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Abstract
This paper presents integrated modeling and feasibility analysis of a rooftop photovoltaic system (RPS) for
an academic building in Bangladesh. The average daily load is 353.63 kWh/day, and the peak load demand
for the studied region is 90.85 kW. Four different configurations of 46 kW, 64 kW, 91 kW and 238 kW
photovoltaic (PV) systems are designed and compared based on the financial, sensitivity and environmental
benefit analysis to find out the most optimized one. The total net present cost, cost of energy, internal rate of
return and payback period for the 91 kW (most optimized) system are found to be $146 317, $0.0385, 120.3%
and 8.3 years, respectively. Seven sensitivity variables are utilized to investigate the system’s performance due
to the variation of input variables, ensuring that the optimized system is less vulnerable than others. Besides,
the proposed RPS (91 kW) for the selected region reduces the CO2 emanation by 90 010 kg/year and has a
negligible shading effect compared to the amount of electricity generation from it.
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1. INTRODUCTION
The abundance availability of solar energy and decreasing per watt
panel cost are the key driving factors for solar installation across
the nations. However, the dueling demand for agricultural productions and other sectors has slowed the growth. Therefore, the
scantiness of land favors the rooftop photovoltaic system (RPS)
due to its several benefits. This resulted in application-based RPS
feasibility studies, for example, cattle farm [1], remote islands

[2–6], office building [7], residential building [8–14], rooftop
PV system [15–20], resorts [21, 22] and university campus [23,
24]. A solar-based photovoltaic (PV) system that is presented in
[11] showed that maximum solar energy could be harnessed by
making the tilt angle of the solar panel equal to the latitude of the
site (32◦ in Palestine). The analysis also presents the 4% increment
of energy generation by varying the tilt angle between 22◦ and 52◦
with a suitable structure. The research study in [12] suggests that
the University of South Pacific’s carbon emission can be reduced
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Therefore, one such step is taken in this research work by
designing a grid-connected solar RPS in the unused space of the
rooftop area of the Electrical and Electronic Engineering (EEE)
building of the Khulna University of Engineering and Technology
(KUET). Figure 1 showed the study location and latitude, which
is 22.9005◦ North, and the longitude is 89.5024◦ East [30, 31].
Rooftop area utilization plan for solar PV resulted in four different
sizes RPS (46 kW, 64 kW, 91 kW and 238 kW). Hence, in this study,
these RPSs are designed and analysed in terms of financial, technical, sensitivity, environmental impact, shading effect and system
loss and determined the most promising one for the selected area.

2. METHODOLOGY AND SYSTEM
MODELING
The total connected load of the EEE building is nearly 163.08 kW,
and the electricity consumption of the building is ∼353.63 kWh/day. Therefore, the building consumes ∼128.95 MWh/year of
electricity. According to the Bangladesh Energy Regulatory
Commission, the energy rate for any educational institution is
$0.07/kWh [32]. Hence, the annual energy consumption bill will
be nearly $9026.5. It is a massive bill, and this amount will increase
over time as the price of resources used in electricity generation
increases day by day. The rooftop area of the EEE building is
∼1588 m2 . The steps associated with this research work are briefly
shown in Figure 2. It is believed that the proposed research will
act as a model for any educational institution for making them
electrified by an environment-friendly solar RPS.
The overall system (shown in Figure 3) components are
selected based on their commercial availability. The overall system
modeling involves PV system modeling and feasibility parameters
modeling, described in the following sub-section.

2.1. Solar PV system modeling
The solar PV module generally converts sunlight energy into
electrical energy. The below Eqn. (1) is utilized to determine the
PV array output [33].





GT
PPV = YPV fPV
1 + αP Tc − Tc,STC
(1)
GT,STC
where the rated output power of PV (in kilowatt) at standard test
condition (STC) and derating factor (in percentage) are expressed
by YPV and fPV , respectively. The incident solar insolation at the
current time step and STC condition are presented by GT and
GT,STC , respectively. Similarly, αP , Tc and Tc,STC are coefficient
of temperature, temperature at the current time and temperature
at STC condition, respectively. If the temperature-related term is
neglected, the Eqn. (1) can be simplified as [33].

PPV = YPV fPV

GT
GT,STC


(2)
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by 27 500 kg annually while electrifying only 10% demand of
the campus with a solar PV system. An RPS in Ujjain, India,
validates that the system is feasible for any governmental, semigovernmental or residential building, and the grid dependency
can be reduced by 41.09% by installing the system [16]. For the girl
hostel of Malaviya National Institute of Technology University,
Jaipur, a 336 kW solar PV system is proposed in [21], which
required a 4816 m2 area for installation and costs the same as
a diesel plant, but the cost can be recovered by only 8.24 years.
Based on the total net present cost (NPC), the study in [15]
claims that the diesel-based power system is ∼1.5 times more
economical than a hybrid micro-grid system. Several research
works are also done in Bangladesh to analyse the significance
of RPS in different cities of Bangladesh. For instance, an economic and environmental analysis of integrating rooftop PV in
Bangladesh’s commercial buildings is presented in [25]. The study
utilizes RETScreen software to verify the economic and ecological
feasibility and energy optimization. Again, the maps of the potential rooftop area available for PV installation are shown in [26] and
predict the possible electricity generation from the structures. The
idea utilizes ArcGIS software to determine the potential rooftop
area. The research work in [27] presents a detailed procedure of
electrifying a university residential hall by an on-grid PV system.
An optimal techno-economic analysis is done in [28] for meeting
the actual demand of a university campus by the grid-tied hybrid
(wind and solar) system. Moreover, the feasibility study for an RPS
system in Pondicherry University is done in [24], which shows
that the system can reduce 42 tonnes of carbon dioxide annually.
Therefore, the government of Bangladesh (GOB) is also taking
adequate steps to enhance the development of RPS through a
dedicated organization named sustainable and renewable energy
development authority (SREDA). A member of SREDA, Siddique Zobair expressed that RPS in Bangladesh can generate
∼1000 MW of solar power. Nearly 400 MW may come from the
rooftop of the government/semi-government-owned buildings
[29]. However, up to now, only 20 MW of solar energy is generated by installing RPS on the rooftops of residential and office
buildings. Therefore, GOB is trying to motivate the educational
institutions, railway stations, garments factories, etc., to use their
empty rooftop for harvesting solar energy to meet their light
demand and reduce their dependency on the grid.
From those mentioned above stand-alone or hybrid solar PV
system, it is seen that the optimized system can successfully
meet the industrial, residential and educational institution load
demand, reduce the dependency on grid supply and also reduce
the emission of toxic gases. There are about 43 public and 103
private universities in Bangladesh, where a considerable amount
of electricity is needed for continuing education activities every
year. The demand for electricity in these universities is increasing
every year and becomes a burden on the utility grid. However,
this problem can be resolved by utilizing the rooftop area of these
universities. Before implementing the solar rooftop PV system, a
detailed feasibility analysis is necessary. However, a detailed feasibility study of implementing an RPS in a university’s academic
building in Bangladesh is rare in the literature.
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It is worthwhile to select a proper tilt angle for the system before
installing the RPS on the roof. The 22.5◦ is selected as the tilt
angle for the proposed system. The reason for selecting the tilt
angle and the procedure of selecting it is given in section 1.2 of
the supplementary material.

component, return time period and project lifetime are indicated
by LT , Rt and T, respectively [34].
0 = −I0 +

T


Rt × 1 +

t=1

2.2. Feasibility parameters modeling
2.2.1. Economic parameters
The difference between the current cost of all the system components during installation and operation and the current revenues
earned by them throughout the system life is referred to as NPC.
The following Eqn. (3) presents the expression for determining
the NPC of the system [13].


NPC = TAC/CRF i, Rpro

(3)

where TAC, CRF,i and Rpro present the total annualized cost, capital recovery factor, the interest rate and project lifetime, respectively.
Internal rate of return (IRR) estimates the amount of interest
rate for which the NPC is zero. The IRR is determined by solving
the following expression in Eqn. (4), where the initial investment
is expressed by I0 at t = 0 time. The salvage value of the

IRR
100

−t

+ LT 1 +

IRR
100

−T

(4)

The per-unit cost of generated electrical energy from the system
is referred to as cost of energy (COE). The COE is calculated by
the ratio of TAC and the sum of useful energy generation and is
expressed as below [13].
COE =

TAC
Eprim,AC + Eprim,DC

(5)

where Eprim, AC is the AC primary served load and Eprim, DC is the
DC primary served load.
The discount rate utilized between the yearly cost and the onetime cost is known as the annual real interest rate (i). It is a
function of the nominal interest rate (ia ) and annual inflation rate
(f ) and can be expressed as [33].
i=

ia − f
1+f
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Figure 1. Location of EEE building inside Khulna city, Bangladesh.
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2.2.2. Shading and loss analysis parameters
The shading analysis is one of the most critical steps in
designing the RPS because the shadow of the surrounding
4
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object affects the system efficacy [30]. The HelioScope software determines the shading loss in this case. The software
calculates a particular array’s shading loss by three cases:
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Figure 2. Methodology for designing the proposed optimized RPS for the selected site.
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row-to-row spacing, keep-out obstruction and horizon file
[35].
Furthermore, the RPS design suffers from several system losses
at different conditions. The various types of system loss parameters are POA irradiance, shaded irradiance, soiling, output at irradiance, output at temperature, output at mismatch, constrained
dc output, optimal dc output, energy to the grid and performance
ratio [36]. These 11 types of system losses depend on various
parameters, and their normal ranges are varied at different conditions [36]. The typical dependency and normal range of the
system losses are presented in Table A1 of the Appendix section.
The negative percentage in the range of the loss factors indicates
that the panels are away from the equator.

3. RESULTS AND DISCUSSION
The presented research work analyses the performance of 46 kW,
64 kW, 91 kW and 238 kW RPS using HOMER and HelioScope
software and compares them to find out the most apposite RPS
for the EEE building of KUET as an example of an academic
building. The input parameters for the proposed research work
are given in the supplementary section. The simulation result for
46 kW, 64 kW, 91 kW and 238 kW performed in HelioScope for
each month is shown in Figure 4. The bar chart of Figure 4 represents the PV generation and electricity consumption of the EEE
building. The total consumption of electricity for the EEE building
is 128 945.9 kWh/year. Among the total consumption, 58% is
covered by the grid, and a 46 kW solar PV system covers 42% (as
shown in Figure 4a). The simulation results for the 64 kW system
(as shown in Figure 4b) show that 57% of total consumption is

covered by a 64 kW rooftop solar PV system, and the rest of the
43% of the load demand is coming from the grid. Both the system
cannot feed energy to the grid. Again, the simulation results for
the 91 kW system (as shown in Figure 4c) provide that 97% of total
consumption is covered by PV generation, and the grid covers
only 3%. Besides, the 91 kW RPS can feed 26% of extra energy
generated to the grid. The 238 kW system (as shown in Figure 4d)
meets the total consumption as similar to the 91 kW system but
can feed 43% of its total generation to the grid.

3.1. Financial assessment
The most economical size of the inverter for four RPS systems
(46 kW, 64 kW, 91 kW and 238 kW) is determined in section 1.4
of the supplementary material. It is seen that for 46 kW, 64 kW,
91 kW and 238 kW systems, the inverter’s most economical size
is 35 kW, 49 kW, 70 kW and 184 kW, respectively, which is 0.76
times the PV size. Therefore, the optimal PV to inverter ratio
(SPVTI ) is 0.76. Now, for determining the effect of other economic
parameters (initial capital cost, total NPC, O&M cost and COE)
and technical parameters (renewable fraction, grid purchases,
grid sales, PV generation and PV generation) at SPVTI = 0.76, and
SPVTI = 1, a comparison is performed in Tables A3 and A4 for all
four RPS (46 kW, 64 kW, 91 kW and 238 kW). The comparison
in Table A3 is made for fixed grid power price [GPP (Fixed)], and
the comparison in Table A4 is done for variable grid power price
[GPP(Variable)]. The fixed grid GPP is taken as $0.12/kWh, and
the variable GPP means the variation of GPP by ±40%.
From Table A3 and A4, it is seen that the initial capital cost
increases with the increase of system size; however, the initial
capital cost is reduced by ∼2.7% for all four systems at SPVTI = 0.76
instead of SPVTI = 1. The results for initial capital cost remain
International Journal of Low-Carbon Technologies 2021, 00, 1–11
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Figure 3. Schematic layout of the proposed solar RPS.
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the same for both fixed GPP and variable GPP condition. Again,
if the O&M, total NPC and COE are observed for both fixed
GPP and variable GPP conditions, it is seen that the value of all
three parameters is decreased with the increase of system size. The
238 kW systems for both SPVTI = 0.76 and SPVTI = 1 conditions
present negative O&M, total NPC and COE (shown by the first
bracket). The negative sign indicates that the system sells more
energy to the grid than purchases, i.e. revenues exceed the cost.
The grid purchase and sales percentage for the 238 kW system
is 4% and 70%, respectively, which indicates that its revenue
exceeds the cost as grid sales percentage is way higher than grid
purchase percentage. For the other three systems (46 kW, 64 kW
and 91 kW), the O&M can be reduced by 0.7%, 1% and 6%,
respectively, if the system operates at SPVTI = 0.76 instead of
SPVTI = 1 at fixed GPP. Furthermore, the O&M can further be
reduced by 0.8%, 2% and 13.7%, respectively, for 46 kW, 64 kW
and 91 kW systems at variable GPP. Although the 238 kW system
provides negative O&M, total NPC and COE, it is not feasible as
the system’s initial capital cost is much higher than the others.
6
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Among the 46 kW, 64 kW and 91 kW systems, the lowest COE
is achieved in the 91 kW system for both fixed and variable GPP
conditions. The PV generation and penetration percentage in all
four systems for both SPVTI = 0.76 and SPVTI = 1 conditions
remain the same (although percentage changes with the system
size) because the inverter size does not affect PV energy generation and PV penetration. The renewable fraction percentage
increases with the increase of system size as usual. From the above
analysis, it can be said that 91 kW PV systems are economically
and technically viable than the other three systems.

3.2. Sensitivity analysis
Generally, sensitivity analysis is performed to identify system
performance variation due to the uncertain variation of different input variables. Although the uncertain variation in the key
variables causes complexity during a system’s design, it helps the
designer make an apposite decision in unfavorable conditions
and makes the system design more robust and efficient. The
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Figure 4. PV energy generation and electricity consumption for (a) 46 kW, (b) 64 kW, (c) 91 kW and (d) 238 kW solar PV system designed in HelioScope.
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Figure 6. The graph illustrates the effect of variations in seven key sensitivity variables for the 64 kW system.

key variables considered for the sensitivity analysis are shown in
Table A5. The grid power price, sell back price, load demand,
nominal discount rate, project lifetime, solar global horizontal
irradiance (GHI) and inflation rate are considered $0.12/kWh,
$0.078/kWh, 353.29kWh/day, 8%, 25 years, 5.58kwh/m2 /day, and
5.46%, respectively. A ±40% variation is done on the mentioned
value. The 46 kW, 64 kW, 91 kW and 238 kW system results
are shown in Figures 5–8. Similarly, project lifetime, inflation
rate, solar GHI and nominal discount rate are varied from their
assumed value, and the results are shown in Figures 5–8. It is
seen that the most sensitive variables for the 46 kW system are
load demand, nominal discount rate, solar GHI and grid power
price. However, its performance is less vulnerable to the expected
inflation rate, project lifetime and sell-back price.
For the 64 kW system, the most sensitive variables are load
demand, solar GHI, nominal discount rate and grid power price.
The system performance is less vulnerable to sell-back price,
expected inflation rate and project lifetime. The 91 kW system
is more sensitive to load demand, expected inflation rate, sell
back price and project lifetime and less susceptible to solar GHI,
nominal discount rate and grid power price. Lastly, the 238 kW
system is more sensitive to the expected inflation rate and sell back
price, medium sensitive to the nominal discount rate, solar GHI
and load demand and less sensitive to grid power price and project
lifetime.

3.3. Results of shading analysis
The solar PV is designed on the EEE building’s rooftop, which
has a tilt angle of 22.5◦ and azimuth of 180.0◦ . From Figure 9,
it is seen that the 238 kW solar PV system covers the entire
area of the rooftop, whereas, for 46 kW, 64 kW and 91 kW solar
PV system, most of the rooftop area remains unutilized. In this
sense, although the 238 kW system is costly than others, it utilizes
the rooftop area mostly. In Figure 9, the green color indicates no
shading effect, and the orange color indicates an impact of shading
on these PV panels. For all PV systems, the last row and half of
one-third of the sixth row are unaffected by the shading effect,
and the other row is affected. According to the observation, the
unaffected shading area is ∼14.3%, 14.3%, 13% and 12.1% for
46 kW, 64 kW, 91 kW and 238 kW, respectively. Although all the
PV system is affected by the shading effect, it can be neglected
because the shading loss is significantly low compared to the
electricity generation.

3.4. System loss analysis
The losses of the grid-connected 46 kW, 64 kW, 91 kW and
238 kW RPS in the EEE building of KUET are investigated. Firstly,
losses are analysed with the HelioScope tools, and then practical
methods are used to review the losses using quantitative values.
The HelioScope loss diagram is a breakdown of system losses,
International Journal of Low-Carbon Technologies 2021, 00, 1–11
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Figure 5. The graph illustrates the effect of variations in seven key sensitivity variables for the 46 kW system.
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Figure 8. The graph illustrates the effect of variations in seven key sensitivity variables for the 238 kW system.

PV panels. However, the 91 kW system provides lower inverter
loss (1.9%) and shading loss (15.8%) than the other system. The
reflectance, AC system and soiling loss are 3%, 0.5% and 2%,
respectively, which remains the same for all four systems. The
temperature, irradiance and wiring loss for the four systems vary
only by 0.1% among them. The lowest mismatch loss (4.1%) is
found in 64 kW and 238 kW systems only. Considering the abovementioned system losses, the 91 kW system provides the best
performance.

3.5. Environmental impact
Figure 9. Shading analysis for (a) 46 kW, (b) 64 kW, (c) 91 kW and (d) 238 kW
solar PV system designed in HelioScope.

showing exactly how much energy is lost at every design stage.
The HelioScope losses include ac system loss, inverter loss, wiring
loss, mismatch loss, temperature loss, irradiance loss, shading loss,
soiling loss and reflection loss. All these types of losses are analysed for different PV capacities and demonstrated in Figure 10.
The variation of losses increases with the increase of PV panel
size, but the percentage value is almost identical for different
8
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The sun is a tremendous source for generating green and sustainable electric power without detrimental pollution or greenhouse
gas emissions (GHGs). Several methods are available in the literature to determine the possible reduction of GHGs using solar
PV systems. The commonly used method is to multiply the net
energy purchase from the grid with the emission factor (g/kWh)
of emitted GHGs. The emission factor (g/kWh) for CO2 , SO2 and
NOx are 540 g/kWh, 2.74 g/kWh and 1.34 g/kWh, respectively
[37]. The existing system emits 69 630.84 kg of CO2 , 354.4 kg of
SO2 and 173.5 g of NOx per year. The results of possible reduction
for four different solar PV rooftop system are presented in Table 1.
From Figure 11, it is seen that the 46 kW RPS produces
26 871 kg of CO2 , which is roughly 61% less than the existing

Downloaded from https://academic.oup.com/ijlct/advance-article/doi/10.1093/ijlct/ctab056/6324788 by City University of Hong Kong Library user on 28 September 2021

Figure 7. The graph illustrates the effect of variations in seven key sensitivity variables for the 91 kW system.
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Table 1. Possible reduction of GHGs emission.
Region

Plant size

CO2 (kg/year)

SO2 (kg/year)

NOx (kg/year)

KUET

46 kW
64 kW
91 kW
238 kW

45 010
63 002
90 010
2 350 403

228.4
320
456.72
1194.45

111.7
156.34
223.35
540.56

4. CONCLUSION

Figure 11. CO2 emissions from various plant sizes and the existing system.

system. For the 64 kW plant, this value would be 86%. Approximately 100% of CO2 emissions can be reduced by installing a
91 kW solar PV plant. The 238 kW system has a negative value of
CO2 because these systems sell more energy to the grid than they
purchase. From the above comparative analysis, it can be said that
the rooftop solar PV system is environmentally more feasible than
the existing system.

The paper presents a detailed procedure for designing an on-grid
RPS on an academic building’s rooftop, considering the necessary
educational activities. In the presented work, RPS is preferred in
the site because of its several advantages over others, such as (i)
vast flat roof contrasting to slanting roof in residential building,
(ii) ability to provide lower indoor temperature by absorbing heat,
(iii) lower grid dependency, (iv) ability to penetrate extra energy
to the grid during vacations (when consumption is lower), (v) can
be a green source for providing power to its neighborhood, (vi)
can reduce the massive electricity billing, (vii) improves system
reliability and energy security and (viii) impacting positively to
the environment. Four different sizes of RPS having 46 kW, 64 kW,
91 kW and 238 kW capacity are designed based on the rooftop
surface area and load demand and compared them to find the
most apposite one for the EEE building of KUET, Bangladesh.
An appropriate tilt angle of 22.5◦ is selected among other tilt
angles based on the highest sunlight energy capturing and electrical energy generation using HelioScope software. The 35 kW,
49 kW, 70 kW and 183 kW are the optimum inverter size for the
four different RPS, which are determined using HOMER software.
Each PV system’s produced electricity is 56.14, 80.3, 170.85 and
International Journal of Low-Carbon Technologies 2021, 00, 1–11
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Figure 10. Loss analysis for various power plant for 46 kW, 64 kW, 91 kW and 238 kW solar PV plant.
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