(1)Pmp,Module = ETotal Incident ⋅ AModule ⋅ �Module ⋅ FTempCorr

(2)TotalModules = Modules per String × Strings in Parallels

(3)NPV =

N
∑

n=0

cn

(1 + dnominal)
n

(4)LCOE =

∑N

n=0

Cn

(1+d)n

∑N

n=1

Qn

(1+d)n
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3  Results and discussion

To get daily load information from the farmers, a survey was conducted. There were two 
phases to this survey. In phase I, the farmers were questioned about the PV to evaluate 
their knowledge. Phase II involved gathering load information to develop the farms’ PV 
system. The technical, economic, and environmental aspects of the designed PV system 
were calculated and observed. SAM software was used to simulate the PV system for the 
agricultural farms of five major cities of Punjab, Pakistan. SAM displays results in graphs 
that summarize the results from both the performance model and financial model (Alharthi 
et al. 2017). For a sustainable system, multiple parameters of economics were also analyzed 
and calculated such as NPV, PB, and LCOE. SAM’s economic model provides financial 
indicators for various types of renewable energy projects depending on the system’s cash 
flow during a chosen assessment period (Calazans et  al. 2015). For the environmental 
impact, reduction in  CO2emissions was also calculated.

3.1  Survey results

The feedback of the farmers regarding electricity bills has been presented here. In Fig. 5, it 
is shown that around 23% of people have an electricity bill of Rs. 20,000 per month which 
is a huge amount to cover from the monthly income. With the increase in inflation in recent 
years, high electricity bills have become a burden for the farmers.

(5)

CF for payback in Year n >0

= Value of electricity savings × (1 − Effective Tax Rate)

+ State Tax Savings + Federal Tax Savings

+ Total PBI(Production based incentives) − Debt Interest Payment

× Effective Tax Rate

− Total Operating Expenses
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3.2  Technical analysis

The analysis was divided into two cases for every city. Two cases were chosen out of 
nine clusters for the analysis based on PV system size. Nine clusters represent nine 
cases, and for each case, the annual load was calculated through the daily load of farms. 
Seeing all nine cases, only two were selected denoting small-scale and large-scale 
farmers in Pakistan to categorize and generalize all others with the same conditions. 
The farms in Punjab were segregated into two classes, small-scale agriculture farms 
which had less land and limited resources, and large-scale agriculture farms with more 
area of land and resources. In the first case, a PV system of 14.5 KW was designed 
to meet the needs of small-scale farmers. For case 2. a PV system of 145 KW was 
designed according to the daily demands of large-scale farmers. The graphical results 
of both cases are presented to easily analyze the viability.

3.2.1  Case 1: small‑scale agriculture farms

Case 1 represents the results of the simulation for the 14.5 KW system. A city-based 
comparison was drawn in terms of different variables as shown in Fig. 6. Crops year 
was divided into two seasons Rabi and Kharif. Farmers grow their crops according to 
these seasons. Rabi season starts at the end of October and ends in March, whereas 
the Kharif season includes months from April till August/September. Land may 
only be used twice for growing crops with good productivity so only two seasons 
are considered. Location was selected in SAM and all climatic parameters were set 
according to simulations. Figure 6a represents a comparison of the projected solar PV 
system’s monthly energy production and monthly energy usage. In the Rabi season of 
farming, there is less generation due to very low solar irradiance and fewer shining 
hours. During this period of Rabi, the tubewell operates almost for a full day, so, 
electricity is required to fulfill this demand of the load. The system adopted in our 
study is grid-connected. All these farms are grid-connected; hence, there is no need for 
storage because of net metering technology (Agostini et al. 2021; Eid et al. 2014). This 
thing is illustrated in Fig. 6a. Due to irrigation needs, the highest load occurs during 
the day. Irrigation pumps are primarily used from 6:00 to 18:00, which maximizes 
peak demand during the day (Shahzad et al. 2017). The results are contrasting in the 
Kharif season as there is more generation than load. The higher the value of solar 
irradiance falling on the PV module, the more power would be generated (Mehmood 
et al. 2014). Figure 6b shows the sum of 25 years of After-tax cash flow for each city. 
After-tax cash flow can be explained as a measure of a company’s potential to generate 
cash flow through its operations. A positive cash flow suggests that expenses and 
profits are balanced and are agreeable to the system. The project in Multan city has 
the highest cash flow of $126989.3, while Attock has the second-highest cash flow of 
$116951.85. For January and February, there is zero credit for net metering for every 
city as shown in Fig. 6c because of more usage in the daytime of Tubewells, whereas 
from March when there is more generation than usage, there is some credit, and in 
June, we have a balance between generation and demand. So, net metering has again 
zero credits because all generated electricity is used in daily operations. From Fig. 6d, 
it can be concluded that the monthly electricity bill with the PV system is always less 
than the bill without a PV system. Furthermore, the installation of a PV system results 
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in significant monthly savings. Figure  6e reveals that maximum energy injected into 
the grid is in the months of Kharif season when there is a high solar radiation incident. 
The negative power flow shown in Fig. 6e indicates that the energy flows from the grid 
to the consumer as described in a residential system (Xiong & Nour, 2019).
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3.2.2  Case 2: large‑scale agriculture farms

Case 2 represents the results of the Simulation for the 145 KW system. AC energy and 
demand are continually varying and not identical for all cities (Fathi Nassar & Yassin 
Alsadi, 2019). Due to reduced sun irradiation and fewer shining hours during the Rabi 
farming season, there is less generation. However, during the Kharif season, there is more 
AC Energy than load. This thing is demonstrated in Fig. 7a. The highest load occurs during 
the day because of the usage of irrigation needs. Maximum peak demand occurs during the 
day from 6:00 to 18:00 as irrigation pumps are primarily used during this time (Shahzad 
et  al. 2017). Figure  7b shows the sum of 25 years of After-tax cash flow for each city. 
Among all cities, Multan city has the highest cash flow of $12005104.4, while Attock has 
the second-highest cash flow of $1113731.3. Comparing cash flow with those of case 1, 
the larger system has higher cash flow. Aspects such as cloudy weather in the autumn and a 
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brief sunshine period and low solar irradiance in the winter were reported to affect energy 
output in November and December, as well as January and February. During January, Feb-
ruary, July, and August, there is zero credit for net metering for every city found because of 
the high load on farms, we ended with no generated electricity to sell as shown in Fig. 7c. 
From Fig. 7d, it can be concluded that the monthly electricity bill with the PV system is 
always less than the bill without the PV system. Figure 7e reveals that in the months of 
rabi season, electricity is taken from the grid to fulfill the load, whereas in the months of 
Kharif, the electricity is exported to the grid due to excess generation as described (Xiong 
& Nour, 2019). Surplus-generated electricity is channeled into the power grid during the 
other months of the year, and consumers are reimbursed according to mutual agreements 
with the distribution service provider (Imam et al. 2020).

In comparison with other cities, Attock and Multan produced the most output. Both 
cities offer significant potential for PV system installation, with high net metering credits, 
maximum electricity exported to the grid, and massive revenue flows. According to results 
obtained by Owolabi et  al. (2019), where the technical, economical, and environmental 
sustainability of PV in Nigeria was analyzed using RET Screen and Yobe state had come 
out as the best place for PV installation for all the selected locations (Owolabi et al. 2019). 
The system is built upon the same inputs as considering the load demand of farms so it is 
a similar study for which the results are compared. A similar analysis was carried out at 
Kallar Kahar for hybrid RES using Homer Pro. The results of this research showed that 
the hybrid RES may produce more than 50  MW with an LCOE of 0.05744 $/kWh for 
the residential and commercial sectors (Ahmad et  al. 2018). From April to August, the 
electricity exported to the grid for each city is more than usual due to the solar radiation 
effect (Irfan et al. 2019).

3.3  Economic analysis

To design and implement any project, the most important study to verify the system’s 
viability and sustainability is the financial analysis. The system is built upon self-financing.

There are different parameters to access the economics, but NPV, PB, and LCOE 
are preferred (Kassem et  al. 2020) mostly because they might be used to evaluate the 
economics of any project (Chaianong et  al. 2020; Elamim et  al. 2019; Mehmood et  al. 
2014). As discussed (Inmaculada Guaita-Pradas & Marqués Pérez, 2015) for conducting 
viability evaluations, three dominant measures are PB, NPV, and LCOE. SAM helps to 
calculate all these parameters with the requirement of basic input data such as inflation 
rate, discount rate, and interest rates. All these methods discount future cash flows using a 
discounted rate that may be positive or negative (Alshare et al. 2020).

NPV is the present value of the after-tax cash flow discounted to year one using the 
nominal discount rate. NPV is essentially the difference between the present value of 
cash inflow and outflow over a specific period. A positive NPV tells us that the project is 
economically feasible. PB can be defined as the time required in years for the investment 
done on a particular project to be returned either in the form of annual savings or profit. 
Payback time duration accounts for the value of electricity generated, sales and federal tax 
savings, depreciation, debts, and operating expenses. Levelized cost of energy (LCOE) 
is a measure of the project’s total lifecycle cost represented in cents per kilowatt-hour of 
electricity generated by the project for a lifetime.

The parameters that described the financial sustainability of a project are discussed in 
Table 4. The SAM software exercised for the design of the PV system yields a detailed 
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economic evaluation of its results. NPV, PB, and LCOE are enough to visualize the 
performance of any project. The analysis done in Ethiopia to look for the viability of 
the 5  MW PV system showed an NPV of 1,510,636 USD (Kebede, 2015). Economic 
feasibility results shown (Imam et al. 2020) of grid-connected PV systems for apartments 
in Saudi Arabia using SAM software of LCOE, NPV, and PB were 0.0382 $/kWh, $4378, 
and 13,8 years, respectively. These are individual systems installed on the roof available 
at each farm, land is not used. O&M cost is considered at $16kw/year in SAM which is 
according to the local market. Keeping clean from dust is the main maintenance done to 
keep the PV lifetime long and operating effectively. A positive NPV for all the locations 
makes it financially and economically reliable (Mirzahosseini & Taheri, 2012). For case 1, 
Multan city has the highest NPV which is calculated using Eq. (3) of $22,332, the least PB 
which is calculated using Eq. (5) 5.2 years, and the least LCOE which is calculated using 
Eq. (4) 5.73 cents/kWh of all the selected cities which shows that Multan is most feasible 
to deploy PV for farms. In case 2, again Multan has the highest NPV which is calculated 
using Eq. (3) of $210,515, least PB which is calculated using Eq. (5) 5.3 years, and least 
LCOE which is calculated using Eq. (4) 5.37 cents/kWh of all other cities. It shows that 
Multan, a major city in South Punjab, has the greatest potential to install the PV system 
with good economic indicators. The major reason for this huge potential is the high solar 
irradiance in this region.

3.4  Environment concerns

Presently, the major concern of the world is global warming and its hazardous effects. The 
GHG emissions have caused serious health concerns and led to even death of many people 
in the last few years (Mehmood et al. 2014). The main cause of all these harmful emissions 
is a non-renewable power source that includes carbon content in it (Rasoulinezhad & 
Taghizadeh-Hesary, 2022; Asif et  al. 2022). A sense of responsibility is required by the 
individuals and government to play a significant role in this matter. Researchers have come 
to a point that the immediate solution is to migrate to clean and green energy to reduce the 
harmful gases released by using fossil fuels, and hence, only renewable energy is the most 
economical and feasible source.

The GHG emissions reduction was calculated for the selected locations as represented 
in Table 5 (US EPA 2021). The values of annual energy (kWh) are taken from the SAM 
software simulations of each city. For case1, there are small-scale agriculture farms and 
PV system installation of around 14.5 KW, and the highest  CO2 emissions reduction of 
about 14.8 metric tons is in Multan as shown in Table  5. The results show that at five 
different locations for a large-scale agriculture farm, where PV system installation is of 
around 145 KW, the highest  CO2emissions reduction is in Faisalabad and Chiniot at 154 
metric tons.  CO2 emissions reduction was analyzed in Nigeria using RET screen and 
showed a maximum reduction in the Yobe state which is equivalent to 5452.5 tons of  CO2 
(Owolabi et al. 2019). The results found are quite encouraging for installing RES for these 
communities and a better environment in general. When deployed in significant numbers, 
RES will help to eliminate the usage of diesel generators and minimize carbon emissions 
in these locations. Environmental results gained in Algeria using Homer software for 
a grid-connected hybrid system showed a reduction of 20% in  CO2 as compared to the 
conventional system (Saheb-Koussa et  al. 2013). Thus, solar PV system installation for 
agricultural farms will be the first step toward economic and environmental sustainability 
farms.
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4  Conclusion

Renewable energy sources are a more dependable, cost-effective, and financially viable 
solution than traditional energy sources for supplying electric energy to agricultural 
farms. The result of this study demonstrates that photovoltaic panels can be installed 
on both small- and large-scale farms in the rural areas of Pakistan. A complete feasibil-
ity analysis was carried out in the current study to analyze the viability of establishing 
a 14.5KW and 145 KW grid-connected solar PV system in the northern, central, and 
southern regions of Punjab Pakistan, by examining the project’s technical, financial, and 
environmental impacts on the agriculture farms. The financial viability of the grid-con-
nected PV systems was being carried out by using SAM Attock and Multan region were 
being concluded with the highest potential of generating power in both cases along with 
the lowest NPV, PB, and LCOE. The system built has been generalized for farms all 
over Pakistan and then for other countries with the same atmospheric conditions such 
as India. The tariff and net metering facilities can be opted for by the farmers for their 
energy security and sustainability.
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Table 4  Economic analysis

Parameters Case 1 (14.5 KW) Case 2 (145 KW)

NPV ($) PB (Years) LCOE 
(cents/kWh) 

NPV ($) PB (years) LCOE 
(cents/
kWh) 

Attock (A) 22,348 5.5 6.05 193,732 5.6 5.52
Chiniot (C) 9237 7.1 6.72 89,136 7.3 6.23
Faisalabad (F) 9444 7.0 6.69 73,191 8.0 6.21
Mianwali (MWA) 10,144 6.3 6.03 100,655 6.2 5.53
Multan (M) 22,332 5.2 5.75 210,515 5.3 5.37

Table 5  GHG emissions 
reduction

Case No. Annual Energy 
Generation (kWh)

CO2 equivalencies (metric 
tons) (EPA, 2021; US EPA, 
2017)

Case 2: Multan 216,386 153
Mianwali 210,285 149
Faisalabad 217,904 154
Chiniot 217,386 154
Attock 210,603 149
Case 1: Multan 20,875 14.8
Mianwali 19,847 14.1
Faisalabad 19,872 14.1
Chiniot 19,793 14
Attock 19,782 14
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