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Abstract: In this work, we develop a detailed analysis of the current panorama for electric vehicle charging 

technology, focusing on the various levels and types of charging protocols and used connectors. We propose a 

charging station for electric cars powered by solar photovoltaic energy, performing the analysis of the solar 

resource in the selected location, sizing the photovoltaic power plant to cover the demand completely, and 

exploring different configurations such as grid connection or physical and virtual electric energy storage. 

Despite the current development applying for specific working conditions, operating voltage, charging rate, 

power demand, etc., the proposed configuration is modular, adaptable, and resilient. The simulated system 

operates within the 360 V to 800 V range of continuous current for charging the electric vehicles, with a 

selectable power range between 20 and 180 kW. The basic layout includes four charging poles, each servicing 

all working voltages. An oversized PV plant powers the charging station at any time of the year, saving money 

compared to the alternative of the electric storage unit. In addition, we build simulation tools and algorithms 

that optimize the design of future projects, providing a solid basis for sustainable energy infrastructure 

planning and design. 

Keywords: electric vehicle; charging station; technology; modular design; PV power plant; 

simulation; Sizing 

 

Introduction 

Today, the continuous growth of carbon emissions, which are responsible for climatic change, 

requires a transitional process to power sources more respectful of the environment. Among the 

feasible solutions to implement this process, renewable energy sources are a priority for politicians, 

technicians, energy developers, and citizens. 

The global GHG emissions to the atmosphere come from the industrial, commercial, residential, 

and transportation sectors; this last one contributes 30% of the total emissions, representing a 

significant fraction [1,2]. The implementation of electric vehicles represents a positive action in the 

process of reducing greenhouse gas emissions [3–5]. 

People opposing the transformation of the vehicle fleet from fossil fuel engines to electric motors 

argue that the required electricity to charge the electric vehicle battery comes from fossil fuel power 

plants, generating carbon emissions in the energy generation process [6–8]. Therefore, it is necessary 

to power the electric vehicle charging stations from energy plants powered by renewable energies 

like photovoltaic plants, wind farms, geothermal and hydroelectric power plants, etc. [9–12] 

The atmosphere's increased pollution level is a relevant problem in cities where the 

concentration of particles harmful to health is higher due to the high vehicle density. Local authorities 

apply measurements to reduce these particle emissions by promoting and implementing laws, 

norms, and regulations to favor electric vehicle use and penalizing conventional fossil fuel engine 

cars [13–15]. 

The European Union leads the transportation sector electrification process, elaborating a 

protocol about the infrastructure of alternative fuels, which specifically includes the following action 

(sic) [16]: 
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“Starting in 2025, fast electric vehicle charging stations, with a minimum power of 150 kW for light vehicles 

and small vans, should be implemented every 60 km in the main European Union traffic corridors; the so-called 

Trans-European Transportation Network (RTE-T)”. 

“The charging stations for heavy vehicles, with a minimum charging power of 350 kW, should also be 

implemented every 60 km in the basic RTE-T network and every 100 km in the enlarged global RTE-T network, 

should be completed by 2030”. 

The European directive looks to solve the problem of low number of charging stations in some 

countries that are far away from completing the directions included in the protocol; one of the most 

relevant cases is Spain, the fourth economy of the European Union with only thirty thousand 

charging stations in the national transportation network, far below the European Union average. To 

make matters worse, more than 25% of the charging stations are out of order, aggravating the 

problem of vehicle fleet electrification [17]. The Spanish case is not the only one in the European 

Union territory, as we show in Figure 1. We notice that some other countries suffer from the same 

low density of electric vehicle charging stations [18]. 

 

Figure 1. Electric vehicle charging points density in the European Union (public access) (point’s 

number per million of habitants) [19]. 

Readers can notice the difference between Norway (highest level) and Romania (lowest level), 

with a factor of 30 in the charging point density.  On the other hand, countries in the high-density 

range, Norway, Iceland, Denmark, and Sweden, only represent 0.65% of the global charging points 

in the European Union since the population density in these countries is very low, reinforcing the 

need to implement a dense electric vehicle charging station network to compete with fossil fuel 

engine cars. 

Another issue for consideration is the high number of low charging rate points, 83%, with a 

maximum output power of 22 kW, representing a one-hour charging for a driving range of 100 km 

(60 miles) in a standard electric vehicle, what discourages the drivers of using electric cars in long 

way trips [19]. 

Despite the many obstacles to implementing electric vehicles in modern society, the number of 

cars powered by electricity is continuously growing, as shown in Figure 2. This situation generates a 

conflict because the charging stations do not grow at the same rate as electric vehicle sales. 

High density (>2500) Medium density (>1000) Low density (<1000) 
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Figure 2. Global Electric Car Stock (2012-2021) [20]. 

Charging Point 

An electric vehicle charging point characterizes by the charging rate, the charging mode and the 

charging connector. The charging rate is regulated by the norms SAE J1772 [21,22] and IEC 61851-1 

[23]; the first includes three types of rate and the second four types. Table 1 shows the specifications 

of the different charging rates depending on the power supply. 

Table 1. Charging rate specifications for variable power supply [21–23]. 

 

Charging Rate 

Level 1 corresponds to a domestic power socket with a maximum power supply of 2 kW. Level 

2 requires a specific power socket for electric vehicle charging with a maximum power supply of 19.2 

kW. These two levels operate in alternate monophasic current. Level 3 corresponds to a fast charging 

rate and operates only in triphasic alternate current up to 350 kW power supply. The level 3 charging 

points are in road or street public charging stations. Extreme Fast Charging, or ultra-fast charging, is 
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an extension of the fast charging rate for power supply above 350 kW; this type of charging point is 

scarce. 

Charging Mode 

The IEC defines four operational modes for electric vehicle charging depending on the 

specifications and configuration: alternate or continuous current, maximum charging current, 

voltage, power, and connection type. 

In levels 1 to 3, the charging mode uses alternate current (AC), monophasic for levels 1 and 2, 

and triphasic for level 3, as mentioned before. The operating voltage ranges from 220 V for level 1 to 

480 V for level 3. Levels 2 and 3 also operate with intermediate voltages of 360 and 400 V. Power 

supply is 7.6, 15.3, and 120 kW for levels 1, 2, and 3, respectively. In the XFC mode, the current ranges 

up to 400 ADC (continuous current), and the voltage operates between 600 and 1000 VDC. 

Figure 3 shows the various types of charging modes. 

 

Figure 3. Electric vehicle charging modes [24]. 

Charging Socket 

Level 1 does not require a specific socket for charging the electric vehicle; the charging point can 

use a domestic one; nevertheless, levels 2 and 3, and the XFC mode, require a specific socket of the 

type shown in Figures 4 and 5. 

 

Figure 4. Socket types for electric vehicle charging in alternate current (AC) [25]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2024 doi:10.20944/preprints202409.0337.v1

https://doi.org/10.20944/preprints202409.0337.v1


 5 

 

 

Figure 5. Socket types for electric vehicle charging in continuous current (DC) [25]. 

DC socket type allows higher charging voltage and current, operating at power supply up to 

350-400 kW. This configuration reduces the charging time for a 100 km driving range in a standard 

electric vehicle from 1 hour in AC mode to 15 minutes in DC mode. 

Solar Power Supply 

A sustainable charging station for electric vehicles should collect energy from renewable power 

sources like photovoltaic, wind, geothermal, hydroelectric, and others. Since analyzing every 

renewable power plant is out of focus in this work, we prioritize photovoltaic power plants as the 

primary energy source for powering the charging station prototype. 

Photovoltaic power plant location is selected from the solar radiation database provided by the 

Geographical Information System (GIS) from the European Commission Service for Photovoltaic 

Systems (PVGIS) [26]. The selection criteria are based on maximizing the monthly average solar 

radiation on site; following this criteria, the photovoltaic array is oriented to the Equator and tilted 

35º. Figure 6 shows the monthly solar radiation distribution in the selected location. 

 

Figure 6. Monthly distribution of solar radiation [27]. 
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Considering a uniform behavior over time, we calculate the daily average solar radiation, 

obtaining (Table 2): 

Table 2. Estimated average monthly and daily solar radiation in the selected location. 

Month Monthly average (kWh/m2) Daily average (kWh/m2) 

January 112,13 3,74 

February 150,45 5,02 

March 140,02 4,67 

April 145,05 4,84 

May 192,73 6,42 

June 195,55 6,52 

July 226,09 7,54 

August 222,10 7,40 

September 178,51 5,95 

October 147,50 4,92 

November 113,85 3,80 

December 99,48 3,32 

Because solar radiation changes every day, we apply the estimated daily average value for the 

calculations. 

Energy Demand 

The energy demand depends on the number of charging points, the maximum power supply at 

every charging point, the daily operating time, and the daily occupancy factor. Considering a 

charging pole with four charging points, one per power supply, a 14 hours daily operating time, and 

a 75% occupancy factor, the daily energy demand is (Table 3): 

Table 3. Daily energy demand (charging station). 

Charging point number Maximum power supply (kW) Daily energy demand (kWh) 

1 22 308 

2 48 672 

3 96 1344 

4 180 2520 

Total         346 4844 

Photovoltaic Array Design 

The photovoltaic array consists of a set of PV panels grouped in series and parallel to generate 

the required voltage and current. We select a panel of 460 W with 21% efficiency. Figure 7 shows the 

PV panel’s electric response. 
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Figure 7. PV panel electric response (I-V curve). Left: temperature dependence; Right: Solar radiation 

level dependence. 

Technical characteristics for the PV panel are provided by the manufacturer (Table 4). 

Table 4. PV panel technical characteristics [28]. 

Parameter Value 

Maximum Power 460 Wp 

Voltage at maximum power 35.10 V 

Current at maximum power 13.11 A 

Open Circuit Voltage 41.65 V 

Short Circuit Current 13.99 A 

Efficiency 21.25 

Power tolerance 0/+5 

PV array maximum voltage DC 1.500 V 

Because the temperature evolves daily, we have retrieved data from the National Meteorological 

Service (AEMET) for the selected location [29]; therefore, we can estimate the temperature correction 

for the operational PV panel voltage and current. The maximum and minimum temperatures over 

the year are listed below. 

• Minimum average monthly temperature: -1.0º C (January) 

• Maximum average monthly temperature: 33.5º C (July) 

• Maximum yearly absolute temperature: 43.5º C (August, 10th) 

• Minimum yearly absolute temperature: -12.5º C (January, 12th) 

Applying the following equation, we determine the PV panel operating temperature [30]: 

20

800
cell amb

NOCT
T T G

−
= +   (1) 

T is the operating temperature, with subscripts cell and amb accounting for PV cell and ambient, 

NOCT is the Normal Operating Cell Temperature, referred to as the standard temperature of 25º C, 

and G is the solar radiation level. 

According to equation 1, and applying values for maximum and minimum temperatures, the 

operating PV panel temperature is (Table 5) 

Table 5. PV panel working temperature. 

Condition Value 

Maximum  69.8º C 

Minimum  8.9º C 

Since the working temperature modifies the output voltage and current, we should apply the 

correction factor for these two parameters to obtain the operational values for the working 

temperature. The new values for the voltage and current derive from the expressions [30]: 

( )min 25STD

M M cellV V T= + −   (2) 

( )max 25STD

M M cellI I T= + −   (3) 

V and I are the PV panel voltage and current, and coefficients α and β are the temperature 

correction factors for voltage and current. Subscripts M and cell account for maximum power point 

and PV cell, and superscripts STD, min, and max correspond to standard working conditions and 

minimum and maximum cell temperature. 

Applying values from Tables 4 and 5 to equations 2 and 3, we have (Table 6): 
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Table 6. PV panel electric operating parameters. 

Parameter Value 

Voltage (V) 46.00 

Current (A) 9.65 

Power (W) 444 

Using data from Table 6, we can determine the PV array energy generation by applying the 

expression: 

( )AC PV TP sph =   (4) 

PPV is the PV panel’s peak power, sph is the sun’s peak hours, and ηT is the global efficiency 

including electric and thermal losses. 

The global efficiency in a standard PV array is about 80% (ηT=0.8) [31]. 

The PV array configuration depends on the charging station operating voltage. Because the 

electric vehicle manufacturers disagree on a common voltage, we decided to operate with a standard 

400 V for the PV array and line transmission and convert this voltage into the required one at the 

charging point, depending on the pole configuration. 

Combining the output voltage for a single panel with the global 400 V voltage for the power 

supply to the charging station, the number of serial PV panels is: 

400
8.69

46
sn = =   (5) 

If we round the result from equation 5, the effective number is 9. 

Repeating the process for the current, considering the maximum power supply required by the 

charging station (Table 3), the number of parallel strings is: 

346000
86.58

9 444
s

x
n = =   (6) 

If we round the result from equation 5, the effective number is 87. 

Therefore, the PV array configuration results in a set of 87 parallel strings of 9 panels in series 

for a total of 783 panels, which generate a global output power of 347.65 kW, 0.5% above the required 

value. 

The above calculation is valid for a single pole with four charging points of power supply, as 

shown in Table 3; if the charging station includes multiple charging poles, we should resize the 

system according to the number of poles. In the next section, we develop the case of numerous 

charging poles in a charging station. 

Charging Station Layout Engineering 

The charging station layout engineering is based on a modular functioning that can be replicated 

and enlarged depending on current requirements. As we have mentioned before, the basic unit is a 

charging pole with four sockets, one per power supply; this configuration permits the charging of 

four electric vehicles simultaneously, provided the charging power requirements are different for 

each one, slow (22 kW), medium (48 kW), fast (96 kW), and extra fast (180 kW) charging rate. The 

supply voltage range is 360 to 800 V. Table 7 summarizes the main characteristics of the charging 

station layout. 

Table 7. Electric characteristics of the charging station. 

Power (kW) 22 48 96 180 

Voltage (V) 360 400 480 360 400 480 400 480 800 400 480 800 

Current (A) 61 55 45 133 120 100 266 200 60 450 375 225 
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The charging station operates at direct current (DC) since it allows higher charging rate than 

alternate current. 

The basic design of the charging station includes four charging poles with four sockets for each 

pole. Figure 8 shows the voltage supply for each pole and socket. 

 

Figure 8. Voltage supply distribution at every pole and socket for the charging station prototype. 

We observe that one charging pole is exclusively dedicated to a voltage supply of 360 V (first 

from the left) and another to 400 V (second from the left) because these are the most common electric 

vehicle motor voltages in the vehicle fleet. The other two charging poles combine a voltage supply 

from 400 V to 800 V due to the lower number of electric vehicles with 480 and 800 V electric motors. 

Since the electric transmission line operates at 135 kV alternate current, the engineering requires 

a multiple voltage conversion; to do so, we use a first voltage conversion from 135 kV to 10 kV and a 

second conversion from 10 kV to 400 V. These two conversions are in alternate current. The reason 

for converting high to low voltage in two steps is to reduce energy losses since a drastic voltage 

reduction increases energy losses in the voltage converter. A higher number of voltage conversions 

in more than two steps would require multiple voltage converters, meaning higher investment and 

maintenance costs. Therefore, the two-step voltage conversion optimizes the energy losses to 

investment ratio. Figure 9 shows the voltage conversion layouts engineering. 

According to the previous statement of reducing the transmission line voltage conversion in two 

steps, the electric engineering operates with a reference voltage. We evaluate to operate at 360, 400, 

480 or 800 V as reference voltage, analyzing the energy losses derived from the initial conversion 

from 10 kV to the selected voltage, and from this value to the required ones at the pole sockets. The 

analysis concludes that the optimum reference value is 400 V. 
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Figure 9. Voltage conversion layouts engineering for the charging station prototype. 

Once the voltage lowers to 400 VAC, we convert it into direct current using specific rectifiers 

depending on the voltage supply; therefore, the electric circuit engineering requires four types of 

voltage rectifiers: 400 VAC to 360 VDC, 400 VAC to 400 VDC, 400 VAC to 480 VDC, and 400 VAC to 

800 VDC. We decided to duplicate every type of rectifier to avoid unexpected service stops in case of 

failure. 

PV Power Plant Layout Engineering 

Based on data for a single charging pole, shown in the Energy demand section, and considering 

the charging station layout from Figure 9, the prototype requires a global power of 1776 kW, 

corresponding to four charging poles of 444 kW each. On the other hand, if we transport this power 

at the 400 VDC corresponding to the PV array output voltage, as described in a previous section, the 

energy losses are enormous; indeed, for every kilometer of transmission line from the PV power plant 

to the charging station, operating under these values, we have the following power losses: 

22 3
2 61776 10

1 19.7 10 19.7
400

L

x
x

P
I R R W MW

V


  
= = = = =  

   
 (7) 

Nevertheless, if we operate at high voltage, 135 kV, the power losses reduce to: 

2
3

3

1776 10
1 137

135 10
L

x

x
W

 
= = 
 

 (8) 

The new value represents a negligible power loss amount. 

Since the basic PV array layout produces 347.65 kW, we need to replicate this basic configuration 

to reach the global power; therefore, the number of PV array blocks in the PV power plant matrix is: 

1776
5.11

347.65
m = =  (9) 

Because of the fractional number, two options arise for the PV power plant configuration; the 

first is to install five blocks with the same characteristics as for the PV array and a smaller PV array 

to complete the fractional number or to design five identical PV array blocks incrementing the 

number of PV panels in each block regarding the original configuration. 
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Since the voltage conversion from 400 VDC to 135 kV alternate current is too high, we decided 

to group every two serial strings in pairs, doubling the string output voltage, reducing the voltage 

conversion factor, and lowering the energy losses at the DC/AC converter. 

Table 8 summarizes the PV power plant characteristics of the two options. 

Table 8. PV power plant characteristics (per block). 

Configuration 

PV 

array 

blocks 

PV panels 

number 

Serial 

string 

number 

Parallel 

row 

number 

Output 

voltage 

(V) 

Output 

current 

(A) 

Global 

output 

power 

(kW) 

A 
5 783 18 44 828 424.6 351.6 

1 90 18 3 828 28.95 24 

B 5 792 18 46 828 443.9 367.5 

Configuration B uses more PV panels, 4140 versus 3969 for configuration A, but its design is less 

complex since it uses the same structure for every block. On the other hand, configuration B generates 

1837.5 kW versus 1782.0 kW for the A-configuration, a 3% higher, representing a safety factor in case 

of increasing demand at the charging station. Therefore, we decide to adopt the B-configuration as 

the reference for our prototype. 

The PV power plant uses an area of 3054 m2, corresponding to a rectangular space of 61.08 m x 

50 m, as shown in Figure 10. 

Figure 10 shows a simulated view of the PV power plant prototype layout; therefore, the number 

of parallel rows and serial strings do not correspond to current values. 

The PV power plant uses four DC/AC converters model INGECON® SUN 330TL M12 from the 

INGETEAM company [32], for a total of 24 inputs and 12 MPPT units; however, due to design 

specifications, the converters only use 20 inputs and 10 MPPT units. 

 

Figure 10. Schematic representation of the PV power plant layout. 

Every converter output connects to the voltage transformation station that elevates the voltage 

to 135 kV for the transmission line. The process develops in two steps; the first elevates the voltage 

from 800 VDC to 10 kV alternate current and the second from 10 to 135 kV AC. Figure 11 shows the 

schematic representation of the voltage transformation process. 
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Figure 11. Schematic view of the voltage transformation process at the PV power plant. 

Transmission Line to Charging Station Electric Engineering 

Electric connection between the transmission line and the charging station depends on the 

power source, renewable energy plant, grid, or storage unit. Therefore, there may be an alternating 

current bus configuration, a direct current bus configuration, or a combination of both. We can see 

the AC and DC bus configurations in Figures 12 and 13. 

 

Figure 12. AC bus configuration for the transmission line to charging station connection. 

AC bus configuration is characterized by an AC/AC transformer that reduces the 135 kV from 

line transmission to 10 kV in the AC bus. The 10 kV alternate current is then converted into direct 

current at the reference voltage, 400 V, using an AC/DC converter; the process is replicated in three 

lines to service the final DC voltage supply sockets at 360, 480, and 800 volts. 
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Figure 13. DC bus configuration for the transmission line to charging station connection. 

DC bus configuration is characterized by an AC/AC transformer that reduces the 135 kV from 

the line transmission to 10 kV and an AC/DC converter, which reduces the 10 kV alternate current 

into 400 volts direct current at the DC bus. The 400 V is reduced to 360 V or elevated to 480 or 800 V 

using the corresponding DC/DC converter to service the final DC voltage supply sockets at 360, 480, 

and 800 volts. 

Charging Station Wiring Design and Engineering 

The voltage drop in the transmission lines is due to the Joule effect. We need to size the wires 

correctly to minimize the energy losses during transmission. The wire section derives from the 

expression [33–35]: 

21

28

I
S

V
=


 (10) 

S is the wire section, I is the transported current, and V is the voltage drop percentage. 

Because the national legislation differs for every country, we selected a 1.5% voltage drop 

percentage, a current value admitted in many Western countries [36,37]. Since we operate with 

different power and voltage supply values, we size the wire section according to every configuration. 

Considering a 5 m length for every power supply hose, the wire sizing is (Table 9): 

Table 9. Wire sizing for the charging points. 

Power (kW) 22 48 96 180 

Voltage (V) 360 400 480 360 400 480 400 480 800 400 480 800 

Current (A) 61 55 45 133 120 100 266 200 60 450 375 225 

Section (mm2) 25 25 25 60 50 35 150 120 25 300 240 120 

% losses in 5m 0.8 0.7 0.5 1.38 1.34 1.33 2.21 2.24 1.34 3.15 2.73 1.97 

Simulation 

We run a simulation process based on the engineering design to validate the proposed 

prototype. The simulation uses data from previous development and focuses on determining the 

feasibility of the system and its autonomy. 

The first simulation step evaluates the solar energy coverage factor, defined as the ratio between 

the photovoltaic power generation and energy demand. Considering the data from the designed PV 

power plant and the charging station, calculated in previous sections, we obtain the following results 

(Figure 14): 
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The proposed PV power plant produces a solar photovoltaic energy coverage factor above 100% 

for the entire year except in December, where the coverage factor barely reaches 88%. The coverage 

factor in January was 99%, near the required 100% to ensure the functioning of the charging station. 

On the other hand, the energy excess generated from February to November can be stored in electric 

batteries and used in January and December to warranty the complete energy coverage from the PV 

power plant. The power supply is guaranteed because the coverage factor exceeds the 100% coverage 

factor in various months of the year. 

 

Figure 14. Monthly solar photovoltaic energy coverage factor. 

We also run a daily energy coverage to verify the system feasibility; to do so, we evaluate the 

daily hourly evolution for the characteristic day of every month. We only show the results for the 

lowest and highest energy coverage moths to validate the simulation process (Figure 15). 

 

Figure 15. Hourly evolution of power generation and energy demand. Left side: lowest PV power 

generation; Right side: highest PV power generation. 

Horizontal line in Figure 15 represents the charging station energy demand, which is considered 

constant. Bars represent the photovoltaic power supply. It is clear that solar photovoltaic power does 

not cover the energy demand from sunset to sunrise (night hours); nevertheless, this is the period of 

lowest activity at the charging station matching with the time the charging station requires low or 

none energy because of the few charging sockets used. On the other hand, the excess of power 

generation in the central day hours, from 10 to 16 in the poorest month (left side), and from 9 to 17 in 

the best month (right side) compensates for the lack or absence of photovoltaic power supply. 
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Energy Compensation 

Based on statistical data from many countries, the occupancy of charging poles in an electric 

vehicle charging station follows human activity, which reduces drastically at night hours (Figure 16) 

[38–41]. Therefore, the lack or absence of solar photovoltaic power is minimized and compensated 

by the excess in daily central hours. 

 

Figure 16. Charging station daily hourly occupancy factor. 

Combining the maximum power demand and the occupancy factor, the daily energy demand 

distribution in the charging station yields (Figure 17): 

 

Figure 17. Daily hourly energy evolution for the system prototype. Left hand: lowest PV power 

supply. Right hand: highest PV power supply. 

The bars in Figure 17 represent the PV power supply (orange), the charging station energy 

demand (blue), and the energy balance (green). We observe that some green bars are negative, 

indicating a lack of power supply from the PV power plant during these hours; nevertheless, the 

cumulative negative energy balance is partially or compensated by the hours when the PV power 

supply exceeds the energy demand from the charging station. 

We analyzed the daily energy balance compensation for every month, and we found that only 

in January and December monthly energy balance results negative; however, if we extend the energy 

balance compensation throughout the year, the result becomes positive, indicating the system is 

energetically feasible provided we implement a storage unit to compensate negative and positive 

monthly energy balance. 

Energy Storage Engineering Design and Sizing 

We have only two months with negative energy balance, December and January; therefore, we 

determine the cumulative energy balance for these two months. Because the two months are 

consecutive, the storage unit energy capacity should match the cumulative energy balance. 
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Using data from the simulation, the cumulative energy balance for the two months is -952.7 kWh. 

The battery capacity is given by [42]: 

n

bat

C
V


=  (11) 

Cn, Vbat , and ξ are the battery nominal capacity, operating voltage and energy capacity, 

respectively. 

Considering the battery operates at the reference voltage for the system, 400 V, the nominal 

capacity is: 

3952.7 10
2381.75

400
n

x
C Ah= =  (12) 

This capacity corresponds to a discharge current of 119 A, matching a discharge rate at 20 hours. 

Battery capacity, however, depends on the discharge rate according to the expression [43]: 

r C nC f C=  (13) 

Cr is the current battery capacity for a given discharge rate, and fC is the capacity correction factor, 

which is expressed as: 

20

b

n bat
C

t

C V
f

P

 
=  
 

 (14) 

Pt is the power demand and b is a coefficient that depends on the type of battery. For lithium-

ion batteries, b=0.0148, and for lead-acid ones, b=0.1701 [44] 

Retrieving data from the simulation for the maximum negative power demand: 

0.0148

3

0.1701

3

(2381.75)(400)
0.970

20(363.3 10 )

(2381.75)(400)
0.708

20(363.3 10 )

C

x

x

Li ion

f

Pb

 
= → − 

 
= 

 
= → 

 

 (15) 

Therefore, the corrected battery capacity for the storage unit is: 

2381.75
2455.4 ( )

0.970

2381.75
3364.1 ( )

0.708

n

Ah Li ion

C

Ah Pb


= −

= 
 =


 (16) 

The lead-acid battery capacity is 37% higher; however, the lithium-ion battery costs 40% more, 

compensating for it. We, therefore, base the selection on maintenance and replacement costs, where 

lithium-ion batteries are cheaper; our selection is a lithium-ion battery block of 2500 Ah at 400 V. 

No single cell fulfills the mentioned capacity and voltage; therefore, we design the battery block 

by grouping lithium-ion cells in series and parallel to fit the required values. The commercial units 

may reach up to 22.1 kWh per battery block, grouping cells of 3 Ah and 4.2 volts per cell. The battery 

block configuration consists of 19 parallel strings of 95 cells for a total energy capacity of 22.7 kWh. 

The final battery layout consists of 16 blocks of 22.7 kWh coupled in parallel to reach the required 

energy capacity of 363.3 kWh for negative energy balance compensation. 

Figures 18 and 19 show the engineering design of the battery block and storage unit. 
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Figure 18. Schematic view of the battery block. 

 

Figure 19. Engineering design of the storage unit. 

Control Unit 

The charging station operates automatically without on-site operator supervision. Users 

manipulate the charging socket following instructions specifically addressed to guide the users to 

recharge the electric vehicle according to their needs. The charging protocol appears on the charging 

pole screen, where the users may select the charging mode and the charging parameters like the 

driving range, charging time, charging rate, and operational voltage. 

The charging process develops according to one of the following parameters to be selected by 

the user: charging time, specific driving range, or battery capacity percentage. If the parameter does 
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not correspond to electric vehicle battery characteristics, the protocol shows an error and asks the 

user again to introduce a valid value for the selected parameter. 

Once the user selects the parameter and introduces a valid value, the protocol asks the user to 

choose the charging power depending on the electric vehicle battery voltage (see Table 7). The 

protocol calculates the charging parameters depending on the charging rate and shows the relevant 

charging process parameter on the charging pole screen for the user’s information. 

Figure 20 shows the protocol ruling the charging process. 

 

Figure 20. Charging process protocol flow rate. 

Conclusions 

Using renewable energy sources to supply electric vehicles makes this transport solution 

sustainable, resilient, and future-proof. The design proposed in this work covers current and future 

standards for electric cars, also making it possible to replicate it in different locations, increasing or 

decreasing the number of stations and the generator to meet demand based on the expected influx 

and the solar resource present at the location. 

In places where solar resources are high and with great potential for use in electric vehicle 

charging infrastructures, this work demonstrates the feasibility of its use as an alternative to 

traditional energy sources, with CO2 emissions, which are increasingly falling into disuse. 

The modular design allows for expansions, either in the number of stations or in the supply 

power, at a relatively low cost, making this installation especially attractive. 

The independence from external sources, battery packs, or grid connection allows this type of 

installation to adapt to areas where access to the grid is complex, expensive, or impossible, as well as 

in areas where the power supply from the grid is subject to periodic failures or interruptions. 

This independence also makes expansions of the installation economically feasible because they 

do not require the expansion of the supply network, which in many cases limits the installation or 

expansion of renewable energies. The greater complexity of systems connected to the grid with or 

without a storage unit makes them more prone to failure and requires higher maintenance. 

For all the above reasons, electric vehicle charging stations powered by photovoltaic solar energy 

are a solution for the present and future, not requiring a grid connection to build an installation 

suitable for the present and future electric mobility standards. 
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