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Abstract: Electric vehicles (EV) have the potential to significantly reduce carbon emissions. Yet, the
current electric vehicle charging infrastructure utilizes electricity generated from non-renewable
sources. In this study, the rooftop area of structures is analyzed to assess electricity that can be
generated through solar- and wind-based technologies. Consequently, planning an electric vehicle
charging infrastructure that is powered through ‘clean’ energy sources is presented. We developed an
optimal modeling framework for the consideration of Renewable Energy Technologies (RET) along
with EV infrastructure. After examining the level of technology, a MATLAB image segmentation
technique was used to assess the available rooftop area. In this study, two competitive objectives
including the economic cost of the system and CO2 emissions are considered. Three scenarios are
examined to assess the potential of RET to meet the EV demand along with the Abu Dhabi city one
while considering the life-cycle emission of RET and EV systems. When meeting only EV demand
through Renewable Energy Technologies (RET), about 187 ktonnes CO2 was reduced annually. On
the other hand, the best economic option was still to utilize grid-connected electricity, yielding about
2.24 Mt CO2 annually. In the scenario of meeting both 10% EV demand and all Abu Dhabi city
electricity demand using RE, wind-based technology is only able to meet around 3%. Analysis carried
out by studying EV penetration demonstrated the preference of using level 2 AC home chargers
compared to other ones. When the EV penetration exceeds 25%, preference was observed for level 2
(AC public 3φ) chargers.

Keywords: renewable energy; rooftop; energy hub; multi-period optimization; energy planning;
electric vehicle; charging infrastructure

1. Introduction

One of the major challenges the electric vehicle industry faces, as opposed to combus-
tion engine vehicles, is the lack of infrastructure across many countries [1]. Historically
speaking, the first car was driven by Karl Benz in 1886 [2]. It was not until 1913 when the
first filling station was built for automobiles [3]. On the other hand, even though the first
electric vehicle was invented in the 1800s, the first mass produced hybrid vehicles were
introduced in 1997 [4]. By December 2013, an electric vehicle charging infrastructure was
completed by Estonia with nationwide coverage [5].

In contrast, Abu Dhabi, the capital of the United Arab Emirates, is one of the largest
producers of energy globally. However, more than 99% of its electricity is generated from
fossil-based fuels [6]. The government aims to increase its dependence on renewables up to
7% by 2020 as a step to mitigate carbon emissions [7]. The country has also promoted the
use of electric vehicles (EV) by offering financial incentives in order to mitigate emissions
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from the transport sector [8,9]. Coupled with rise in fuel prices, there exists potential for a
significant shift to electric vehicles.

As EVs are a promising solution for emission and pollution reduction in urban areas,
many governments propose different types of tax credits or incentives for purchasing EVs.
Although this will ease the penetration of EVs into the urban area in the city, there are
many challenges. Regardless of the challenges of coupling of EVs with grid, the underlying
challenge for the integrating of renewable power generations with EVs remains. There is
already significant research into the design and applications of electric vehicle integration
and vehicle to grid operation to help intermittency challenges of renewable energy [10–12].
However, the focus of our work is to optimally design and integrate renewable technologies
with EV charging at the city scale with emphasis on the investigation of carbon emission
reduction.

Bhatti et al. [13] conducted a comprehensive review of EV charging using solar photo-
voltaic (PV) technology. This work only considers solar PV with the simulation approach,
while our work considers different rooftop renewable energy technologies including wind
and different types of solar considering an optimal planning approach. Another study
investigated the optimal design of renewable energy for EV charging in high-density areas.
They considered Hong Kong as their case study [14]. Osório et. al. [15] reviewed many
research studies, discussing solar PV, EV changing, as well as the challenges of integration
of a PV system for EV charging. Minh et al. investigated the techno-economic aspect of
coupling PVs with EV changing infrastructure with an emphasis on solar irradiation in
Vietnam [16].

Within the past decade, several renewable energy projects have been initiated or
completed outside the Abu Dhabi (AD) city, such as Shams CSP, Masdar PV and Bani Yas
Wind farm, to aid in meeting the AD 2020 target. Abu Dhabi has been exploring rooftop
RET deployment schemes since 2008 [17]. Yet, these have been limited to policy-making
stages, and the idea of utilizing rooftop area of major structures within the metropolitan
region toward renewable energy generation has not been studied. Thus, this study aims
to utilize the rooftop area of major structures within the Abu Dhabi city for electricity
generation using renewable energy technologies. This produced energy is used in planning
of electric vehicle charging infrastructure as well toward meeting the Abu Dhabi electricity
demand. Economic and environmental considerations are made in addition to technical
limitations. Different scenarios have been analyzed to investigate the impact of various
parameters on the total cost and overall carbon emission reduction.

2. Electric Vehicles (EVs)

There are mainly four types of electric vehicles: Battery Electric Vehicle (BEV), Plug-
in Hybrid Electric Vehicle (PHEV), Hybrid Electric Vehicle (HEV) and Fuel-cell electric
vehicle [1,18]. BEVs, also referred to as EVs, are completely powered by the battery and
can be charged using an external source of electricity [18]. PHEVs and HEVs, in contrast,
are equipped with both driving systems: internal combustion as well as electric drivetrain.
PHEVs rely highly on the battery and can be recharged using on-grid electricity whereas
HEV batteries are charged entirely by consuming gasoline. Fuel-cell electric vehicles (FCEV)
generate power to operate its electric motor, using stored hydrogen and oxygen from the air.
Since HEVs and FCEVs do not benefit from an EV charging infrastructure; these vehicles
are not considered in this study.

2.1. Specifications

Several automobile manufacturers have invested in the EV industry and have pro-
duced vehicles that are already commercially available. Apart from the cost of the vehicle,
another important factor in determining what EV to purchase is its driving range. Table 1
shows the ranges and prices of some electric vehicles that are commercially available. It is
observed that even the cheapest EVs listed have a range of more than 100 km.
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Table 1. Specifications of some electric vehicles (EV) available on the market [19–21].

Model Manufacturer Range (km) Price (USD) Li-ion Battery
Size (kWh) Type

Cayenne S E Porsche 23 87,700 10.8 PHEV
i8 BMW 24 150,000 7.1 PHEV

A3 Sportback Audi 25 39,500 8.8 PHEV

GLE550e Mercedes
Benz 29 66,300 8.7 PHEV

Fusion Energi Ford 34 31,995 7.6 PHEV
Optima PHEV Kia 47 35,000 9.8 PHEV
Pacifica PHEV Chrysler 52 43,090 16 PHEV

Volt Chevrolet 85 33,220 14 PHEV
i-MiEV Mitsubishi 100 23,485 16 BEV

Electric Drive Smart 110 25,750 16.5 BEV
Focus Electric Ford 122 29,995 23 BEV

Spark EV Chevrolet 132 25,995 19 BEV
e-Golf Volkswagen 134 29,815 36 BEV
500e Fiat 140 32,780 24 BEV

B250e Mercedes
Benz 140 42,375 36 BEV

Soul EV Kia 150 32,800 30 BEV
Leaf Nissan 170 29,860 80 BEV

i3 BMW 181 42,275 33 BEV
Bolt Chevrolet 383 37,496 60 BEV

IONIQ 5 Hyundai 345–448 −47,650 58–77.4 BEV

EV6 Kia 410 44,000–
570,000 58–77.4 BEV

Model S Tesla 435 69,500 85 BEV
Clarity Fuel Cell Honda 589 60,000 - FCEV

Nexo Hyundai 595 55,000 - FCEV

2.2. Chargers

There are generally three levels of chargers commercially available for electric vehicles
(BEV and PHEV) [22]. Each charger is subjected to different technical limitations that affect
the time it takes to charge EVs. For example, a level 1 (110 V) charger may take up to 10 h
to fully charge a 20 kWh EV battery, whereas level 2 home chargers may fully charge a
similar battery in about 5 h. On the other hand, level 3 AC chargers may charge about 80%
of a 20 kWh battery in less than half an hour [23,24]. Table 2 shows the specifications of
the electric chargers commercially available. One significant element of information is the
number of 20 kWh charging cycles each charger can provide in a day. Super-fast DC public
chargers have up to 288 cycles, while level 2 AC public chargers have a maximum of 4 cycles.
In contrast to charging, options exist where batteries may be swapped with fully charged
ones to save time (i.e., 3 min) [20]. However, this alternative requires stocking batteries
which may differ from one EV to the other [23]. Moreover, not all EVs are equipped with
easily replaceable energy storage systems.
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Table 2. EV chargers specifications [24].

Type of Chargers

Level 3 Level 2

‘Super-
Fast DC’
Public

DC
Public

AC
Public

AC Public
3φ

AC
Public

AC
Home

Lifetime (years) 10 10–15 10–15 10–15 10–15 10–15
Load limit (V) 2000 500 400 230 230 230

Power limit (kW) 250 62.5 50 7.3 3.6 3.6
Duration of 20 kWh
charge cycle (min) 5 19 24 164 333 333

Maximum number
of 20 kWh charging

EV/day
288 75 60 8 4 1

Cost incl.
installation
(US$/kW)

585 1780 2100 1600 1624 325

2.3. Greenhouse Gas (GHG) Emissions

Electric vehicles, in general, faced several economic and technical challenges such as
high cost and limited mileage. Due to these factors, they failed to compete with internal
combustion engine vehicles and were not able to penetrate the market [4]. However, these
factors have now become relatively competitive to those of ICE vehicles. Moreover, the rise
in environmental concerns, due to high CO2 emissions, has driven governments to battle
these issues by promoting ‘cleaner’ alternatives.

Electric cars can emit GHG emissions ranging from 0 to 155 g/km, depending on the
fuel type in use [25]. As mentioned earlier, BEVs run entirely on batteries; hence, they
do not emit any significant level of direct GHG emissions. However, a comprehensive
life-cycle analysis may dictate significant emissions associated with these energy storage
systems at the manufacturing stage. Measures may be taken during that process to mitigate
or reduce harmful pollutants. A scenario within this study considers life-cycle emissions
and depicts results based on these emissions. PHEVs and HEVs, on the contrary, are
equipped with internal combustion engines that could emit about 50 to 130 g/km of direct
CO2 emissions, assuming various ratios of electricity and petrol consumption [25].

2.4. Rooftop Assessment

Renewable energy technology has become technically viable such that it can be em-
ployed for designing a sustainable energy framework. However, when it comes to rooftop
RET, several factors such as shading and orientation affect potential energy output. There
are several approaches to account for these limitations. A study was conducted that identi-
fied strategies to aid the effective implementation of rooftop solar PV in the United Arab
Emirates [17]. Studying mentioned strategies and factors in detail is beyond the scope of
this paper, since this work focuses on the feasibility of EV infrastructure based on renewable
energy.

3. Methodology
3.1. Superstructure

Figure 1 shows the superstructure that outlines the renewable energy sources consid-
ered in this study as well as the energy hubs and electric vehicle chargers.
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Figure 1. Superstructure of electric vehicle (EV) charging and energy infrastructure.

Electric vehicle (EV) charging stations, powered by energy hubs, will be located in
different areas in the city. These locations may include residential sites, work locations,
schools, hospitals and other notable places where vehicles may be parked for a significant
amount of time. Even though superchargers exist for electric vehicles that could charge
the battery for 30 min resulting in the range of 270 km, most vehicles can drive about an
additional 18 km per hour when charging with standard chargers (Level 2) [26]. Therefore,
Level-2 charging stations would be considered primarily for these locations.

The infrastructure would consist of several charging points across the city in areas
where vehicles will be parked for a significant amount of time. These charging points
would be powered by energy hubs that will facilitate the integration of renewables. In the
superstructure, presented in Figure 1, E represents an energy hub at a particular site (i.e.,
rooftop) whilst Cij, within the green rectangle, represents each charger connected to this
energy hub. In addition to charging electric vehicles, energy generated by these hubs may
be used to partially meet the energy demand of Abu Dhabi city. For electricity generation
from solar energy, both solar PV and Micro-CSP technologies have been considered in this
study. In addition, small wind turbines are used to generate electricity from wind energy.

3.2. Rooftop Area Estimation

As mentioned earlier, there are several factors that affect rooftop energy potential
including solar irradiance, direction of tilt of solar roof and rooftop area. In order to
calculate the rooftop areas, different tools can be utilized for processing images of aerial
maps, such as watershed segmentation, template matching, level set theory, and other
LiDAR-based tools. However, as stated, the aim of the research to determine the feasibility
of rooftop RET is in line with the designing of EV charging infrastructure. Thus, MATLAB
Image Segmenter 7.0 and Image Region Analyzer v1.39 tools were simply used to detect
and analyze the rooftop area from map images. A detailed study of other relevant factors is
beyond the scope of this research. The satellite images of the studied area were captured
using Google maps. In this section, the application of these tools is demonstrated.
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Abu Dhabi is the largest emirate that accounts for about 87% (67,640 km2) of the
United Arab Emirates by land. However, the Abu Dhabi city comprises 972 km2 with a
population of about 1.5 million as of 2013 [27]. Moreover, the city is designed in blocks of
localities. A satellite image of each block of structures is captured, as seen in Figure 2, as
long as adequate details of each building can be observed. The image is then segmented
where a threshold is applied to it. Based on the detail of the image, an appropriate level of
threshold is applied, resulting in an image where the rooftop is made distinct from other
noises (i.e., non-rooftop area), as evident from the last image in Figure 3.

Figure 2. Map image showing the aerial view of structures within the sample region considered in
Abu Dhabi city.

Figure 3. (a) Pre-processing, (b) threshold adaptation, and (c) post-processing images depicting the
rooftop area of buildings in the sample region.
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Post-threshold adaptation, the image is transformed such that the identified areas
within it can be analyzed quantitatively. An area, based on the scale of the transformed
image and its pixels, is calculated, as shown in Figure 4. The actual area of the rooftop is,
then, obtained, using the scale at which the image was captured.

Figure 4. Rooftop area calculation for the sample region within Abu Dhabi city in m2.

3.3. Model Formulation
3.3.1. Objective Function

The main purpose of investing in RET is to mitigate carbon emissions. Hence, the
main objective function, g, is to develop based on the amount of CO2 emissions produced
from energy consumption (gEnergy) and utilization of electric/ICE vehicles (gVeh), as seen
from Equation (1). gEnergy, as seen in Equation (2), is calculated by multiplying the amount
of electricity production from each energy source with the associated CO2 emissions per
unit of electricity. gVeh, expressed using Equation (3), considers the number of different
types of vehicles, the emissions generated from them per km and the average mileage
these vehicles have over the considered timeframe. For example, if the annual emissions
reduction is studied, the average mileage over a year may be considered.

gT = gEnergy + gVeh (1)

gEnergy = ∑
t

∑
s

∑
j

Ps,j,tCO2s,j (2)

gVeh = nICEgICEkmICE + nEV gEVkmEV + nPHEV gPHEVkmPHEV (3)

On the other hand, another objective function, the total economic cost (z), employing
respective renewable energy and electric vehicle charging technologies, is evaluated using
Equation (4). These two objective functions are formulated in order to study different
scenarios as well as develop a Pareto front to identify outcome at various stages. In order
to develop this frontier, the modified epsilon constraint method is employed. The total
economic cost comprises of energy generation cost (CET) as well as cost of electric vehicle
charging infrastructure (CIT).

z = CET + CIT (4)

The cost of energy includes the capital and operating cost as well as fuel costs if
required by the energy generation plant. Since electricity is the only output energy vector
considered in this study, the cost of energy is calculated using the levelized cost of electricity
(LCOE) values of different energy generation technologies. This levelized cost of electricity
incorporates the capital, operation, and maintenance costs of utilizing a particular energy
generation technology, when considering the tax rate, discount rate and other imperative
factors. The cost of EV charging infrastructure comprises capital costs and operating and
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maintenance costs of charging infrastructure, as seen in Equation (6). The capital cost
incurred at energy hub “s” at time “t” is represented using Equation (7). In this study, the
total cost of chargers (CCHT

s ) installed at energy hub s is amortized considering a constant
discount rate (D) and a similar lifetime for all chargers (NCH). Moreover, Equation (8)
represents the calculation of total cost of charges, where CCHT

s is equal to the total number
of each type of charger (nCHs) installed at energy hub s multiplied by the cost (CCH)
of corresponding chargers, respectively. The cost of each charger includes the cost of
equipment, parts for installation and labor costs. In this work, we consider three types of
level 2 chargers and three models of level-3 ones, as mentioned in Table 2. Here, “21” refers
to level-2 charging AC public 3φ, while “22”, and “23” refer to AC public and AC home,
respectively.”31” refers to Level-3 DC superfast charging DC public, while “32” and “33”
refer to DC public, and AC public, respectively.

CET = ∑
s

∑
t

∑
j

(
LCOEj × Ps,j,t

)
(5)

CIT = ∑
s

∑
t

(
CCIcap

s,t + CCIO&M
s,t

)
(6)

CCIcap
s,t =

CCHT
s

(1+D)NCH−1
D(1+D)NCH

(7)

CCHT
s =

(
nCH21

s CCH21 + nCH22
s CCH22 + nCH23

s CCH23 + nCH31
s CCH31 + nCH32

s CCH32 + nCH33
s CCH33

)
(8)

3.3.2. Energy Hub

The energy hub, in this study, is modeled without a storage technology, using the fol-
lowing equation. Multiple input energy vectors and a single output energy (i.e., electricity)
were considered.

Ls,t = ∑
j

CjPs,j,t (9)

The load (Ls,t) by each energy hub s at time t is met using electric power Ps,j,t, converted
from energy vector j, and storage technology, q. In order to allow the networking of energy
hubs, this load is defined by the demand of the energy (Dems,t) and the energy transfered
(Ts,b,t) from/to other energy hubs, provided a connection exists between them with the
transmission factor of (αs,b), as seen in Equation (10).

Ls,i,t = Dems,t + ∑
b∈S−s

Ts,b,tαs,b (10)

Dems,t mainly constitutes the electric chargers connected to this energy hub. Since this
information is readily available, this demand can be simulated based on the number of
electric vehicles that have penetrated the transport industry, as a percentage of total cars.
In one the observed scenarios, this is extended to the region’s electricity demand.

3.3.3. Renewable Energy Technology

The yield of electric power from each RET is subjected to technical limitations. Electric-
ity generated from solar photovoltaic (PV) technology is defined by Equations (11) and (12),
whereas electricity produced from concentrated solar power (CSP) technologies is de-
fined by Equations (13) and (14). Energy derived from wind turbines is expressed using
Equations (15) and (16). Several other formulations exist in the literature that consider
additional parameters for added accuracy. In this paper, the area required for each type
of RE technology, denoted by Land, is defined by Equations (17)–(19). GHI and DNI, in
Equations (11) and (13), are the global horizontal irradiance and direct normal irradiance,
respectively. PR is the performance ratio while CF is the capacity factor of deployed
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technology. N represents the number of units, Power represents the power output of each
unit, and h represent operational hours of this unit. In Equation (14), ρair is the density of
air, Aswept is the area swept by the blades of the wind turbine and ws is the wind speed.
Other parameters, such as AreaPV−module, ApertureSCA, lengthSCA, represent the area of
each PV module, aperture and length of each solar collector assembly, as the terms suggest,
respectively.

Ps,PV,t ≤ Lands,PV × GHIt × PRPV (11)

∑
t

Ps,PV,t = Ns,PV−module × CFPV × PowerPV−module × PRPV × hPV (12)

Ps,CSP,t ≤ Lands,CSP × DNIt × PRCSP (13)

∑
t

Ps,CSP,t = Ns,CSP−SCA × CFCSP × PowerCSP−SCA × PRCSP × hCSP (14)

Ps,WT,t ≤ Lands,WT0.5ρair Asweptws3
s,th (15)

∑
t

Ps,CSP,t = Ns,WT × CFWT × PowerWT × hWT (16)

Lands,PV = 1.5× AreaPV−module × Ns,PV−module (17)

Lands,CSP = 4× ApertureSCA × lengthSCA × Ns,CSP−SCA (18)

Lands,WT = 5× rotorWT
2 (19)

The factors 1.5 and 4 in Equations (17) and (18) account for the structure of these
technologies when they are mounted. In Equation (19), rotor refers to the rotor diameter
of the blades of the wind turbine. Each wind turbine needs to be placed approximately 5
rotor diameters apart in order to avoid the wake effect. The sum of the required spaces for
each RET is constrained by the maximum roof area available at energy hub sites.

∑
s

Lands,PV + Lands,CSP + Lands,WT ≤ Areamax
s (20)

3.3.4. EV Charging

As part of the EV charging infrastructure, parking spaces need to be designated for
electric vehicles where chargers are installed. Thus, each charger occupies a parking space.
The parking ratio, ratio of parking spaces to building area, is used to constraint the available
EV parking spaces. Equations (21) and (22) are used to define the minimum and maximum
parking spaces available at each energy hub site. These conditions are necessary for the
promotion of EVs whilst accommodating ICE vehicles in the transition period. Level 31
chargers are the ‘Super-fast DC’ public chargers that are mainly perceived as chargers at
dedicated EV charging stations. Therefore, the number of level 31 chargers at these stations
is subjected to the constraint presented in Equation (23). At these stations, EVs would
stopover and recharge in a similar manner as ICE vehicles would refuel at gas stations.
nch, in the equations below, represents the number of each type of charger required at
each energy hub. For example, nch21

s is the number of level 21 chargers that are installed
at energy hub s. Parkmin and Parkmax are the minimum and maximum allowable parking
ratio of the entire parking lot that is dedicated for electric vehicle charging. Areamax is the
total number of parking spaces at a particular energy hub.

nch21
s + nch22

s + nch23
s + nch32

s + nch33
s ≥ Parkmin × Spots(s) (21)

nch21
s + nch22

s + nch23
s + nch32

s + nch33
s ≤ Parkmax × Spots(s) (22)

nch31
min ≤ nch31

s ≤ nch31
max (23)

In this study, rooftops of structures involving hospitals, high-rise buildings, schools
and malls have been considered where vehicles are parked for a considerable amount of
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time. Not all chargers may be appropriate for each type of site. Thus, the types of chargers
not suitable for a particular site need to be eliminated, as shown below.

nch23
s + nch31

s + nch32
s + nch33

s = 0 ∀s ∈ school (24)

nch23
s + nch31

s = 0 ∀s ∈ mall

nch23
s + nch31

s + nch32
s = 0 ∀s ∈ hospital

nch31
s + nch32

s = 0 ∀s ∈ building

nch21
s + nch22

s + nch23
s + nch32

s + nch33
s = 0 ∀s ∈ station

The number of electric vehicles that can be charged by each type of charger needs to
be constrained by values that are dictated by feasibility and the technical limitations of
the type of charger. For example, as seen from Table 2, the maximum number of 20 kWh
EVs that can be charged by a level-21 charger (AC public 3φ) is 8 in 24 h. They may not
be feasible to use at sites where parking time is restricted to a couple of hours. On the
other hand, if charging stations with level-31 chargers are studied, a minimum number of
vehicles needs to be considered that will be serviced by these stations. Thus, the following
constraints are imposed (Equation (25)).

Nev21
s,min ≤ Nev21

s,t ≤ Nev21
s,max (25)

Nev22
s,min ≤ Nev22

s,t ≤ Nev22
s,max

Nev23
s,min ≤ Nev23

s,t ≤ Nev23
s,max

Nev31
s,min ≤ Nev31

s,t ≤ Nev31
s,max

Nev32
s,min ≤ Nev32

s,t ≤ Nev32
s,max

Nev33
s,min ≤ Nev33

s,t ≤ Nev33
s,max

4. Results and Discussion

In this section, the results from the rooftop area estimation analysis are presented.
Additionally, various scenarios, involving EV demand, Abu Dhabi electricity demand and
life-cycle emissions of RET and EVs, are presented. Impact of different EV penetration
within the transport sector on annual costs and carbon emissions is analyzed and discussed.

4.1. Rooftop Area

In this study, the rooftop area of major structures within Abu Dhabi city was deter-
mined using the tools discussed in the earlier sections. The area yielded from this method
was compared to the actual rooftop area of the structures. Figure 5 shows the structures
used with their respective unscaled areas, which were used for comparison.

After scaling the areas, the average percentage difference between the actual and
calculated areas, based on MATLAB tools, was found to be 18.55%. This area accounts
for the entire rooftop, including rooftop area covered with installations such as HVAC
equipment. In a study conducted by Koo et al. [28], the average rooftop area available for
RET installation was found to be 61.2% of the building area. Thus, this value is considered
in this study, as well, when considering RET technologies.
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Figure 5. Example of unscaled areas of two structures used to calculate the percentage difference
between the actual and detected rooftop area.

4.2. Scenario 1: Considering Renewable Energy Technologies with EV Demand Only

In this scenario, rooftop renewable energy technologies are exclusively utilized to meet
EV charging demand. The annual cost and CO2 emissions realized for 10% EV penetration,
for different energy generation configurations, have been recorded in Figure 6. The Pareto
front, in this case, is denoted by the green dotted line which is generated using the epsilon
constraint method, considering the objective function pertaining to total carbon emissions
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(gT) and total economic cost (z). The electricity produced by each of the technologies as
well as the RET equipment installed is noted in Table 3.

Figure 6. Tradeoff between annual cost and carbon emissions for each case study (different energy
generation configurations) for considering 10% EV charging demand.

Table 3. SCA: solar collector assembly, WT: wind turbines, CSP: concentrate solar power.

Case
Power Generated-GWh Number of Each Technology

PV CSP Wind Grid PV Module SCA WT

Min Cost 0.00 0.00 0.00 277.81 0 0 0

Min CO2 0.00 44.31 233.41 0.09 0 79,489 131,578

PV only 126.88 0.00 0.00 150.93 2,781,672 0 0

CSP only 0.00 126.88 0.00 150.93 0 227,607 0

Wind only 0.00 0.00 233.41 44.40 0 0 131,578

Case studies are as follows:

Case 1: best economic option (min Cost);
Case 2: best environmental option (min CO2);
Case 3: to consider only PV and grid for power generation (PV only);
Case 4: to consider only Concentrate Solar Power (CSP) for power generation and grid
(CSP only);
Case 5: to consider only wind and grid for power generation (Wind only).

The share of electricity generation for each energy generation technology and the
number of RET equipment installed for each case study are introduced in Figure 6.

As evident from Figure 6, the least amount of emissions annually are observed for
the ‘Min CO2’ case where almost all electricity demand is met via renewable energy
technologies, mainly through wind energy (84%). In this case, 131,578 small wind turbines
and 79,849 micro-CSP solar collector assemblies are installed. In contrast, the least annual
cost for energy generation and EV charging infrastructure yields when all electricity is
purchased from the local electrical grid. The difference in annual costs, as evident from
Figure 6, for the two scenarios (i.e., min cost and min CO2) is $8.59 million. In addition, the
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reduction in emissions observed, by employing RET, is about 187 ktonnes CO2, annually.
This cost roughly translates to $46 per ton of CO2 mitigated. In comparison to the average
carbon capture and storage (CCS) cost from point source, as reported by Rubin et al. [29],
the cost appears to be $8 cheaper per ton CO2. The reported cost for utilizing RET also
includes mitigating emissions that would, otherwise, be emitted to ambient air. Capturing
these emissions, from ambient air, would be more difficult and result in higher costs.

If opting for a single RET, investing in wind energy would be more economically and
environmentally beneficial, as indicated by the results in Figure 6. Generating electricity
from wind is cheaper than generation through solar energy. Furthermore, solar PV and CSP,
without energy storage systems, are only able to meet about 46% of the given EV demand.
The installation of storage system will allow these technologies to meet further demand;
however, this will result in higher costs.

4.3. Scenario 2: Considering Renewable Energy Technologies with EV + Abu Dhabi City Demand

In this scenario, rooftop RET installations were utilized in order to meet electric vehicle
energy demand as well as Abu Dhabi city electricity consumption. The hourly electricity
demand for each month is shown in Figure 7. At least 80% of the total energy demand of
buildings is attributed toward cooling systems [30]. The average afternoon temperature in
Abu Dhabi ranges from 24 to 42 ◦C throughout the year. Thus, cooling systems are utilized
all year around. As observed in Figure 7, the highest hourly electricity consumption in a
day occurs at about 4 PM, whereas the highest monthly electricity consumption takes place
in July, reflecting the increased usage of cooling systems in warm weather.

Figure 7. Hourly electricity demand of Abu Dhabi city for each month [31].

Case studies are as follows: Case 1: best economic option (min Cost), Case 2: best
environmental option (min CO2), Case 3: to consider only PV and grid for power generation
(PV only), Case 4: to consider only Concentrate Solar Power (CSP) for power generation
and grid (CSP only), Case 5: to consider only wind and grid for power generation (Wind
only).

Figure 8 shows the cost incurred and the carbon emissions generated for the entire
year when using different energy configuration. With the minimum carbon emissions
scenario, about 730 ktonnes of CO2 are mitigated, at an additional cost of $24 million, as
compared to the minimum cost scenario where all electricity is purchased from the electrical
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grid, as evident from Table 4. Unlike the previous case (i.e., EV demand only), most of
the electricity consumed is purchased from the electrical power grid. About 3.12% of the
electricity is generated via small wind turbines. A small contribution of about 23.3 MWh
of electricity is made via 511 solar PV modules installed. In this study, the considered
micro-CSP technology was found to be effective for sites with at least 2700 m2 available
area. Moreover, dedicated charging stations with level-31 chargers were only allowed solar
PV technology. This restriction was placed, as these stations are mainly surrounded with
high-rise structures where small wind turbines may not prove to be efficient. Therefore,
despite solar micro-CSP being a more economic option, the model suggests the installation
of PV modules. For the cases of PV only and CSP only, the latter was observed to produce
16 GWh more electricity than the former.

Figure 8. Trade-off between annual cost and CO2 emissions in different case studies for meeting both
10% EV and Abu Dhabi city electricity demand.

Table 4. The share of electricity generation for each energy generation technology and the number of
RET equipment installed for each case study introduced in Figure 8.

Case
Power Generated—TWh Number of Each Technology

PV CSP Wind Grid PV Module SCA WT

Min Cost 0.00 0.00 0.00 34.90 0 0 0

Min CO2 ~0 0.00 1.09 33.81 511 0 611,984

PV 0.22 0.00 0.00 34.68 4,824,427 0 0

CSP 0.00 0.24 0.00 34.66 0 424,890 0

Wind 0.00 0.00 1.09 33.81 0 0 611,984

SCA: solar collector assembly, WT: wind turbines, CSP: concentrated solar power.

Another observation is made when comparing the two cases, meeting EV demand
only and meeting EV + Abu Dhabi city demand. It is observed that in this case, more
energy is generated via renewable energy technologies even though the same rooftop area
is available. This is because excess energy is not allowed by the model since no energy
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storage systems are considered. Therefore, in the previous case, electricity generated via
wind turbines is restricted by the demand of electric vehicles. Even if more wind speed
was observed during a particular hour, an amount of electricity that suffices the hourly EV
demand is only generated. In this case, on the contrary, energy generated by wind turbines
is used to meet Abu Dhabi (AD) demand as well. This demand is considerably much higher
than the required EV demand. Consequently, the electricity generated is mainly dictated
by the available wind speed rather than electricity demand. The same situation occurs
for solar energy technologies. Electric power generated during sunlight hours contributes
toward meeting the overall demand. Therefore, a much higher contribution of solar energy
generated electricity is observed. In addition, the optimality region, lying between min
CO2 and min cost, appears to be a straight line, since the demand is very high as compared
to RET-produced electricity.

4.4. Scenario 3: Considering Life-Cycle Emissions of EVs

In this scenario, we study renewable energy technologies with EV demand while
considering their life-cycle emissions. The United Arab Emirates takes pride in having the
largest industrial battery plant in the Gulf. Moreover, it has already invested significantly
in renewable energy and plans to increase the share of renewable energy. In addition, the
UAE plans to explore several manufacturing industries in the future [32]. It is possible that
the UAE may consider manufacturing of RET equipment and electric vehicles parts, locally,
as it currently does for some ICE vehicles. Hence, life-cycle emissions of RET and EVs are
accounted for in this scenario. The results obtained are depicted in Figure 9.

Figure 9. Trade-off between annual cost and CO2 emissions in different case studies for meeting
10% EV whilst considering life-cycle emissions using different energy configurations.

The general outlook appears to be very similar to the scenario where EV demand is
only studied. However, comparing the minimum carbon emissions scenario with that of
minimum cost, about 183 ktonnes of CO2 is mitigated annually at a cost of $8.59 million.
In this particular case study, life-cycle emissions of both ICEs and EVs were considered.
Since the percentage of EV penetration is considered, the resulting emissions will be offset.
Nevertheless, to investigate the true impact, a detailed study on this aspect alone needs to
be conducted.
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4.5. Sensitivity Analysis—Market Share of EVs

In the previous scenarios, the impact of 10% EV penetration was assumed, and annual
costs and emissions were studied. In this case, a different market share of EV penetra-
tion is studied when meeting EV demand only and coupled EV-Abu Dhabi demand.
Figures 10 and 11 show the results obtained for each of these cases, respectively.

Figure 10. Trade-off between annual cost and carbon emissions for different EV penetration ratios
when meeting EV electricity demand.

Figure 11. Trade-off between annual cost and carbon emissions for different EV penetration ratios
when meeting both EV and Abu Dhabi electricity demand.

As observed in Figure 10, as the EV penetration increases, the annual carbon emissions
mitigated increases for both, BEVs and PHEVs. Moreover, the annual cost appears to
increase as a result of more RET and EV charging infrastructure installed. On the other hand,
in the case of EV plus Abu Dhabi demand, the emissions generated by BEV decreases as
more battery electric vehicles penetrate the transport sector. However, the annual emissions
when considering PHEVs increases with increasing EV penetration. This is because, in
the second case, EV charging demand is mainly met through electricity purchased from
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the grid. PHEVs do reduce ambient air emissions, but they increase the point sources
emissions. However, due to increasing EV charging demand, the amount of electricity
consumed from the grid, eventually produced through fossil fuels, increases. This leads
to an increase in point source emissions from power plants. For the PHEVs option, the
construction of further renewable energy projects may be planned to increase the RE share
to the grid, or CCS technology may be utilized to mitigate these point source emissions.

As evident from Figure 12, as the EV penetration ratio increases, the required number
of chargers increases as well. However, the number of chargers does not exceed a maximum
of 108,810 for this case study. Since all chargers occupy a parking space, each charger
represents an available EV parking space. These parking spaces are restricted by a minimum
and maximum, as indicated in Equations (20) and (21). Therefore, a different type of charger
is selected rather than adding a parking space. Initially, at a low EV penetration ratio, the
results suggests the operation of dedicated charging stations where level-31 chargers
(‘Super-fast DC’ public) are installed. Once the maximum is reached for these dedicated
stations (i.e., 10 chargers per station), level-23 (AC home) chargers are installed. Once 20%
of the transport sector comprises EVs, level-32 (DC public) and level-22 (AC public) are
utilized. However, at 25%, the maximum parking spaces allocated for EVs is reached. Thus,
level-23 (AC home) chargers are compromised with level-21 (AC public 3φ) chargers. This
trend continues until no more EV penetration can occur with the same designated parking
ratio, as stated in Equation (21). At that stage, since EVs would have penetrated most of the
transport industry, the parking ratio can be increased in order to facilitate more chargers.

Figure 12. Number of each type of EV chargers installed for each ratio of EV penetration.

5. Conclusions

In this research work, a comprehensive study was carried out to determine the rooftop
renewable energy potential for the optimal designing of an EV charging infrastructure.
Using MATLAB segmentation and region analyzing tools, the average percentage difference
between the actual and calculated rooftop areas was found to be 18.55%. We developed a
mathematical modeling framework to optimally design Renewable Energy Technologies
(RET) in the presence of electric vehicle demand using a multi-energy hub approach; two
competitive objectives including the economic cost of the system and CO2 emissions are
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considered. Three scenarios are examined to assess the potential of RET to meet the EV
demand along with the Abu Dhabi city one, while considering the life-cycle emission of
RET and EV systems.

In scenario 1 (with EV demand only), the deployment of wind turbines and CSP
technology for electricity generation resulted in least emissions. Yet, minimum economic
cost was realized when electricity was purchased completely from the grid. In scenario 2
(with both EV and Abu Dhabi city demand), the grid majorly contributed in meeting
electricity demand, whilst wind technology was considered to meet a part of this demand.
In scenario 3 (with life-cycle emissions of RET and EV systems), wind technology was
found to produce the least life-cycle emissions whilst realizing the least economic cost
compared to other renewable energy technologies.

Sensitivity analysis on the market share of EVs was carried out to show that battery-
based electric vehicles can reduce environmental impact with an increased EV market share.
The number and type of chargers to be utilized under each scenario was also determined
with increasing EV penetration.

Future work will be on the consideration of other storage systems in each energy hub
along with the stochastic modeling of EV demands. Moreover, the characteristics of the
bidirectional energy source of BEV can be reflected in future research.
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Nomenclature

Indices Explanation Unit
i Type of output energy carrier
j Type of input energy carrier
t Time period
s, b Particular energy hub
Sets
I Set of output energy carriers
J Set of input energy carriers
S Set of energy hubs
T Time period (30 years)
Parameters
Aswept Area swept by a blade in wind turbine (πrotor2

WT) m2

ApertureSCA Aperture of a solar collector assembling in CSP technology m
AreaPV−Module Area of a photovoltaic (PV) module m2

Areamax Maximum area allocated for energy generation technologies
installations at a particular energy hub m2
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C Coupling matrix
CCH Cost of a particular electric vehicle charger $
CF Capacity factor of a particular energy generation

technology
CO2 Carbon emissions associated with each energy

generation technology gCO2/kWh
CRF Capital Recovery Factor
D Discount rate %
DPV Depreciated present value
DNI Direct Normal Irradiance exposed to

CSP technology W/m2

gICE Emissions associated with each internal
combustion engine (ICE)
vehicle for each km of distance traveled gCO2/km

gEV Emissions associated with each battery-powered
electric vehicle (EV)
for each km of distance traveled gCO2/km

gPHEV Emissions associated with each plug-in
hybrid electric
vehicles (PHEV) for each km of distance travelled gCO2/km

kmICE Average distance travelled by internal
combustion engine (ICE) vehicles km

kmEV Average distance travelled by battery-powered
electric vehicles (EV) km

kmPHEV Average distance travelled by plug-in hybrid
electric vehicles (PHEV) km

LCOE Levelized cost of electricity for a particular energy
generation technology $/kWh

Nevmax Maximum number of electric vehicles that can be
charged using a particular electric vehicle charger

Parkmin Ratio of minimum parking spaces allocated for
charging electric vehicles at a particular energy hub

Parkmax Ratio of minimum parking spaces allocated for
charging electric vehicles at a particular energy hub

Power Power rating of a particular energy
generation technology W

PR Performance ratio of a particular energy
generation technology

rotorWT Rotor diameter of the blades of single wind turbine
T Tax rate %
Spots Total parking spaces available at a particular

energy hub
α Matrix defining connection between energy hubs

with their transmission factors
ρair Density of air
Continuous Variables
CCHT Total cost of electric vehicle chargers $
CCIcap Capital cost of electric vehicle $

charging infrastructure $
CCIO&M Operating and maintenance cost of electric vehicle

charging infrastructure $
CE Total annual cost associated with energy generation $
CI Total annual cost associated with electric vehicle

charging infrastructure $
Dem Total energy demand by a particular energy hub kWh
gT Total annual generated emissions

—objective function gCO2
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gEnergy Annual CO2 emissions produced from energy consumption
through various technologies including renewable
and non-renewable gCO2

gVeh Annual CO2 emissions produced from utilization of electric/
Internal Combustion Engine (ICE) vehicles gCO2

P Energy generated from each of the different energy
generation technologies kWh

Tr Energy transferred between energy hubs kWh
Z Total annual cost- objective function $
Integer Variables
nEV Number of battery-powered electric vehicles (EV)
nICE Number of internal combustion engine (ICE) vehicles
nPHEV Number of plug-in hybrid electric vehicles (PHEV)
NCSP−SCA Number of solar collector assemblies (SCA)

using solar concentrated power (CSP)
NPV−module Number of photovoltaic (PV) modules
NWT Number of wind turbines
nch Number of electric vehicle chargers
Nev Number of electric vehicles charged by a particular

electric vehicle charger
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