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Abstract: Hot areas of the world receive a high amount of solar radiation. As a result, buildings
in those areas consume more energy to maintain a comfortable climate for their inhabitants. In an
effort to design net-zero energy building in hot climates, PV possesses the unique advantage of
generating electrical energy while protecting the building from solar irradiance. In this work, to form
a net-zero energy building (NZEB), renewable resources such as solar and wind available onsite for
an existing building have been analyzed in a hot climate location. PV and wind turbines in various
configurations are studied to form a NZEB, where PV-only systems offer better performance than
Hybrid PV Wind systems, based on net present cost (NPC). The self-shading losses in PV placed on
rooftop areas are analyzed by placing parallel arrays of PV modules at various distances in between
them. The effect on building cooling load by rooftop PV panels as shading devices is investigated.
Furthermore, self-shading losses of PV are compared by the savings in cooling loads using PV as
shading. In the case study, 12.3% saving in the cooling load of the building is observed when the
building rooftop is completed shaded by PV panels; annual cooling load decreased from 3.417 GWh
to 2.996 GWh, while only 1.04% shaded losses are observed for fully shaded (FS) buildings compared
to those with no shading (NS), as PV generation decreases from 594.39 kWh/m2 to 588.21 kWh/m2.
The net present cost of the project has been decreased from US$4.77 million to US$4.41 million by
simply covering the rooftop completely with PV panels, for a net-zero energy building.

Keywords: shading effect; photovoltaic arrays; energy analysis; renewable energy resources

1. Introduction

The modern world is facing extreme weather events every year. In the 20 years from 1996 to
2015, more than 528,000 people died in some 11,000 extreme weather events. Monetary losses add up
to around 3.08 trillion US$ [1]. Crops are facing a 10% reduction in productivity because of severe
weather events [2]. Global warming by greenhouse gases will melt polar ice, and some areas of the
world will be underwater while other will suffer heavy rains and floods, which will cause a shortage
of food, as well as desert formation, and mass migrations [3,4]. The main source of global warming is
the burning of fossil fuels for electrical energy production and transportation [5].

The solution to global warming the use renewable energy resources, and eventually, completely
going green. International efforts against global warming are advancing, with the Paris Accord [6],
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the European Directive 2020 [7], and national directives such as Vision 2030 of Saudi Arabia [8,9].
The Paris Accord seeks to limit the increase in global average temperatures to 1.5 ◦C in 2030, and to
achieve net-zero emissions by 2070. The European Union directive focuses on buildings, targeting 20%
onsite energy generation, 20% more energy efficiency, and 20% less greenhouse gas emissions from
all buildings by 2020. Saudi Arabia announced a plan under Vision 2030 to create a sustainable city,
Neom, by the Red Sea on the border of Jordon in Tabuk province. Saudi Arabia also plans to generate
9.5 GW of renewable energy by 2023 [10,11].

In recent years, renewable energy resources are becoming more economically feasible through
the development of new technologies. In the past one year, 157 GW of renewable power systems
have been installed at a cost of 279.8 billion US$, while 70 GW of fossil fuel energy systems have
been decommissioned. China installed an astonishing 53 GW of solar energy systems at a cost of
86.5 billion US$ [12]. Even the Middle East countries such as UAE and Egypt have spent 2.2 and
2.6 billion US$ respectively on solar energy plants. Currently, photovoltaic systems lead the energy
production of renewable energy resources in the world [12]. Saudi Arabia awarded a 300 MW project
to a ACWA Power, a private investor, in February 2018, with an initial capital cost of 300 million
US$ [13]; in March 2018, KSA signed a memorandum with Softbank Group Crop to develop a 200 GW
solar plant in multiple phases, with an enormous investment of 200 billion US$ [14].

A lot of research is going on to increase the efficiency of renewable energy resources [15,16]. The
research on PV was started analytically in 1950s. Now the dream is to print high energy efficient solar
panels on flexible polyethylene terephthalate (PET) substrate, using printed electronics technologies
at room temperature and in atmospheric pressure, which can last 25 years [17,18] and retain their
efficiencies. The efficiencies of crystalline PV, III-V cell PV, and thin film PV cells have increased to
27.6% [19], 33.3% [20] and 21.7% [21] respectively. Since 2005, PV cell efficiencies have increased at a
good rate, as presented by the NREL efficiency chart [22] and review articles [23,24].

PV and Wind energy system prices are decreasing, and producers are finding it difficult to
deliver orders on time. This cost is declining as new competitors from Asia have entered this market.
The price of solar panels has decreased by 77% from 2010 to 2017 [25–27]. The cost of solar energy
systems comprises the system design, panels, inverters, and skilled labor cost. New designs in wind
energy with bigger turbines are decreasing technology prices, as these machines have higher power
coefficients, which means that they can convert more wind energy into electrical energy. Innovative
designs have reduced the use of steel in towers, and methods for making a floating tower for off-grid
turbines to place them in deep water are currently in research [12].

The Middle East has abundant renewable resources [10,28,29], and these countries should
transform from fossil to renewable. The Kingdom of Saudi Arabia (KSA) is the largest oil exporting
country, but huge domestic energy requirements are halting its economic growth [30]. The load profile
of Saudi Arabia is unique, as peak load in summers is two times that of winter, because of huge cooling
loads of buildings [31,32]. The country has very hot and dry weather [33]. The KSA government has
increased electricity prices by 260% from 0.008 US$/kWh. The solution to KSA’s load problems is to
curtail building load through the use of onsite renewable resources for buildings.

Net-zero energy building (NZEB) can be achieved by generating electrical energy onsite, so that
the net energy bought from the grid is equal to the energy sold to the grid. Developed countries
have already started to design and build net-zero buildings [34–37], in which smart techniques have
been adopted to provide good insulation for buildings, reduce the load by effective use control of
heating, ventilation, air conditioning (HVAC), and appliances, and to employ renewable energy
systems [38,39]. Modern buildings use both AC and DC energy systems in lighting and appliances to
enhance efficiencies and eliminate conversion losses from AC to DC and vice versa [40,41]. Off-grid
energy systems require huge capital investment; during periods in which energy from renewable
resources is unavailable, energy is taken from storage devices, whereas in net-zero energy systems,
backup depends upon the grid. Off-grid systems require more installed capacity to meet the load, and
store energy to use later.
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The shading of the building reduces the cooling load [42,43]. The green rooftop has been
investigated as a means of lowering building temperatures [44]. PV panels also provide shade
and produce energy at the same time [45]. Kim et al. have detailed a net-zero energy by renewable
resource system that generates electricity in 30 different projects [46] in various locations in relatively
cold climates.

In this work, renewable resources for an existing building have been analyzed in a hot weather
environment. PV and wind turbines in various configurations are studied to form a net-zero energy
building. An area of the rooftop is designed for placement of PV arrays, and self-shading in the PV
system is analyzed at various distances between the parallel arrays of the PV modules. The effect on
cooling load of the building by rooftop PV panels as shading devices is investigated. Furthermore,
self-shading losses of PV are compared to the savings in cooling loads. The site is analyzed for NZEB
by solar and wind resources. Finally, the economics of the NZEB with and without rooftop PV arrays
are discussed.

2. Methodology

The model of an existing building is developed in SketchupPro (Trimble Inc., Sunnyvale, CA, USA).
EnergyPlus (National Renewable Energy Laboratory (NREL), Golden, CO, USA) and Euclid (BigLadder
Software Inc., Denver, CO, USA) extension for SketchupPro are used for energy consumption analyses.
EnergyPlus is a complete building simulation software for analyzing cooling, heating, ventilation,
lighting, process load, and water use. The geometry of the building is designed in SketchupPro. Euclid
is a toolbar of SketchupPro to run EnergyPlus.

An NZEB is achieved with the help of solar and wind resources at the location of the building
using HomerPro (NREL). Homerpro is microgrid software for the optimization of the most suitable
configuration out of available conventional and renewable energy systems. HomerPro optimizes for a
least net present cost (NPC). The placement of PV arrays is proposed on the rooftop and parking area
of the building, depending on the load and renewable energy resources of the area. The wind turbines
will be placed in an open space beside the building, using a geographic information system (GIS).

The self-shading losses in PV panels mounted on the rooftop of the building are analyzed
by System Advisory Models ((SAM) (NREL)). SAM uses computer models to evaluate cost and
performance of renewable energy projects. The sun daily path is shifted in the winter, and originates
in tilt angle variations. The parallel PV arrays are placed at various distances, and the corresponding
percentage of losses is recorded.

The study of savings in cooling load of the building by shade provided by rooftop PV panels is
performed in EnergyPlus (NREL) by placing parallel PV arrays at the same distances as those used
for self-shading losses in SAM. The optimal distance for placing parallel PV arrays is evaluated by
calculating the net energy analysis by adding energy gains of cooling load to the energy losses due
to self-shading.

HomerPro (NREL) is used to analyze the renewable energy systems for the building, and achieve
a net-zero energy system for various cases such as:

â Off-grid hybrid energy system for building with no shading (NS) rooftop by PV arrays to show
the benefit of the grid-connected system

â NZEB with NS on the rooftop with only solar resources
â NZEB with NS on the rooftop with only wind resources
â NZEB with NS on the rooftop with solar and wind resources
â NZEB with fully shaded (FS) rooftop by PV arrays without using wind resources
â NZEB with FS rooftop by PV arrays using wind resources

The economic benefits of the onsite renewable energy resources by these various configurations
are examined to find out the most feasible renewable energy system to attain a NZEB in hot climate
areas with and without rooftop shading.
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3. Case Study Analysis

KSA has set a target of generating 9.5 GW of electrical energy from renewable energy resources
by 2023, and of building a sustainable city by the Red Sea [8,9] under the kingdom Vision 2030.
KSA has already awarded ACWA Power, a private energy developer, a contract to develop the first
300 MW solar power plant, with an initial capital of 300 MUS$ in February 2018 [13]. KSA and
Softbank Group Corp signed a memorandum to develop a 200 GW solar plant with an investment
of 200 billion US$ [14]. In order to design and develop future renewable energy systems in KSA
and fill thousands of jobs, Saudi students have to be well prepared to handle the huge task at hand.
Universities are the ideal places to develop and understand the potential and methods of utilization
of renewable energy resources and their application on loads such as buildings, to create a net-zero
energy building (NZEB), and then spread the knowledge. In this work, the existing building of the
College of Engineering, Majmaah University, is taken as a case study.

The building of the College of Engineering has five floors and is located at 25.890302 N and
45.35629 E in Majmaah City in Riyadh province, Kingdom of Saudi Arabia (KSA), at a height of 722 m
from sea level. The covered area of this building is 4859 m2, with parking space at the front and back of
the building. The satellite image and building model are shown in Figure 1. The CoE building working
hours are from 8 a.m. to 8 p.m., where the electrical loads include heating and cooling systems, lighting,
office equipment, and water heating systems. The annual daily average load is shown in Figure 2b,
where a dip occurs at 12 p.m. for lunch break, and another at 2 p.m., when clerical staff leave the
building. The annual load in Figure 2a shows the rise of the load with the rise in ambient temperature.
The summer holiday months are from mid-June to mid-August; this results in a curtailment of the load.
The system has been designed based on summer peak load, as a high load is observed in summer, and
the designed system will work well in the winter as well. The KSA government has developed a data
collection station to measure renewable resources throughout the kingdom for design and analysis of
future renewable energy system projects for the targets set out in Vision 2030. The Majmaah station for
renewable sources measurement is located in Majmaah University (MU). This measurement station is
a Tier II station with uncertainty in data up to ±5%; the sensors are cleaned twice a week.
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3.1. Renewable Resources

Solar resources are available in abundance in Majmaah, with an average of global horizontal
irradiance (GHI) of 5.73 kWh/m2/day. Solar resources are high during summer from April to
September, with a highest average GHI of 8.07 kWh/m2/day in June. January, February, November,
and December receive lower irradiance; December receives the lowest irradiance, 3.31 kWh/m2/day,
as shown in Figure 3. The solar output is dependent on the GHI and temperature, as shown in
Equation (1). The PV output increases with the increase of GHI, but decreases at higher temperatures.
The output Equation of PV is stated as [10].

PPV = YPV fPV

(
GT

GT,STC

)
[1 + αP(Tc − Tc,STC)] (1)
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The solar panels used in this work are monocrystalline 340 W Canadian Solar CS6X-340M-FG
modules with an efficiency of 17.49%. These panels have a nominal operating cell temperature of
45 ◦C, and their temperature effect on power is −0.410 (%/◦C).

Wind resources are also available in abundance at the study location, as shown in Figure 4. The
annual average wind speed is 5.11 m/s, as measured by an anemometer at a height of 50 m. The wind
speed does not have significant seasonal variations, as shown in Figure 4a. The highest monthly wind
speed is observed in July, at 5.75 m/s, and lowest is in October, at 4.61 m/s. The wind resources show
that energy will be generated by wind throughout the year. The wind turbine selected for this project
is the Enercon E-53 (800 kW). This turbine has a rotor diameter of 52.9 m, with a hub height of 73 m.
The cut-in speed of this turbine is 2 m/s and a cut-off speed of 25 m/s. The power coefficient of this
wind turbine shows that it can convert good portions of wind energy into electrical energy at lower
speeds, as shown in Figure 5. The average daily wind speed increases during the daytime, which can
help in shaving the peak load, as shown in Figure 4b. The low cut-in speed enables this turbine to
produce electrical energy for 8524 h in a year at the proposed location, which can be seen from the
duration curve and histogram in Figure 4c,d respectively.
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3.2. PV Self-Shading Analysis

The parallel PV arrays on the rooftop are sketched in SAM 3D shading losses module. The tilt
angle of PV modules is changed on a monthly routine for higher PV output generation. The tilt angle
for each month is shown in Table 1. The data reveals that for May, June, and July, PV panels have to be
placed at a zero tilt angle, and there is no chance of self-shading; in winter, the tilt angle will cause
self-shading as the angle reaches a maximum value of 53◦ in December.

Table 1. The Monthly Tilt angle for Majmaah City [47].

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

51 43 29 13 0 0 0 6 23 39 48 53

The sun daily path is shifted in the winter season which originates in tilt angle variations. The
parallel PV arrays are placed at various distances and the corresponding percentage of losses is
recorded as the maximum yearly output of PV panel occurring when tilt angle equals the latitude angle
of the site. The distance is measured from the horizontal projection (Module length× cos (tilt angle))
of the top of PV module of the first array to the base of the next parallel array, as shown in Figure 6c.
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The shading losses are calculated at distances of 0 m, 0.25 m, 0.5 m, 0.75 m, 1 m, 1.25 m, 1.5 m, 1.75 m,
2 m, 2.25 m, 2.5 m, 2.75 m, 3 m, 3.25 m, 3.5 m, 3.75 m, and 4 m between the parallel PV arrays. The
monthly average shading in the critical months of January, February, March, October, November, and
December are shown in Figure 7. In the other six months, the PV tilt angles are near parallel to the
surface of the roof, so no self-shading is observed in those months. The shading losses are negligible
at a distance between the parallel PV arrays of 2 m or more, as shown in Figure 7. The number of
PV panels that can be placed on the rooftop depend on its area, as well as the distance of the parallel
arrays of PV panels. As the distance between the PV arrays increases, the number of PV panels that can
be placed on the rooftop decreases. To study the self-shading losses and compare the output energy
generated at various distances, the number of PV modules is kept constant. The energy generated by
PV panels is reduced by placing PV arrays close to each other as the self-shading losses for the PV
arrays increases. Figure 8 shows the relation between the number of PV panels installed on the rooftop
and the distance between the PV arrays.
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3.3. Shading Effect on Cooling Load of Building Analysis

The CoE building has an air conditioner in each room to cool the building in the blazing summer
season. Each side of the building has small windows which remain mostly closed because of dust
in the air and extreme weather throughout the year. The car park in front of the building has fabric
shading, while that in the back of the building is open; this space can therefore be used to place
renewable energy systems. The PV arrays placed on the rooftop protect the building from the direct
impact of solar radiation. The fully shaded building rooftop during the daytime receives heat by
convection instead of radiation, as radiationis blocked by PV arrays. The building model is simulated
in EnergyPlus to assess the roof interior and exterior temperatures and cooling load requirements. The
heat flux q into the building from the roof by convection is given by [48]:

q = hc

(
Tsur f − Tair

)
(2)

The heat flux into the building determines the cooling load required to maintain the temperature
inside the building. The Building rooftop is heated in three ways: (a) the shortwave radiations that
are directly horizontal and diffused horizontal radiations, (b) longwave radiations that are from the
environment, and (c) heat exchange by convection with the outside air. This relation can be stated by
Equation [49]

qn
shortwave + qn

longwave + qn
air convection − qn

heat f lux = 0 (3)

Applying the Stefan-Boltzmann law to each component produces [49]:

q′heat f lux = εσFPV

(
T4

PV − T4
sur f ace

)
+ εσFsky

(
T4

sky − T4
sur f ace

)
+ εσFair

(
T4

air − T4
sur f ace

)
(4)

In the case of PV arrays covering the rooftop, the solar radiation is absorbed by PV arrays and
increases in longwave radiations, but the rooftop is saved from the shortwave radiation of the sun.
The Equation for shaded rooftop is [49]:

q′heat f lux = εσFPV

(
T4

PV − T4
sur f ace

)
+ εσFair

(
T4

air − T4
sur f ace

)
(5)

Further linearized radiative heat transfer coefficient is used to make the Equations more
compatible with the balanced heat transfer; the Equation for the rooftop with no shading becomes [49]:

q′heat f lux = hr,PV

(
TPV − Tsur f ace

)
+ hr,sky

(
Tsky − Tsur f ace

)
+ hr,air

(
Tair − Tsur f ace

)
(6)

where [49]

hr,PV =
εσFPV

(
T4

sur f ace − T4
PV

)
Tsur f ace − TPV

(7)
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hr,sky =
εσFsky

(
T4

sur f ace − T4
sky

)
Tsur f ace − Tsky

(8)

hr,air =
εσFair

(
T4

sur f ace − T4
air

)
Tsur f ace − Tair

(9)

Further including the view factor to sky, the Equations become [49]:

hr,PV =
εσFPV

(
T4

sur f ace − T4
air

)
Tsur f ace − Tair

(10)

hr,sky =
εσFskyβ

(
T4

sur f ace − T4
sky

)
Tsur f ace − Tsky

(11)

hr,air =
εσFair(1− β)

(
T4

sur f ace − T4
air

)
Tsur f ace − Tair

(12)

where β is the tilt angle [49]:

β =
√

0.5(1 + cos ϕ) (13)

The final Equation for fully shaded rooftop is [49]:

q′heat f lux = hr,PV

(
TPV − Tsur f ace

)
+ hr,air

(
Tair − Tsur f ace

)
(14)

The weather file of the area was added to EnergyPlus, which has hourly data for GHI, DHI, DNI,
air temperature, humidity, and wind speed. An annual energy simulation was run with the building
parameters shown in Table 2. The surface temperatures and annual building utility performance
summary is recorded for analysis.

Table 2. Parameters for Building Energy simulation in EnergyPlus.

Parameter Values

Number of people/100 m2 5.382
Lighting Power Density 10.7639

Electrical Equipment Power Density 10.7639
Thermostat (Cooling) 25.0 ◦C
Thermostat (Heating) 20.0 ◦C

Exterior Wall

Outside Layer M01 100 mm brick
Layer 2 M15 200 mm heavyweight concrete
Layer 3 I02 50 mm insulation board
Layer 4 F04 Wall air space resistance
Layer 5 G01a 19 mm gypsum board

Exterior Roof

Outside Layer M11 100 mm lightweight concrete
Layer 2 F05 Ceiling air space resistance
Layer 3 F16 Acoustic tile

Interior Ceiling

Outside Layer M11 100 mm lightweight concrete
Layer 2 F05 Ceiling air space resistance
Layer 3 F16 Acoustic tile
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Table 2. Cont.

Parameter Values

Exterior Window

Outside Layer Clear 3 mm
Layer 2 Air 13 mm
Layer 3 Clear 3 mm

Window

Thickness {m} 0.003
Solar Transmittance at Normal Incidence 0.837

Visible Transmittance at Normal Incidence 0.898
Infrared Transmittance at Normal Incidence 0

Conductivity {W/m-K} 0.9

Office Lights Schedule

Weekdays Weekends Holidays
Until: 05:00 0.05 Until: 06:00 0.05 Until: 24:00 0.05
Until: 07:00 0.1 Until: 08:00 0.1
Until: 08:00 0.3 Until: 12:00 0.3
Until: 17:00 0.9 Until: 17:00 0.15
Until: 18:00 0.5 Until: 24:00 0.05
Until: 20:00 0.3
Until: 22:00 0.2
Until: 23:00 0.1
Until: 24:00 0.05

Office Equipment Schedule

Weekdays Weekends Holidays
Until: 08:00 0.40 Until: 06:00 0.30 Until: 24:00 0.30
Until: 12:00 0.90 Until: 08:00 0.4
Until: 13:00 0.80 Until: 12:00 0.5
Until: 17:00 0.90 Until: 17:00 0.35
Until: 18:00 0.50 Until: 24:00 0.30
Until: 24:00 0.40

Office Occupancy Schedule

Weekdays Weekends Holidays
Until: 06:00 0.0 Until: 06:00 0.0 Until: 06:00 0.0
Until: 07:00 0.1 Until: 08:00 0.1 Until: 18:00 0.0
Until: 08:00 0.2 Until: 12:00 0.3 Until: 24:00 0.0
Until: 12:00 0.95 Until: 17:00 0.1
Until: 13:00 0.5 Until: 19:00 0.0
Until: 17:00 0.95 Until: 24:00 0.0
Until: 18:00 0.3
Until: 20:00 0.1
Until: 24:00 0.05

The cooling load increases with the decrease in shading provided by PV panels. The FS rooftop is
achieved by placing PV arrays at a distance of 0.75 m at a tilt angle of 53◦ in December, which will
result in a fully covered rooftop in summer with the tilt angle of 0◦. Here, a 12.3% saving in the cooling
load of the building is observed. As the distance between the PV arrays increases, the advantage
in cooling load decreases. When the PV arrays are placed apart at a distance of 4 m, a 4.4% saving
in cooling load is still observed, as shown in Figure 9. The net energy for cooling is calculated by
subtracting rooftop PV generation from the cooling load. The analysis of the net energy requirements
for cooling by placing the PV arrays on rooftop shows that the closer the PV arrays are to one another,
the more savings in cooling load are achieved. In total, 4088 PV modules can be placed on the FS
rooftop, which has an area of 4891 m2. The higher number of PV panels of the FS rooftop also means



Energies 2018, 11, 1391 11 of 20

that higher electrical energy generation is achieved. The energy generated by FS rooftop PV panels
met 96.5% of the cooling load of the complete building. Hence, the advantages of FS rooftop with
4088 panels outweigh the disadvantages of self-shading losses of 1.039%.
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4. Net-Zero Energy Analysis

NZEB can be achieved by using renewable energy resources that can be placed on the rooftop
and in the parking areas of the building. The university campus has plenty of space for placing solar
or wind farms for energy generation. The following main cases are simulated in HomerPro for the
minimum NPC.

Scenario 1 Off-grid with NS hybrid solar and wind energy system
Scenario 2 NZEB with NS with PV only
Scenario 3 NZEB with NS with wind only
Scenario 4 NZEB with NS with hybrid solar and wind energy system
Scenario 5 NZEB with FS rooftop with PV only
Scenario 6 NZEB with FS rooftop with hybrid solar and wind energy system

In the first scenario, an off-grid system is simulated to compare the off-grid system with a
grid-connected system. The next three scenarios (2, 3 and 4) present the PV only, wind only, and
a hybrid PV wind system without shading on the rooftop where the annual load of the building
is 5,377,307 kWh and cooling load consists of 3,416,861 kWh. The rooftop is fully exposed to solar
radiation, so the building’s cooling load is the major portion of the annual load. To understand the real
advantages of PV arrays on a rooftop in hot climate, scenarios 5 and 6 are simulated, where the fully
shaded rooftop require a lower cooling load, i.e., 2,995,738 kWh, so the annual load for a building with
fully shaded rooftop is 4,957,456 kWh.

The parameters for solar and wind energy system are shown in Table 3. The EPC, PDC, and IDC
form the initial cost of projects, while O&M and insurance form the project operating costs. In this work,
land cost is eliminated, as the University campus has enough space to install PVs or wind turbines.
The cheaper costs of renewable resource energy systems [12,50] and increasing costs of electricity in
KSA are making renewable energy systems more feasible. Government buildings such as the CoE
has a flat tariff of 0.085 US$, since 1 January 2018. The utility-scale solar projects have a lower cost
of energy than the standard 0.085 US$, due to the decline in prices of PV on the international market.
Recently, KSA awarded AWCA energy a 300 MW solar project with an LCOE of 0.02342 US$/kWh [13].
The project in this work is much smaller than the AWCA energy awarded project; it is in an urban
environment, in an area which is not in the top ten locations for solar production in KSA [10]. The cost
of this project is higher than that of the utility level project of 300 MW.
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Table 3. Cost parameters of Solar and Wind [51].

Description Cost

Solar

EPC Cost (US$/MW) 1,021,431
PDC (US$/MW) 36,658
IDC (US$/MW) 10,714

Net Initial Cost (US$/kW) 1068.80
O&M US$/kW/year 7.82286

Insurance US$/kW/year 3.37714

Wind
EPC Cost + PDC + IDC (MUS$/MW) 1.93

O&M (USC/kWh) 1.1986
Insurance (USC/kWh) 0.2523

The schematic diagram of a hybrid system in HomerPro is shown in Figure 10. The results
of simulations based on NPC, initial cost, and LCOE, grid sales, grid purchases, and renewable
penetration are tabulated in Table 4. The scenario 5, PV only FS rooftop system, has the lowest NPC,
while scenario 6, a hybrid FS system with PV and a wind turbine, has the second-lowest NPC. The
LCOE is also lowest for scenario 5, the FS rooftop PV only system.Energies 2018, 11, x FOR PEER REVIEW  12 of 20 
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Figure 10. System schematic of Hybrid Solar Wind Energy System in HomerPro.

The off-grid system shows a huge capital investment of 17.5 MUS$ and NPC of 26.1 MUS$, and
the LCOE of electricity is 0.375 US$/kWh. This off-grid hybrid is five times more expensive than an FS
hybrid system. The initial cost of the off-grid system consists of two wind turbines, of 1.6 MW installed
capacity, and a cost of 7.275 MW of installed PV modules. The cost of batteries used for the storage of
electricity for the night is an astonishing 12.2 MUS$. Analysis shows that the grid-connected systems
are much cheaper and more dependable.

The next three scenarios (2, 3, and 4) are of NS with PV only, wind only, and a hybrid case with PV
and wind energy systems. The scenario 2, the solar only case at NS, has the lowest NPC of 4.77 MUS$,
while hybrid and wind only have 5.37 MUS$ and 7.18 MUS$ respectively. The PV appears to be the
most promising renewable resource in Majmaah. The price of wind is a bit more for such a small-scale
project. The LCOE is 0.0472 US$/kWh, 0.0550 US$/kWh, and 0.0658 US$/kWh for PV only, and
the hybrid and wind only system, respectively. The advantage of adding wind resources into the
energy mix leads to more renewable energy penetration, as a wind turbine produces electrical energy
throughout a day, while PV can only produce during sunlight hours.



Energies 2018, 11, 1391 13 of 20

Table 4. Comparison of six scenarios of renewable energy systems.

Scenario
NPC Capital Cost LCOE Installed

PV
Installed

Wind
System

Converter Batteries Grid Sales Grid
Purchase

Renewable
Penetration

MUS$ MUS$ (US$/kWh) MW MW MW Qty GWh GWh %

1. Off-grid Hybrid 26.1 17.5 0.3750 7.382 1.6 3.250 18,384 - - 100
2. PV only (NS) 4.77 3.95 0.0472 3.055 - 2.270 - 2.54 2.44 68.8
3. Wind only (NS) 7.18 6.18 0.0658 - 3.2 - - 3.06 2.72 67.8
4. Hybrid (NS) 5.37 4.44 0.0550 2.238 0.8 1.670 - 2.17 2.17 71.2
5. PV (FS) 4.41 3.64 0.0472 2.815 - 2.097 - 2.25 2.25 68.8
6. Hybrid (FS) 5.00 4.14 0.0556 2.005 0.8 1.495 - 1.99 1.99 71.4
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Finally, the last two scenarios are to show the effect of PV shading on the building in a hot
climate, where the annual load has decreased by installing PV on the rooftop from 5,377,307 kWh to
4,957,456 kWh, according to the EnergyPlus analysis shown in Figure 9. In scenario 5, the PV only
case with FS, the NPC of the system is 4.41 MUS$ and the initial cost of 3.64 MUS$, while in scenario 6,
a hybrid case with FS, the net present cost increases to 5.00 MUS$, and the initial cost is 4.14 MUS$.
The LCOE by the scenario 5 of PV only is 0.0472 US$/kWh, while that of scenario 6 is 0.0556 US$/kWh.
The analysis shows that the most feasible case is scenario 5, with an FS rooftop with PV only energy
system. Furthermore, system energy analysis and economic analysis is performed for the most feasible
system of scenario 5.

4.1. Energy Analysis

The monthly average and hourly average of energy analysis of scenario 5 is shown in
Figures 11 and 12 respectively. In Figure 11, the energy produced by PV is in accordance with
the solar irradiance and temperature. June is the best month for PV energy generation, with high GHI,
while December has the minimum energy output, with low GHI. The months of July and August have
been affected by the high temperature. The load, sales, and purchases from the grid show that during
summer months, more energy is bought from the grid, while in the winter months, the grid sales are
higher. The hourly average PV output in Figure 12 shows that energy generation follows the GHI. The
load of the building is satisfied by the PV generation during the day, and extra energy is sold to the
grid, while energy is purchased during the night. The datamap in Figure 13 shows the PV generation,
gird purchase, grid sales, and renewable energy penetration percentage for the complete year. The
negative effect on the output of PV in the summer months at high temperatures can be seen in this
Figure. There is huge grid purchase after sunset, as building office hours are up to 8 p.m., whereas
most grid sales are during the weekend and winter months, when the load of the building is less than
PV generation. The national energy peak of KSA occurs around 2 p.m. [52]. The digital meters record
peak hours from 12 p.m. to 5 p.m. [53,54]. The energy generated during the day is at the time of the
first national energy peak, so this system is shaving off the load and reducing the stress of the national
grid, and also supporting the national grid by selling extra energy to it. During the off-peak hours, the
system is purchasing from the grid, which will enhance the load factor. The rooftop of the building,
with an area of 4859 m2, is capable of housing 4086 PV panels, with an installed capacity 1390 kW from
the required 8280 panels, to meet the annual load with an installed capacity of 2815 kW. The remaining
4185 PV panels of installed capacity 1425 kW will be installed in the car parking area or in open space
on the university campus.

Energies 2018, 11, x FOR PEER REVIEW 14 of 20 

 

4.1. Energy Analysis 

The monthly average and hourly average of energy analysis of scenario 5 is shown in Figures 11 
and 12 respectively. In Figure 11, the energy produced by PV is in accordance with the solar 
irradiance and temperature. June is the best month for PV energy generation, with high GHI, while 
December has the minimum energy output, with low GHI. The months of July and August have 
been affected by the high temperature. The load, sales, and purchases from the grid show that 
during summer months, more energy is bought from the grid, while in the winter months, the grid 
sales are higher. The hourly average PV output in Figure 12 shows that energy generation follows 
the GHI. The load of the building is satisfied by the PV generation during the day, and extra energy 
is sold to the grid, while energy is purchased during the night. The datamap in Figure 13 shows the 
PV generation, gird purchase, grid sales, and renewable energy penetration percentage for the 
complete year. The negative effect on the output of PV in the summer months at high temperatures 
can be seen in this Figure. There is huge grid purchase after sunset, as building office hours are up to 
8 p.m., whereas most grid sales are during the weekend and winter months, when the load of the 
building is less than PV generation. The national energy peak of KSA occurs around 2 p.m. [52]. The 
digital meters record peak hours from 12 p.m. to 5 p.m. [53,54]. The energy generated during the day 
is at the time of the first national energy peak, so this system is shaving off the load and reducing the 
stress of the national grid, and also supporting the national grid by selling extra energy to it. During 
the off-peak hours, the system is purchasing from the grid, which will enhance the load factor. The 
rooftop of the building, with an area of 4859 m2, is capable of housing 4086 PV panels, with an 
installed capacity 1390 kW from the required 8280 panels, to meet the annual load with an installed 
capacity of 2815 kW. The remaining 4185 PV panels of installed capacity 1425 kW will be installed in 
the car parking area or in open space on the university campus. 

 
Figure 11. Hourly average PV energy generation, electrical load, grid sales, grid purchases, GHI, and 
temperature in a year. 

 
Figure 12. Hourly based yearly average PV energy generation, electrical load, grid sales, grid 
purchases, and GHI. 

Figure 11. Hourly average PV energy generation, electrical load, grid sales, grid purchases, GHI, and
temperature in a year.



Energies 2018, 11, 1391 15 of 20

Energies 2018, 11, x FOR PEER REVIEW 14 of 20 

 

4.1. Energy Analysis 

The monthly average and hourly average of energy analysis of scenario 5 is shown in Figures 11 
and 12 respectively. In Figure 11, the energy produced by PV is in accordance with the solar 
irradiance and temperature. June is the best month for PV energy generation, with high GHI, while 
December has the minimum energy output, with low GHI. The months of July and August have 
been affected by the high temperature. The load, sales, and purchases from the grid show that 
during summer months, more energy is bought from the grid, while in the winter months, the grid 
sales are higher. The hourly average PV output in Figure 12 shows that energy generation follows 
the GHI. The load of the building is satisfied by the PV generation during the day, and extra energy 
is sold to the grid, while energy is purchased during the night. The datamap in Figure 13 shows the 
PV generation, gird purchase, grid sales, and renewable energy penetration percentage for the 
complete year. The negative effect on the output of PV in the summer months at high temperatures 
can be seen in this Figure. There is huge grid purchase after sunset, as building office hours are up to 
8 p.m., whereas most grid sales are during the weekend and winter months, when the load of the 
building is less than PV generation. The national energy peak of KSA occurs around 2 p.m. [52]. The 
digital meters record peak hours from 12 p.m. to 5 p.m. [53,54]. The energy generated during the day 
is at the time of the first national energy peak, so this system is shaving off the load and reducing the 
stress of the national grid, and also supporting the national grid by selling extra energy to it. During 
the off-peak hours, the system is purchasing from the grid, which will enhance the load factor. The 
rooftop of the building, with an area of 4859 m2, is capable of housing 4086 PV panels, with an 
installed capacity 1390 kW from the required 8280 panels, to meet the annual load with an installed 
capacity of 2815 kW. The remaining 4185 PV panels of installed capacity 1425 kW will be installed in 
the car parking area or in open space on the university campus. 

 
Figure 11. Hourly average PV energy generation, electrical load, grid sales, grid purchases, GHI, and 
temperature in a year. 

 
Figure 12. Hourly based yearly average PV energy generation, electrical load, grid sales, grid 
purchases, and GHI. 
Figure 12. Hourly based yearly average PV energy generation, electrical load, grid sales, grid purchases,
and GHI.Energies 2018, 11, x FOR PEER REVIEW 15 of 20 

 

 
Figure 13. The datamap of the system (a) Solar Energy generation in kW (b) Energy Purchased from 
the Grid in kW; (c) Energy Sold to the Grid in kW; (d) Percentage of Renewable Energy Penetration. 

4.2. Economics Analysis 

This section presents the detail economic analysis of scenario 5, FS with PV only system, due to 
its lowest NPC shown in Table 4. The economics of the system is presented in terms NPC with 
respect to the components cost and cost types in Figure 14. The capital cost of the system consists of 
the cost of PVs and the converters. The operational and maintenance cost includes the routine 
weekly cleaning of PV panels and payments to the grid. Dust in the environment can reduce the 
system output energy. Dust storms usually occur in Majmaah in the months of March and April, so 
PV modules require frequent cleaning after each such event. The lifetime of converters is 15 years, 
after which they must be replaced. The yearly cash flow diagrams of the system are shown in 
Figures 15 and 16, by cost type and components, respectively. The cash flow diagrams show that the 
major expenditure of the project is the capital cost. The annual worth of the system is 27,406 US$, 
with a ROE of 19.7%. The simple payback time of the project is 3.79 years, and discounted payback 
time 4.42 years. 

 
Figure 14. Net present cost (NPC) of scenario 5 with respect to components and cost type. 

Figure 13. The datamap of the system (a) Solar Energy generation in kW (b) Energy Purchased from
the Grid in kW; (c) Energy Sold to the Grid in kW; (d) Percentage of Renewable Energy Penetration.

4.2. Economics Analysis

This section presents the detail economic analysis of scenario 5, FS with PV only system, due to
its lowest NPC shown in Table 4. The economics of the system is presented in terms NPC with respect
to the components cost and cost types in Figure 14. The capital cost of the system consists of the cost of
PVs and the converters. The operational and maintenance cost includes the routine weekly cleaning of
PV panels and payments to the grid. Dust in the environment can reduce the system output energy.
Dust storms usually occur in Majmaah in the months of March and April, so PV modules require
frequent cleaning after each such event. The lifetime of converters is 15 years, after which they must
be replaced. The yearly cash flow diagrams of the system are shown in Figures 15 and 16, by cost type
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and components, respectively. The cash flow diagrams show that the major expenditure of the project
is the capital cost. The annual worth of the system is 27,406 US$, with a ROE of 19.7%. The simple
payback time of the project is 3.79 years, and discounted payback time 4.42 years.
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KSA is planning huge projects to harness solar energy to shift the nation dependence on fossil
fuel to renewable energy. The plan of 200 GW solar energy systems in KSA, accompanied by high
voltage DC transmission, can power future energy needs of European countries. The Middle East
can transform energy production from fossil fuel to renewable energy. In this work, the advantages
of on-site solar energy are shown where not only solar power has shaved off the building load from
national grid and improved the national grid load factor without any transmission losses, but also
reduced the building cooling load by providing shade to the rooftop of the building.

5. Conclusions

A net-zero energy office building design for the building of College of Engineering, Majmaah
University is analyzed for the available onsite renewable resources. PV and wind turbines in various
configurations are studied to form a net-zero energy building. A PV system is found to be most
feasible for this location, on the basis of net present value. The rooftop and parking area is used for the
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placement of PV panels. The self-shading in PV system is analyzed by varying the distance between
the parallel PV arrays. The self-shading losses of 1.039% have been observed at a distance of 0.75 m,
fully shaded rooftop, as the mean annual PV energy generation decreases from 594.39 kWh/m2 to
588.21 kWh/m2. The effect on cooling load of building by rooftop PV panels as shading devices offers
a 12.3% saving in cooling load for a fully shaded rooftop, as annual cooling load decreased from
3.416 GWh to 2.996 GWh. The 2.815 MW installed capacity of PV generates 5.3 GWh, to satisfy a load
of 4.96 GWh annually, to form a net-zero energy system where the grid sales and purchase are equal
to 2.25 GWh. The hours of operation for PV are 4379, with a capacity factor of 21.5%. The NPC of
project has been decreased from 4.77 million US$ to 4.41 million US$ by simply covering the rooftop
completely by PV panels. The annual worth of the system is 27,406 US$, with a return on investment
of 19.7%. The simple payback time of the project is 3.79 years, and discounted payback time 4.42 years.
The fully shaded hybrid PV Wind case for NZEB is the second best scenario, with an NPC of 5 MUS$,
and capital costs of 4.14 MUS$. This case has shown more renewable penetration than a PV only case
of 71.4%. The on-site solar energy generation shows not only that solar power has shaved off the
building load from national grid and improved the national grid load factor without any transmission
losses, but also that it has reduced the building load by providing shade to the rooftop.
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Nomenclature

NZEB Net Zero Energy Building
PV Photovoltaic
NPC Net Present Cost
FS Fully Shaded
NS No Shading
SAM System Advisor Model
hc The convective heat transfer coefficient
Tsur f Surface temperature of rooftop
Tair Outside air temperature of rooftop
PPV Is the output of the PV array

YPV
The rated capacity of the PV array, meaning its power output under standard test
conditions [kW]

fPV The PV derating factor [%]
GT Solar radiation incident on the PV array in the current time step [kw/m2]
GT,STC Incident radiation at standard test conditions [1 kw/m2]
αP Temperature coefficient of power [%/◦C]
Tc PV cell temperature in the current time step [◦C]
Tc,STC PV cell temperature under standard test conditions [25 ◦C]
ε Long wave emittance
σ Stefan-Boltzmann constant
FPV View factor of the rooftop surface to PV surface [Range: 0–1]
Fsky View factor of the rooftop surface to sky [Range: 0–1]
Fair View factor of the rooftop surface to air [Range: 0–1]
TPV Temperature of PV
Tair Temperature of air
Tsky Temperature of sky
Tsur f ace Temperature of the rooftop
EPC Engineering procurement and construction
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O&M Operation and maintenance
IDO Cost, insurance during operation
IDC Insurance during construction
PDC Project development cost
ROE Return on equity
CoE College of Engineering
LCOE Levelized cost of energy (US$/kwh)
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