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Abstract: Renewable energy is considered to be sustainable solution to the energy crisis and climate
change. The transition to renewable energy needs to be considered on a sectoral basis and one such
sector that can potentially decarbonized with renewable energy is the telecommunication sector.
Several base transceiver stations (BTS) in remote regions have unstable electric supply systems.
Diesel generators (DG) are a common solution to energy problems on such telecommunication sites.
However, they have high fuel costs on the global market and contribute to high carbon emissions.
Hybrid renewable energy systems may provide a stable power output by integrating multiple energy
sources, essential for supplying a dependable and uninterrupted power supply in the context of
the telecom sector, notably base transceiver stations (BTS). Deploying such a system might also
help BTS, which relies mainly on diesel generators with battery storage backup, reduce operational
costs and environmental problems. This study presents the framework for large-scale photovoltaic
system penetration based on techno-economic analysis (based on actual on ground data with least
assumptions) in base transceiver stations (BTS) encapsulating telecom sector spread across various
geographical regions. The proposed framework includes a mathematical model complemented with
system design in HOMER software tool. The techno-economic aspects of the study were spread
across 2, 12 and 263 sites, along with comparison analysis of photovoltaic system installation with and
without energy storage devices, respectively. The sites included both on-grid and off-grid sites, which
were exposed to high levels of power outages and subjected to reliance on costly and environmentally
hazardous diesel generators. Optimization results showed that the photovoltaic system with a diesel
generator and battery storage system provide a promising solution to the energy problem, with
an average decrease in LCOE of 29%, DG hour’s reduction by 82% with 92% reduction in carbon
emission and a reduction in NPC of 34% due to the high availability of solar. The techno-economic
analysis indicated that optimized photovoltaic system and storage results in both on—off grid BTS
sites with better options, amid low cost of energy and free accessibility of solar. Moreover, the results
spread across geographical regions aiming at a reliable and environmentally friendly option that
reduces load on utility grid across on-grid BTS sites and substantial overall reduction in diesel usage.

Keywords: telecommunication; hybrid energy systems; net present cost (NPC); base transceiver
stations (BTS); techno-economic assessment; real-time pricing; decarbonization
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1. Introduction

Electricity became one of the fundamental needs to enable human development.
However, growing concerns regarding greenhouse gas emission or carbon emissions raise
grave concerns regarding the energy sources used to generate electricity [1]. In recent
years, renewable energy, in particular solar photovoltaic (PV) technology, saw increased
penetration in the energy system of developed countries. The growth in use of solar PV in
the developing countries is not as rapid as the developed countries [2]. This is limited due to
a number of factors ranging from financial issue to the technical capabilities to understand
the impacts of standalone and integrated energy systems which come with intelligent
interaction between various sources and the consuming bodies. Energy interactions boost
stakeholder involvement for effective energy management, improved economic stability
and the creation of a better power exchange market [3]. However, different sectors in
developing countries are yet oblivious of the benefits of the integrated renewable energy
systems. Without clean and sustainable energy sources, sustainable development is not
possible. In addition, energy is the backbone to improve the income and quality of life
and demand is increasing each day with a direct relationship with as a driving force
for economic growth and industrial development of countries, thus enabling them to
achieve their sustainable development goals. Renewable energy, solar photovoltaic (PV)
in particular, plays a vital role for meeting the demand in the global industry and became
dominant due to availability in excess amount [4].

Solar energy is dominant in most parts of the world and is successfully used for
lightening homes, heating, generation electricity, cooking and for other appliances [5]. In
addition, solar energy use is dominating in both commercial and industrial sectors. The
PV system can be installed with utility grid (on-grid) or remain isolated (off-grid) and
storage system to be used for storing excess of electricity during night or in emergency.
The grid expansion to incorporate off-grid areas can be an expensive option, whereas
isolated off-grid system with optimal sitting and sizing of PV and storage system can be an
economically viable option [6,7].

A study in [8] illustrated the effects of techno-economic and LCE on the proposed
system under the current conditions, and the present study’s analysis demonstrates the
importance of standalone HES. In Bangladesh’s distant areas without access to the grid,
the standalone application’s design and execution can be guided by the feasibility analysis
presented in this study. Additional studies are necessary to investigate the effects of the
load cycle, the cost related to battery deterioration and the effects of dirt or soiling on the
performance of PV modules. Future work should include demand response programs
employing intelligent approaches and day-ahead and intraday forecasting of connected
load demand and meteorological resources. The study [9] investigated size PV /wind and
wind-based hybrid systems with the MGT, DG and FC to simultaneously meet the electric
and thermal demands. This research supplied the thermal loads using both EE and RWH
choices. This analysis used HOMER software to examine six distinct hybrid scenarios
across Australia’s five different climate zones.

This study [10] examined how micro and macro modeling techniques handled CO,
emissions under various transport circumstances. Several approaches were put out con-
cerning traffic, fuel usage and CO, modules. On the one hand, the macro-scale approach
makes it possible to comprehend the choices that must be made to reduce CO, emissions
on a global level, but the precise contribution of each field is not adequately described.
Micro-scale tools, on the other hand, simulate vehicle interactions. Since there is so much
ambiguity around carbon decision-making in the transportation sector, the potential of
CO; emission planning needs to be clarified in this case. Finding practical and dependable
RES is required to reduce GHG emissions [11]. Energy storage devices are needed to mini-
mize power variability because, despite expanding trends toward deploying renewable
energy sources, their intermittent nature creates uncertainty. As a result, hydrogen gained
recognition as a flexible substitute for traditional ESS for the extensive decarbonization of
several economic sectors. A significant source of CO; emissions worldwide is the stationary
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sector, which includes power generation, industry, residential and commercial buildings
and backup systems.

The crucial problem of establishing a unified price for greenhouse gas emissions in
transportation policy was addressed in this paper [12]. Only political decisions based
on solid economic principles may accurately assess their effects and consistency with the
suggestion of specific measures. The values now offered by scientific literature, which might
range up to six orders of magnitude, are not helpful. Researchers [13] should also revise
their presumptions on system degradation, full-load hours, economic lives and expenses
associated with operation and maintenance. The scenario community should also work to
comprehend and focus more on the fast-falling cost of renewable energy technologies, as
this factor significantly influences the outcomes of model-based energy scenarios. Some
academics contend that modular renewable energy solutions exhibit cost declines that
follow an exponential curve rather than a power-law-experience curve, resulting in a far
less obvious “leveling-off” of cost decrease. These assertions demand more significant
consideration, and frequent testing in “edge case” energy scenarios is necessary.

The electricity expansion cost estimation comprises four factors including installing
cost of new transmission lines, cost of production in power plants, loss in both transmission
and distribution lines and concerned load factor. In the remote areas of developing coun-
tries, the power failure and load shedding are very usual and directly influences various
sectors. The telecom is one such sector, where mobile operators are unable to work properly
across respective base transceiver stations (BTS) due to situations such as load shedding and
the use of diesel generators to meet the demand and charging the storage system [14]. The
comparatively less capital cost of the diesel generator is subjected to cumulative impact of
various factors such as maintenance, operation, fuel price and emission of and greenhouse
gas (CO,) emissions. However, renewable solar energy has comparatively high capital cost
that can meet the demand efficiently subjected to optimal sizing of the components. Thus,
substantial statistics are required to support the BTS system ensuring sustainability [15-17].

On the other hand, the load is an important factor that is not constant and varies with
respect to time, and the load is not that smooth in remote on-grid and off-grid areas. It
is well established that optimal utilization of renewable energy resources can efficiently
serve grid connected and standalone systems. The prominent key components required
are a PV system, power converters, charge controllers and a storage device [15,18]. The
solar renewable energy has a vital impact on the power industry regarding cost, output
power and dependency and percentage around the globe is much higher [19]. However,
unlike the on-grid system, the electric load demand around 24 h cannot only be fulfilled
by the standalone system (solar and/or wind) only. Therefore, there must be hybrid
renewable energy resources (HRER) with the combination of DG and storage devices. Due
to the intermittent nature of the solar radiations and speed of wind, there is a variation in
renewable generation [20].

The critical analysis [21] offered future research directions. Future studies should
examine how different RES evaluation methods differ from one another and how they can
be combined with other ways to create performance indicators that are more dependable
and efficient. Just roughly 23% of the evaluated studies appeared to reveal some connection
between one another, ignoring the complementarities of these indicators. Although the use
of TPEM with ROA, in particular, is well established, LCOE is still widely employed as a
stand-alone method and could benefit from inclusion in more comprehensive studies, such as
those that address the uncertainties of the energy markets and technological advancement.

The financial performance of the models [22], particularly the integrated reflective
paint GIPV model, which is the most cost-effective implementation in the three different
locations with an IRR of 26.45%, 21.6% and 16.85% and an ROI index of 18.32%, 15.68%
and 13.23% for Aswan, Cairo and Alexandria, respectively, showed auspicious financial
performance for each model. Researchers and practitioners in the energy sector can build
on the findings of this study to implement practical energy-efficient solutions, particularly
in hot climates, that would significantly reduce energy consumption, increase energy
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production, improve thermal comfort and offer a sustainable alternative to the solutions
currently based on conventional fossil fuels.

The telecom sector required a lot of energy that purely obtained by the burning of fuel
(diesel). Therefore, to achieve the sustainable development goals (SDG-7: ensure access to
affordable, reliable, sustainable and modern energy for all), it is necessary to remove the
diesel generator in the telecom sector and this paper aimed to address the same. Different
BTS sites are taken for integration of solar energy with the help of battery storage system
because with the environmental aspects (CO, emission and greenhouse gas emission) and
fuel of the diesel, DG is not economical. To meet the electrical needs of the telecom towers,
this research evaluated the lowest feasible levelized cost of electricity, net present cost,
operational cost, internal rate of return and return on investment. Finally, we compared
and contrasted the financial viability of hybrid telecom tower systems powered by PV,
diesel and a battery storage system to the currently available conventional options.

The new aspect of the proposed study is the simultaneous assessment of various
decision factors to discover the optimal system. As a result, the LCOE, NPC, ROI, DG
hours and carbon emission are used as decision-making factors. Another original aspect of
this work is the utilization of real input datasets. The fiscal year 2021-2022, which reflects
the country’s actual situation, was utilized to calculate the inflation and discount rates. The
suggested study focused on areas with a range of topographical and climatic characteristics.
In conclusion, the proposed research is novel because it considers all the fixed errors found
in the literature.

Major Contributions
Major contribution of this work is as follows:

(a) To comprehend the nature of power outage events at various outdoor telecom towers
over a geographical region, examining the grid power accessibility at multiple locations;

(b) To create hybrid systems with PV arrays sized to perfection to meet the electrical
needs of telecom towers in various power-outage circumstances across the country;

(¢) To determine the levelized cost of electricity needed to power telecom towers using
hybrid systems based on PV arrays;

(d) Compared to the currently available conventional choices, compare and evaluate
hybrid systems’ financial viability (LCOE and NPC) based on PV arrays for powering
telecom towers.

This paper is organized in six sections; the introduction and major contributions are in
Section 1, while Section 2 describes recent studies on techno-economic analysis, Section 3
presents the methodology, with case studies and results presented in Section 4, and in
last, Section 5 presents discussion and conclusion with research methodology flowchart in
Figure Al.

2. Recent Studies on Techno-Economic Analysis of Hybrid Energy System

A large number of research articles examined the techno-economic feasibility of HES
as well as a standalone energy system. The on-grid BTS are usually situated in urban areas
over some buildings and off-grid counterparts in the open areas. Both types can be situated
across diverse geographical areas with varying amount of solar irradiation. The hybrid PV
system can be installed with storage devices with the DG for the telecom sites, without any
additional reinforcement to the available infrastructure [23]. In addition, carbon emission is
a serious issue amid climate change that occurred due to the usage of DG; thus, a renewable
energy system is suitable as a technic-economic alternative [24].

In this study [24], a grid-free HRES was created to meet an isolated community’s
electrical needs in South India. The analysis was completed using the HOMER software
tool and an affordable HRES setup was achieved. Simulations were performed based on
the study site’s load profile characteristics and available RERs. The HRES system consisting
of PV/DG/BESS was determined to be the most practical from the simulation assess-
ments, which clearly showed that component sizes, cash flow summaries, electrical energy
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generation and greenhouse gas emissions were considered. Authors in [25] explained
that based on the utilization of multiple DERs, the concept of the microgrid “FTN” was
presented at the Faculty of Technical Sciences (FTN) in Novi Sad. An investigation of the
techno-economic and ecological factors was conducted to obtain more detailed information
and a more comprehensive picture of the suggested concept’s value. The techno-economic
and ecological study determined that all types of RES have enormous potential and should
be employed in a very contemporary and effective manner. The microgrid “FTN” has a
payback period of around 12 years, which supports the investment’s validity and suggested
design based on the techno-economic and environmental research results.

According to techno-economic study, a hybrid energy system including solar PV, small-
scale wind, diesel and batteries is the best option for cities. Aside from that, it emits the least
CO; and is, therefore, pollution free. When solar and wind both are installed on the telecom
site, the electrical energy that is generated from the PV-DG and wind system is directly
fed to the base transceiver station load with the help of the battery storage system and
charge controller. The main purpose of a battery is to store energy that can be used during
low production of solar during the night, when only wind energy works. The value of
standalone or grid-connected hybrid and PV-based solutions by listing the techno-economic
and environmental implications of the suggested system under the current conditions is
illustrated in this article [26,27].

In order to achieve a cost-effective solution with high reliability employing RE re-
sources, such as solar and wind energy options, this work formulates and pinpoints the
ideal HES configuration. The study also creates a model for how the proposed HES will be
implemented, along with the associated opportunities and obstacles. The feasibility analy-
sis provided in this study can be used as a guide for developing standalone applications in
remote locations without access to grid utilities or hybrid grid-connected power stations in
Bangladesh. Future studies must examine how battery charging and discharging cycles
affect the battery’s lifetime and the associated energy costs.

For the configuration of multi-generational assets, a generalized model was created
in this study [28]. A smoothening method based on BESS was developed to reduce the
intermittent behavior of RE sources. In several types of microgrid configurations, the ideal
sizes for BESS, solar PV, biomass and diesel generators were shown. The built-in feature
that takes into account the variable nature of generating units and load, including seasonal
variation in DER generators and microgrid demand, deterioration of DER and the efficiency
of DERs while taking into account all limitations and constraints of all DERSs, is the ultimate
example of the developed model. This study [29] introduced a novel optimization technique
based on the frog mutation algorithm. This study’s primary goal was to identify the best
solution for microgrid energy management under diverse conditions. The ideal amount of
dispersed generation resources can be determined by considering the objective function’s
output, which considers pollution, losses and operating costs.

In this study [30], a multi-storage polygeneration solar microgrid for an isolated system
was constructed, and the efficacy of a power management technique was assessed using
the HOMER Energy software tool and evaluated in eight distinct climate zones across the
US. Specifically, a techno-economic analysis of NPC and COE, as well as an environmental
analysis of carbon dioxide generated and avoided, was conducted and reported.

This paper [31] addressed an improvement in the techno-economic optimal size of an
off-grid MG system in the presence of autonomous days using solar radiation, temperature
difference and wind speed as data. The DPSP is the foundation of this method for examining
system reliability. The system cost was investigated using the EC as well as the TNPC. We
analyzed two MG system configurations: PV, battery and PV, wind, battery to demonstrate
the effect of autonomous days on the system performance and cost. A comparison study
showed that an excessive battery capacity can enhance the initial investment of the MG
system. This article [32] reviewed studies on distributed energy systems, mainly concerned
with rural electrification. Recent research papers that appeared in reputable journals were
examined. Table 1 compares the contributions and novelty of the suggested investigations
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to earlier studies in-depth. The selection of sites in past research was primarily based on
a random examination, with the same energy sources used for inquiry at each location.
This was similar to how most study chose common and standard components for each
site or employed the hit-or-trial method to achieve results that were close to perfect but
not yet commercially feasible. On the other hand, the use of storage technology differs
depending on the climate zone of each understudied site. It is significant to highlight that
earlier studies evaluate the suggested analysis under perfect conditions.

Table 1. Techno-Economic (feasibility) studies on HES published during (2017-2022).

Sr. . Publication BTS  lechnical Characteristics Components  Objective Functions

Location . Load Type
No. Year Site. PV WE BG DG BC BA LCOE IRR ROI
1 Buea Cameroon [25] 2022 X v v X v X X v X v Telecom
2 India [26] 2022 X v v X v X v 4 X 4 Domestic
3 Nigeri [27] 2022 X v v X X X v (4 X X Rural
4 Northern India [3] 2021 X v v X v X v v X v Residential
5 Rajshahi, Bangladesh [28] 2021 X v v X 4 X v 4 X v Residential
6 Delhi, India [29] 2021 X v X (4 X X v X v X Residential
7 Sousse, Tunisia [30] 2021 X 4 v X X X v v X X Commercial
8 Lanzhou, Gansu, China [31] 2020 X X v X v v v v X v Industrial
9 Koh Jik island, Thailand [32] 2020 X 4 X X v 4 v X X 4 Island
10 Baghdad, Iraq [33] 2020 X v X X X v v X X X Residential
11 Benin, Africa [34] 2020 X v X X 4 v v X X 4 Village
12 Uttar Pradesh, India [35] 2019 X v X X X 4 v X X X Village
13 Chungbuk, South Korea [36] 2019 X v X X v v v X X 4 Town
14 Jubail, Saudi Arabia [37] 2019 X v (4 X v v v X X X Industrial
15 Jiuduansha, China [38] 2019 X v v X X v (%4 X X v Island
16 Kallar Kahar, Pakistan [39] 2018 X v v v X v v X X X Rural
17 Izmir Province, Turkey [40] 2018 X v v X v v v X X 4 Residential
18 Saudi Arabia [41] 2018 X v v X X v X v X 4 City
19 Godagari, Bangladesh [42] 2018 X v X X v v v v X X Rural
20 Himalayas, India [43] 2018 X v v X v v v v v X Village
21 South Korea [44] 2017 X v v X v 4 v v X v City
22 Kilis, Southern Turkey [45] 2017 X v X X v 4 4 v X X Residential
23 Saudi Arabia [46] 2017 X v v X X v v X X 4 Community
24 Layyah, Pakistan [47] 2017 X v X v X v v v v v Agricultural
25 Varanasi, India [48] 2017 X v X X X X X 4 v 4 Homes
26 Tsumkwe, Namibia [49] 2017 X 4 X X (4 4 v v (4 v Residential
27 Sarawak, East Malaysia [50] 2017 X v X X X v v v v v Village
28 Colombia [51] 2017 X v v X v 4 v X v 4 Village
29 Shafar, Yamen [52] 2017 X v v X v v X X v 4 Household
30 Sabah, Malaysia [53] 2017 X v X X v v v v X v Community
31 Hendijan County, Iran [54] 2017 X v v X v v v (4 X X Industrial
32 Chile [55] 2017 X X v X X 4 X X X 4 Residential

Notes This table illustrates the literature review that have been used to generated electricity by renewable energy
resources. Location illustrates the area that is considered by the authors in their articles for research studies.
However, architecture presents the system: On-grid (with RER) or Off-Grid (without RER). PV and WE stands for
photovoltaic and wind energy, respectively, while BG is biomass/biogas generator, DG stands for Diesel Generator,
BC is bidirectional converter and BA stands for batteries. At last, load type section provides the details regarding
electrical load examined by the authors such as residential, commercial, rural, agricultural and industrial.

Existing and Proposed Base Transceiver Stations (BTS) Design Framework

In the existing base transceiver stations (BTS), there is only diesel generator that is
used for source of electricity. The diesel generator is not environmentally friendly and fuel
cost is not economical. Thus, the integration of renewable energy resources such as wind
and solar is mandatory for these sites [56].

The research shows that many available renewable energy resources such as wind,
tidal, ocean and solar energy can be used. Renewable energy resources replaced traditional
resources (such as diesel, etc.) due to clean and green resources with environmentally
friendly resources [57,58]. In the past few years, the integration of photovoltaic energy
gradually increased, and due to this, the installation doubled. The new world technology
is heading towards distributed energy generation. The photovoltaic PV module or PV cell
should be studied to integrate the photovoltaic. PV cells combine to make an array. Thus,
the combination of series and a parallel array is called a module [59,60]. Research proves
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that solar energy has high potential; that is why solar as a renewable energy resource was
used for this research.

In the proposed BTS system, the solar panels are integrated as the primary input
electricity source [20,61]. For storage, a lithium-ion battery bank was used. Therefore,
excess solar energy was stored in their batteries that can be used during off-peak hours of
solar energy [62]. The new BTS model framework is shown below in Figure 1.

DC Bus AC Bus

R

i

Telecom Tower Load /
Site load

Battery Storage System

Converter
(AC/DC)

Figure 1. Integration of PV with Base Transceiver Stations (BTS).

3. Methodology
The approach for this study is presented in following sections.

3.1. Site Selection and Load Estimation

There are 263 BTS (base transceiver stations) sites distributed in the south, north and
central regions of Pakistan. In this paper for analysis, a total of 14 sites out of 263 were
taken, in which 2 sites were taken as reference, 3 sites were taken from north region (named
as N1, N2 and N3), 4 sites are taken from the central (named as C1, C2, C3 and C4), 5 sites
were taken from south (named as S1, 52, 53, 54 and S5). The average and maximum loads
of all sites are shown in Figure 2, and Table 2.

5.0 — T T T T~ T T T T T T 1
Il Average Load (kW)

I Maximum Load (kW)
45 |

bt B
2] =)

Load (kW)
»
o

25

2.0

1.5

NO SO N1 N2 N3 C1 C2 C3 C4 o1 S2 S3 S84 S5
Site Designations

Figure 2. Site Description and load estimation.
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Table 2. Site Description and load estimation.
Sr. No. Site Designations Avg. Load (kW) Max. Load (kW)

1 Base Site NO 2 2.8470

2 Base Site SO 2 2.8470

3 N1 2.459 3.5

4 N2 2.2482 3.12

5 N3 1.8268 2.6

6 C1 2.9796 4.241

7 2 3.30206 4.7

8 C3 1.932 2.75

9 C4 1.5456 2.2

10 S1 2.24822 3.2

11 52 1.75642 2.5

12 S3 1.6862 2.4

13 S4 2.24822 3.2

14 S5 1.616 2.3

Important targets are achieved by the help of proposed BTS system.

(1) Stations will become clean source of energy. Thus, there will be no CO, emission and
environmentally friendly systems;

(2) The running hours of DG (diesel generator) is reduced. Thus, the net present cost
(NPCQ) is reduced;

(8) There is less dependency on DG, because the primary source is currently solar energy.
Thus, power shortage issues are also resolved.

3.2. Mathematical Model Relationships

The mathematical model that was used for this system on Excel had formulas that are
given below.

The mathematical relationship to calculate DG yyy, is shown in Equation (1):

Batterywy,

DGy, = IF((17 % Pf * DGyya) — (load) > ( 1000

+ load) (1)
In order to find the battery kWh, the mathematical relationship used is shown in
Equation (2):
Batterywy x pf * 9y o)
1000
To calculate DG number of hours and battery cycle rate, the mathematical relationship
used is shown in Equations (3) and (4), respectively:

Batterygwy,

DGH : Sum (On state : Of f state) ©)]
1000

sCR . DGuwn —load (NoroF batferies) @
' 48 100

For DG fuel consumption and to find the cost of system the mathematical relationship
used is shown in Equation (5):

DGFC: 85z 4 FC + DGH (L/h) -
size 5
COS TISkW * 1000 * (EPCPKR/Wbattery)

The mathematical relationship used to find annual production kWh/kW is shown in
Equation (6):
APkWh/kW : DGH x 1 * TISkW

(6)
kWhproduction : TISpw * APkWh/kW
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The mathematical relationship used to find cost of energy replaced (PKR) and loan
amount is shown in Equation (7):

COER pkr : (COUS/kW) %« kWh

@)
LApKR . TI((Vo) * COSPKR

The mathematically expression used to calculate total payment for loan and equity
and bank payment is shown in Equation (8):

TLP: BP/year x EP/year
BP : IF (years > PPIyeqy) \Assumptions = APR:9 %, years:5

®)
Value if true : PMT(APR, years,LA) ; Valueif false:0
. ILP
MBp : ILP
The expression used to calculate bill amount is shown in Equation (9):
BA : (COEper ynit/year) * 17,520 (
9)

BAper month BA/12

The mathematically expression used to find bill of genset fuel/year and unit of cost of
energy is shown in Equation (10):

BOGF /year : GF (L/h) * NOH * FR/liter

(10)
COEper unit COEper unit (previous) * (1 + INF) \ INF :2.5%

The mathematically expression used to for annual recurring costs is shown in Equation (11):

ARC: (IC + DGC + DGMC + DGOHCost + TC + SC + RC+

(11)
SMC + BOMC + RC + SMRC + BSC/year)

The mathematically expression used for O & M + insurance and yearly savings/year
is shown in Equation (12):

OMIC : (—1% COS pgg * insurance/Yr) — ARC
(12)

Yearly Savings/Yr : 371;1 - ZBOy# + % + ny(rz +TLP

The mathematical expression for cumulative savings/year and cost of fuel per month
and O & M cost/month is shown in Equation (13):

Commulative Savings/Yr : (Yearly Savings/Yr) + (Previous Commulative Savings/Yr)

. BOGF /year
Fcper month - 12 !

OMcper wonth - OMC+{gsurnace
(13)
The mathematically expression used for tax value and revenue after tax and profit
after bank payment is shown in Equation (14):

TV : 0.045 * BAper ponti

RAT: BAper month — Z(OMcper month Fcper month + TV) (14)
PABP : MBP + RAT
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AC: Z{

The mathematical expression used to find auxiliary costs and initial CAPEX is shown
in Equation (15):

LIC+ RCC+ SSC+SHC+ DTC + RC + STC + RPC + GC + SCWC+
STIC + RMSC + RMC + SMC + EPC+ ATWC + HSC + DGC27 (15)
Initial CAPEX (PKR) : AC 4 (SPMC x TISyy % 1000)

The mathematically expression required for payback and ROI in years and energy
savings in 10 years is shown in Equation (16):

. CIxCOS . . 309
PBM : SEEOSPKR - CT:30%

Energy Savings 19 years (pkr) : AOB(Old case) — AOB(New case) (16)

ROI in Years : Months requzrlezd for PayBack

3.3. Potential Cases for Implementation of Proposed BTS System

All cases that were used for implementation of proposed BTS system are as follows.

3.3.1. Solar PV Panels

To integrate solar on 263 sites with better technical and economic perspective, the
two-reference base case were designed. On the basis of these two-reference case, the other
cases were implemented. Two base cases with names were base north and base south
sites having average load 2 kW and maximum load was 2.8467 kW, which are listed in
Table 3. The cost and respective technical parameters of this selected PV segment and
battery storage system are enlisted in Tables 4 and 5.

Table 3. Selected base BTS sites.

Site Site Load Rectifier Solar Space
Sr.No Region Names Site Codes =~ DG Make DG (kVA) (kW) C;(illzé\c];ty City Availability
1 North NO MBT3950 HP Perkin 27 2.8470 18 Rawalpindi YES
2 South S0 MDSI5759 CM Perkin 27 2.8470 18 Karachi YES
Table 4. Technical and cost parameters of selected solar module.
Operating Rated Temp. . . A Derating . Replacement
Temp Capacity Coefficient Efficiency Lifetime Factor Capital Cost O & M Cost Cost
®) kWp (%/°C) (%) (year) (%) ®) ($/year) (%)
47.5 0.300 —0.38 19.5 25.00 80.00 209 3.20 178
Table 5. Technical and cost parameters of selected battery storage system.
Min. State Degradation Nominal . cp Ground . Replacement
of Charge Limit Capacity Trip Losses Lifetime Reflectance Capital Cost O & M Cost Cost
(%) (%) (kWh) (%) (year) (%) $) (8/year) ®)
18.00 25.00 1.02 9.1 10.00 20.00 210 11.00 190

3.3.2. Case of 12 Selective Sites

A total of 12 sites were selected from 263 sites with diverse geographic regions includ-
ing the north, south and central regions. Therefore, fixed price for one unit of energy was
kept 128 PKR. The 12 sites that were selected are enlisted below in Table 6.
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Table 6. Relevant information of selected BTS sites with energy demands.
Rectifier
. Site . Site Load . . Solar Space
Sr. No Region Names Site Codes DG Make DG (kVA) (kW) Ce(lllz‘a:s;ty City Availability
1 Central C-1 LHR1459 CM Perkin 27 58 18 Lahore YES
2 Central C-2 LHR4749 HP Perkin 20 53 18 Lahore YES
3 Central C-5 PPL4965 HP Perkin 20 3.3 18 Bukkar YES
4 Central C-6 TSA7842 CM Perkin 27 34 27 DG Khan YES
5 North N-1 HWY1795 GJ Perkin 20 2.2 18 Chakwal YES
6 North N-2 RUR3407 CM Perkin 27 3.6 18 Dir YES
7 North N-3 SPH1778 CM Perkin 27 2.0 18 Gilgit YES
8 South S-1 HUB5038 CM Perkin 27 24 18 Karachi YES
9 South S-2 MDKA4714  CM Perkin 27 34 18 Karachi YES
10 South S-3 MDHY4599  CM Perkin 27 2.3 18 Hyderabad YES
11 South S-4 MR245214 CM Perkin 27 2.0 18 Rajan pur YES
12 South S-5 MDQU6169 CM Perkin 27 2.2 18 Quetta YES
3.3.3. Case of 263 Selective Sites
The geographic diversity of the 263 sites is shown in Table 7.
Table 7. Total 263 selected BTS sites.
Sr. No North/South/Central Region Sites Available Sites Not Available Sites
N-1 26 24 2
1 NPT N-2 117 106 11
RN N-3 41 40 1
C-1 5 5 0
2 Central C-2 2 2 0
C-1+C2+C-3+C+4 C-3 5 4 1
C-+4 20 20 0
51 14 12 2
S-2 10 8 2
South
3 S-3 5 5 0
S5-1+S52+53+5-4+6S5-5 S-4 13 13 0
S-5 5 5 0
4 Total Regions-12 263 244 19

4. Case Studies and Results

In this section, the techno-economic comparison of all 12 sites with the 263 selective
sites that covered south, central and north regions were discussed by using HOMER
simulation tool and mathematically model in Excel.

4.1. Case-A: Technical and Economic Comparison of 2 Base Sites

Two reference base sites named Base North and Base South were developed for
the integration of solar having maximum loads of 2.8467 kW and average loads of 2 kW,
respectively. However, these two reference instances were used as a guide for implementing
the other scenarios. Given the understudied areas’ climatic (temperature) characteristics,
this research utilized the generic lithium-ion (G-LI-ASM) advanced battery storage model
to deliver optimum performance. The temperature effects were used in generic lithium-ion
to model the degradation losses. The string size for batteries was fixed at 5 and 4 for Base
North and Base South, respectively, because a PV module with a nominal rated voltage
of 40 V was linked to a DC bus as an energy source to retain 40 V at the DC bus. As a
result, Base North and Base South sites’ fixed prices for one unit of energy was 128 PKR
and variable price for one unit of energy was 118 and 113, respectively, which are shown in
Table 8.
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Table 8. Base/Reference Sites Data.

Sr. No. Base North Site Base South Site
PV (kW) 9 9
No. of Batteries 5 4
DG Hours 965 921
Battery Autonomy 8.16 6.528
DG Fuel Consumption (L/h) 4632 4420.8
Rate Fix (PKR) 128 128
IRR/ROI Fix 48/2.985 55/2.4474
Rate Variable (PKR) 118 113
IRR/ROI Variable 37/4.8776 37/4.858
Average Load (kW) 2 2
Maximum Load (kW) 2.8470 2.8467

4.2. Selective Sites with Same and Different Tariff

It was observed from the results of the two base site cases that IRR and ROI was not in
preferable limits in fix tariff; therefore, the tariff varied from site by site, so that ROI and
IRR can be in desired limits. The selective sites with different tariff are shown in Table 9.
The tariff varied from minimum 105 PKR (0.583USD) to maximum 147 PKR (0.817USD)
and fixed tariff was 128 (0.711USD), because value of 1USD is equal to 180 PKR.

Table 9. Selective 12 sites with fix and different tariff.

Sr. No. Site Designations Fix Tariff (PKR/$) Var:;l;v(lle{/";e)lrlff
1 N1 128/0.711 130/0.722
2 N2 128/0.711 124/0.689
3 N3 128/0.711 141/0.633
4 C1 128/0.711 140/0.777
5 2 128/0.711 147/0.817
6 C3 128/0.711 112/0.622
7 C4 128/0.711 105/0.583
8 S1 128/0.711 123/0.683
9 S2 128/0.711 110/0.611
10 S3 128/0.711 108/0.600
11 S4 128/0.711 123/0.683
12 S5 128/0.711 106/0.588

4.3. Case-B: Technical and Economic Comparison of All 12 Sites

In this section, techno-economic of all 12 sites are discussed in Tables 10-12.

Table 10. Technical and Economic Comparison of all selective 12 sites.

Site N1 Site N2 Site N3

Techno-Economic . - . - . .
Evaluation Parameters Without With Math Without With Math Without With Math

Solar Solar Model Solar Solar Model Solar Solar Model
PV (kW) 0 12 12 0 11.9 12 0 8.9 9
Number of Batteries 3 4 4 3 4 4 4 5 5
DG Hours 5884 1380 1264 5884 1220 1115 5375 1169 855
Battery Autonomy 0.948 6.1 6.528 0.948 6.87 6.528 1.26 7.99 8.16
DG Fuel Consumption (L/h) 8412 4255 6067.2 8412 4258 5352 8424 4391 4104
IRR (Fixed Tariff) — — 36 — — 41 — — 52
ROI (Fixed Tariff) — — 5.402 — — 3.95 — — 2.984
ICAPAX ($) 12,642 19,090 24,100 12,642 19,590 24,100 13,642 19,091 23,866
ECAPAX ($) — — 2057 — — 2040 — — 1992
Same Tariff ($) 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711
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Table 10. Cont.
Site N1 Site N2 Site N3
Techno-Economic . . . . . ;
Evaluation Parameters Without With Math Without With Math Without With Math
Solar Solar Model Solar Solar Model Solar Solar Model
Different Tariff ($) 0.722 0.722 0.722 0.689 0.689 0.689 0.633 0.633 0.633
IRR (Different Tariff) — — 38 — — 37 — — 36
ROI (Different Tariff) —_ —_ 4.743 —_ —_ 4.95 — — 4.924
Average Load (kW) 2.459 2.459 2.459 2.2482 2.2482 2.2482 1.8268 1.8268 1.8268
Maximum Load (kW) 3.5 3.5 3.5 3.12 3.12 3.12 2.6 2.6 2.6
LCOE ($/kWh) 0.356 0.234 0.235 0.356 0.232 0.233 0.356 0.233 0.234
Net Present Cost ($) 98,262 64,383 — 98,262 64,364 — 98,348 64,192 —
O & M Cost ($) 8140 4254 — 8140 4257 — 8053 4288 —
87,727 = 88,211 = 87,571 =
Total Cost ($) 119,044 26,318 26,157 119,044 26,463 26,140 116,278 26,271 25,858
(30%) (30%) (30%)
Table 11. Technical and Economic Comparison of all selective 12 sites.
Site Site C1 Site C2 Site C3 Site C4
Techno-Economic C1-C3 ite ite ite ite
Evaluation . . . . . .
Parameters Without With Math With Math With Math Without With Math
Solar Solar Model Solar Model Solar Model Solar Solar Model
PV (kW) 0 11.8 12 13.9 14 9 9 0 8 8
Number of Batteries 4 5 5 5 5 5 5 3 4 4
DG Hours 5375 1678 1464 1628 1573 980 790 5884 850 752
Battery Autonomy 1.26 8.1 8.16 8.32 8.16 8.02 8.16 0.948 6.9 6.528
?Lc/'}f)uel Consumption g9, 4154 7027.2 4022 7550.4 4411 3792 0 8 3610
IRR (Fixed Tariff) — — 25 — 19 — 55 — — 65
ROI (Fixed Tariff) —_ —_ 18.46 —_ 42 —_ 2.413 — —_ 1.897
ICAPAX ($) 13,642 20,559 25,045 21,590 25,922 19,142 23,866 12,642 17,642 22,344
ECAPAX ($) — — 2173 — 2252 — 2100 — 1825
Same Tariff ($) 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711
Different Tariff ($) 0o o 0.777 0.817 0.817 0.622 062 0583 0.583 0.583
IRR (Different Tariff) — — 37 — 37 — 36 — — 37
ROI (Different Tariff) — — 4935 —_ 4912 — 4.838 — —_ 4.803
Average Load (kW) 2.9796 2.9796 2.9796 3.3021 3.3021 1.932 1.932 1.5456 1.5456 1.5456
Maximum Load (kW) 4.241 4.241 4.241 4.7 4.7 2.75 2.75 2.2 2.2 2.2
LCOE ($/kWh) 0.356 0.299 0.30 0.298 0.299 0.233 0.232 0.356 0.244 0.25
Net Present Cost ($) 98,348 63,368 — 63,190 — 64,486 — 98,262 67,508 —
O & M Cost ($) 8053 4070 — 3949 —_ 4311 — 8140 4741 —
87,997 = 88,729 = 8793 = 89,891 =
Total Cost ($) 120,043 26,399 27,218 26,618 28,174 26,381 25,966 119,044 26,967 24,169
(30%) (30%) (30%) (30%)
Table 12. Technical and Economic Comparison of all selective 12 sites.
Site Site Site S1 Site S2 Site S3 Site S4 Site S5
Techno-Economic 51/54 52/83/S5
Evaluation Parameters Without Without  With Math With Math With Math With Math With Math
Solar Solar Solar Model Solar Model Solar Model Solar Model Solar Model
PV (kW) 0 0 8.96 9 8 8 9 9 8.97 9 8 8
Number of Batteries 4 3 5 5 4 4 4 4 5 5 4 4
DG Hours 5375 5884 1196 1087 1021 907 932 815 1121 1087 796 791
Battery Autonomy 1.26 0.948 8.2 8.16 6.6 6.528 6.65 6.528 8.22 8.16 6.43 6.528
g%ﬁ)ud Consumption 8424 8140 4494 5218 4807 4354 4653 3912 4370 5218 3800 3797
IRR (Fixed Tariff) — — — 43 — 59 —_ 61 — 43 — 64
ROI (Fixed Tariff) — — — 3.69 — 2213 — 2.076 — 3.691 — 1.967
ICAPAX ($) 13,642 12,642 19,144 23,866 17,642 22,344 18,142 22,644 19,129 23,866 17,642 22,344
ECAPAX ($) — 2065 — 1834 — 1829 — 2066 — 1827
Same Tariff ($) 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711
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Table 12. Cont.

Site Site

Site S1 Site S2 Site S3 Site S4 Site S5

Techno-Economic 51/54 52/83/S5
Evaluation Parameters Without Without  With Math With Math With Math With Math With Math

Solar Solar Solar Model Solar Model Solar Model Solar Model Solar Model
Different Tariff ($) 0.683 (())651- 0.683 0.683 0.611 0.611 0.60 0.60 0.683 0.683 0.588 0.588
IRR (Different Tariff) — — — 37 — 36 — 37 — 37 — 36
ROI (Different Tariff) — — — 4.854 — 4.944 — 4.805 — 4.854 — 4.923
Average Load (kW) 2.2482 1.7564 2.24 2.24 1.75 1.75 1.686 1.686 2.248 2.248 1.616 1.616
Maximum Load (kW) 3.2 25 3.2 3.2 25 2.5 24 24 32 3.2 2.3 2.3
LCOE ($/kWh) 0.356 0.356 0.236 0.356 0.247 0.248 0.243 0.242 0.236 0.236 0.245 0.245
Net Present Cost ($) 98,348 98,262 65,331 98,348 68,211 — 67,082 — 65,091 — 67,631 —
O & M Cost ($) 8053 8140 4391 8053 4807 —_ 4653 — 4370 — 4752 —

88,866 = 90,660 = 89,877 = 88,590 = 90,025 =
Total Cost ($) 120,043 119,044 26,659 25,931 27,198 24,178 26,963 24,473 26,577 25,932 27,007 24,171
’ (30%) (30%) (30%) (30%) (30%)

The solar was integrated on 12 different sites in three regions. Therefore, it can be seen
that the DG hours and DG fuel consumption reduced due to installing solar energy with
the battery storage bank. The PV (kW) and number of batteries for each site is graphically
shown in Figure 3. The number of batteries increased because solar energy has to be stored
and can be used as power when there is no availability of solar. At all sites, a lithium-ion
battery bank was used. The comparison was made on Homer with and without integration
of solar and then, compared with mathematical modeling in Excel. Therefore, with the
integration of solar, the DG hours and DG fuel consumption reduced because the load
shifted on the solar. This helps to reduce the cost of fuel. The comparison of DG fuel
consumption and DG hours are shown in Figure 4.

The mathematically modeling carried out in Excel had some assumptions that all cost
of the solar integration is adjusted by the bank share. The 70% bank share and 30% personal
investment on the principle amount required for integration of solar on all BTS stations.
However, the monthly installment being returned back to the bank was also included in
the mathematical model. Hence, battery autonomy was higher when solar in integrated
and it can be seen in Figure 4.

In addition, IRR (internal rate of return) and ROI (return on investment) can be
compared for all sites. IRR will be in percentage that how much return profit from site can
be obtained but ROI will be in years that after how much time the principle amount will
be covered. Firstly, the cost of one unit of energy (kWh) was fixed, but the ROI and IRR
was not in desired limits. Hence, to recover all principle amount in five years, the cost of
one unit of all sites varied according to desired scenarios. The fixed and variable tariff of all
12 sites are shown in Figure 5.

When price was fixed, ROl and IRR was not in desired limits, because IRR was between
36 and 64% and ROI was between 1 and 18 years. Changing the price of one unit of energy
on each side caused ROI (return on investment) to be between 4 and 5 years and IRR
(internal rate of return) was between 36 and 38%, and it is shown in Figure 6. The bank
share is 70% in the principle amount; so, only 30% cost was considered. Therefore, the
total cost with and without solar is shown in Figure 6. It can be observed that cost of sites
without solar was greater than cost of sites with solar. The HOMER with solar and Excel
mathematical model had almost the same cost after integration of solar. Thus, it can be
concluded in this session that solar energy is more technically and economically beneficial
than diesel generator or convention energy.
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Figure 6. (a) IRR and ROI on 12 selective sites (b) Total cost with and without solar on 12 selective sites.

4.4. Case-C: Region Wise (N, S and C) Technical and Economic Comparison

It was previously discussed that total 12 (N1, N2, N3, C1, C2, C3, C4, S1, S2, S3, 54, S5)
sites of 263 sites are chosen. In addition, each region had a different number of sites, which

are listed in Table 7.

4.4.1. North Region

In this section, the north region was studied with and without the integration of
solar energy. Therefore, in the north region, there were 184 sites, of which 170 had solar
availability. In the north, the N-1 region contains 24 sites with solar availability, N-2 contains
106 sites with solar availability and N-3 contains 40 sites with solar availability. The sum of
regions N-1, N-2 and N-3 compile the results for the whole north region. The total cost set
in dollars with the price of one dollar is equal to 180 PKR.
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Hence, the north region (N-1, N-2 and N-3) is summarized in Table 13 and the complete
north region is listed in Table 14. In the north region, the total load on BTS stations was
427 kW and the average load was 371 kW.

Table 13. Technical and Economic comparison of N1, N2 and N3 region.

Region N-1 Region N-2 Region N-3
Techno-Economic (Total Sites: 25) (Total Sites: 106) (Total Sites: 40)
Evaluation
Parameters Without With Math Without With Math Without With Math

Solar Solar Model Solar Solar Model Solar Solar Model
PV (kW) 0 288 288 0 1261.4 1272 0 356 360
Number of Batteries 72 96 96 318 424 424 160 200 200
DG Hours 141,216 33,120 30,336 623,704 129,320 118,190 215,000 46,760 34,200
Battery Autonomy 22.752 146.4 156.672 100.488 728.22 691.968 50.4 319.6 326.4
DG Fuel 201,888 102,120 1456128 891672 451348 567312 336960 175640 164,160
Consumption (L/h)
Average Load (kW) 59.016 59.016 59.016 238.309 238.309 238.309 73.072 73.072 73.072
?ﬁ‘j\’[‘)‘m“m Load 84 84 84 330.72 330.72 330.72 104 104 104
ICAPAX ($) 303,408 458,160 578,400 1,340,052 2,076,540 2,554,600 545,680 763,640 954,667
ECAPAX ($) — — 49,371.466 — — 216,301.5 — — 79,678
LCOE ($/kWh) 8.544 5.616 5.615 37.736 24.592 24.592 14.24 9.32 9.32
Net Present Cost ($) 2,358,288 1,545,192 — 10,415,772 6,822,584 — 3,933,920 2,567,680 —
O & M Cost ($) 195,360 102,096 — 862,840 451,242 — 322,120 171,520 —
Total Cost ($) 2,857,056 2,105,448 627,771.47 12,618,664 9,350,366 2,770,901.5 4,801,720 3,502,840 1,034,345
Total Cost ($) 30% 857,116 631,634.4 627,77147  3,785599.2 2,805,109  2,770901.5 1,440,516 1,050,852 1,034,345

Table 14. Technical and Economic comparison of complete North region.

Techno-Economic Evaluation North Region
Parameters Without Solar With Solar Math Model

PV (kW) 0 1905.4 1920
Number of Batteries 583 720 720
DG Hours 1,044,644 209,200 182,726
Battery Autonomy 173.64 1194.22 1175.04
DG Fuel Consumption (L/h) 1,430,520 729,108 877,084.8
Average Load (kW) 370.3972 370.3972 370.3972
Maximum Load (kW) 426.3092 426.3092 426.3092
ICAPAX ($) 1,885,732 3,298,340 4,087,667
ECAPAX ($) — 345,351
LCOE (L/h) 60.52 39.528 39.528
Net Present Cost ($) 16,707,980 10,935,456 —_
O & M Cost ($) 1,380,320 724,858 —
Total Cost ($) 6,083,232 4,487,596 4,433,018

It can be seen from Table 12 that the total number of batteries required with the
solar was 720. By integrating solar, the DG hours reduce, which helps to reduce DG fuel
consumption. Thus, results are the same after integrating solar in Homer software and
the Excel mathematical model. The total cost, as listed in Table 14, was 30%. Hence, after
adding monthly bank payback installments, the cost of BTS stations in the north region
for five years showed that solar is better than diesel generators from both technical and
economic perspectives. The overall PV, the number of batteries and battery autonomy
(BA) of the north region are shown in Figure 7. After integration of solar in the overall
north region, it can be seen from Figure 7 that DGH and DGFC was less. Thus, the load
shifted on the solar from a diesel generator due to solar installation. The average load of
all the sites in the north region with LCOE and 30% of the total cost is shown in Figure 7.
However, after the installation of the solar, the cost for the sites and total north region
reduced. This cost of five years shows that solar is better than diesel generators both
technically and economically.
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Figure 7. (a) PV (kW), Batteries and Battery autonomy (b) DG hours and DG Fuel consumption
(c) Avg. Load, Max. Load and LCOE (d) Total cost for North Region.

4.4.2. Central Region

In this section, the central region was studied with and without the integration of solar
energy. Therefore, in the central region, there was a total of 32 sites, of which 31 sites had
availability of solar. In the north, the C-1 region contains 5 sites with solar availability, C-2
contains 2 sites with solar availability, C-3 contains 5 sites with solar availability and C-4
contains 20 sites with solar availability. The sum of regions C-1, C-2, C-3 and C-4 compile
the results for the whole central region. The total cost set in dollars with the price of the
dollar is 180 PKR.

Central region (C-1, C-2, C-3 and C-4) is summarized in Table 15 and the complete
central region in listed in Table 16. It can be seen that, economically and technically, solar is
far better than a diesel generator because the cost of the region with solar is less than the
cost of the site with a conventional diesel generator.
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Table 15. Technical and Economic comparison of C1, C2, C3 and C4 region.

Region C-1

(Total Sites: 5)

Region C-2
(Total Sites: 2)

Region C-3
(Total Sites: 5)

Region C-4
(Total Sites: 20)

Techno-Economic
Evaluation Parameters Without . Math Without . Math Without . Math Without . Math
Solar With Solar Model Solar With Solar Model Solar With Solar Model Solar With Solar Model
PV (kW) 0 59 60 0 27.8 28 0 36 36 0 160 160
Number of Batteries 20 25 25 8 10 10 16 20 20 60 80 80
DG Hours 26,875 8390 7320 10,750 3256 3146 21,500 3920 3160 117,680 17,000 15,040
Battery Autonomy 6.3 40.5 40.8 2.52 16.64 16.32 5.04 32.08 32.64 18.96 138 130.56
DG Fuel Cons. (L/h) 42,120 20,770 35,136 16,848 8044 15,100.8 33,696 17,644 15,168 168,240 94,820 72,200
Avg. Load (kW) 14.898 14.898 14.898 6.60412 6.60412 6.60412 7.728 7.728 7.728 30.912 30.912 30.912
Maximum Load (kW) 21.205 21.205 21.205 9.4 9.4 9.4 11 11 11 44 44 44
ICAPAX ($) 68,210 102795 125,222 27,284 43,180 51,844 54,568 76,568 95,466 252,840 352,840 446,888
ECAPAX (%) — 10,869 — 4505 — — 8398 0 — 36,503
LCOE ($/kWh) 1.78 1.495 1.495 0.712 0.596 0.596 1.424 0.932 0.932 7.12 4.88 4.88
Net Present Cost ($) 491,740 316,840 — 196,696 126,380 — 393,392 257,944 — 1,965,240 1,350,160 —
O & M Cost ($) 40,265 20,350 —_ 16,106 7898 — 32,212 17,244 — 162,800 94,820 —_
Total Cost ($) 600,215 439,985 24,496,430 240,086 177,458 10,142,932 480,172 351,756 18,695,612 2,380,880 1,797,820 87,010,460
Total Cost ($) 30% 180,064 131,995 136,091 72,025.8 53,237.4 56,349 144,051 105,526 103,864 714,264 539,346 483,391
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Table 16. Technical and Economic comparison of complete Central region.

Techno-Economic Evaluation Central Region

Parameters Without Solar With Solar Math Model
PV (kW) 0 282.8 284
Number of Batteries 104 135 135
DG Hours 176,805 32,566 28,666
Battery Autonomy 32.82 227.22 220.32
DG Fuel Consumption (L/h) 260,904 141,278 137,604.8
Average Load (kW) 60.14212 60.14212 60.14212
Maximum Load (kW) 85.605 85.605 85.605
ICAPAX ($) 402,902 575,383 129,496,000
ECAPAX ($) — 10,849,434
LCOE ($/kWh) 11.036 7.903 7.903
Net Present Cost ($) 3,047,068 2,051,324 —

O & M Cost ($) 251,383 140,312 —_
Total Cost ($) 1,110,405.9 830,105.7 779,696.855

In the central region, the total maximum load on BTS stations were 86 kW and average
load was 60 kW. Therefore, solar was integrated; as seen in Table 16, the total number of
batteries required with the solar was 135.

Integrating solar reduces the DG hours, which helps to reduce DG fuel consumption.
The results of the integration were performed on both HOMER and mathematical model in
Excel. Thus, results were the same after integrating solar in Homer software and by the
Excel mathematical model. The total cost that is enlisted in Table 16 was 30% because there
was a bank share of 70%. Therefore, after adding the monthly bank payback installment,
the cost of BTS stations in the central region for five years showed that solar is better than
diesel generator in both technically and economic perspective.

The overall PV, number of batteries and battery autonomy of the central region is
shown in Figure 8. After integration of solar in the overall central region, it can be seen
from Figure 8 that DGH and DGFC was less. Thus, due to the installation of solar, the
load was shifted on the solar from a diesel generator. The average load of all the sites in
the central region with LCOE and 30% of the total cost is shown in Figure 8. Hence, after
the installation of the solar, the cost for the sites and total north region reduced. This cost
relates to a period of five years, and it shows that solar is better than diesel generators both
technically and economically.

4.4.3. South Region

In this session, the south region was studied with and without the integration of solar
energy. Therefore, in the south region, there were 47 sites, of which 43 sites have availability
of solar. In the north, S-1 region contains 12 sites with solar availability, S-2 contains 8 sites
with solar availability, S-3 contains 5 sites with solar availability, S-4 contains 13 sites with
solar availability and S-5 contains 5 sites with solar availability. The sum of regions S-1,
5-2, S-3, S-4 and S-5 compile the results for the whole central region. The total cost set in
dollars with the dollar price is 180PKR. Hence, the south region (S-1, S-2, S-3, S-4 and S-5)
is summarized in Table 17 and the complete south region is listed in Table 18. In the south
region, the total maximum load on BTS stations was 124 kW and the average load was
87 kW.
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Figure 8. (a) PV (kW), Batteries and Battery autonomy (b) DG hours and DG Fuel consumption
(c) Avg. Load, Max. Load and LCOE (d) Total cost for Central Region.

It can be seen from Table 16 that the total number of batteries required with the
solar was 154 and the total cost was 30% because there was a bank share of 70%. After
adding bank monthly payback installment, the cost of BTS stations in the south region
for five years shows that solar is better than diesel generators from both technical and
economic perspectives.

The overall PV, the number of batteries and battery autonomy of the south region are
shown in Figure 9. After integration of solar in overall south region, it can be seen from
Figure 9 that DGH and DGFC was less. Results are compared with integration of solar
with both Homer simulation and mathematical Excel model. Thus, due to the installation
of solar, the load was shifted on the solar from a diesel generator. The 30% of total cost and
average load of all the sites in the south region with LCOE is shown in Figure 9. Hence,
after the installation of the solar, the cost for the sites and total south region reduced.
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Table 17. Technical and Economic comparison of S1, S2, S3, 54 and S5 region.

Region S-1 Region S-2 Region S-3 Region S-4 Region S-5
(Total Sites: 12) (Total Sites: 8) (Total Sites: 5) (Total Sites: 13) (Total Sites: 5)

Techno-Economic .
Evaluation Parameters Without With Math  Without With Math WS“};"‘“ With Math  Without With Math With Math

Solar Solar Model Solar Solar Model ( S-:(‘: /g.r5) Solar Model Solar Solar Model Solar Model
PV (kW) 0 107.52 108 0 64 64 0 45 45 0 116.61 117 40 40
Number of Batteries 48 60 60 24 32 32 15 20 20 52 65 65 20 20
DG Hours 64,500 14,352 13,044 47,072 8168 7256 29,420 4660 4075 69,875 14,573 14131 3980 3955
Battery Autonomy 15.12 98.4 97.92 7.584 52.8 52.224 474 33.25 32.64 16.38 106.86 106.08 32.15 32.64
DG Fuel Cons. (L/h) 101,088 53,928 62,616 65,120 38,456 34,832 40,700 23,265 19,560 110,890 56,810 67,834 19,000 18,985
Avg. Load (kW) 26.9786 26.9786 26.9786 14.0513 14.0513 14.0513 8.431 8.431 8.431 29.226 29.226 29.226 8.08 8.08
Maximum Load (kW) 38.4 38.4 384 20 20 20 12 12 12 41.6 41.6 41.6 11.5 11.5
ICAPAX ($) 163,704 229,728 286,400 101,136 141,136 178,755 63,210 90,710 113,222 177,346 248,677 310,266 88,210 111,722
ECAPAX ($) — — 24,782 — — 14,670 — — 9143 — —_ 26,848 — 9136
LCOE ($/kWh) 4.272 2.832 2.832 2.848 1.976 1.976 1.78 1.215 1.215 4.628 3.068 3.068 1.225 1.225
Net Present Cost ($) 1,180,176 783,972 — 786,096 545,688 — 491,310 335,410 —_ 1,278,524 846,183 — 338,155 —
O & M Cost ($) 96,636 52,692 — 65,120 38,456 — 40,700 23,265 — 104,689 56,810 — 23,760 —
Total Cost ($) 1,440,516 1,066,392 56,012,928 952,352 725,280 34,816,592 595,220 449,385 22,025,765 1,560,559 1,151,670 60,680,672 450,125 21,754,565
Total Cost ($) 30% 432,154 319,917 311,182 285,706 217,584 193,425 178,566 134,816 122,365 468,167 345,501 337,114 135,037 120,858
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Table 18. Technical and Economic comparison of complete South region.

Techno-Economic Evaluation South Region
Parameters Without Solar With Solar Math Model
PV (kW) 0 373.13 374
Number of Batteries 154 197 197
DG Hours 240,287 45,733 42 461
Battery Autonomy 48.564 323.46 321.504
DG Fuel Consumption (L/h) 359,858 191,459 203,827
Average Load (kW) 86.76786 86.76786 86.76786
Maximum Load (kW) 123.5 123.5 123.5
ICAPAX ($) 568,606 798,461 1,000,366
ECAPAX ($) 84,581
LCOE ($/kWh) 15.308 10.316 10.316
Net Present Cost ($) 4,227,416 2,849,408 —
O & M Cost ($) 347,845 194,983 —
Total Cost ($) 1,543,160.1 1,152,855.6 1,084,947
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Figure 9. (a) PV (kW), Batteries and Battery autonomy (b) DG hours and DG Fuel consumption
(c) Avg. Load, Max. Load and LCOE (d) Total cost for South Region.
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4.5. Case-D: Technical and Economic Comparison of Entire Country (North, Central and South)

This section discusses all technical and economic comparisons of overall Pakistan with
and without the integration of solar. This section analyzes the overall results, covering
all areas, including the north, central and south regions. The technical and economic
comparison is shown in Table 19.

Table 19. Technical and Economic comparison.

Techno-Economic Evaluation Overall Region
Parameters Without Solar With Solar Math Model

PV (kW) 0 2561.33 2578
Number of Batteries 841 1052 1052
DG Hours 1,461,736 287,499 253,853
Battery Autonomy 255.024 1744.9 1716.864
DG Fuel Consumption (L/h) 2,051,282 1,061,845 1,218,516.6
Average Load (kW) 517.30718 517.30718 517.30718
Maximum Load (kW) 635.4142 635.4142 635.4142
ICAPAX ($) 2,857,240 4,672,184 5,807,455
ECAPAX ($) — 490,207
LCOE ($/kWh) 86.864 57.747 57.747
Net Present Cost ($) 23,982,464 15,836,188 —_
O & M Cost ($) 1,979,548 1,060,153 —
Total Cost ($) 8,736,798 6,470,557.5 6,297,662

The average load on BTS stations was 518 kW and the highest observed load was
636 kW. There were a total of 1052 batteries needed with the photovoltaic. Solar integration
decreased DG fuel consumption by reducing DG fuel hours. The integration results were
computed using HOMER and an Excel mathematical model. The outcomes of integrating
solar in the Homer program and using the Excel mathematical model were the same.
Because there was a bank share of 70%, the total cost shown in Table 19 is 30%. The
cost of BTS stations over five years after including bank monthly repayment installments
demonstrates that solar power is more advantageous than diesel generators from both a
technical and financial standpoint.

The overall PV, the number of batteries and battery autonomy of overall regions are
shown in Figure 10. After the integration of solar, it can be seen from Figure 10 that DGH
and DGFC were less. Hence, the results were compared with integration of solar with
both Homer simulation and the mathematical Excel model; thus, the results were the same.
Thus, the load was shifted on the solar from the diesel generator due to solar installation.
The average load and 30% cost of all the sites in the overall region with LCOE are shown in
Figure 10.
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Figure 10. (a) PV (kW), Batteries and Battery autonomy (b) DG hours and DG Fuel consumption
(c) Avg. Load, Max. Load and LCOE (d) Total cost for Overall Region.

The cost for the sites and the entire country was reduced after the solar installation,
showing that solar is technically and economically better than diesel generators. The overall
PV, the number of batteries and battery autonomy of the south region are shown in Figure 9.
After integration of solar in overall south region, it can be seen from Figure 9 that DGH
and DGFC was less. Therefore, the results are compared with integration of solar with
both Homer simulation and the mathematical Excel model. Thus, due to the installation of
solar, the load was shifted on the solar from a diesel generator. The 30% of total cost and
average load of all the sites in the south region with LCOE is shown in Figure 9. This cost
relates to a period of five years, and it showed that solar is better than diesel generators
both technically and economically. The limitations of this study include that it considered
only BTS sites with key loads but not the secondary load attached to the MCs. However,
total sectoral carbon neutrality cannot be achieved without considering secondary loads.
However, the primary loads, as compared to the BTS load, were not significantly high as
they were only a few in number.
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This study took the carbon emission calculations site by site and sector-wise. Till
now, no study was observed that concluded the carbon emission of sector wise. Hence,
sector-wise (central, north and south region) decarbonization was observed by integrating
the photovoltaic system into BTS sites in Pakistan. In addition, the data were purely based
on real-time running loads on BTS sites in Pakistan.

4.6. Environmental Analysis

Environmental, social and economic sustainability are the three essential pillars that
comprise sustainability evaluations. This study conducted a life cycle (25-year) environ-
mental analysis based on GHG emissions for each BTS site. In this analysis, only CO,
emissions were primarily considered because they make up the majority of the overall
GHG emission factor. Carbon emissions were calculated using an emission factor based on
system simulation and widespread fuel use.

The carbon emission comparison of all existing and proposed BTS sites is shown in
Figure 11. It can be clearly seen that the carbon emission reduced by integration of solar
energy due to less combustion of diesel generator. These proposed BTS are both technically
and economically more effective and environmentally benign.
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Figure 11. Carbon emission (tones) analysis for all existing and proposed BTS framework of Site by
Site, Region by Region and Complete Region wise.
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5. Discussion and Conclusions

Base transceiver stations (BTS) are powered solely by diesel generators or conventional
grid power sources. Pakistan’s BTS of mobile networks, which depend on a steady supply
of electricity, frequently endure power outages, load shedding, high energy expenses and
high diesel prices due to the high fuel cost on the international market. Numerous energy
production strategies are being studied as solutions to these problems. For freestanding BTS
sites, this study provided a decision-making framework for the techno-economic viability
and sustainability assessment of hybrid systems with a focus on renewable energy. The
study in this research paper illustrated the techno-economic feasibility of off-grid sites
(without solar) and on-grid sites (with solar) of the base transceiver stations (BTS) in a
different region. There were 263 BTS sites, covering the country’s complete north, south
and central areas. In the first case, the two reference sites were taken from the south and
north regions named S0 (Karachi) and NO (Rawalpindi). From the results of these two sites,
it was observed that if the tariff was kept the same after the integration of solar energy,
the IRR and ROI were not at the desired limit. Thus, the tariff varied according to the
site scenario, and so, solar integration becomes techno-economic feasible. Based on these
two reference sites, other sites were designed and simulated in the HOMER simulation tool
with the mathematical model in Microsoft Excel.

In the case of 12 sites that were taken from 263 sites, it was observed that LCOE
was reduced clearly after the integration of solar energy. LCOE of the sites taken from
the north region (N1, N2 and N3) reduced to 0.234 USD/kWh from 0.356 USD/kWh.
Therefore, LCOE of the sites taken from the central region (C1, C2, C3, and C4) reduced to
0.24-0.29 USD/kWHh from 0.356 USD/kWh and the LCOE of the sites taken from the south
region (S1, S2, S3, S4 and S5) reduced to 0.236-0.248 USD/kWh from 0.356 USD/kWh.
In the comparison of DG fuel consumption, it is clear from the results that there was a
significant reduction in DG fuel consumption after solar integration. The battery autonomy
was higher with the decrease in cost, and the IRR and ROI were between 34-37 and
4.8-4.95 years, respectively.

In addition, overall, all 263 sites were covered and compared with and without solar,
region-wise north, south and central. In the north region, there were 720 batteries required
with solar and 583 batteries without solar. At the same time, the DG hours reduced due to
less DG fuel consumption because the load was shifted on the solar energy. The maximum
load of the north region was approximately 426 kW and DG hours were reduced to around
209,200 (h) from 1,044,644 (h) after solar integration. Thus, the total cost was reduced to
USD 4,487,596 USD in the presence of solar, while without solar, the cost of sites in five years
was USD 6,083,232. In the central region, the maximum load of sites was approximately
86 kW. Thus, the number of batteries required was 135 and 104 with and without solar,
respectively. Due to the integration of solar, the DG hours were reduced from 176,805 to
approximately 32,566 h. The DG hours were reduced. Thus, DG fuel consumption also
reduced from 260,904 (L/h) to around 141,278 (L/h). Hence, overall, LCOE also decreased,
and after the complete solar installation with the monthly payback amount to the bank,
the total cost after five years reduced with the integration. Lastly, the south region had
a maximum load on the sites of 123.5 kW; thus, the number of batteries required with
solar was 197 and 154 without solar. Thus, the load was shifted on the primary source,
that is solar, and the DG hours and DG fuel consumption reduced from 240,287 (h) to
approximately 45,377 (h) and 359,858 (L/h) to about 191,459 (L/h), respectively. Thus, the
LCOE and total cost after five years were also significantly reduced. In the last case, overall,
it was discussed that the total maximum load on the sites was 636 kW. Thus, after solar
integration on all sites, the number of batteries required was 1052 and 841 with and without
solar. The results showed that DG fuel consumption with DG hours and cost was reduced.
However, the variable tariff’s IRR and ROI were within the desired limit.
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The HOMER simulation program and the Excel-based mathematical model collect
the simulation and optimization findings. The findings in this research showed that on-
grid sites with solar integration decrease DG hours and DG fuel consumption, which
became a crucial component in lowering the system’s total cost and eradicating issues
such as excessive energy production costs and load shedding. The net present cost, initial
capital amount, extra capital amount, O & M cost, DG hours, DG fuel consumption and
energy production cost are the technical and economic assessment standards employed in
this study. The decreased LCOE of the proposed BTS sites compared to the existing BTS
sites demonstrated the excellent performance of the proposed system. Environmentally
harmful methods generate more carbon dioxide than those that rely on non-renewable
resources. However, according to environmental studies, switching to PV provides a
cleaner alternative with no emissions because fuel usage was reduced. In light of concerns
about global warming and long-term system functionality without pollution, hybrid BTS
sites are more affordable and environmentally friendly. In conclusion, the development of
upgraded BTS sites benefits Pakistan’s telecom business regarding technical, environmental
and financial factors.

Future studies must investigate the effects of wind energy, load cycle, the cost related
to battery deterioration and the impact of dirt or soiling on the performance of PV modules.
For future work, it is suggested to use demand response programs and day-ahead and
intraday forecasts of load demand and meteorological resources. Additional study is
required to determine how uncertainty or abrupt fluctuations in the power output of
renewable-based systems affect the optimal sizing of HES components. Due to the erratic
nature of RE sources, an operating reserve might be considered in this situation to protect
against unexpected increases in the electric load or decreases in the output of RE (PV and
wind) power.
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Anti-theft wall Cost

Bill Amount

Battery O & M Cost
Battery Salvage Cost
Bank Payment

Base Transceiver Stations
Bank Payment

Battery Cycle Rate
Battery energy storage system
Bill Amount

Bill of Generator Fuel
Battery O & M Cost
Battery Salvage Cost
Cost of System

Cost of energy ($)

Cost of Energy Replaced
Cost of Unit saved

Cash Investment

CP Bill Cost

DG hours

DG Fuel Consumption
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DG material Cost
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Design & test Cost
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Energy saving
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Fuel Cost
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Hybrid energy system
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HRER
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SCWC
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SMC
SMC
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SSC
SHC
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SPMC
SoC
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TLP
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TNPC
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WT

Hybrid renewable energy resource
Hybrid renewable energy system
Hybrid System Cost

Inflation

Insurance Cost

Net Present Cost ($)

Life cycle emission

Levelized cost of electricity ($)
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Line conditioner Cost

Li-ion Battery Cost

Monthly Bank Payment
Micro-grid

Multi-generation system
Micro gas turbine

Net Present Cost

O & M Cost

(O & M + Insurance) Cost
Previous Paid Installment
Photovoltaic

Profit after Bank Payment
Month required for payback
Recovering waste heat
Renewable Energy

DG & rectifier Pads Cost
Refueling Cost

RMS Cost

Rectifier Cabinet Cost

Return on Investment
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Revenue after Tax

Solar civil work Cost

Solar transportation & installation Cost
System transportation Cost
Solar Modules 3000 W Cost
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Security Cost

RMS/S.M maintenance Cost
Site Survey Cost
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Solar Module Replacement Cost
Solar PV modules per watt Cost
State of charge

Total Installed Solar

Total Investment Portion
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Thermal load controller

Tax Value/Cost of Tax

Total net present cost
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