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Abstract: The aim of this research is to perform an in-depth performance comparison of ground-
mounted and rooftop photovoltaic (PV) systems. The PV modules are tilted to receive maximum
solar irradiance. The efficiency of the PV system decreases due to the mutual shading impact of
parallel tilted PV modules. The mutual shading decreases with the increasing interrow distance
of parallel PV modules, but a distance that is too large causes an increase in land cost in the case
of ground-mounted configuration and a decrease in roof surface shading in the case of rooftop
configuration, because larger sections of roof are exposed to sun radiation. Therefore, an optimized
interrow distance for the two PV configurations is determined with the aim being to minimize
the levelized cost of energy (LCoE) and maximize the energy yield. The model of the building
is simulated in EnergyPlus software to determine the cooling load requirement and roof surface
temperatures under different shading scenarios. The layout of the rooftop PV system is designed
in Helioscope software. A detailed comparison of the two systems is carried out based on energy
output, performance ratio, capacity utilization factor (CUF), energy yield, and LCoE. Compared
to ground-mounted configuration, the rooftop PV configuration results in a 2.9% increase in CUF,
and up to a 23.7% decrease in LCoE. The results of this research show that installing a PV system on a
roof has many distinct advantages over ground-mounted PV systems such as the shading of the roof,
which leads to the curtailment of the cooling energy requirements of the buildings in hot regions and
land cost savings, especially for urban environments.

Keywords: rooftop PV; ground-mounted PV; mutual shading; LCoE; energy yield

1. Introduction

The photovoltaic (PV) technology directly converts sunlight into electrical energy [1]. As fossil
fuels are not consumed and no greenhouse gas (GHG) is emitted during the operation of PV, this solar
power technology is environmentally friendly [2-5]. The cost of PV modules has dropped at a
significant rate in recent decades [6]. An 80% drop in cost has been observed in the past decade [7].
The cost of PV modules was 100 USD/W in the 1970s, which has since dropped to around 0.3 USD/W [8].
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This remarkable drop in cost, along with the environmental issues linked to fossil fuels, are the major
driving factors towards the steady growth of this technology. The cumulative global installed capacity
of PV has increased from almost zero GW in 1990 to 505 GW in 2018 [9] and a 102.4 GW growth in
PV installation has been observed worldwide in 2018 alone [10]. Compared to the concentrated solar
power technologies, PV technology can produce electricity even in areas with moderate solar radiation
levels. Therefore, this technology can be adopted on a small scale at a residential or commercial level
and the concept of solar cities have gained the attention of many researchers [11-13].

The amount of energy consumed by buildings, both in cold and hot areas, is increasing day
by day [14]. Buildings are contributing one third of the total energy consumption of the word and
20% of the global GHG emissions are contributed by the high energy consumption of buildings [15].
Office buildings have an even bigger share in this high energy consumption and they consume 17%
of all global energy [16]. The consumption of electrical energy in Gulf countries, especially in Saudi
Arabia, is very high during the summer solstice [17]. The peak load demand of Saudi Arabia during
the summer solstice reaches twice the peak demand during the winter solstice [18]. This high load
in summer season is due to the cooling energy required for residential and commercial buildings.
Global warming will further augment the load in coming years [19]. Buildings are responsible for 80%
of the share of the total electricity consumption in Saudi Arabia [20,21], while this share is only 40% in
European countries [22]. PV installations could be a very useful option to supply this high energy
demand in Gulf countries in the summer season, especially for office buildings, because the energy
production pattern of PV systems in this region matches the load profile of office buildings, due to the
fact that the main load of office buildings is high during the daytime.

The PV modules can be installed on the ground, on the rooftop or integrated in the windows
and facades of the buildings. The availability of land is an important factor to be considered for
the installation of a ground-mounted PV system [23], and this is a major constraint in urban areas.
A lot of research is available on ground-mounted PV configuration. The authors in [24] carried out
a techno-economic performance analysis of a 1-MW ground-mounted PV plant located in Oman.
The proposed plant has an energy yield of 1875 and a capacity utilization factor (CUF) of 21.7%.
A size analysis of a PV-battery system for residential applications was performed in [25]. The authors
considered different sizes of battery storage and PV systems in the sensitivity analysis to find the best
system configuration. In [26], the authors assessed the techno-economic performance of a 1-kW PV
system for a residential building in Indonesia.

The authors in [27] analyzed the environmental and technical economic feasibility of 10-MW PV
systems at 44 sites in Saudi Arabia. They concluded that Bisha is the best site at which to install a PV
system in Saudi Arabia. Another study [28] analyzed the performance of a 85-MW PV system in the
western part of Saudi Arabia. The authors in [29] performed a detailed techno-economic performance
evaluation of a 1-MW grid-connected PV system in the Qassim region of Saudi Arabia. The researchers
in [30] investigated the environmental and economic feasibility of a ground-mounted PV system at
29 locations in Egypt. Wahat Kharga was the best site based on economic profit and GHG emissions.
The existing studies on ground-mounted PV systems in solar-rich countries of the Middle East region
do not focus on the impact of the mutual shading of the PV panels, which depends on the interrow
distance of parallel PV panel rows.

The heat gain of the buildings from facades and windows can be curtailed by integrating PV into
shading devices, which have the dual benefit of energy production and shading. However, one of
the major problems is PV efficiency in such shading devices because they are normally vertical and
therefore suitable orientation and tilt angles are mostly not available [31]. Thus, they do not face the
sun for a long enough period of time and, as a result, PV does not work at full efficiency. Roofs are
another main source of heat capturing, because they directly face the sun. Therefore, installing the PV
system on rooftops could help to curtail the heat energy transfer inside the building due to their partial
shading benefit, as solar radiation does not directly hit the roof. Therefore, the roofs of buildings are
the most appropriate place for PV installation in urban environments [32]. In hot countries like Saudi
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Arabia, PV can be a very attractive rooftop shading device, especially for office buildings because
these buildings normally consume energy during the daytime, which is the operating time of a PV
system as well [33]. The authors in [34] tested the performance of thirteen different PV-integrated
shading devices for small offices at two locations in Greece and categorized them by the amount of
energy generated. Assouline et al. [35] estimated the electricity production capacity of a large-scale
rooftop PV installation in Switzerland by using Random Forests. The authors proposed a method to
calculate the available area of roofs for placing PV modules and also estimated the shading losses
caused by nearby trees and buildings, without estimating the losses caused by the mutual shading of
tilted PV modules. Shukla et al. [36] designed a standalone 110-kW PV system installed on the roof of
a hostel building in India. They performed a detailed techno-economic analysis of the proposed PV
system, but they did not consider the roof surface shading benefit of the PVs and the mutual shading
of tilted PV parallel arrays was also not considered in their analysis. Kumar et al. [37] analyzed a
roof-integrated 200-kW PV system by PVsyst software to determine the losses and amount of energy
generated. They analyzed the system efficiency, performance ratio and CUF. Yadav and Bajpai [38]
evaluated the performance of a 5-kW rooftop PV system in Northern India. The authors analyzed the
PV system for its daily average energy output, energy yield, CUF, and array efficiency, but the authors
did not consider the roof surface shading advantage of the rooftop PVs. The authors in [39] designed
a PV- and wind-based net zero-energy building in which PV panels were placed on the rooftop as
shading devices. They concluded that the cooling load demand of a building decreases by installing
PV panels on the rooftop. The research study in [40] evaluated shading effect of rooftop PV on an
office building in hot and dry climate. Another study [41] evaluated the performance of a rooftop PV
system for a faculty building at Marmara University, Turkey. The proposed rooftop PV system had
an average performance ratio of 72.9%. Another simulation study in [42] tested the performance of a
6.4-kW rooftop PV system in India. The authors in this study did not consider the impact of the mutual
shading of PV panels on the PV system’s performance and the rooftop shading benefit in relation
to the cooling load was not considered either. The authors in [43] evaluated the techno-economic
performance of a 12.25-kW rooftop PV system for a residential building located in Jeddah, Saudi Arabia.
The proposed PV system had a capacity factor of 22%, a yield factor of 1927 kWh/kW, a performance
ratio of 78% and a levelized cost of energy (LCoE) of 3.82 ¢/kWh. Although the authors evaluated the
rooftop PV system based on many performance parameters, they did not take into account the rooftop
shading due to PV panels in their analysis.

The ground-mounted PV system is easy to access and has lower maintenance costs, but in urban
areas the availability and cost of land is a major issue for ground-mounted PV systems. Contrarily,
the rooftop PV system does not involve land cost and it also blocks the direct contact of solar radiation
with the outer surface of the roof. The high temperatures in hot climate areas (such as the Middle
East and North Africa) cause the heating of buildings’ roofs due to sun rays directly hitting the roof
surface. If the PV panels are installed on the roofs of buildings in such hot areas, then their roof shading
advantage will help to lessen the cooling energy requirement of such buildings. Therefore, it would be
very interesting to evaluate and compare the performance of rooftop and ground-mounted PV systems
in such regions with hot climates. The existing literature on the PV system’s performance analysis is
mainly focused on determining the feasibility of a PV system at a particular place. The researchers have
focused on techno-economic feasibility of either ground-mounted or rooftop PV systems individually.
Most of the existing techno-economic feasibility studies analyze rooftop PV systems in the same way
as ground-mounted PV systems, without simultaneously considering the mutual shading of parallel
arrays and the shading benefits of the rooftop PV. It is very important to consider the mutual shading
of parallel PV arrays and rooftop shading simultaneously while optimizing the interrow distance
of parallel arrays. The existing literature does not provide a detailed comparison of the rooftop
and ground-mounted PV systems while considering these two factors at the same time. The aim
of this paper is to find an optimized configuration of rooftop and ground-mounted PV systems for
interrow distances between the parallel PV arrays and to compare the two systems based on their
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techno-economic performance. This paper compares the two optimized configurations based on LCoE,
Net LCoE, energy output, energy yield, performance ratio and CUF. This research provides a very
good insight into these two configurations for policymakers to promote the growth of PV technology
on commercial and residential buildings.

2. Solar Resource and Electrical Load

The building of the College of Engineering at Majmaah University (CEMU) is taken as a case
study to install the rooftop and ground-mounted PV systems. This building is situated at 25.89° N
and 45.35° E in Majmaah, Saudi Arabia. The solar resource data were collected from a solar resource
monitoring station in the King Abdullah City of Atomic and Renewable Energy (KACARE), located
in Majmaah University. It is a tier two station with a +50% baseline uncertainty [18]. The climate
of Saudi Arabia is very hot and therefore heavy air conditioning is required in the summer season,
which results in a very high electrical load during this season. The peak load of Saudi Arabia happens
during the summer solstice in the daytime, because of the high cooling load. Therefore, PV installation
could be very effective in meeting the high electrical load in the hot summer season. The PV system’s
peak energy output matches the peak load demand of this region. The global horizontal irradiance
(GHI), average air temperature and daytime temperature at the proposed location [18], as well as the
load profile of the CEMU building, are shown in Figure 1. The maximum GHI (8.44 kWh/m?/day) is
observed in June and the minimum (3.9 kWh/m?/day) is recorded in December, while the daily average
of the whole year is 6.04 kWh/m?/day. The electrical load is high during the summer months because of
the high air conditioning load for maintaining a comfortable temperature in the building. It is shown
in Figure 1 that the load profile of the CEMU building matches the GHI profile.
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Figure 1. Daily average global horizontal irradiance (GHI), daily average and daytime average
temperatures and load profile.

3. Design of PV System

The PV modules are connected in a series to form strings, which are arranged in parallel rows.
In order to conduct an impartial comparison between ground-mounted and rooftop PV systems,
both the systems are designed for the same nameplate capacity. For this purpose, first the capacity of
rooftop PV is calculated for the available rooftop surface area and for a particular interrow distance and
then the same sized system is analyzed for the ground-mounted configuration. The solar irradiance
intensity on the PV panels can be augmented if the panels are facing the sun. The sun changes its path
around the horizon. The path is low during winter and high during the summer season. A monthly
adjustment approach to the tilt angles of the PV arrays is used to overcome these seasonal variations in
the sun path. The monthly tilt angles for the optimal performance of the PV panels at the proposed
location are listed in Table 1. The Canadian Solar CS6X-350M-FG PV module is used in this analysis
and its characteristics are shown in Table 2.
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Table 1. Monthly tilt angles for optimal performance at Majmaah. Adopted from [44] (License Number:
486659005457).

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
51° 43° 29° 13° 0° 0° 0° 6° 23° 39° 48° 53°

Table 2. PVmodule characteristics [45].

Parameter Value
STC power rating 350 W
Module peak efficiency 17.93%
Temperature coefficient of power —0.39%/°C
Nominal operating cell temperature 43 °C
Maximum power current (Imp) 921 A
Maximum power voltage (Vmp) 38.1V
Module Length 1.968 m
Module Width 0.992 m

The power output of the PV module is dictated by the ambient temperature and the solar radiation
striking the PV modules. The following relation expresses the PV power output [46,47]

va = AvaTnpv (1)

where Apy is the area of the PV modules, Gt is the solar irradiance on the plane of PV arrays (POA),
and npy is the generation efficiency of PV. Equation (1) shows that the output of the PV system mainly
depends on solar irradiance on POA and the area of PV modules, which depend on the available area
for the installation of a PV system. One of the constraints of rooftop PV systems is the limited area of
the roof.

The PV generation efficiency (npy) is given by the following relation [46,47]

npv = nrnpc[l + ap(Tc —T,stC)] (2)

where 1, and 1), are the power conditioning and reference module efficiencies, respectively, T stc is
the PV cell temperature at standard test conditions (STC), T; is the PV cell temperature, and ay is
the temperature coefficient of power. The temperature coefficient of power shows the performance
degradation of PV modules with respect to temperature. The temperature coefficient of power of the
selected module is —0.39%j/°C, which indicates that the PV efficiency decreases by 0.39% per degree rise
in temperature. The modules are dark in color; therefore, they absorb more heat and their operating
temperature is way above the ambient temperature [48].
The PV cell temperature is given by the following relation [49].

Ta
- 3
c 1+ (Ten — Tan)(g_;)(%’lg%) 3)

To+ (Ten - Tan>(g—;)(1 - u)

where T, is the ambient air temperature, T, is the nominal operating cell temperature, G, is the solar
irradiance, for which T, is defined, T;; is the ambient temperature at which T, is defined, Nmp_sTC 18
the maximum power point efficiency at STC, a, is the PV array solar absorptance, and 7 is PV the array
solar transmittance.

The annual energy output of the PV system is computed as

8769
Ep= ) Pp(x) (4)

x=1
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where x is the number of hours.

The total covered area of the CEMU building is 4720 m? and the total available area of the roof for
PV installation is 4430 m?. The layout of the rooftop PV system is designed in Helioscope software.
This software helps towards the advanced modeling of rooftop PV systems by modeling the PV arrays
based on their physical design due to its design-integrated approach. Figure 2 shows the layout of
the PV system on the roof of the CEMU building for an interrow distance of 0.5 m. The PV modules
are arranged in parallel rows, which are tested for various interrow distances to evaluate the losses
due to the mutual shading of PV arrays. The total number of PV modules in the designed layout at
the available area of the roof varies, with various interrow distances of parallel modules due to the
limited area of the roof. A design summary of the ground-mounted and rooftop PV systems at various
distances is presented in Table 3.

Figure 2. Layout of rooftop PV system for College of Engineering at Majmaah University (CEMU)
building’s roof at interrow distance of 0.5 m.

Table 3. Design summary.

Distance
W 05m  1.0m  15m  20m  25m  30m  35m  40m

Total number of PV modules 1768 1480 1207 1054 918 816 748 680
Modules per string 17 17 17 17 17 17 17 17
Number strings 104 87 71 62 54 48 44 40
Total area of PV modules 3451m?  2787m? 2356 m? 2057 m? 1792m? 1593 m? 1460 m® 1327 m?
Inverter capacity 60 kW 60 kW 60 kW 60 kW 60 kW 60 kW 60 kW 60 kW
Number of inverters 8 7 6 6 5 5 5 4

4. Thermal Analysis of the Building

The CEMU is a four-story building and the top floor of the building is analyzed because the
shading benefit of the rooftop PV to curtail the cooling load is available only for the top floor.

4.1. Heat Flux

The cooling load for a building is decided by the total heat flux entering the building. The rooftop
of the building receives heat flux in three ways:

(1) Shortwave radiation that comprises diffused and direct radiation;
(2) Longwave radiation due to the sky, surrounding air, and other surrounding factors;
(3) Convection flux from the outside air.
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The net heat flux entering into the roof of building is given by the following relation [50]

quF = 4swR T JLWR + Gair_conv ®)

where grwr is the longwave radiation flux due to the surroundings, i+ conv is the convection heat flux
by the outer air, and gswr is the heat flux due to solar radiation.

Any surface exchanges (releases or absorbs) thermal radiation with other bodies subject to the
temperature difference between the bodies. The longwave radiation flux is due to the radiation
exchange between the roof surface and other bodies such as the air, sky, and surrounding buildings that
may release heat waves of various wavelengths. Since the building for this case study has no nearby
high-rise buildings in its surroundings and the surface of the roof is facing the sky, the longwave heat
flux due to the exchange of radiation with nearby buildings is ignored in this analysis. The longwave
radiation flux can be expressed as [50].

GLWR = sky + Gair (6)

where ¢,;; and g, are the heat flux due to radiation exchange with the air and sky. According to
the Stefan-Boltzmann law, the radiation received by a body from another hot body is dictated
by the difference in the fourth power of temperatures of the radiation-emitting body and the
radiation-absorbing body. After applying the Stefan-Boltzmann law, Equation (6) becomes [50,51].

JLWR = so(Tfky - T?<5> + eo(TH - T?z5> )

where ¢ is the Stefan-Boltzmann constant (5.67 x 1078 W/m?2.K*) [51], ¢ is the emissivity of the surface
(0.9) [51], Ta, Trs, and Ty, are the air, roof surface and sky temperatures, respectively. The sky
temperature cam be computed by the air temperature as [52].

Ty = 0.0552(T, +273.15) " 8)

The PV panels installed on the rooftop modify the view factor of the roof and they also contribute
to longwave radiation. The longwave radiation components of the sky, surrounding air, and PV panels
depend on their respective view factors. Therefore, Equation (7) becomes [50,51].

quwr = €0Fgy (T4, = Trs) + €0Fpy(Thy = Tgs) + €0Fpy y(Tpy |, = Trg) + e0Fair(Tq = Tgg)  (9)

where Tpy is the PV panel front surface temperature, Tpy j is the PV panel back side temperature, Fg,,
Fpy, Fpy p and F;;, are rooftop view factors in relation to the sky, PV front, PV back and air, respectively.
The PV panel surface temperature (Tpy) is the same as the cell temperature (T¢) given by Equation
(3) [49]. The PV panel back side temperature (Tpy p) is obtained by the following relation [53,54].

Tpy p = Ta + Gr.e@+V) (10)

where V is the wind speed and coefficients a2 and b are —3.562 and —0.07862 [54].
The view factor of rooftop to sky is computed as (Figure 3).

D+1;-H
Fy = ——p— (1)

The view factor of rooftop to PV front is computed as (Figure 3).

 D+H-L

D (12)

Fpy
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The view factor of rooftop to back side of PV is computed as (Figure 3).

D+H-L
Fpy p = Tl (13)

where L1 and L, depend on D, H and tilt angle 8.
The sum of the view factors from a surface to the whole space is 1 [55]; therefore, the view factor
to air is calculated

Fgir =1 —=Fsy — Fpv —Fpy b (14)

Both the direct and diffused radiation hitting the rooftop contribute to the shortwave radiation
flux and can be expressed by the following relation [50].

qswr = (1 —a)GHI (15)

where a is roof surface albedo (0.3) [56]. The global solar radiations are reduced to diffused radiation
for a PV-shaded roof [50].

qswr = (1 -a)Diff (16)

where Dif f is the diffused solar radiation. The convection flux from outside air is given by [50,51]

air conv = hc(TRS - Ta) (17)

where h; is the convection coefficient. Therefore, the net heat flux into the roof of the building can
be expressed by putting the expressions of longwave radiation flux, shortwave radiation flux and air
convection heat flux from Equations (9), (16), and (17) in Equation (5) to give the net heat flux

gur = (1 —a)Dif f + eaFSky(T4

sky = T;lqs) + EUFPV(T?QV - T?{s) + EUFPVJJ(T?JVJ, - T%s) + EUPuir(Tg - T?{s) + hc(TRS - Ta) (18)

Figure 3. Layout view factor of roof to sky and front side of PV panel.

4.2. Roof Surface Temperatures

The CEMU building is simulated in EnergyPlus software from the National Renewable Energy
Laboratory (NREL) to determine the cooling load requirement and surface temperatures of the roof of
the building under different shading scenarios. The data file containing detailed weather information
such as temperature, humidity, wind speed, diffuse horizontal irradiance (DHI), direct normal irradiance
(DNI), and GHI is loaded in EnergyPlus. The parameters of the building for EnergyPlus are tabulated
in Table 4.
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Table 4. Parameters of building.

Parameter Value
Population density inside the top floor of the building 5 people/100 m?
Thermostat setting of the cooling loads 25°C
Thermostat setting of heating loads 20°C
Electrical equipment load power density 11 W/m?2
Lighting load power density 11 W/m?

Windows characteristics

Exterior layer (clear) 3 mm
Air gap 13 mm
Interior layer (clear) 3 mm

Roof characteristics (exterior)

Solar reflectance 0.3

Outer layer—concrete 100 mm M11

Specific heat 840 J/kg-K
R-value 0.2 K-m?/W
2nd layer—ceiling airspace resistance

R-value 0.2 Km?%/W
3rd layer—F16 acoustic tile

Specific heat 590 J/kg-K
R-value 0.32 K-m%/W

Roof characteristics (Interior)

Outer layer—concrete 100 mm M11
2nd layer—ceiling airspace resistance
3rd layer—F16 acoustic tile

In the case of an uncovered roof, the solar radiation directly hits the roof and, in hot regions during
the summer solstice, this solar radiation causes a high cooling load demand. The CEMU building is
simulated with and without rooftop PV panels. The simulation results show that without rooftop
PV, the temperature of the outer surface of the roof in the hot summer season reaches above 70 °C.
The building is simulated again with rooftop PV panels by varying their interrow distance from 0 m to
4 m. These rooftop PVs are partially shading the roof of the building; as a result, they block the direct
connection of solar radiation on the roof; therefore, the roof temperature decreases. The simulation
results of both outer and inner surface temperatures of the CEMU building’s roof for a few hot summer
days are presented in Figure 4. It can be observed that the temperatures of both inner and outer surfaces
decrease by placing PV panels on the rooftop due to their shading benefit. As a result, the cooling
energy required to maintain the comfortable indoor environment of the building decreases. The cooling
energy requirement also increases with the increase in the interrow distance of parallel arrays of
PV panels because a larger portion of the roof surface area is directly exposed to solar radiation at
larger distances.

4.3. Cooling Energy Saving Advantage

The partial shading of the roof surface is an added advantage of the rooftop PV installation along
with the land cost saving. This partial shading helps to reduce the cooling load during the hot summer
season. The simulation results show that the cooling energy requirement of the top floor of the CEMU
building decreases by placing the PV modules on the rooftop. This saving in energy can be considered
as an added part of the actual energy generated by rooftop PVs. The simulation results showing the
cooling load savings for the top floor of the CEMU building at various interrow distances of the PV
modules are presented in Table 5.
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Figure 4. Roof surface temperatures without and with rooftop PVs at different interrow distances.
(a) Inside. (b) Outside.

Table 5. Cooling energy requirement and saving at various interrow distances of PV modules.

Interrow Spacing of Cooling Energy Cooling Energy Percentage
PV Arrays Requirement (kWh) Saving (kWh) Saving (%)

0.5m 728,271 136,955 15.83

1.0m 751,785 113,440 13.10

1.5m 763,171 102,054 11.79

2.0m 777,294 87,931 10.16

25m 787,679 77,547 8.96

3.0m 797,797 67,428 7.79

3.5m 808,962 56,264 6.50

40m 819,509 45,617 5.27

Without rooftop PV 865,226 0 0
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5. Results and Discussion

5.1. Optimization of PV Systems

In order to receive maximum solar radiation, the PV modules are tilted at a particular angle to
keep them facing the sun for a longer period of the day. This tilt angle of the PV modules causes mutual
shading of the parallel PV modules. This shading reduces the efficiency of the PV system; therefore,
it is very important to find an optimal interrow distance for maximum performance efficiency and
minimum LCoE. The LCoE is taken as objective function and interrow distance is the optimization
variable. The LCoE is the ratio of the lifecycle cost of the system to the total energy produced during the
lifespan of the project. It shows the cost of per kWh of electricity and it is expressed by the following
relation [47].

LCoE = S1AC (19)
Ep
where E, is the annual energy output and Crxc is the total annualized cost, which is given by the
following relation [57]
Crac = Crpy X CRF (20)

where Crpy is the net present value of the costs of all the components in the system and CRF is the
capital recovery factor, which is given by the following expression [58]

r(1+ r)N

CRF =
(1+nN-1

(21)

where N is the lifetime of the project (25 years) and r denotes the interest rate (6%). The net present
value of the costs of all the components is calculated as

Crpv = CC + Cogm NPV + Crep_NPv — Csal_npv — Co_NPV (22)

where CC is the capital cost, which is sum of the engineering, procurement and construction (EPC)
and financial costs, Cogm_npv is the present value of operation and maintenance cost, Crep_npy is the
present value of the replacement cost of equipment, Cg,; npy is the present worth of the components’
salvage value, and Cg_npy is the present worth of the cooling load saving in terms of the grid electricity
price. C; npv is zero for the ground-mounted PV system and in the case of the rooftop PV system
when the saving in cooling load is taken as an added part of the PV output. The net present values are
computed by the following expressions [59].

N i
. . 1
operation and maintenance cost  CogM NPV = Y., CO&M X Eli];i
- i=1 r)
1+))’
salvage value Csal NPV = Csal X Elijif
- r
gL (23)
component replacement cost CRep_NPV = CRep X 2. (1—+r)
x=1
' : o Cx )
cooling load saving cost cc npv = Y, Co X T
- i=1 r

where j is the inflation rate (2.5%), n is the number of replacements of a component, L is the life of
the component, Cogm, Csai, Crep, and Cg are the current values of operation and maintenance costs,
salvage value, the cost of replacement of a component, and the cooling load saving cost in terms of the
grid electricity price, respectively.

In order to calculate LCoE of the two configurations at various interrow distances, the economic
parameters of the PV systems for two configurations are listed in Table 6.
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Table 6. Economic parameters of the PV system [44].

Parameter Cost (Ground-Mounted PV) Cost (Rooftop PV)
PV module 450 US$/kW 4 450 US$/kW 4.
Inverter 130 US$/kW 4c 130 US$/kW g,
Labor 150 US$/kW 4. 200 US$/kW g4,
Balance of system 100 US$/kW 4. 100 US$/kW 4
Land for ground-mounted PV 30,000 US$/acre -
O&M costs for ground-mounted PV 10 US$/kW/year 20 US$/kW/year
Sales tax 5.0% 5.0%

5.1.1. Ground-Mounted PV System

One scenario for the tilted PV modules and their mutual shading is shown in Figure 5. This mutual
shading leads to a reduction in the electrical output. In order to reduce these shading losses, the parallel
PV modules can be placed at larger distances. The percentage of mutual shading of parallel rows of PV
arrays is calculated by a 3D system advisor model (SAM) calculator using the approach detailed in [60].
It shows the amount of shading on a row of PV panels due to neighboring PV rows. The percentage
of mutual shading of the PV system at various interrow distances of parallel rows of PV panels is
shown in Figure 6. As the interrow distance increases, the shading decreases and the energy yield
increases, but the large interrow distances require more land area and eventually more land cost.
Therefore, finding the optimal interrow distance is very important. The LCoE and PV energy yields of
the ground-mounted PV system at various interrow distances are shown in Figure 7. It can be observed,
in Figure 7, that as the interrow distance increases, the PV energy yield increases sharply and the
LCoE decreases, but this increase in energy yield becomes less effective at interrow distances greater
than 1.5 m. The LCoE is minimal at an interrow distance of 1.5 m. The LCoE starts increasing with a
further increase in the interrow distance because there is very little decrease in the shading losses with
further increases in the interrow distance (Figure 6) and therefore the energy yield is almost constant at
larger distances, but LCoE starts increasing at a sharp pace due to the increase in land area and cost.
The optimal interrow distance for the minimum LCoE of the ground-mounted PV system is 1.5 m.

Shading

I
I
|
_F i

Figure 5. Parallel tilted PV modules facing sun and their shading caused by tilt angle.
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Figure 7. Energy yield and levelized cost of energy (LCoE) of the ground-mounted PV configuration.

5.1.2. Rooftop PV System

As discussed in Section 5.1.1, the LCoE decreases and the energy yield increases with the increase
in the interrow distance. In the case of the rooftop PV system, which has an added advantage of
rooftop shading, this increased distance exposes a larger roof area to sun rays and increases the cooling
load requirement (Table 5). For the rooftop PV system, the saving in the cooling energy load is also
included in the calculations of energy yield and LCoE. Figure 8 shows the energy yield and LCoE for
various interrow distances from 0.5 m to 4 m for three cases, i.e.,

(1) Net LCoE calculated by taking into account cooling energy savings as part of PV output;

(2) Net LCoE calculated by taking into account cooling energy savings in residential buildings’
electricity tariffs;

(3) Net LCoE calculated by taking into account the cooling energy savings in government buildings’

electricity tariffs.

The LCoE decreases and the net energy yield (sum of electrical and saving yield) increases initially
with the increasing interrow distance because of the decrease in mutual shading (Figure 6), but at
larger interrow spacings, this relationship between net energy yield and LCoE with increasing interrow
distances reverses because of the decrease in the cooling energy saving yield at larger distances.
The optimal interrow spacing for minimum LCoE and maximum net energy yield for rooftop PV
configuration is 2.5 m for all three cases.
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Figure 8. Energy yields and LCoE for rooftop PV configuration.

5.2. Comparative Analysis of the Rooftop and Ground-Mounted Systems

In order to conduct a fair comparative analysis of the two configurations, the area of the land
for ground-mounted configuration is taken to be the same as the available surface area of the rooftop
configuration. The two systems are compared based on their economic and energy analyses.

5.2.1. Economic Analysis

The two important factors in analyzing the economic feasibility of a renewable energy project are
LCoE and payback period. The LCoE values of the two PV systems for various interrow distances
are compared in Figure 9. The Net LCoE for the rooftop configuration also includes the cooling load
curtailment advantage. In order to calculate the cooling energy savings, the cost of electricity from
the grid is taken as 8.5 ¢/kWh for government buildings and 4.8 ¢/kWh for residential buildings [61].
The Net LCoE of the optimized rooftop PV system is 5.07 ¢/kWh (Net-Rooftop), 5.10 ¢/kWh (residential
buildings), and 4.65 ¢/kWh (government buildings), respectively, compared to 6.1 ¢/kWh for the
optimized ground-mounted PV configuration.

[ 1 Ground-mounted [__] Net-Rooftop (residential buildings)
I Net-Rooftop [ Net-Rooftop (government buildings)

5 i i _ o B

LCoE (¢/kWh)

0.5m 1.0m 1.5m 2.0m 2.5m

Inter-row Distance (m)

3.0m 3.5m 4.0m

Figure 9. LCoE of ground-mounted and rooftop PV configurations at various interrow distances.

The payback period for the PV system is the time duration in years required to recover the
initial investment in the system in the form of savings in electricity bills or by selling electricity to
the grid. The payback periods of the two systems are shown in Figure 10. The payback period of
the ground-mounted system is longer than the rooftop PV system because the ground-mounted PV
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system involves the land cost as well. The net payback period of the rooftop PV system is calculated
by adding the rooftop surface shading benefit. The net-payback periods of the optimized rooftop PV
configuration are 2.9 years (Net-Rooftop), 3.0 years (residential buildings), and 2.7 years (government
buildings), respectively, compared to 3.6 years for the optimized ground-mounted system.

[ Ground-mounted [ ] Net-Rooftop (residencial buildings)
I Net-Rooftop B Net-Rooftop (government buildings)

354[] B = & M [ ] B [ ]
3.0 1
2.5 1
2.0
1.5
1.0
0.5 1

0-0 L) T T L) L} L} T
0.5m 1.0m 1.5m 2.0m 2.5m 3.0m 3.5m 4.0m
Inter-row Distance (m)

Payback period (Years)

Figure 10. Payback periods of ground-mounted and rooftop PV configurations at various interrow distances.
5.2.2. Energy Analysis

The saving in cooling energy due to the partial shading of the roof by rooftop PV is included in
the energy generated by the rooftop PV system, while the ground-mounted PV system does not have
this advantage. Therefore, the net energy from the rooftop PV is higher than the ground-mounted PV.
Figure 11 shows the energy output from the two systems at various interrow distances. The energy
output decreases with the increasing interrow distance because the number of PV panels for a given
surface area decreases as the interrow distance increases.

1400000'_ T [ 1Rooftop L 1800

1200000 - RN [ 1Ground-mounted i -
= - 1600 Z
< . —u— Number of PV Panels | 3
i 1000000 i . 1400 5
5 800000 | N 1200 ©.
-— 1 \\ -
3 600000 - S~ A 3
> 1 1000
D 400000 L g
2 : 800 @
W 200000 - i ®

] L 600
0 : . : I S S

0.5m 1.0m 1.5m 2.0m 2.5m 3.0m 3.5m 4.0m
Distance (m)

Figure 11. Energy output at various interrow distances.

The optimal interrow distances for the ground-mounted and rooftop PV configurations are 1.5 m
and 2.5 m, respectively. Figure 12 shows a comparison of the annual and cumulative energy output of
the two configurations. The annual energy of the PV systems decreases in successive years because of
the performance degradation of PV modules due to aging. A 0.5%/year performance degradation rate
for the PV system is considered in this analysis [44,62]. Since the area is fixed, the increased interrow
distance causes a reduction in the energy output. Hence, the two configurations are compared in such
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a way that the optimized case of each configuration is compared with the other configurations for the
same interrow distance. Figure 12a shows a comparison of the optimized rooftop configuration with
the ground-mounted configuration for the same interrow distance (2.5 m) and Figure 12b presents a
comparison of optimized ground-mounted system with the same rooftop system (1.5 m). It is evident
from Figure 12 that the rooftop system has a much better annual and cumulative energy output in both
the cases, and the gap between the cumulative energy output of the two configurations increases with
each passing year.
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Figure 12. Annual and cumulative energy comparison. (a) Optimized rooftop vs. ground-mounted PV.
(b) Optimized ground-mounted vs. rooftop PV.

The capacity utilization factor (CUF) is a common parameter to compare different PV systems.
It is the ratio of energy generated by the plant during a year to the possible energy output of the plant if
it operates at the nameplate capacity for the whole year. It is normally represented as a percentage [44].

CUF — annual energy output (24)
 nameplate capacity X 24 X 365
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Figure 13 shows the CUF of the rooftop and ground-mounted PV systems. The rooftop PV system
has a better CUF. The CUF of the optimized rooftop PV configuration is 26.7% compared to 23.8% for
the optimized ground-mounted system.

30 - [ Rooftop PV [ Ground-mounted PV

0 T T T T T T T 1
05m 1.0m 15m 20m 25m 30m 35m 4.0m
Inter-row Distance (m)

Figure 13. Capacity utilization factor (CUF) of the ground-mounted and rooftop PV systems.
6. Conclusions

A detailed performance analysis of rooftop and ground-mounted PV systems is carried out
to determine the most feasible configuration in hot urban areas. The PV modules are placed at a
particular tilt angle to receive the maximum amount of solar irradiance and operate at maximum
efficiency, but the tilted PV modules cause mutual shading among the parallel arrays, which decreases
their efficiency. The larger interrow distance helps to enhance the efficiency of the parallel PV
modules, but this wider interrow distance requires more land area in the case of ground-mounted
PV, while in the case of the rooftop PV system, more of the roof surface is exposed to direct sun
radiation. Therefore, an optimized interrow distance between parallel PV modules is determined for
the maximum energy yield, and minimum LCoE. The optimized distances for the ground-mounted and
rooftop PV configurations are found to be 1.5 m and 2.5 m, respectively. The optimized rooftop PV has
a CUF of 26.7% compared to 23.8% for the ground-mounted one. The rooftop PV is economically more
feasible due to its shading advantage and the fact that no land is required. The LCoE of the optimized
ground-mounted system is 6.1 ¢/kWh, while the LCoE of the optimized rooftop system, after including
the shading benefits, is 5.07 ¢/kWh (Net-Rooftop), 5.1 ¢/kWh (residential buildings), and 4.65 ¢/kWh
(government buildings). This shows a 16.9% (Net-Rooftop), 16.4% (residential buildings), and 23.7%
(residential buildings) reduction in the LCoE of the ground-mounted configuration. From the results
of this paper, it is concluded that the rooftop PV system is clearly a much better option than the
ground-mounted PV in regions with hot climates.
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Nomenclature

Apy area of PV modules

Crac total annualized cost (US$)

Ce current values of cooling load saving
Cc NPV present worth of cooling load saving

Co&M NPy present value of operation and maintenance cost
Crep_Npv  present value of replacement cost of equipment
Csal NPV present worth of the components’ salvage value

Crpv net present value of the costs of all the components
Diff diffused solar radiation (kWh/m?/day)

Ep total energy produced (MWh)

Fpy roof view factor to PV front

Fpy roof view factor to PV back

Fsgy roof view factor to sky

Fair roof view factor to air

Gr solar irradiance on the plane of PV arrays

Grn solar irradiance for which T, is defined

he convection coefficient (W/m?-K)

Ji inflation rate (%)

L life of the component

n number of replacements of a component

N lifetime of the project (years)

Gair heat flux component due to air radiation exchange (W/m?)
Gair conv convection flux from outside air (W/m?2)

qHF heat flux into the roof of building (W/m?)

qLWR longwave radiation flux due to the surroundings (W/m?2)
Gsky heat flux component due to sky radiation exchange (W/m?)
gSWR heat flux due to solar radiation (W/m?)

r interest rate

T, air temperature (°C)

Tan ambient temperature at which T, is defined

T, PV cell temperature (°C)

Ten nominal operating cell temperature

TcsTC PV cell temperature at standard test conditions (°C)
Tpy PV panel surface temperature (°C)

Tpy_b PV panel back side temperature

TRrs roof surface temperature (°C)

Tsky sky temperature (°C)

kW, DC power output in kW

a roof surface albedo

Qg PV array solar absorptance (%)

@p temperature coefficient of power (%)

€ emissivity of the surface

Nmp_STC maximum power point efficiency at STC

Tpe power conditioning efficiency (%)

npy PV generation efficiency (%)

nr reference module efficiency (%)

Stefan—Boltzmann constant (W/m?2.K*)
T PV array solar transmittance (%)
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Abbreviations

CcC

capital cost

CEMU College of Engineering at Majmaah University

CUF capacity utilization factor

DHI diffuse horizontal irradiance

DNI direct normal irradiance

EPC engineering, procurement and construction
GHI global horizontal irradiance

GHG greenhouse gas

LCoE levelized cost of energy

POA plane of PV array

PV photovoltaic

STC standard test conditions
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