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1. Introduction 

The increasing demand for cleaner transportation means 

make the electric vehicle (EV) industry innovative to find al-

ternative solutions. It is reported in the literature [1] that if 

the EVs or Plug-in Electric Vehicle (PHEV) are charged 

from conventional energy sources, they are still pollutant in 

the whole life cycle. It is similar in the cases where they are 

charged by the grid mix where most of the electricity comes 

from fossil fuel sources [1]. As the electricity is typically pro-

duced from fossil fuel combustion such as natural gas and 

coal [2], there is a concern on the expansion of EVs if the 

power production trend remains the same [3]. Electricity pro-

duction is the most vital sector accountable for high GHG 

emissions including CO2, which affected numerous clear 

weather changes worldwide, causing numerous natural dis-

asters affecting every day millions of people's lives [2]. 

The transportation sector is one of the dominant energy-

consuming segment and will continue to increase by about 

54% until 2035 [4]. Since fossil fuel derived, gasoline and 

diesel, are the main sources for vehicles, the expected emis-

sions are significantly high if there will be no green solutions 

such as renewable driven-EV/PHEV charging stations [5]. In 

case the world continues using these fossil fuels, the deple-

tion of fossils will rise and the greenhouse gases (GHG) 

emissions will pollute the environment considerably causing 

global warming [6, 7]. Especially in urban places, road trans-

portation is the fundamental reason of environmental con-

tamination [8]. The reports showed that more than half of the 

produced oil is consumed by the transport sector causing al-

most 6,892 Mt CO2 emissions of CO2 [9], which yielded the 

second largest emitting sector [2]. Therefore, the high reli-

ance on fossil derivatives causes several ecological issues as 

well as climate change and economic consequences [10]. As 

a solution, several counties attempt to substitute conven-

tional vehicles with EVs/PHEVs or other alternative fueled 

vehicles such as hydrogen, ammonia, natural gas etc. [11, 12]. 

The implementation of EVs has risen drastically in recent 

years in the world [13], where there were about 1.04 million 

EV sales in the year 2017 [14].  
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There are other issues related to EV infrastructure related 

to power networks. Normally, EV charging takes a very long 

time unless there are fast-charging stations available on the 

streets. Hence, it is desired to install fast-charging stations 

throughout the city. Considering thousands of EVs are 

charged at the same time via fast-chargers, there occurs a 

great stress on the power grid, which can cause intermittency 

or failure. It will also affect the overall electricity distribution 

structure [5] because there will be a sudden high demand 

causing an overloaded [15]. Henceforth, there are many stud-

ies focusing on how to overcome this type of problem in the 

literature [10]. This is one of the main aspects of proposing a 

stand-alone charging station as in this study.  

There are a couple of studies in the literature focusing on 

hydrogen in which the generated electrical energy was from 

grid-independent renewable energy sources such as solar 

PVs and wind turbines [16]. In addition, the fuel cells are also 

employed to overcome the intermittency issue of renewables 

such as solar and wind [3]. Hence, the hybridization of sev-

eral energy production methods bring more sustainable and 

reliable operations. For instance, solar and wind energy sys-

tems were hybridized along with hydrogen [16] but there was 

a battery bank for storing the electricity. In that case, the elec-

tricity was supplied to an electrolyzer to generate hydrogen. 

After that, hydrogen is stored in the tanks and used in the fuel 

cells for electricity generation. Another study investigated a 

multigeneration system providing heating, cooling and elec-

tricity supply for buildings with an EV charging station [17]. 

Therefore, it is obvious that there is a need to design, develop 

and assess off-grid, renewable driven, hybrid fuel cell-based 

EV charging stations to make EV implementation more en-

vironmentally friendly and sustainable.  

In the current study, on-site production of hydrogen or am-

monia is not considered because these processes require in-

tensive energy, which reduces the total energy generation, 

hence the number of EVs/PHEVs that can be charged. The 

specific objectives of this study are listed as follows: 

 To design an off-grid EV/PHEV charging station with 

hybrid renewables and fuel cells  

 To introduce on-site H2 and NH3 storage for operating 

the fuel cells  

 To calculate the amount of energy generation from each 

subsystem and number of EVs that can be charged in a 

day 

 To analyze the designed hybrid system in terms of ther-

modynamic performance  

 To investigate the effects of several key parameters such 

as solar irradiance, wind speed and fuel feed rate on the 

overall system performance 

 

2. System description  

The designed system is a standalone renewable energy-

driven EV/PHEV charging station capable of generating on-

site electricity. It is noted that since PHEVs also need charg-

ing from an electrical sources, the designed system can serve 

to PHEV as well. Moreover, when the future mix transporta-

tion systems are considered, the hydrogen fuel cell vehicles 

(HFCVs) and ammonia fuel cell vehicles (AFCV) can also 

utilize this type of charging station once the pumping unit 

arrangements are made from the storage tanks.  

The schematic diagram of the designed hybrid system for 

EV charging stations is shown in Fig. 1. The main inputs re-

quired to operate the hybridized system are solar energy and 

wind energy as well as chemicals (H2, O2, NH3). The system 

does not produce these chemicals on-site but rather utilizes 

the transported chemicals on-site through fuel cells. The 

CPVs and fuel cells are capable of generating DC electricity, 

which is needed for EV/PHEV battery charging. However, 

the wind turbine generates AC electricity, which is later on 

converted into DC via a converter.  

The CPV is preferred because they have higher electrical 

efficiency and lower area requirement compared to PVs. The 

wind turbine is selected with a lower hub height and smaller 

rotor diameter to make the integration easier. NH3 can be 

stored longer periods of time compared to H2 due to its 

thermo-physical characteristics. For fuel cells to operate by 

converting chemical energy into electrical energy, both fuel 

and oxygen are required simultaneously. Therefore, the O2, 

NH3 and H2 gases are stored separately in the storage tanks. 

However, it is noted that they can also run on air, which can 

eliminate the oxygen storage tank. 
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Fig. 1. Overall system diagram with on-site power generation 

from H2 and NH3 fuel cells, CPV and wind turbine for 

EV/PHEV charging stations 

 

The H2 and O2 are stored in gaseous form whereas the NH3 

is stored in liquid form. However, before entering the fuel 

cell, NH3 is evaporated through natural air circulation (since 

the ambient temperature is higher than the storage tempera-

ture). The liquid form storage saves considerable space due 

to quite high density. The product of H2 fuel cell is water, 

hence the produced water can be later used in auxiliary 

equipment of the charging station. The products of NH3 fuel 

cells are N2 and water. This means that the overall system 

does not emit any GHG in contrast to grid-tied charging sta-

tions. Ammonia, which is stored in the tank, is converted into 

electricity through NH3 fuel cell for charging EVs/PHEVs. 

The proposed is initially proposed to be grid-independent 
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due to several reasons mentioned in the introduction section 

such as extreme sudden load on the grid due to fast-charging 

and emissions coming from the grid mix. However, the sys-

tem can be also grid-tied if needed to enable electricity trad-

ing. In that case, such a stand-alone system will bear less bur-

den on the national grid with more flexibility of providing 

electricity from chemical methods via fuel cells.  

 

2.1 Operation Methodology 

Since there are chemical energy storage units within the 

EV/HEV charging station, the fuel cells can be enabled only 

when necessary, which can solve the excess electricity issue. 

Therefore, during the day time, the priority is given to the 

CPV unit, and then to the wind turbine. The detailed priority 

scheme for the operation of the proposed hybrid system is as 

follows: 

 The CPV unit generates DC power only during day time, 

hence it is used directly during day times to charge the 

PEVs/HEVs. Under maximum irradiation of 1000 

W/m2, the CPV unit is desired to produce about 350 kW 

as threshold. However, the average value of 800 W/m2 

is used in the analysis. 

 In order to provide supplementary power needed for fast 

charging stations, the power generated by wind turbines 

will be important to sustain the electricity supply. The 

wind turbine capacity at around 11 m/s is about 420 kW 

AC as a higher threshold value. Nevertheless, this wind 

speed is not common in many areas, therefore, the aver-

age wind speed of 6.5 m/s is used in the analysis to re-

flect the normal operations.   

 Since there are limitations of area and place within a 

charging station, the allocated wind turbine and CPV ca-

pacities are not large. This is compensated by the chem-

icals storage, which will occupy less volume and can be 

placed underground. The  

 The intermittent nature of the solar and wind energy is 

overcome by using on-site hydrogen and ammonia stor-

age and fuel cells, acting as a back-up power. The nom-

inal capacity of H2 and NH3 fuel cells are desired to be 

425 kW and 350 kW, respectively. However, they can 

be operated at different loads depending on the demand 

of EVs/HEVs. During the analysis, they are run contin-

uously to simulate the performance of the complete sys-

tem under full load conditions. Majority of power is pro-

duced by fuel cells as they are capable of providing more 

stable electricity to the charging units. This allows to 

charge more vehicles per day 

 

3. Analyses 

The thermodynamic analysis of the off-grid EV charging 

station with on-site power generation is based on the follow-

ing assumptions: 

 Steady-state steady flow operations exist for all compo-

nents. 

 Reference pressure and temperature are taken as 101.3 

kPa and 25°C, respectively. 

 Kinetic and potential terms are neglected for all compo-

nents except the wind turbine [18]. 

 The average sun irradiance intensity is taken as 800 

W/m2 with an average sunny hours of 8.  

 The temperature of the sun surface is taken as 5777℃.  

 The wind turbine transmission and generator efficien-

cies are 95% [19]. 

 AC-DC conversion efficiency is considered as 95% [20]. 

 The charging station efficiency is taken as 95% account-

ing the EV battery charging and discharging phases. 

 The single battery capacity of an EV is taken as 50 kWh.  

 

The thermodynamic analysis approach followed in this 

study is based on writing the balance equations for mass, en-

ergy, entropy, and exergy for all subsystems and overall sys-

tem. In addition, to quantify the performances of the subsys-

tems and overall system, the energy and exergy efficiencies 

are defined and calculated. The model is constructed in En-

gineering Equation Solver (EES) [21] for the overall system. 

The enthalpy values include the lower heating value (LHV) 

of the fuel elements (H2 and NH3) whereas the chemical ex-

ergy content of all elements (N2, H2, O2, NH3) are taken into 

account.  

In the following section, the governing equations for each 

subsystem and overall system are given in detail. 

 

 O2 Storage 

The energy balance equation (EBE) of O2 storage unit can 

be expressed as follows: 

�̇�𝑶𝟐,𝟐. 𝒉𝑶𝟐,𝟐 = �̇�𝑶𝟐,𝟐𝟎. 𝒉𝑶𝟐,𝟐𝟎 + �̇�𝑶𝟐,𝟓. 𝒉𝑶𝟐,𝟓 +

�̇�𝑶𝟐,𝟔 𝒉𝑶𝟐,𝟔                 (1) 

Here, the mass loss is assumed to be 6% of total mass due 

to boil-off gas, permeation, and leakage. 

The entropy balance equation (EnBE) of O2 storage unit 

can be expressed as follows: 

�̇�𝑶𝟐,𝟐. 𝒔𝑶𝟐,𝟐 + �̇�𝒈𝒆𝒏𝑶𝟐𝒔𝒕𝒐𝒓𝒂𝒈𝒆
= �̇�𝑶𝟐 ,𝟐𝟎. 𝒔𝑶𝟐,𝟐𝟎 +

�̇�𝑶𝟐,𝟓. 𝒔𝑶𝟐,𝟓 + �̇�𝑶𝟐,𝟔 𝒔𝑶𝟐,𝟔            (2) 

The exergy balance equation (ExBE) of O2 storage unit can 

be expressed as follows: 

�̇�𝑶𝟐,𝟐. 𝒆𝒙𝑶𝟐,𝟐 = �̇�𝑶𝟐,𝟐𝟎. 𝒆𝒙𝑶𝟐,𝟐𝟎 + �̇�𝑶𝟐,𝟓. 𝒆𝒙𝑶𝟐,𝟓 +

�̇�𝑶𝟐,𝟔. 𝒆𝒙𝑶𝟐,𝟔 + 𝑬�̇�𝒅,𝑶𝟐𝒔𝒕𝒐𝒓𝒂𝒈𝒆
           (3) 

The energy efficiency of O2 storage is written as follows: 

𝜼𝒆𝒏𝑶𝟐𝑺𝒕𝒐𝒓𝒂𝒈𝒆
=

�̇�𝑶𝟐,𝟓.𝒉𝑶𝟐,𝟓+�̇�𝑶𝟐,𝟔 𝒉𝑶𝟐,𝟔

�̇�𝑶𝟐,𝟐.𝒉𝑶𝟐,𝟐
        (4) 

The exergy efficiency of O2 storage is written as follows: 

𝜼𝒆𝒙𝑶𝟐𝑺𝒕𝒐𝒓𝒂𝒈𝒆
=

�̇�𝑶𝟐,𝟓.𝒆𝒙𝑶𝟐,𝟓+�̇�𝑶𝟐,𝟔.𝒆𝒙𝑶𝟐,𝟔

�̇�𝑶𝟐,𝟐.𝒆𝒙𝑶𝟐,𝟐
       (5) 

H2 Storage 

The energy balance equation (EBE) of H2 storage unit can 
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be expressed as follows: 

�̇�𝑯𝟐,𝟏. 𝒉𝑯𝟐,𝟏 = �̇�𝑯𝟐,𝟒. 𝒉𝑯𝟐,𝟒 + �̇�𝑯𝟐,𝟏𝟖. 𝒉𝑯𝟐,𝟏𝟖    (6) 

where the mass loss (�̇�𝑯𝟐,𝟏𝟖) is assumed to be 10% of total 

mass. These losses occur mainly due to boil-off gas, per-

meation, leakage and cooling during gas compression [22–

24]. This number is taken from technical system targets set 

by U.S. DRIVE (Driving Research and Innovation for Ve-

hicle efficiency and Energy sustainability) [25] where 

boil-off loss target is mentioned to be 10%.  

The entropy balance equation (EnBE) of H2 storage unit 

can be expressed as follows: 

�̇�𝑯𝟐,𝟏. 𝒔𝑯𝟐,𝟏 + �̇�𝒈𝒆𝒏𝑯𝟐𝒔𝒕𝒐𝒓𝒂𝒈𝒆
= �̇�𝑯𝟐,𝟒. 𝒔𝑯𝟐,𝟒 +

�̇�𝑯𝟐,𝟏𝟖. 𝒔𝑯𝟐,𝟏𝟖                 (7) 

The exergy balance equation (ExBE) of H2 storage unit can 

be expressed as follows: 

�̇�𝑯𝟐,𝟏. 𝒆𝒙𝑯𝟐,𝟏 = �̇�𝑯𝟐,𝟒. 𝒆𝒙𝑯𝟐,𝟒 + �̇�𝑯𝟐,𝟏𝟖. 𝒆𝒙𝑯𝟐,𝟏𝟖 +

𝑬�̇�𝒅,𝑯𝟐𝒔𝒕𝒐𝒓𝒂𝒈𝒆
                 (8) 

The energy efficiency of H2 storage is written as follows: 

𝜼𝒆𝒏𝑯𝟐𝑺𝒕𝒐𝒓𝒂𝒈𝒆
=

�̇�𝑯𝟐,𝟒.𝒉𝑯𝟐,𝟒

�̇�𝑯𝟐,𝟏.𝒉𝑯𝟐,𝟏
                (9) 

The exergy efficiency of H2 storage is written as follows: 

𝜼𝒆𝒙𝑯𝟐𝑺𝒕𝒐𝒓𝒂𝒈𝒆
=

�̇�𝑯𝟐,𝟒.𝒆𝒙𝑯𝟐,𝟒

�̇�𝑯𝟐,𝟏.𝒆𝒙𝑯𝟐,𝟏
            (10) 

NH3 Storage 

The energy balance equation (EBE) of NH3 storage unit 

can be expressed as follows: 

�̇�𝑵𝑯𝟑,𝟑. 𝒉𝑵𝑯𝟑,𝟑 = �̇�𝑵𝑯𝟑,𝟕. 𝒉𝑵𝑯𝟑,𝟕 + �̇�𝑵𝑯𝟑,𝟏𝟗. 𝒉𝑵𝑯𝟑,𝟏𝟗(11) 

where the mass loss is assumed to be 7.5% of the total mass 

which occur mainly due to liquid ammonia storage causing 

boil-off gas in addition to permeation and leakage. 

The entropy balance equation (EnBE) of NH3 storage unit 

can be expressed as follows: 

�̇�𝑵𝑯𝟑,𝟑. 𝒔𝑵𝑯𝟑,𝟑 + �̇�𝒈𝒆𝒏 = �̇�𝑵𝑯𝟑,𝟕. 𝒔𝑵𝑯𝟑,𝟕 +

�̇�𝑵𝑯𝟑,𝟏𝟗. 𝒔𝑵𝑯𝟑,𝟏𝟗        (12) 

The exergy balance equation (ExBE) of NH3 storage unit 

can be expressed as follows: 

�̇�𝑵𝑯𝟑,𝟑. 𝒆𝒙𝑵𝑯𝟑,𝟑 = �̇�𝑵𝑯𝟑,𝟕. 𝒆𝒙𝑵𝑯𝟑,𝟕 +

�̇�𝑵𝑯𝟑,𝟏𝟗. 𝒆𝒙𝑵𝑯𝟑,𝟏𝟗 + 𝑬�̇�𝒅,𝑵𝑯𝟑𝒔𝒕𝒐𝒓𝒂𝒈𝒆
          

                               (13) 

The energy efficiency of NH3 storage is written as follows: 

𝜼𝒆𝒏𝑵𝑯𝟑𝑺𝒕𝒐𝒓𝒂𝒈𝒆
=

�̇�𝑵𝑯𝟑,𝟕.𝒉𝑵𝑯𝟑,𝟕

�̇�𝑵𝑯𝟑,𝟑.𝒉𝑵𝑯𝟑,𝟑
           (14) 

The exergy efficiency of NH3 storage is written as follows: 

𝜼𝒆𝒙𝑵𝑯𝟑𝑺𝒕𝒐𝒓𝒂𝒈𝒆
=

�̇�𝑵𝑯𝟑,𝟕.𝒆𝒙𝑵𝑯𝟑,𝟕

�̇�𝑵𝑯𝟑,𝟑.𝒆𝒙𝑵𝑯𝟑,𝟑
               (15) 

 

H2 Fuel Cell 

The energy balance equation (EBE) of H2 fuel cell can be 

expressed as follows: 

�̇�𝑯𝟐,𝟒. 𝒉𝑯𝟐,𝟒 + �̇�𝑶𝟐,𝟓. 𝒉𝑶𝟐,𝟓 = �̇�𝑯𝟐𝑶,𝟗. 𝒉𝑯𝟐𝑶,𝟗 +

�̇�𝑯𝟐𝑭𝑪,𝟏𝟎 + �̇�𝑯𝟐𝑭𝑪               (16) 

The entropy balance equation (EnBE) of H2 fuel cell can 

be expressed as follows: 

�̇�𝑯𝟐,𝟒. 𝒔𝑯𝟐,𝒊𝒏 + �̇�𝑶𝟐,𝟓. 𝒔𝑶𝟐,𝟓 +  �̇�𝒈𝒆𝒏𝑯𝟐𝑭𝑪
=

�̇�𝑯𝟐𝑶,𝟗. 𝒔𝑯𝟐𝑶,𝟗 +
�̇�𝑯𝟐𝑭𝑪

𝑻𝒃
             (17) 

Here, the heat output is taken as 30% of the work output 

based on existing fuel cell efficiencies.  

The exergy balance equation (ExBE) of H2 fuel cell can be 

expressed as follows: 

�̇�𝑯𝟐,𝟒. 𝒆𝒙𝑯𝟐,𝟒 + �̇�𝑶𝟐,𝟓. 𝒆𝒙𝑶𝟐,𝟓 = �̇�𝑯𝟐𝑶,𝟗. 𝒆𝒙𝑯𝟐𝑶,𝟗 +

�̇�𝑯𝟐𝑭𝑪,𝟏𝟎 + �̇�𝑯𝟐𝑭𝑪 (𝟏 −  
𝑻𝟎

𝑻
) + 𝑬�̇�𝒅,𝑯𝟐 𝑭𝑪      (18) 

The energy efficiency of H2 fuel cell is written as follows: 

𝜼𝒆𝒏𝑯𝟐𝑭𝑪
=

�̇�𝑯𝟐𝑭𝑪,𝟏𝟎

�̇�𝑯𝟐,𝟒.𝑳𝑯𝑽𝑯𝟐
+�̇�𝑶𝟐,𝟓.𝒉𝑶𝟐,𝟓

         (19) 

The exergy efficiency of H2 fuel cell is written as follows: 

𝜼𝒆𝒙𝑯𝟐𝑭𝑪
=

�̇�𝑯𝟐𝑭𝑪,𝟏𝟎

�̇�𝑯𝟐,𝟒.𝒆𝒙𝑯𝟐,𝟒+�̇�𝑶𝟐,𝟓.𝒆𝒙𝑶𝟐,𝟓
         (20) 

Considering that fuel cell operates 16 hours daily, the total 

energy generated from H2 fuel cell is calculated: 

𝑾𝑯𝟐 𝑭𝑪𝑬𝒏𝒆𝒓𝒈𝒚
= �̇�𝑯𝟐𝑭𝑪𝟏𝟎

 𝒕𝒊𝒎𝒆𝑯𝟐 𝑭𝑪
         (21) 

NH3 Fuel Cell 

The energy balance equation (EBE) of NH3 fuel cell can 

be expressed as follows: 

�̇�𝑵𝑯𝟑,𝟔. 𝒉𝑵𝑯𝟑,𝟔 + �̇�𝑶𝟐,𝟕. 𝒉𝑶𝟐,𝟕 = �̇�𝑵𝟐,𝟖. 𝒉𝑵𝟐,𝟖 +

 �̇�𝑯𝟐𝑶,𝟐𝟏. 𝒉𝑯𝟐𝑶,𝟐𝟏 + �̇�𝑵𝑯𝟑𝑭𝑪,𝟏𝟏 + �̇�𝑵𝑯𝟑𝑭𝑪      (22) 

Here, the heat output is taken as 30% of the work output 

based on existing fuel cell efficiencies.  

The entropy balance equation (EnBE) of NH3 fuel cell can 

be expressed as follows: 

�̇�𝑵𝑯𝟑,𝟔. 𝒔𝑵𝑯𝟑,𝟔 + �̇�𝑶𝟐,𝟕. 𝒔𝑶𝟐,𝟕 + �̇�𝒈𝒆𝒏𝑵𝑯𝟑𝑭𝑪
=

�̇�𝑵𝟐,𝟖. 𝒔𝑵𝟐,𝟖 + �̇�𝑯𝟐𝑶,𝟐𝟏. 𝒔𝑯𝟐𝑶,𝟐𝟏 +
�̇�𝑵𝑯𝟑𝑭𝑪

𝑻𝒃
      (23) 

The exergy balance equation (ExBE) of NH3 fuel cell can 

be expressed as follows: 

�̇�𝑵𝑯𝟑,𝟔. 𝒆𝒙𝑵𝑯𝟑,𝟔 + �̇�𝑶𝟐,𝟕. 𝒆𝒙𝑶𝟐,𝟕 =

�̇�𝑵𝟐,𝟖. 𝒆𝒙𝑵𝟐,𝟖 +  𝒎̇
𝑯𝟐𝑶,𝟐𝟏. 𝒆𝒙𝑯𝟐𝑶,𝟐𝟏 + �̇�𝑵𝑯𝟑𝑭𝑪,𝟏𝟏 +

�̇�𝑵𝑯𝟑𝑭𝑪 (𝟏 −  
𝑻𝟎

𝑻𝒃
) + 𝑬�̇�𝒅,𝑵𝑯𝟑 𝑭𝑪          (24) 
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The energy efficiency of NH3 fuel cell is written as fol-

lows: 

𝜼𝒆𝒏𝑵𝑯𝟑𝑭𝑪
=

�̇�𝑵𝑯𝟑𝑭𝑪,𝟏𝟏

�̇�𝑵𝑯𝟑,𝟔.𝒉𝑵𝑯𝟑,𝟔+�̇�𝑶𝟐,𝟕.𝒉𝑶𝟐,𝟕
        (25) 

The exergy efficiency of NH3 fuel cell is written as fol-

lows: 

𝜼𝒆𝒙𝑵𝑯𝟑𝑭𝑪
=

�̇�𝑵𝑯𝟑𝑭𝑪,𝟏𝟏

�̇�𝑵𝑯𝟑,𝟔.𝒆𝒙𝑵𝑯𝟑,𝟔+�̇�𝑶𝟐,𝟕.𝒆𝒙𝑶𝟐,𝟕
           (26) 

Considering that fuel cell operates 16 hours daily, the total 

energy generated from NH3 fuel cell is determined: 

𝑾𝑵𝑯𝟑 𝑭𝑪𝑬𝒏𝒆𝒓𝒈𝒚
= 𝑾𝑵𝑯𝟑 𝑭𝑪𝟏𝟏

 𝒕𝒊𝒎𝒆𝑵𝑯𝟑 𝑭𝑪
      (27) 

Wind Turbine 

The energy balance equation (EBE) of the wind turbine 

can be expressed as follows: 

�̇�𝒂𝒊𝒓,𝟏𝟓. (𝒉𝒂𝒊𝒓,𝟏𝟓 +
𝒗𝟏𝟓

𝟐

𝟐
) = �̇�𝒂𝒊𝒓,𝟐𝟐(𝒉𝒂𝒊𝒓,𝟐𝟐 +

𝒗𝟐𝟐
𝟐

𝟐
) + �̇�𝑾𝑻 

                     (28) 

Here, inlet velocity is taken as 6.5 m/s with a wind turbine 

lambda (λ) of 0.6 and the wind turbine rotor diameter is 

taken as 35 meters. 

The entropy balance equation (EnBE) of wind turbine can 

be expressed as follows: 

�̇�𝒂𝒊𝒓,𝟏𝟓. 𝒔𝒂𝒊𝒓,𝟏𝟓 +  �̇�𝒈𝒆𝒏𝑾𝑻
= �̇�𝒂𝒊𝒓,𝟐𝟐. 𝒔𝒂𝒊𝒓,𝟐𝟐     (29) 

The exergy balance equation (ExBE) of wind turbine can 

be expressed as follows: 

�̇�𝒂𝒊𝒓,𝟏𝟓. (𝒆𝒙𝒂𝒊𝒓,𝟏𝟓 +
𝒗𝟏𝟓

𝟐

𝟐
) = �̇�𝒂𝒊𝒓,𝟐𝟐. (𝒆𝒙𝒂𝒊𝒓,𝟐𝟐 +

𝒗𝟐𝟐
𝟐

𝟐
) +

�̇�𝑾𝑻 + 𝑬�̇�𝒅,𝑾𝑻                (30) 

The energy and exergy efficiencies of wind turbine are 

written as follows: 

𝜼𝒆𝒏𝑾𝑻
= 𝜼𝒆𝒙𝑾𝑻

=
�̇�𝑾𝑻

�̇�𝟏𝟓 (
𝒗𝟏

𝟐

𝟐
)

            (31) 

The transmission and generator efficiencies are considered 

to be 95%, while AC/DC conversion efficiency is taken as 

90%. Using an average windy period of 13 hours, the total 

energy generated from the wind turbine is calculated: 

𝑾𝒘𝒊𝒏𝒅𝒆𝒏𝒆𝒓𝒈𝒚
= �̇�𝒘𝒊𝒏𝒅𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍𝟏𝟕

 𝒕𝒊𝒎𝒆𝒘𝒊𝒏𝒅     (32) 

Concentrated PV 

The solar irradiation on the CPV unit is mainly converted 

into two energy forms; electricity and heat. The generated 

heat is non-useful in this case, hence considered as loss.  

The energy balance equation (EBE) of concentrated PV 

unit can be expressed as follows: 

�̇�𝑪𝑷𝑽,𝟏𝟔 = �̇�𝑪𝑷𝑽,𝟏𝟐 + �̇�𝒍𝒐𝒔𝒔,𝑪𝑷𝑽         

 (33) 

where �̇�𝑪𝑷𝑽,𝟏𝟔 = 𝑨𝑪𝑷𝑽 𝑰𝒔𝒐𝒍𝒂𝒓 in kW.  

Note that the average irradiance is taken as 0.8 kW/m2 and 

the allocated CPV area is 1000 m2. The operation temper-

ature of CPV is taken as 90℃. 

The entropy balance equation (EnBE) of concentrated PV 

unit can be expressed as follows: 

�̇�𝑪𝑷𝑽,𝟏𝟔

𝑻𝒔𝒖𝒏
+ �̇�𝒈𝒆𝒏,𝑪𝑷𝑽 =  

�̇�𝒍𝒐𝒔𝒔,𝑪𝑷𝑽

𝑻𝒃
          (34) 

The exergy balance equation (ExBE) of concentrated PV 

unit can be expressed as follows: 

�̇�𝑪𝑷𝑽,𝟏𝟔 (𝟏 − 
𝑻𝟎

𝑻𝒔𝒖𝒏
) = �̇�𝑪𝑷𝑽,𝟏𝟐 +  �̇�𝒍𝒐𝒔𝒔,𝑪𝑷𝑽 (𝟏 −  

𝑻𝟎

𝑻𝒃
) +

𝑬�̇�𝒅,𝑪𝑷𝑽                   (35) 

Here, the boundary temperature of heat transfer is calcu-

lated using the average of ambient and operating tempera-

ture as follows: 

𝑻𝒃 =
(𝑻𝑪𝑷𝑽+𝑻𝟎)

𝟐
                 (36) 

Alternatively, the exergy destruction at the CPV unit can 

also be calculated using: 

𝑬�̇�𝒅,𝑪𝑷𝑽 = 𝑻𝟎 �̇�𝒈𝒆𝒏,𝑪𝑷𝑽             (37) 

The energy efficiency of concentrated PV is written as fol-

lows: 

𝜼𝒆𝒏𝑪𝑷𝑽
=

�̇�𝑪𝑷𝑽,𝟏𝟐

�̇�𝑪𝑷𝑽,𝟏𝟔 
               (38) 

Note that the electrical efficiency of the CPV is taken as 

35% based on the commercially available units.  

The exergy efficiency of concentrated PV is written as fol-

lows: 

𝜼𝒆𝒙𝑪𝑷𝑽
=

�̇�𝑪𝑷𝑽,𝟏𝟐

�̇�𝑪𝑷𝑽,𝟏𝟔(𝟏− 
𝑻𝟎

𝑻𝒔𝒖𝒏
) 
              (39) 

Considering 8 hours of sunshine on average, the daily en-

ergy production is calculated from CPV as follows: 

𝑾𝑪𝑷𝑽𝑬𝒏𝒆𝒓𝒈𝒚
= �̇�𝑪𝑷𝑽𝟏𝟐

 𝒕𝒊𝒎𝒆𝒔𝒖𝒏𝒏𝒚        (40) 

Charging Station 

The total power produced in the charging station is calcu-

lated using the summation of the subsystems and effi-

ciency of the charging station: 

�̇�𝑪𝑺𝟏𝟒
= 𝜼𝑪𝑺 (�̇�𝑵𝑯𝟑 𝑭𝑪𝟏𝟏

+ �̇�𝑯𝟐 𝑭𝑪𝟏𝟎
+ �̇�𝑪𝑷𝑽𝟏𝟐

+

�̇�𝒘𝒊𝒏𝒅𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍𝟏𝟕
)                         (41) 

Similarly, the total energy generated in the charging station 

is calculated as follows: 

𝑾𝒕𝒐𝒕𝒂𝒍𝑪𝑺𝑫𝒂𝒊𝒍𝒚𝑬𝒏𝒆𝒓𝒈𝒚
= 𝑾𝑵𝑯𝟑 𝑭𝑪𝑬𝒏𝒆𝒓𝒈𝒚

+ 𝑾𝑯𝟐 𝑭𝑪𝑬𝒏𝒆𝒓𝒈𝒚
+

𝑾𝒘𝒊𝒏𝒅𝒆𝒏𝒆𝒓𝒈𝒚
+ 𝑾𝑪𝑷𝑽𝑬𝒏𝒆𝒓𝒈𝒚

                                     (42)  

The number of EVs that can be charged via the designed 
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charging station is determined using the total energy pro-

duced and the capacity of EV battery: 

𝑵𝒖𝒎𝒃𝒆𝒓𝑬𝑽𝑫𝒂𝒊𝒍𝒚𝑪𝒉𝒂𝒓𝒈𝒆𝒅
=

𝑾𝒕𝒐𝒕𝒂𝒍𝑪𝑺𝑫𝒂𝒊𝒍𝒚𝑬𝒏𝒆𝒓𝒈𝒚

𝑾𝒔𝒊𝒏𝒈𝒍𝒆𝑬𝑽𝒃𝒂𝒕𝒕𝒆𝒓𝒚

            (43)     

where the capacity of a single-vehicle battery is taken as 

50 kWh. 

The overall energy efficiency of the designed green elec-

tric vehicle charging station is calculated as follows: 

𝜼𝒆𝒏𝑶𝑽𝑬𝑹𝑨𝑳𝑳
=

�̇�𝑪𝑺𝟏𝟒

�̇�𝑪𝑷𝑽𝟏𝟔+�̇�𝒘𝒊𝒏𝒅𝟏𝟓+�̇�𝟏 𝒉𝟏+�̇�𝟐 𝒉𝟐+�̇�𝟑 𝒉𝟑
   (44) 

Similarly, the overall exergy efficiency is calculated using 

the following formula: 

𝜼𝒆𝒙𝑶𝑽𝑬𝑹𝑨𝑳𝑳
=

�̇�𝑪𝑺𝟏𝟒

�̇�𝑪𝑷𝑽𝟏𝟔(𝟏−
𝑻𝒐

𝑻𝑺𝒖𝒏
)+�̇�𝒘𝒊𝒏𝒅𝟏𝟓+�̇�𝑯𝟐,𝟏 𝒆𝒙𝑯𝟐,𝟏+�̇�𝑶𝟐,𝟐 𝒆𝒙𝑶𝟐,𝟐+ �̇�𝑵𝑯𝟑,𝟑 𝒆𝒙𝑵𝑯𝟑,𝟑

  

                    (45) 

4. Results and discussion 

The thermodynamic properties of each state point including 

the mass flow rate, temperature, pressure, specific enthalpy, 

specific entropy, and specific exergy are tabulated in Table 

1. Note that the enthalpy and exergy values account for the 

chemical energy content of the fuels.  

The performance of each subsystem is determined using 

the efficiency equations given in the analysis section, for 

which the results are depicted in Fig. 2. The storage effi-

ciencies of ammonia are higher than hydrogen and oxygen 

gases because ammonia is stored in liquid form rather than 

gaseous form. This enables a longer-term storage with less 

losses. H2 and NH3 fuel cell exergy efficiencies are calcu-

lated as 78% and 74%, respectively. The overall system 

energy and exergy efficiencies are found to be 51.9% and 

52.1%. These values show that the integrated system can 

perform better compared to a single wind turbine or single 

CPV systems. Exergy destruction is another measure of in-

efficiency in the subsystems, for which the values are 

given in Fig. 3. The highest exergy destruction rate occurs 

in CPV (about 430 kW) due to low electrical efficiency 

and high solar energy input. 

 

Fig. 2. The energy and exergy efficiencies of the subsystems 

and overall system 

 

Table 1. Thermodynamic properties of the state points within 

the complete system 

 

The NH3 and H2 fuel cells bear exergy destruction rates of 

116.2 kW and 119.8 kW, respectively. As expected, NH3 

storage yields lower exergy destruction because of liquid-

phase storage. This result further emphasizes the im-

portance of NH3 storage systems to be used in the 

EV/PHEV charging stations with considerably fewer 

losses and higher efficiencies. This becomes more obvious 

when the volumetric capacities of the storage tanks are 

considered as shown in Table 2. When ammonia is stored 

in liquid form, the density reduces almost 80 times, which 

enables significantly less volume requirement (2.83 m3). 

On the other hand, H2 and O2 require about 281 m3 and 253 

m3 volume storage tanks, respectively. This can be further 

elaborated on the optimization of the area due to limited 

space in the charging stations.  
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0 N2  25 101.3 309.3 6.835  

0 NH3  25 101.3 1547 6.602  

0 H2O  25 101.3 104.9 0.3672  

1 H2 
0.005 20 1500 123866 42 12043
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2 O2 
0.07303 20 1500 -8.156 -0.725
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208.1 

3 NH3 0.025 20 1500 18894 1.326 20161 

4 H2 
0.0045 20 1000 123864 43.68 11993

1 

5 O2 
0.036 20 1000 -6.884 -0.616

6 

177 

6 O2 
0.03265 20 1000 -6.884 -0.616
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177 

7 NH3 0.02313 25 1000 20084 5.321 20160 

8 N2 0.01904 25 1000 307.3 6.15 228.2 
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21 H2O 0.03673 25 1000 105.8 0.367 50.86 
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Fig. 3. The exergy destruction rates of the subsystems 

 

Table 2. The volumetric capacities of the storage tanks 

Storage Medium Volume (m3) 

H2 Storage 281.1 

NH3 Storage 2.83 

O2 Storage 253.7 

 

Similar to exergy destruction, entropy generation rates rep-

resent the creation of entropy due to the irreversibility of 

the processes as the obtained values are listed in Table 3 

for the subsystems. 

 

Table 3. The entropy generation rates of the subsystems 

Subsystem Entropy generation rate (kW/K) 

CPV 1.44 

H2 FC 0.272 

H2 Storage 0.01323 

NH3 FC 0.3794 

NH3 storage 0.009935 

O2 storage 0.01065 

 

The final end product in an EV/PHEV charging station is 

the produced electricity. The power production from each 

subsystem is shown in Table 4, where H2 and NH3 fuel 

cells contribute with 425 kW and 350 kW electricity. The 

selected wind turbine capacity is small due to limitations 

in a city center to place the wind turbine. However, it is 

important to compensate for the non-availability of the 

sunshine during night time. CPV is capable of producing 

about 280 kW. In total, the charging station produces about 

1.1 MW power. Based on the operating hours, sunny hours 

and windy hours, the energy generation from each subsys-

tem is depicted in Table 5. In total, about 15.46 MWh of 

electricity is generated daily, which can charge about 309 

EVs. From Table 5, it can be deduced that CPV contributes 

to about 14.4%, and fuel cells generate about 80% of en-

ergy in a day. Here, it is important to note that the fuels (H2 

and NH3) and oxidant (O2) are transported to the charging 

station, which brings additional energy consumption 

through truck tankers or pipelines.  

 

Table 4. Power production from the wind turbine, CPV and fuel 

cells 

Subsystem Power production (kW) 

CPV 280 

H2 FC 425.3 

NH3 FC 349.6 

Wind turbine 63.73 

Charging station (total) 1119 

 
Table 5. Daily energy production from the wind turbine, CPV 

and fuel cells 

Subsystem 
Daily energy production 

(kWh/day) 

CPV 2240 

H2 FC 6804 

NH3 FC 5594 

Wind turbine 828.5 

Charging station (total) 15466 

 

Parametric Studies 

Since solar irradiance, wind speed and fuel feed rates are 

the main inputs to the charging station, their effects are in-

vestigated through parametric analysis. Fig. 4 illustrates 

the changes in the efficiency, power, and exergy destruc-

tion rate based on the solar irradiance available at that mo-

ment. Note that the initial design considers 800 W/m2 solar 

irradiance. However, since the irradiance changes during 

the day, the produced power, as well as the performance, 

is affected. Although the power production increases from 

the CPV unit with increasing irradiance, the overall exergy 

efficiency reduces from 56.1% to 52.1% due to the fact 

that the exergy destruction increases more drastically com-

pared to power output.  

 

 

 
Fig. 4. The effects of solar irradiance on the overall system effi-

ciencies, power production from CPV and exergy destruction of 

CPV 

 
On the other hand, since daily energy generation from 

CPV unit rises with the higher solar irradiance, the total 

energy generated in the charging station increases from 
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14346 kWh to 15466 kWh (from 500 W/m2 to 1000 

W/m2), which increases the number of charged vehicles to 

309 as illustrated in Fig. 5. Note that at the initial design 

conditions, 300 EVs can be charged.  

  

Fig. 5. The effects of solar irradiance on the total daily energy 

generation, CPV energy generation and number of EVs charged 

in a day 

 
The higher is the wind speed, the higher is the produced 

power from the wind turbine as depicted in Fig. 6. How-

ever, the overall exergy efficiency of the system declines 

from 53.0% to 49.9% when the wind speed increases from 

4 to 10 m/s as shown in Fig. 6. This is attributed to the 

kinetic energy input from the wind is expected to be 

greater to increase the power output, where the electrical 

efficiency of the wind turbine is about 40.7%, which is 

lower than the overall system efficiency.  

 

Fig. 6. The effects of wind speed on the power production from 

the wind turbine and overall exergy efficiency 

With the increasing energy generation from the wind tur-

bine, at 10 m/s, the number of EVs that can be charged 

rises to 353 as depicted in Fig. 7. This shows that the loca-

tions with higher average wind speed will generate more 

electricity required for the EV charging station. Note that 

at the initial design conditions, the wind speed is taken as 

6.5 m/s with a windy hours of 13.  

 

 

Fig. 7. The effects of wind speed on the daily energy generation 

from the wind turbine and total energy generation in a day 

 
The fuels supplied from the storage tanks are also quite 

critical in the overall system performance and total energy 

generation. Fig. 8 illustrates the changes in the H2 fuel cell 

performance versus the hydrogen supply. The storage unit 

has very minor exergy destruction compared to the fuel 

cell. When the hydrogen supply increases from 1 g/s to 8 

g/s, the power generated from H2 fuel cell rises to 680 kW. 

This translates into a larger number of EVs to be charged, 

corresponding to about 391 EVs as shown in Fig. 9. This 

causes the overall exergy efficiency to rise because the H2 

fuel cell operates at significantly higher exergy efficiency 

(77.9%) than the complete system. However, there are lim-

itations due to the volumetric capacity of the H2 storage 

tanks, which enlarges drastically from 56 m3 to 449 m3 as 

shown in Fig. 9. This is because of the low energy density 

of gaseous hydrogen. The energy generated from the H2 

fuel cell reaches 10887 kWh per day at 8 g/s feed rate.  

 

 

 

Fig. 8. The effects of hydrogen feed rate to the storage tank on 

the power production from the H2 fuel cell, exergy destruction 

of the H2 fuel cell and overall exergy efficiency 
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Fig. 9. The effects of hydrogen feed rate to the storage tank on 

the daily energy production, the volumetric capacity of the stor-

age tank and number of EVs charged in a day 

 
Similarly, the ammonia feed rate plays a critical role in the 

overall performance as shown in Fig. 10. The exergy effi-

ciency of the overall system can reach 57.6% at an NH3 

feed rate of 0.1 kg/s. The exergy destruction of NH3 stor-

age is very low compared to H2 or O2 storage. Note that 

the system is initially designed to operate at 0.025 kg/s of 

ammonia feed rate. However, in case it rises to 0.1 kg/s, 

the number of EVs to be charged can reach 644 with an 

NH3 fuel cell power output of 1.4 MW as illustrated in Fig. 

11. This can be optimization criteria when the size of the 

storage tanks and the medium/long term mass losses are 

further considered.  

 

Fig. 10. The effects of ammonia feed rate to the storage tank on 

the power production from the NH3 fuel cell, exergy destruction 

of the NH3 fuel cell and storage, and overall exergy efficiency 

The designed EV charging station is capable of producing 

on-site electricity independent from the grid, which can 

charge up to 644 EVs at an NH3 feed rate of 0.1 kg/s. This 

type of system will be important especially for rural areas 

or outside city centers, where the area limitations are not 

anticipated. 

 

 

 

 

 

Fig. 11. The effects of ammonia feed rate to the storage tank on 

the daily energy production, the volumetric capacity of the stor-

age tank and the number of EVs charged in a day 

 

5. Conclusions 

This study presents a self-power generating EV/PHEV 

charging station with H2 and NH3 fuel cells as well as CPV 

units and wind turbines. The CPVs are considered for 

EV/PHEV charging stations because of requiring less area 

compared to PVs, and this is one of the main design criteria 

in limited space charging stations. The overall system effi-

ciencies are greater than the wind turbine and CPV efficien-

cies, which translates into a better and more sustainable 

charging station. The use of two different fuel cell enables a 

more diverse electricity generation route with the advantage 

of flexible storage. In most of the cases, H2 can serve as a 

short-term storage, whereas NH3 can serve as a medium/long 

term storage with more convenient storage characteristics. 

The main contribution of energy generated comes from the 

fuel cell corresponding to about 80%. The system can be fur-

ther optimized considering the storage capacities, storage 

time, and number of EVs to be charged.  
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�̇�𝒙𝒅 Exergy destruction rate, kW 

ex Specific exergy, kJ/kg 

h Specific enthalpy, kJ/kg 

�̇� Mass flow rate, kg/s 

P Pressure, kPa 

�̇�  Heat flow rate, kW 

s Specific entropy, kJ/kg-K 

�̇�𝒈𝒆𝒏  Entropy generation rate, kW/K 

T Temperature, ℃ or K 

V Velocity, m/s 

W Work, kJ or kWh 

�̇�  Work rate, kW 
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Acronyms  

CPV Concentrated photovoltaic 

CS Charging station 

EBE Energy balance equation 

EnBE Entropy balance equation 

ExBE Exergy balance equation 

EV Electric vehicle 

FC Fuel cell 

GHG Greenhouse gas 

LHV Lower heating value 

MBE Mass balance equation 

PHEV Plug-in hybrid electric vehicle 

WT Wind turbine 

Subscripts  

0 Reference state 

b Boundary 

CS Charging station 

en Energy 

ex Exergy 

EV Electric vehicle 

WT Wind turbine 

Greek letters  

ρ Density of air 

𝜼  Efficiency 
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