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Abstract 

The carbon emission has been rising in recent years. The government and global 

organizations attempt to fix the problem by creating the amazing technologies, such as 

carbon capture. One of the main reasons that cause problems is from current 

traditional vehicles, which emit carbon monoxide. Thus, people are more interested in 

clean power. So, electricity generators via renewables from wind, solar, and waves 

were invented to compete and eventually replace the use of coal and gas.  

This is a significant change that spurs humanity to developing a sustainable world. 

Electrical vehicle is one of the more recent technologies that people currently take an 

interest in, due to the engine use of clean energy with little to no toxic emissions. For 

example, electrical, hybrid, and hydrogen cars. However, there is a problem with 

charging electrical vehicle (EV) through the grid, especially when the energy demand 

has reached the peak load. 

Thus, this thesis primary focus is on the off-grid system with the placement of 

charging point in the existing service station that divided into 3 groups, small, 

medium, and large service stations with the 3 demand cases, light, medium, and 

aggressive energy demand. The power for recharging EV’s battery is from 

renewables, such as wind turbines and solar panels. The systems were situated beside 

the motorway and looked at the number of renewables needed to supply the demand 

for the whole year. To make the simulations more accurate, they were separated into 3 

scenarios: that the charging points were supplied by wind turbines only (assumed that 

it was cloudy), solar panels only (assumed that it was claim wind), and the 

combination of them. Also, the situation of the EV battery performance reduction 

during the winter. 

The simulations were done with the modeling tool; Merit, which was created by the 

University of Strathclyde. The results from Merit were analyzed mainly from the 

number of renewables needed, and the area for the renewables farms. Also, the use of 

maps was to create a comparison, with already existing service stations beside the M8 

motorway and around the UK. From the simulations, they show the acceptable 

systems for all demand cases and scenarios. However, there are the factors that cannot 

be overlooked that presented in the discussion section.
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Chapter 1: Introduction 

1.1 Electrical vehicles in the UK 

 

The car is one of the most important modes of transportation. More than that, it highlights 

the status and provides the opportunity for personal control and autonomy (European 

commission, 2017). However, The UK government has announced a plan to ban the new 

selling of diesel and petrol cars from 2040 (Craig, 2017). That means the number of 

electrical vehicles (EV) tends to be higher than the number at present and will be the 

main transportation in the UK as it shown in the figure 1.1. 

 

 

Figure 1.1: vehicle licensing statistics by model in the UK 2014 - 2017 

 

The figure 1.1 is a bar chart that shows the up-trend of the number of registered EV in the 

UK. Surprisingly, the number of all EV brands are going up from 2014 to 2017. 
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However, the most 2 popular EV brands in the UK are the Nissan Leaf and Mitsubishi 

Outlander (Lilly, 2017). The technical data from those 2 brands will be used for the 

demand profiles. 

However, there is a problem with the grid when the demand of charging EV’s has been 

rising, especially when car owners charge their cars at the same time as the peak energy 

demand (Autovista Group, 2017). Scottish and Southern Electricity Networks (2017) 

reported that the most popular charging time is immediately after the owners return home 

from their work places. It is at the same time before the energy demand reaches the peak 

point of the day. That means the grid ability to supply power is threatened and can cause 

a lack of energy running in the grid. Having a smart charge in the charging point, it can 

defer the maximum charging power during the peak load period and stop the process 

when the battery capacity is full.  

Another way of reducing the problem occurring in the grid is avoiding them. Having an 

off-grid system would have zero effect to the grid. That means, the power supply must 

come from renewable energy technologies. The charging point can be at home, work, or 

the car parks. Due to the limited area of individual house and the charging time e.g. at 

night, it will rely on wind turbine only because there is no solar direct at night. Also, 

having the charging point at work place or car park around the city center, it requires a 

higher number of renewables depends on the number of cars, which means a larger area 

for the renewable farm as well. 

Thus, the renewable farm can be situated either side of the motorway, such as wind 

turbines, because they are the unused area, unattractive, and only few people live there, 

claimed by Baroness Brown, the UK’s green energy ambassador (Bawden, 2016). That 

leads to this project of situated renewable farms beside the motorway with the charging 

points on the existing petrol stations. The detail of the project will be present in the 

following section throughout the thesis. 
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1.2 Aims and objectives 

 

The project was mainly aimed to further human lives towards the sustainable way of 

using natural resources, taking the advantages of them, and negating harm towards the 

earth. The aims of the project were listed as following: 

- To mitigate the effects of dump charging causing grid problems via simulation of 

off-grid systems. 

- To create a model of charging stations on the motorway by using renewable 

energy systems only. 

- To define the least surface area required for renewables farms for wind turbines 

and solar panels. 

 

To meet the aim of the project, the objectives of the project were listed as following: 

- Define the scenario for EV charging, such as charging time at the charging 

stations. 

- Simulate the system by creating the demand profiles with the power from 

renewables e.g. wind turbines and solar panels. 

- Study additional effects, such as: climate, renewables, additional technologies e.g. 

battery storage.  

 

1.3 Scope 

 

The project has been scoped via the following: EV, renewable technologies, and charging 

stations. 

- The electrical cars were analyzed in the project are household electrical cars, 

which are Mitsubishi Outlander and Nissan Leaf. 
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- The charging stations will be situated on the M8 motorway between Glasgow and 

Edinburgh. 

- The power charged into the EV’s batteries from the electricity that was generated 

from renewables e.g. wind turbine and solar panel. 

 

However, this project focuses on specific aspects due to sensitivity in creating demand 

profiles, including the other factors that are uncontrollable. This is a list that is out of 

scope of the project as following: 

- The other models of sustainable cars, for example, hybrid and hydrogen cars. 

- The model systems that are off-grid (grid-to-vehicle: G2V) and neglect the system 

of vehicle-to-grid: V2G. 

- The position of charging stations and permission. 

- Financial cost. 

 

1.4 Methodology 

 

To get the suitable systems for charging stations on the motorway, the project was 

followed step-by-step as presented below. 

First of all, the electric cars in the UK were examined to create the demand profile by 

using technical specifications, such as battery capacity and charging duration. To supply 

the demand, the potential of renewables in Scotland were used for generating power, 

including battery storage.   

The position for charging stations will be on the M8 motorway in Scotland. The length, 

the existing petrol stations, and area around the route were examined to define the 

maximum area that can be used for the charging stations. From the aforementioned 

details, the maximum number of wind turbines and solar panels will be estimated. 
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Thirdly, the scenarios were defined to create the completed demand profile, which 

includes the data from the first and second step. 

Finally, the area needed for the renewables farms were defined whether they are the 

acceptable areas beside the M8 motorway. Furthermore, to apply the charging points into 

the service stations around the UK were considered. 
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Chapter 2: Literature review 

2.1 The potential of renewables in Scotland 

 

Scotland is one of the country that has high potential of renewable energy because of the 

climate and its geology said by the Scottish Government (2017). From the figure 2.1, it 

shows the increase of renewable electricity capacity in Scotland over 8 years from 2008 

to 2016. The average annual capacity increase over 660 MW since 2008. 

 

 

Figure 2.1: total installed capacity of renewable electricity in Scotland 2008 -2016 

 

Renewable Renewables (2017) reported that the current mix of installed capacity of 

renewable electricity is 9,309 MW by 2017. The biggest capacity was from onshore wind 

turbine, which is over 72% of the total capacity. The other main sources are hydro, solar 

photovoltaics, and bioenergy respectively.  

Thus, it is clear that onshore wind turbine is the major renewable technology in Scotland 

that supply to the national grid. However, there has been used for the smaller scale such 
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as for generating electricity in the household or the charging stations for EVs. Especially 

wind turbine and solar panel that were used widely. 

 

2.2 The significant motorway in Scotland 

 

Traveling by vehicles, motorway is a choice of the driver for the travelling in long 

distance or in rush hour. The M8 motorway is one of the most significant motorway in 

Scotland (Baird, 2015). The total distance is around 60 miles, which links between 

Glasgow and Edinburgh via Renfrewshire, Lanarkshire and West Lothian. This 

motorway is used in the rush hour in the morning from 07:00 – 09:00 and again at 

evening from 16:00 – 18:00. Thus, it made the M8 motorway is one of the busiest in 

Europe with the number 180,000 vehicles running on the motorway every day as shown 

in the figure 2.2. 

 

 

Figure 2.2: the M8 motorway near Glasgow 

 

The motorway in Glasgow is contained in the boundaries of the former Strathclyde 

Regional Council area. It is counted roughly from Harthill Services near Junction 5 to 

Junction 31 near Bishopton. 
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2.3 The existing wind farm beside motorway in the UK 

 

From the section 2.1 of the potential of renewables in Scotland, it shows that wind turbine 

is one of the most effective renewable technology. Also, it has a project of situating wind 

farm beside motorway, which called Clyde Wind Farm. The wind farm is can be seen 

easily from the A74(M) motorway as shown in the Figure 2.3. 

 

 

Figure 2.3: Clyde wind farm view on A74(M) motorway 

 

The Clyde wind farm was created for powering around 200,000 homes, which consists of 

total 152 wind turbines. The wind farm project was approved in July 2008 by the Scottish 

Parliament after getting a planning permission to build a wind farm on either side of the 

motorway by Scottish and Southern Energy (SSE). It was under construction in in early 

2009, finished in 2012, and opened in September 2012 at a ceremonial ribbon cutting by 

First Minister of Scotland Alex Salmond (Dixon, 2014). 
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The wind farm is currently one of the biggest single consented wind farms in Europe, 

which is situated between Biggar and Moffat in the total area around 47 square 

kilometers. 

However, SSE Renewables was granted consent in July 2014 by the Scottish Government 

to extend the existing 152 turbine Clyde Wind Farm by operating a 54-turbine extension. 

It is currently constructed by expecting to complete by mid-2017. Allison (2016) said that 

after the extension is commissioned, the equity stake jointly owned by UKW and GLIL 

will be diluted to 30% with SSE retaining 70%. 

The Clyde Wind Farm after an extension will has a maximum generating capacity of 

172.8MW from 54 Siemens 3.2MW direct drive turbines. There are two permanent met 

masts on site and 35km of access tracks. The final rotor will be lifted into place be the 

project team by July 2017. With the new 54 turbines, it continues to towards completion 

of the wind farm. 

 

2.4 The existing solar farm beside motorway in the UK 

 

From the section 2.1, solar panel is one of the main sources of renewables in Scotland. 

Wessex Solar Energy (2014) has constructed the Park Wall 5 MW Solar Farm beside the 

M5 motorway about 0.5 km to the east of Bridgewater. A planning application were 

submitted to Sedgemoor District Council for the permission for the construction in May 

2017 as shown in the figure 2.4. 
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Figure 2.4: the top-view Park Wall 5 MW Solar Farm 

 

The figure 2.4 shows the whole solar farm from the top-view and presents the total solar 

panels in the farm, which over 20,000 solar panels in the area of 8 hectors or 0.08 square 

meters. The solar panels are placed on top of the panel table, makes the PV tile angle is 

between 20 and 35 degrees from the horizontal, and up to the ground 3.5 meters to reach 

the panel tables. 

The solar farm generates the electricity around 5,000,000 kWh per year to support over 

1,000 homes. Moreover, it has been accounted that the solar farm can prevent the carbon 

emission up to 4,500 tons. However, the electricity is exported through the existing 

underground network called tee-in, which is operated by Western Power Distribution. 
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2.5 Software review 

 

To simulate the scenarios about using the renewables to produce electricity, there’s a 

multiplicity of software that can be used, for example, ESP-r, Merit, EnergyPLAN, and 

Homer. The aforementioned software’s will be reviewed for defining the most suitable 

software for the simulation in this project.     

ESR-r is a software that was created in 1974 by the University of Strathclyde, United 

Kingdom. It allows to focus the energy and environmental performance in the building. It 

works in a manner of the realistic and actual physical systems by using the design of the 

building for an integrated performance. The building designs, which are: the building 

form, the material such as fabric, airflow, and shading. 

Merit is a software for evaluation of tools and determines the relationship of the climate 

such as wind speed and direct solar, with the renewable supply and battery storage. By 

matching demand and supply with the certain technologies. It aims to meet the electrical 

and thermal (heat and hot water) demand via renewable energy systems and low carbon 

energy system such as photovoltaic (PV) components, wind turbines, fuel cells, CHP, 

heat pump. 

EnergyPLAN is a software for the national energy systems in every hour of all sectors 

such as electricity, heating, cooling, industry, and transport. It also helps in decision 

making for an energy system strategy on a future national scale with relation to 

environmental and economic impacts (Ostergaard, 2015)  

Homer (Hybrid Optimization Model for Multiple Energy Resources) is a global standard 

software for optimizing microgrid design of all sectors from the small scale, such as 

village power, to the national grid (HOMER Energy LLC, 2014). To meet the demand, 

Homer can be customized via 9 individual modules, for example, the renewable sources 

like hydro, biomass, and hydrogen, and the thermal demand of combined heat & power, 

and the advance systems such as Advanced Load, Advanced Grid, and Advanced 

Storage, and the other sources from Multi-Year and MATLAB Link. 
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From the research, Merit is a software that meets the aims of the project. Because Merit 

allows creation of a model for the mix supplies from the renewables for the demand, 

which is the power required for charging the EV’s battery as shown in section 3.4 

demand profiles. Then calculate the area needed by the number of renewables that 

required in each scenario to meet the demand. The process of the software is shown in 

figure 2.5. 

 

   

 

   

 

 

Figure 2.5: the process in the modeling tool Merit 

 

The process of the modeling tool of the project, Merit software, is presented in figure 2.5. 

It starts at the climate profile step, which needs to be devised where the system is going 

to be situated. The systems in this project focus on the M8 motorway, which links 

between Glasgow and Edinburgh. So, the focused climate will be in Glasgow. The next 

Climate database 
Demand profiles 

(Electricity, thermal) 

Auxiliary database 

(Battery, CHP etc.) 

Renewable systems database 

(Battery, CHP etc.) 

- Solar (PV, collector) 

- Wind (onshore and offshore) 

- Tidal 

- Heat pump (GSHP) 
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step is demand profiles, which are shown in the sector 3.4 demand profiles. The auxiliary 

database was used due to the intermittent power generated from the renewables, which 

was explained at the beginning of section 3.5 renewable required. Finally, the renewable 

system step. There are multiple choices of renewables that can be used for both electricity 

and thermal demand. However, this project will be focused on electricity demand by 

providing the power from solar panels and wind turbine onshore. 

The technical analysis is shown in section 3, which has the explanations about the 

modeling tool that will be used for the simulations in this project.  
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Chapter 3: Technical analysis 

3.1 Scenario definition 

 

The charging stations will be situated beside the M8 motorway which links between 

Glasgow and Edinburgh. The traditional process is for the EV to be driven to a station, 

the driver charges their car (EV’s battery) and wait until it has reached full capacity, once 

full, the car will vacate the station. From that process, it takes between 1.5-14 hours to 

fully recharge, depending on the charging duration of each EV brand. Consequently, most 

owners prefer to recharge their EVs overnight. 

Instead of spending the time, in this project, the station has a set of EV’s battery. The 

battery from EV will be charged via the use of renewables throughout the day and night. 

Thus, the process is as follows: the EV is driven to the station, the EV’s battery is 

changed to a full capacity, and the car drives out of the station. Due to this project being 

based on a future scenario, the changing EV’s battery step can be done by a robot. So, the 

whole process would be done in a few minutes. 

There are many kinds of renewables, but only wind turbine and solar panel were used for 

simulation in this project. Due to the 2 renewables are the most suitable technologies for 

applying beside motorways, where there’s a limited area. Moreover, the critical point is 

the surface area needed for the system. Wind turbine and solar panel appear to be suitable 

sources for producing power as well as the system is not connecting with the national grid 

(off-grid). 

Thus, it has been divided into 3 scenarios. The first 2 scenarios are the systems, which 

have power supplied via 1 kind of renewables, wind turbine is for the first scenario and 

solar panel for the second scenario. They are created to consider the worst-case scenario, 

that there is no wind or sun to produce the power. Finally, the last scenario is the 

combined technologies of wind turbine and solar panel. 
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However, there is another one simulation considering about the effect of EV’s battery 

during the winter. Also, the scenario of applying the charging point into the existing 

petrol stations around the UK, might happen in the future.            

Before conducting the simulation, it is important to define what is the assumption of the 

simulation, which will be explained in the section ‘3.2 simulation assumption’.  

  

3.2 Simulation assumption 

 

To do the simulation, assumption of the project need to be set before. The scenario was 

created to find the maximum number of renewables as well as the area needed for the 

renewables farms. To determine the maximum number of renewables that is acceptable 

for situating the farms on either side of the motorway, the number of renewables were 

taken from the existing wind farm and solar farm which has been used in the real 

situation. 

Determinizing of the area needed for the wind farms, it will be defined by referring to the 

Clyde Wind Farm map as shown in the figure 3.2. 
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A: top-view of the whole wind farm         B: the distance of 1 kilometers  

Figure 3.2.1: Clyde Wind Farm map 

 

From the figure 3.2A, it shows the whole map of 152 wind turbines in the area of 47 

square kilometers. While figure 3.2B shows the 6 turbines arranged in a single column 

which require the distance of 1 kilometer approximately. It can be assumed that wind 

turbines require a gap between them 0.28 kilometers. 

Normally, wind farms will be designed by using the distance needed, for example, the 

wind turbines will be situated along the motorway with a distance such as 1km (figure 

3.2.1B). However, the project will be focused on the area required for the renewables 

B 
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farms between wind and solar farms. To compare those 2 renewables sources, the unit 

needs to be the same. Due to solar farms are calculated by area needed, the wind farm 

will be calculated by area needed as well. It was assumed that the area of the wind farms 

is shaped as a square with equal sides as shown in the figure 3.2.2. 

 

 

 

Figure 3.2.2: the wind farm assumption 

 

The assumption of the area needed for the wind farm will be defined by referring to the 

Clyde Wind Farm as shown in figure 3.2.1. The square area of the wind farm consists of 

4 wind turbines with an equal distance between them. Thus, the total area of 4 wind 

turbines requires 0.06 square kilometers. So, a single turbine requires 0.015 square 

kilometers. 

Due to the off-grid system, the wind farm needs to be around the service station. To use 

the area of Clyde Wind Farm as a maximum area for wind farm for 1 service station, it 

takes too much land-use. So, the large service station beside M8 motorway will be used 

as a comparison for the maximum acceptable area for a wind farm. For example, 

Morrison shopping and petrol station (G34 9JJ), which is indicated as a large service 

station, can be used to determine the maximum area for the wind farm, as shown in figure 

3.2.3. 

 

Wind turbines 0.28 km 

0.28 km 
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Figure 3.2.3: Morrison shopping and petrol station 

 

The example of the large service station on motorway is Morrison shopping and petrol 

station. It has the total area 0.045 square kilometers including a shopping mall, petrol 

station, and car park. Thus, it can be assumed that 4 times of the Morrison shopping and 

petrol station area is an acceptable size for the wind farm. So, the maximum area of the 

wind farm would be 0.18 square kilometers. 

 

Next, the area required for solar farm will be defined in the same way as used for the 

wind farm. A good example of the solar farm in the UK is Park Wall Solar Farm. 
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Figure 3.2.4: Top-view of the whole Park Wall Solar Farm 

 

The figure 3.2.4 shows the whole solar farm, which covers approximately 8 hectares or 

0.08 square kilometers with 20,000 solar panels. Thus, an average of a single panel 

required is 4 square meters. It is an acceptable size due to the existing measurements of 

Park Wall Solar Farm, so it includes other parameters, such as PV shading, tilt, and 

azimuth angles. Also, the area of the Park Wall Solar Farm was assumed to be the 

maximum area for solar farm in the simulations. 

Moreover, the simulation of power generating needs to be set for the angle of the PV for 

the maximum power output, as shown in the figure 3.2.5. 
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A: PV array fixed tilt    B: PV tilt  C: sun angle 

Figure 3.2.5: PV factors 

 

To get the maximum power output from the PV, there are other factors that need to be 

considered e.g. tilt, azimuth, and angle of incidence as shown in the figure 3.2.5. The type 

of PV from the modeling tool is a PV array fixed tilt as presented in figure 3.2.4A. The 

main parameter of the PV is tilt. Tilt (β) is the angle between the ground base and the 

horizontal, as presented in figure 3.2.5B. And the figure 3.2.5A shows the azimuth (γ), 

which is the angle of the planar rotation West or east. While figure 3.2.5C shows angle of 

incidence (θ), which is the angle between the vector perpendicular to the ground base and 

the projection of the sun to the PV (Brownson, 2016). The relationship between those 3 

factors is as follows in the equation below. 

 

cosθ = sinϕ sinδ cosβ – cosϕ sinδ sinβ cosγ +cosϕ cosδ cosβ cosω  

+ sinϕ cosδ sinβ cosγ cosω + cosδ sinβ sinγ sinω 

 

The suitable angle was calculated in different climate based in Glasgow during winter, 

spring/ autumn, and summer. The results are the tilt angles in different climate, which are 

80, 56, and 32 degrees respectively. (The Solar Electricity Handbook, 2017). 
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Furthermore, the other factor that needs to be considered is azimuth. The experiments 

from the private organization called the EEM Energy has presented that PV operates the 

most effective with the angle of azimuth about 0 degrees and tilt 30 degrees. 

Thus, simulating the whole year scenario, the angle 32 degree was used as a tilt (degrees 

from horizontal) due to the fact that power is generated maximumly during the summer 

and less during winter. So, PV tilt should be at 32 degrees, which is the optimal angle 

during winter. Thus, the PV systems are set at 32 and 0 degrees of tilt and azimuth 

respectively. 

In addition, battery storage was used in the simulation. Because of the intermittent power 

generated from the renewables, battery storage needs to be added in the system to 

discharge when renewables produce inefficient power. Thus, the high quality of 145Ah 

6Volt battery storage was used in the simulations. 

 

To sum up, the assumptions of the simulations were defined. The critical point of the 

project is the number of renewables for supplying the demand. That means the area 

needed for the renewables farms both wind and solar farms can be summarized in table 

3.2.1. 

 

Table 3.2.1: the summary of the assumptions 

Renewables 

Farms 

The maximum 

number of 

renewables 

The area of a single 

renewable 

(sq. m.) 

The maximum area 

for the renewable farm 

(sq. m.) 

Wind turbines 12 15,000 180,000 

Solar panels 20,000 4 80,000 
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From the table 3.2.1, it shows the maximum number of the renewables and the amount of 

area needed, and the area for each wind turbine and solar panels. The numbers were taken 

from the existing wind and solar farms: Clyde Wind Farm and Park Wall Solar Farm. It is 

clear that from the table, that the acceptable number of renewables between wind and 

solar farms is totally different. Due to the area needed for a single solar panel is only 4 

square meters, while a wind turbine required is 15,000 square meters. The wind turbine 

requires that much area because it needs the space for the length of the turbine and the 

turbulence of the wind between the wind turbines. So, the maximum number of wind 

turbines is less than the number for the solar panels. Thus, the total acceptable area for 

the wind farm is higher than solar farm.   

After defining the assumptions, the modeling tool needed to be validated to get the 

accurate results from the simulations. The validation is presented in section 3.3 

Validation. 

 

3.3 Validation 

 

From the software review section, Merit is the modeling tool that will be used for the 

simulation, by following the scenario definition and simulation assumption as shown in 

the section 3.1 and 3.2 respectively.  

To make sure that the modeling tool is working accurately. The power output of 

renewable technologies, wind turbine and solar panel, need to be validated. In this 

project, 800 kW, 15 kW, 10 kW, and 1kW wind turbines and 167W, 100W, and 30W 

solar panels were used as the renewable power supplies. 

The 4 sets of power output from 4 different wind turbine capacities are shown in the table 

3.3.1 in the unit of kilowatt (kW) by an increased wind speed. 
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Table 3.3.1: power output for various capacity of wind turbine from modeling tool 

wind speed 
Power output (kW) 

800 kW 15 kW 10 kW 1 kW 

1 0 0 0.00 0.00 

2 

 
 

0 0 0.00 0.00 

3 0 0.4 0.10 0.01 

4 0 1.2 0.30 0.03 

5 23 2.2 0.55 0.10 

6 57 4 0.90 0.15 

7 90 5.2 2.50 0.23 

8 165 7.8 4.00 0.36 

9 257 10 6.00 0.49 

10 359 12.8 7.50 0.62 

11 470 14.8 9.00 0.70 

12 572 16 9.80 0.75 

13 668 16 10.00 0.80 

14 747 15.6 10.00 0.82 

15 805 15.6  0.82 

16 838 14.8  0.82 

17 842 14.8   

18 840 14.8   

19 827 14.8   

20 808 14.8   

21 785 14.8   

22 757 14.8   

23 728 14.8   
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From the table 3.3.1, it is clear that the data is not for a linear line but will be a curve that 

can be separated into 3 parts: at the cut-in wind speed, rated wind speed, and cut-out wind 

speed. 

The cut-in speed depends on the wind turbine capacity. That means the higher capacity of 

the wind turbine, and the strength of the wind force to get the first lowest power from the 

wind turbine. For example, it requires a wind speed of at least 5 m/s to get the cut-in 

power at 23 kW for 500-kW wind turbine. While a 15 kW, 10 kW, and a 1 kW capacity 

wind turbine would require only 3 m/s wind speed, to get the cut-in power. Similarly, to 

get the rated power, over 15 m/s wind speed would be required for an 800-kW wind 

turbine, but other capacity wind turbines requires a lower wind rate. Moreover, the cut-

out power is controlled by the limitation of generating power. 

The power output from the modeling tool was compared with the data from the 

manufacturers, which is shown in appendix 5, in each capacity by plotting into a graph, 

which is shown as a power curve. To make sure that the power that generates from the 

wind turbine is acceptable, the comparison graphs from the data from the modeling tool 

and the manufacturer are shown in the figure from 3.3.1 to 3.3.4. The different percentage 

should not go over 10%, so it is indicated as an acceptable wind turbine that can be used 

for the simulations. 
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Figure 3.3.1: power curve for 800 kW wind turbine 

 

The figure 3.3.1 shows a set of power out-put of the 800-kW wind turbine from the 

modeling tool and manufacturer. It is clear that the most different between 2 sets of data 

is at the high wind speed or at out-put wind speed. The rest of data is almost the same and 

shows with almost the same line. However, the different percentage is 3.26%, which is 

lower than 10% (the maximum different percentage that is acceptable), so the 800-kW 

wind turbine is acceptable to use in the simulations. 
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Figure 3.3.2: power curve for 15 kW wind turbine 

 

The figure 3.3.2 shows a set of power out-put of the 15-kW wind turbine from the 

modeling tool and manufacturer. The 2 power curves show the peaks of the power out-

put at 13 m/s wind speed, then decreased to the rated wind speed before coming to the 

cut-out wind speed at 16 m/s. The overall graph is not much different with only a 2.91% 

difference. Thus, the 15-kW wind turbine is acceptable to use in the simulations. 
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Figure 3.3.3: power curve for 10 kW wind turbine 

 

The figure 3.3.3 shows a set of power out-put of the 10-kW wind turbine from the 

modeling tool and manufacturer. It is clear that the significant difference between the 2 

sets of data is that before the rated wind speed, where there’s a noticeable slope, and after 

the rated wind speed at 13 m/s. Thus, it gave the high different percentage of 9.70%. 

However, it is lower than the maximum acceptable different percentage of 10%. So, the 

10-kW wind turbine is acceptable to use in the simulations. 
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Figure 3.3.4: power curve for 1 kW wind turbine 

 

Figure 3.3.4 shows a set of power out-put of the 1-kW wind turbine from the modeling 

tool and manufacturer. It is clear that the most noticeable difference between 2 sets of 

data is before the rated wind speed, where it slopes, and after the rated wind speed at 14 

m/s. Thus, it gave the high different percentage of 6.70%. However, it is lower than the 

maximum acceptable different percentage of 10%. So, the 1-kW wind turbine is 

acceptable to use in the simulations. 

 

The wind turbines have been validated and got the acceptable percentages. After that the 

3 sets of the electronics characteristics from 3 different solar capacities were used for the 

validation of solar panel. The electronics characteristics are shown in table 3.3.2. 
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Table 3.3.2: The electronics characteristics for various capacity of solar panel from 

modeling tool 

Electronics 

characteristics 

Solar panel 

167 W 100 W 30 W 

Vmp (V) 25.00 17.00 17.40 

Imp (A) 6.70 5.90 1.87 

Isc (A) 7.30 6.30 2.03 

Voc (V) 30.00 21.00 21.2 

 

Table 3.3.2 shows the current – voltage (V-I) characteristics of the 167W, 100W, and 

30W solar panels, which are voltage at maximum power (Vmp), current at maximum 

power (Imp), short circuit current (Isc), and open circuit voltage (Voc), To get the 

maximum power, it is the combination between the particular current and voltage at Imp 

and Vmp, which is used for the ideal operation of the maximum power point (MPP), as 

shown in the equation below: 

Pmaximum  = Vmp x Imp 

 

From the table 3.3.2, its clear that the highest maximum output is from the 167W, 100W, 

and 30W solar panels respectively. The relationship between the 4 parameters is shown in 

figure 3.3.5, which shows the comparisons of each solar panel capacity including the 

comparison between the modeling tool and manufacturers. 
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Figure 3.3.5: V-I characteristics for the solar panels from modeling tool and manufacturer 

 

Figure 3.3.5 shows the V-I characteristics of the 167W, 100W, and 30W solar panels. 

The graphs were plotted by using the data from the modeling tool and manufacturers. The 

167W solar panel has the highest maximum power output with the highest Vmp and Imp. 

Moreover, 100W and 30W solar panels have a similar amount of voltage at the maximum 

power point at around 17 volts. However, 100W has a higher maximum power output 

than 30W solar panels. Similarly, Voc of the 100W and 30W are approximately 21 volts. 

The different percentages between the data from modeling tool and manufacturers were 

defined for 167W, 100W, and 30W solar panels. For 167W solar panel, it has the highest 

percentage with 7.71%. Then, the lower percentages for 30W and 100W solar panels are 

6.84% and 3.07% respectively. From the different percentages for all 3 types of solar 
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panels, it is clear that solar panels are acceptable to use in the simulations by using the 

data from the modeling tool due to the different percentages is lower than 10%. 

In brief, the modeling tool Merit, has been validated and showed the different percentages 

that they are acceptable. So, it is almost ready to simulate the scenario. Before that, the 

demand profiles needed to be created as shown in section 3.4. 

 

3.4 Demand profiles 

 

Demand profiles were created by using the power for full charge for the number of cars 

that come to the existing petrol stations, because the number will be taking into account 

of the total number of EVs that come to the charging stations. It has been researched by 

Adzuna (2010) that in busy petrol stations, it gets a customer approximately twice in a 

minute or 120 cars per hour. A normal station has an average of 40 customers per hour, 

while a quite station has a customer once every 10-15 minutes or around 4 cars per hour. 

Thus, the power demand can be established into 3 cases. The first case is the smallest 

amount of power required for charging EVs for 4 cars per hour. In the other cases number 

2 and 3 there’s a higher power demand needed by 40 customers per hour and 120 

customers per hour respectively. 

Before creating the demand profiles, Setting the duration of customer coming to the 

stations needs to be done. Referring to the petrol stations around M8 motor, most of them 

open 24 hours and a few open in the morning between 7:00-8:30 and close around 22:00. 

However, the rush hours on M8 motorway are 7:00-9:00 in the morning and 16:00-18:00 

in the evening (Baird, 2015). So, the opening time of the charging stations was assumed 

to be between 07:00 and 22:00 on weekdays. 

Moreover, the power needed in each case is created by using the technical data of the 

EV’s battery, which are: battery capacity, charging duration, and range. In this project, 
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Mitsubishi Outlander and Nissan Leaf were used as the most popular EV brands in the 

UK as shown in the table 3.4. 

 

Table 3.4: technical specification for the most popular EV brands in the UK 

EVs 
Battery capacity 

(kWh) 

Charging duration 

(hrs) 

Distance range 

(miles) (km) 

Mitsubishi Outlander 12.0 3 32.5 52.3 

Nissan Leaf 24.0 7 124.0 38.6 

(Energy Saving Trust, 2017) 

 

From the table 3.4, Nissan Leaf seems to be the most difficult to charge their battery, due 

to requiring double the amount of power in comparison to a Mitsubishi Outlander. 

However, the longer charging time reduces the hourly power needed. Nissan Leaf 

requires around 3.43 kW per hour of charging, which is lower than Mitsubishi Outlander 

that requires 4 kW per hour of charging. In addition, Mitsubishi Outlander has a lower 

distance range, which is 32.5 miles or 52.3 kilometers, while Nissan Leaf has almost 4 

times higher, which is 124 miles or 38.6 kilometers. 

George and Kershaw (2016) reported that the average distance people travelled by cars in 

2016 was 18.25 miles per day. From the table 3.4.1, it can be assumed in the demand 

profiles, that drivers use their EVs on weekdays, so Mitsubishi Outlander and Nissan 

Leaf require daily and weekly charges with almost full charging. Moreover, it was 

assumed that there are 2 EV brands running on the M8, half being Mitsubishi and the 

other being Nissan Leaf.   

After garnering required data, the 3 demand profiles have been created and have the same 

trend as shown in the figure 3.4.1.  
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Figure 3.4.1: 2 days demand case 1, 2, and 3 profiles 

 

The figure 3.4.1 presents a non-linear line of the low, medium, and high demand profiles 

on Monday and Tuesday. They present that there is no power needed between 01:00-

06:00 on Monday because charging stations close at this time. During 07:00-12:00, the 

line has the same slope as the time between 23:00-04:00 the next day, because the EVs 

arrives and vacates the station with the same ratio that it has 4 cars comes to the station in 

each hour. So, the power needed in the high demand goes higher until 1080.3 kW at 

13:00 until 22:00. The figure runs in the same loop during the weekdays but no power 

required during weekends. Because the last set of the EV’s battery is at 22:00, due to the 

longest charging duration in this project, it requires 7 hours to reach full capacity. That 

means at 05:00 on the next day has no battery for charging until the stations open again at 

07:00.  

The other 2 demands, which is low and medium demands, have the same profile but 

lower magnitudes, due to the assumption that demand case 1 and 2 has 4 and 20 EVs in 
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the station per hour. Thus, the maximum demands are 36.01 kWh and 360.1 kWh for low 

and high demand respectively. 

Now all the data is enough to do the simulation, to define how many renewables are 

needed for the specific demand, only 1 source of renewables or both of wind turbines and 

solar panels is required, and how size of the area needed for the renewables farms. The 

renewables required is shown in the section 3.5. 

 

3.5 Renewables required 

 

To recap, Merit will be used as a modeling tool to simulate demand, find the number of 

renewables required under 3 scenarios, and adjust whether the systems are acceptable. 

Due to the fact that renewables are intermittent of producing power, the simulations of 

showing the matching percentages of demand and supply will be done before doing the 

simulations with the 3 demands under the 3 scenarios. 

 

 

Figure 3.5.1: the year demand case 1 supplied by wind turbine 
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The figure 3.5.1 shows that 5 wind turbines of 15 kW generated power fluctuated, 

causing multiple gaps between demand and supply throughout the year. There was very 

low power from the supply that didn’t match the demand in some period of time, while 

some went more than double from demand. To justify that this is not suitable, it can be 

judged by the matching percentage.  

 

Table 3.5.1: matching result between demand case 1 and wind turbine 

Demand 
Total demand 

(MWh) 
Renewables 

Energy supply 

(MWh) 
% Match 

Energy deficit 

(MWh) 

Case 1 153.81 
5 wind turbines 

of 15 kW 
207.84 50.26 67.09 

 

From the table 3.5.1, it is clear that the system of using only wind turbine as a supply is 

not acceptable due to the match percentage being too low and indicated as a poor match. 

Because the total power from wind turbines is higher than the demand, it shows that there 

is an energy deficit, which was around half of the demand that was supplied. Thus, to 

supply demand, power generated from only 1 source, such as a wind turbine is not 

enough.    

The simulation of matching demand and supply of solar only presented using wind 

turbine only, would be more suitable. 
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Figure 3.5.2: the year demand case 1 supplied by solar panel 

 

The figure 3.5.2 shows the similar matching that the power generated from 167 kW 1,000 

solar panels fluctuated throughout the year, which caused many gaps throughout the year. 

Moreover, solar panels can produce power only during daytime due to the lack of direct 

sunlight at nighttime. The majority of Power from solar panel was 3 times higher than 

demand at some points, except at the beginning and last period of the year that minimal 

power was generated. Also, percent match needs to be considered for justifying the 

acceptance of the system. 

 

Table 3.5.2: matching result between demand case 1 and solar panel 

Demand 
Total demand 

(MWh) 
Renewables 

Energy supply 

(MWh) 
% Match 

Energy deficit 

(MWh) 

Case 1 153.81 
167W 1,000 

solar panels 
154.35 46.27 93.99 
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The table 3.5.2 presents the match between demand case 1 with solar panel only. It is 

clear that this system has low rate matching of 46.27, which is indicated as a very poor 

match. The energy supply is almost equal to the demand but because of the intermittent 

of solar panel, there was the high amount of deficit. Thus, solar panel is not acceptable 

for supplying power for demand as its own. 

From matching demand with sources of renewables as a supplier as their own, it is clear 

that the system cannot be without battery storage, which charges when there is energy 

surplus and discharges when there is not enough power delivered for demand. To find the 

most suitable systems for all demand under the scenarios. They will be presented by the 

number of wind turbines or solar panels needed, which means the area needed. The 

demand cases and scenarios will be simulated followed by the table 3.5.3. 

 

Table 3.5.3: the simulations in this project 

Demand 

case 

Scenario 

1 2 3 

1 
      

2 
      

3 
      

 

Table 3.5.3. shows the demand cases and scenarios that will be simulated in the following 

section. The symbols were used to present the renewables and the demand of charging 

power to the EVs. For example, demand case 1 under scenario 1 was used as the symbol

  , which means the power generated from wind turbines only, as it was assumed 

that no solar direct from the sun and rely on 1 source of renewables, is supplied for the 

light number of EVs in the charging stations (4 cars per hour). While   
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represents the power generated from solar panels only, as it was assumed that there’s no 

wind and rely on 1 source of renewables, is supplied for the higher number of EVs in the 

charging stations (40 cars per hour). However,     means the power 

generated from both wind turbines and solar panels is supplied for the highest number of 

EVs in the charging stations (120 cars per hour). 

In this project, the simulations of demand case 1 under the scenario 1 will be done first, to 

show the least demand with the fewest number of renewables required, and followed by 

scenario 2 and 3, with the different kinds of renewable supplier. Then consider the higher 

demand in case 2 and the most aggressive demand in case 3 under the different scenarios. 

All of the simulations will be connected with battery storage because of the intermittent 

of renewables, as shown above in the figure 3.5.1 and 3.5.2, and tables 3.5.1 and 3.5.2. 

 

3.5.1 Demand case 1 under the scenario 1 

 

The first simulation is demand case 1, which has a total demand of 153.81 MWh, 

supplied by wind turbines only. To consider in the case that has no direct solar energy 

and which system is the most suitable by relying on wind turbines only. It will be 

justified by the area needed for the wind farm.  
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Table 3.5.1.1: the area needed for the simulation of demand case 1 under the scenario 1 

Demand 

case 

Wind turbine 
Area needed 

(square kilometers) 
Acceptable Capacity 

(kW) 

The number 

of turbines 

1 

800 1 0.015  

15 5 0.07  

10 10 0.15  

1 150 2.25  

 

From the table 3.5.1.1, the variety of wind turbine capacity from 800 kW to 1 kW were 

simulated with the light demand. The number of areas needed in the unit of square 

kilometers is varied by the number of wind turbines. From the section 3.2, it shows the 

acceptable maximum area for a charging station, which is around 0.18 square meters. The 

system which has a 1-kW wind turbine requires 150 turbines for supplying demand and 

required 2.25 square meters, which is unacceptable size, due to being over 12 times of the 

maximum area of the station. While the other capacity is acceptable, due to the areas 

exceeding the assumption.        

However, an 800-kW wind turbine is more than enough for supplying the demand for the 

whole year but causes a lot of energy surplus due to its high capacity. That means it is not 

a suitable system because of costs of higher capacity of wind turbine. Even it was 

required for the least area needed, in terms of financial cost, it would be too much to pay 

for. On the other hand, instead of applying the high capacity and cost of the wind turbine, 

take a bit more of space for more low-capacity wind turbines would be a more rational 

approach. 

Thus, in the first scenario of demand case 1 under the scenario 1, there are 2 systems that 

are suitable to build. The first system is supplying demand by using 5 turbines of 15 kW 

wind turbine capacity, which takes around half of the total maximum area. And the other 
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system used 10-kW wind turbine with the number of 10 turbines, which required under 

the maximum acceptable area for a charging station beside M8 motorway. 

The next simulation is still in the demand case 1 but under the scenario 2, which is 

supplied by solar panels only. 

 

3.5.2 Demand case 1 under the scenario 2 

 

The second simulation is the demand case 1 supplied by solar panel only. That means it is 

the worst situation of no wind, so no power generated from the wind turbine. In this 

project, solar panels were divided into 3 levels, high, medium, and low capacity. The high 

capacity is 167 W, 100 W and 30 W were indicated as medium and low capacity 

respectively. Each capacity level of solar panel supplied to the demand case 1. To justify 

which capacity level of solar panel is suitable for demand, it needs to be considered by 

the area needed for the solar farm. 

 

Table 3.5.2.1: the area needed for the simulation of demand case 1 under the scenario 2 

Demand 

case 

Solar panels 
Area needed 

(square kilometers) 
Acceptable Capacity  

(W) 

The number of 

solar panels 

1 

167 2,000 0.008  

100 4,000 0.016  

30 8,500 0.034  

 

The table 3.5.2.1 shows that every system is acceptable to use as a supplier to produce 

power for demand, because the area needed in each system is lower than the total area of 

the solar farm, which is 0.08 square kilometers. However, the lowest capacity of the solar 
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farm required surface area over 4 and 2 times of the area required for the 167-W and 100-

W solar farms respectively. However, the area required for those systems is a 

significantly smaller area compared with the maximum area. 

Thus, using only 1 source of renewables, it is enough to supply the whole year for 

demand case 1. In the next simulation, both wind turbines and solar panels will produce 

power for supplying the demand. That means it might require less area. 

 

3.5.3 Demand case 1 under the scenario 3 

 

To supply demand case 1, using only wind turbine and solar panel has been simulated in 

section 3.5.1 and 3.5.2. Both scenarios show that it is possible to build the farm. 

However, to supply power from 2 sources of renewables, wind turbine and solar panel, 

might require less area for wind turbine only or solar panel only. 

To reduce the area needed, this simulation was aimed to reduce half of the number of 

turbines in the scenario 1 and replace the power loss with solar panels. Then justify the 

system whether or not they are suitable for supplying demand. 
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Table 3.5.3.1: the area needed for the simulation of demand case 1 under the scenario 3 

Demand 

case 

Wind turbine Solar panel 
Area needed 

(square 

kilometers) 

Acceptable Capacity 

(kW) 

The 

number 

of turbines 

Capacity 

(kW) 

The 

number 

of panels 

1 

15 3 

167 150 0.0456  

100 300 0.0462  

30 650 0.0476  

10 5 

167 250 0.0760  

100 450 0.0768  

30 1,000 0.0790  

 

From the table 3.5.3.1, it is clear that to combine wind turbines with solar panels is to 

reduce the area needed compared with the scenario 1 and 2. The more capacity of the 

wind turbine and solar panel, the less area needed. Under scenario 3, the system that 

requires the least area needed is 3 turbines of the 15-kW wind turbine with 167-W 150 

solar panel. However, the total area needed for the system that has the same capacity of 

wind turbines but the different capacity of solar panels has no significant difference 

between them. In addition, all the system under this scenario is acceptable due to the area 

needed is less than the maximum area from the assumption. 

To sum up, there was no problem with applying wind farms or solar farms or both, beside 

M8 motorway for the light demand. Also, the combination of wind turbines and solar 

panels (scenario 3) is the most suitable way. Because it requires less area than the other 

scenarios and reduces the risk of relying on only 1 source of renewable. For example, in 

the cloudy or no wind. Moreover, the average area needed is shown in figure 3.5.3.1. 
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Figure 3.5.3.1: the map for renewables farm for demand case 1 

 

For the demand case 1, it can be compared with the small service station on the M8 

motorway, such as BP petrol station, ML7 5TT. As the area of the station is around 400 

square meters, while the solar farm required 600 square meters, which is approx. 1.5 

times of the small station, plus the 3 wind turbines. However, the solar farm can be 

applied to be as a solar rooftop, which almost reduces all areas for on-ground solar farm. 

The simulation of the demand case 1 is done under all scenarios. It was no problem 

because of the light demand, so the system requires a little number of wind turbines and 

solar panels. In the higher demand, demand case 2 and 3, might show some problems 

with situating renewables beside the motorway. 

 

 

 

Wind turbines 
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3.5.4 Demand case 2 under the scenario 1 

 

The simulation for higher demand, which supplied power from wind turbines, only will 

be present in this section. The total demand, in this case, is 1.54 GWh from the customers 

that come to the station, totaling at 40 cars every hour. The area needed for renewable 

supply is presented in table 3.5.3.1. 

 

Table 3.5.4.1: the area needed for the simulation of demand case 2 under the scenario 1 

Demand 

case 

Wind turbine 
Area needed 

(square kilometers) 
Acceptable Capacity 

(kW) 

The number 

of turbines 

2 
800 2 0.03  

15 50 0.75  

 

Table 3.5.4.1 shows that the capacity of the wind turbine that used to be a suitable supply 

for demand case 1 is not for demand case 2. Due to the higher demand, it requires more 

power from renewable sources, in this case, wind turbines. Thus, the 15-kW wind turbine 

is not acceptable for supplying power for demand case 2. Because it needs a surface area 

of 0.75 square kilometers, which is over 4 times higher than the defined maximum area. 

However, 800-kW is more suitable to be a supplier in this system, while it was not for 

demand case 1.  

To look at another scenario, which is the renewables, is solar panel only. It would be 

compared to the demand case 1 in the same scenario again. 

 

 



 

54 

 

 3.5.5 Demand case 2 under the scenario 2 

 

Supplying demand case 2 by using power from solar panel only. It is definitely clear that 

the area needed will be higher than the second simulation for demand case 1 under the 

same scenarios as shown in the table 3.5.2.1. In this simulation, the area needed for solar 

farm is presented in the table 3.5.3.1. 

 

Table 3.5.5.1: the area needed for the simulation of demand case 2 under the scenario 2 

Demand 

case 

Solar panels 
Area needed 

(square kilometers) 
Acceptable Capacity  

(W) 

The number of 

solar panels 

2 

167 6,500 0.026  

100 15,000 0.060  

30 35,000 0.140  

 

From the area needed for solar farms as shown in the table 3.5.3.1, there is a system that 

is not suitable for supplying power, which is the 30-W solar panel. Due to a smaller 

capacity, so it can produce less power. That means it requires a huge area of situating 

35,000 panels, which is almost 2 times the maximum area that was assumed, to generate 

power for the whole year in demand case 2. 

Similarly, 100-W solar panels required the area of 0.06 square kilometers, which almost 

reaches the maximum area 0.08 square kilometers. However, the high capacity solar 

panels are under the given measurement of the maximum areas required. 

Thus, there are only 2 systems that can be used. There are 6,500 solar panels of 167 W 

and 15,000 panels of 100 W that can be used as a supplier for generating power for 

demand case 2. 
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To reduce the area needed for the wind and solar farms, the combination of them between 

wind turbine and solar panels is a good simulation to do. Especially the higher demand, 

using both wind turbines and solar panels is a more rational system. 

 

3.5.6 Demand case 2 under the scenario 3 

 

In this simulation, wind turbines and solar are both provided power to demand case 2. 

The capacity of the 80-kW wind turbine was used in the project. Because of the wind 

turbines, which have low capacity, such as 15 kW and 10 kW required the area more than 

the given maximum area. Also, the number of wind turbines was reduced to be 1 turbine. 

As suggested from the results in table 3.5.4.1, the system requires 2 turbines. Thus, if the 

system needs to use both wind turbine and solar panel, the number of wind turbine would 

be reduced from 2 to 1 turbine. To consider the area needed from the system of the 800-

kW wind turbine and high capacity of solar panel, it is shown in the table 3.5.6.1. 

 

Table 3.5.6.1: the area needed for the simulation of demand case 2 under the scenario 3 

Demand 

case 

Wind turbine Solar panel 
Area needed 

(square 

kilometers) 

Acceptable Capacity 

(kW) 

The 

number 

of turbines 

Capacity 

(kW) 

The 

number of 

panels 

2 800 1 
167 1,500 0.011  

100 3,000 0.027  

 

As shown in table 3.5.6.1, the area needed is reduced from the scenario 1 and 2 as 

presented in table 3.5.4.1 and 3.5.5.1. To supply power for demand case 2, the 2 systems 

required surface less than the maximum area, which is 0.08 square kilometers. 
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To sum up, generating power from 2 sources of renewables, wind turbine and solar panel 

is suitable to supply for the demand case 2. Due to the system required less land use of 

0.011 square kilometers with 800-kW wind turbine and 167-W solar panel. Moreover, the 

average area needed is shown in figure 3.5.6.1. 

 

 

Figure 3.5.6.1: the map for renewables farm for demand case 2 

 

For the demand case 2, it can be compared with the medium service station on M8 motor 

way, such as the M&S Service Station, ML7 5SB. As the area of the petrol station is 

around 1,333.20 square meters and the car park almost 8,800 square meters, while the 

solar farm requires 6,000 square meters plus 1 wind turbines. It is approximately 4.5 

times the area of the petrol station to be an area for solar farm but around 1.5 times lower 

Solar roof-top 

Wind turbine 



 

57 

 

than the area of the car park. So, the solar farm can be applied to be the solar rooftop e.g. 

on top of the car park, instead of an on-ground solar farm.  

The most aggressive demand was simulated under the 3 scenarios in the next section.  

 

3.5.7 Demand case 3 under the scenario 1 

 

The demand case 3 was indicated as the most aggressive demand due to customers using 

the charging station 120 cars every hour. The power from renewables under 3 scenarios 

was generated and supply to demand. The first scenario of demand case 3, which wind 

turbine produces the power, is presented in table 3.5.7.1. 

 

Table 3.5.7.1: the area needed for the simulation of demand case 3 under the scenario 1 

Demand 

case 

Wind turbine 
Area needed 

(square kilometers) 
Acceptable Capacity 

(kW) 

The number 

of turbines 

3 800 4 0.06  

 

Even the simulation is the highest demand, the 800-kW wind turbine is still the wind 

turbine that can be used as shown in the 3.5.7.1. The area for the wind farm is 0.06 square 

kilometers, which is lower than the maximum area assumed. That means wind turbines 

are the supply technology that can generate enough power for the most aggressive 

demand. Moreover, it requires an acceptable area for the wind farm. 

To look at the other technology, the simulation of the demand with the producing power 

from solar panel only is shown in the following section. 
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3.5.8 Demand case 3 under the scenario 2 

 

To justify that solar is the technology that can support the whole year for an aggressive 

demand. The simulation of demand case 3 and power supplied by solar panel only is 

shown in table 3.5.8.1. 

 

Table 3.5.8.1: the area needed for the simulation of demand case 3 under the scenario 2 

Demand 

case 

Solar panels 
Area needed 

(square kilometers) 
Acceptable Capacity  

(W) 

The number of 

solar panels 

3 
167 20,000 0.08  

100 40,000 0.16  

 

From the table 3.5.8.1, there are 2 systems in this simulation. One is 167-W solar panel 

generated the power and the other being a 100-W solar panel. It is clear that the 100-W 

was not acceptable as a supply for the demand. This is because of the low capacity of the 

solar panel, so 100W solar panels needs a greater area to reach the sufficient power 

demand. It required the area double of the maximum area for the solar farm, which is 

0.16 square kilometers. 

On the other hand, the area that is needed for the high capacity 167W solar panels is the 

same area as the maximum assumption area for the solar farm. It is acceptable because it 

is not higher than the maximum space solar farm. 

Thus, the capacity of 100 W for a solar panel is too low to generate power and supply 

demand in the limited area. So, the other option, being a 167 W capacity solar panel, is 

more suitable for generating power in the system that has solar panel only as a supply. 
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Otherwise, a combination of 2 renewables of wind turbine and solar panel will be seen in 

the next section. 

 

3.5.9 Demand case 3 under the scenario 3 

 

Under the scenario 3, there is only 1 system for demand case 3, which is a combined 

supply renewable between the 800-kW wind turbine and 167-W solar panel. Due to the 

highest demand in case 3, it requires lots of power for charging EV’s battery. The other 

capacity of both renewables in the previous demand cases and scenarios is not enough to 

supply power for the demand.  

To use a combination system, the number of turbines will be half of the number of 

turbines from table 3.5.7.1. Replacing the lost power with solar panels. So, the area 

needed for this system is shown in table 3.5.6.1.     

 

Table 3.5.9.1: the area needed for the simulation of demand case 3 under the scenario 3 

Demand 

case 

Wind turbine Solar panel 
Area needed 

(square 

kilometers) 

Acceptable Capacity 

(kW) 

The 

number 

of turbines 

Capacity 

(kW) 

The 

number of 

panels 

3 800 2 167 10,000 0.06  

 

Figure 3.5.9.1 shows the system of demand case 2 with wind turbines and solar panels, 

covers an area of 0.06 square meters. This system is acceptable from the total area 

needed, which is lower than the maximum area. It would have the 2 wind turbines and 

10,000 solar panels in the area. Moreover, the average area needed is show in the Figure 

3.5.9.1. 
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Figure 3.5.9.1: the map for renewables farm for demand case 3 

 

For the demand case 3, it can be compared with the large service station on the M8 

motorway, such as Morrison shopping and petrol station, G34 9JJ. As the area of the 

shopping mall is around 22,500 square meters and the car park 47,500 square meters, 

while the solar farm required 40,000 square meters plus the 2 wind turbines. So, the solar 

farm can be applied to be a solar rooftop design, instead of an on-ground solar farm. 

To make a comparison between demand cases and scenarios, the bar chart in figure 3.5.3 

was created. The amount of area needed will be taken from the system that requires less 

space. 

W M Morrisons 

Petrol Station 

Solar roof-top 

Wind turbines 
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Figure 3.5.3: the comparison of area needed 

 

Figure 3.5.3 shows the area needed in the unit of square kilometers for the wind and solar 

farms in each demand case and scenario. In each demand case, scenario 3 required the 

least space for the renewable farms, both of wind and solar farms, except for the demand 

case 1. It required a large area in demand case 1 under scenario 1 and 3 because the 

system has a supplier in the form of a 15-kW wind turbine, indicated as a low capacity 

turbine. So a high number of turbines are needed for generating sufficient power for 

demand case 1. The rest of the systems are 800-kW wind turbines and 167-W solar 

panels, which are high capacity technologies. From the figure 3.5.3, the area needed 

varies to the demand case compared to the same scenario. That means the higher demand 

of the system, the more area needed for renewables farm. Also, the scenario 3 required 

the least area. 
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In other words, the system of combined supply between the 800-kW wind turbine and the 

167-W solar panel is the most suitable system for generating power to supply the EV’s 

battery. That would be under the scheme of EV’s battery charged outside of the body-car 

and the ratio of low, medium, and high number customers in the charging station 4 cars, 

40 cars, and 120 cars every hour. 

 

The modeling tool simulated another situation to look at the impact of EV’s battery 

during the winter. Due to the fact that electric vehicle performance tends to be reduced 

during the winter. Reichmuth (2016), a senior engineer in the Clean Vehicles Program, 

reported that the car range will be dropped by 25% under the freezing condition from the 

maximum range under the normal condition. 

This simulation was created by using the worst condition in January as indicated is a 

winter month. This is due to the lack of direct sunlight, which means to get the same 

amount of power generated from solar panels in other months; it would need a higher 

number of solar panels. The demand profile was taken from the demand case 3, which is 

the most aggressive demand, and added the power required 25% more to reach the full 

charging of the EV battery. So, the total demand is 745.40GWh. The renewable required 

is shown in the table 3.5.4. 

 

Table 3.5.4: the area needed for the simulation of demand case 3* under during winter 

Demand 

case 

Wind turbine Solar panel 
Area needed 

(square 

kilometers) 

Acceptable Capacity 

(kW) 

The 

number 

of turbines 

Capacity 

(kW) 

The 

number of 

panels 

3* 800 3 167 20,000 0.125  

* The power required was added more 25% from the demand case 3 
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The table 3.5.4 shows the worst conditions of less solar direct and higher demand by 

adding 25% more required power. The combination system was used due to the least area 

needed for the renewable farm and not a risk system to rely on 1 source of renewables. 

As shown in table 3.5.4, it required only 3 wind turbines, but a large area for a solar farm, 

which is not acceptable. Due to the greater than the maximum area the solar farm 

required. 

From the simulations, it can be applied into the national scale for the whole UK by 

applying charging points into existing petrol stations. There are around 8,460 petrol 

station in the UK (Statista, 2017). Assuming from the total number of the UK petrol 

stations, there are the quiet, medium, and busy petrol stations for 25%, 50%, and 25% 

respectively referring to the ratio of the size of the business, which is 1:2:1 of small, 

medium, and large business (Merigó and Gil-Lafuente, 2016).  

Thus, there are 2,115, 4,230, and 2,115 stations that have demand case 1 for small, 

demand case 2 for medium, and demand case 3 for large service stations respectively. To 

consider the least area needed for renewables farms for the whole UK, 800-kW wind 

turbine and 167-W solar panel were used in the simulations by taken the number of 

renewables from the scenario 3 in the table 3.5.6.1 and 3.5.9.1, apart from the small 

service stations that will be taken from the scenario 1 in the 3.5.1.1 of the system 800-

kW. Because it required the least area needed. 

The simulations for the charging point in the service stations around the UK is presented 

in the 3.5.5. 
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Figure 3.5.5: area needed for the whole UK 

 

To apply the charging point into existing petrol stations in the UK by using power via 

renewables, the total area needed for wind and solar farms in the different types of 

service stations are shown in figure 3.5.5. It is no doubt that the total number of 2,115 

large service stations requires the largest areas of about 148.05 square kilometers. It is 

almost double from the renewables farms areas in medium stations, which is 88.83 square 

kilometers, while small stations required only 31.73 square kilometers. 

However, only 1 wind turbine is enough for charging EV’s battery for a small service 

station, which requires half of the total area for wind farms in medium and large stations. 

While the other service stations need 2 sources of supply, from both of wind turbines and 

solar panels. They required the same area for wind farms for the medium and large 

service stations. Because the number of wind turbines needed for a large station is twice 

as higher than for a medium station. But the number of the medium stations is double of 

the large stations. 
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Solar farms can be installed in medium and large service stations. With the high capacity 

of the wind turbine, it required a few number of solar panel for producing power. 

However, the large stations have large solar farms. Because of the aggressive demand 

from the customers, theirs to much risk to rely the power generated from only 1 source of 

renewables, especially when it is a cloudy or not windy day. 

Overall, it is acceptable to build the renewables farms that required the amount of areas 

as shown in figure 3.5.5.  

  

To sum up, the land beside M8 motorway is acceptable to be used for renewables farms 

for generating power supply the service stations on M8. Applying the charging points in 

the existing petrol stations in the UK, it can be done with the limited areas beside the 

stations. 

 

 

 

 

 

 

 

 

 

 

 



 

66 

 

Chapter 4: Discussion 

 

Renewables are clean and sustainable sources for the production of power and electricity. 

However, due to its intermittence and reliance on nature, for example, wind, solar, and 

wave, it can be unpredictable and inconsistent. Figure 3.5.1 shows the intermittence of 

the wind turbine, while figure 3.5.2 shows the discontinuity of the solar panel. They 

present the fluctuated power generated that sometimes produced very high power, while 

sometimes there can generate minimal or no power. Also, the energy deficit caused by 

the discontinuous power generation from renewables is shown in the table 3.5.1 and 

3.5.2. However, they can produce the high amount of power but didn’t match with 

demand and caused the energy surplus. That means the systems need to have a baseload 

such as: gas, coal, or nuclear power. As well as additional technologies e.g. battery 

storage for keeping energy surplus and discharging when there is not enough power.             

In this project, battery storage also plays an important role, because of the intermittence 

of power generated from the renewables for charging the EV’s battery to full capacity 

and on time for the next EV coming to the station.      

Also, some renewable technologies, such as wind turbine, which generates high power 

but the power fluctuates on an hourly basis, which causes the problem with the grid 

stabilization. Having an off-grid system, it needs battery storage. To make a comparison, 

connecting battery storage with solar panels is more effective than with wind turbines. 

Because when power was generated, it is very high but on a non-windy day, it can 

produce zero power from the wind turbine. In contrast, power from solar panel is 

produced every day, but not at night, so battery storage can be charged for storing power 

and discharge power when it needs. That is one of the reasons that the system prioritizes 

the use of solar panels with a few wind turbines. 

It has more conditions about setting up for some renewables, for example, solar panels. 

There are many controlled variables, tilt and azimuth. In this project, the angle was 

defined to get more power primarily during winter. Because there is less power than other 
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seasons, due to during the winter is very cloudy or less solar direct. To make the system 

more efficient, the adjustable solar panels is more suitable to apply. However, the area for 

solar farm needs to be calculated in every climate due to the different angle of the sun.   

The area needed for wind turbine in the simulation was calculated from the high capacity 

of the wind turbines in the Clyde Wind Farm. In contrast, the lower capacity was used in 

this project. That means the area needed for the wind turbine for the charging stations 

would be lower than defined. Moreover, after the wind rotates the turbines, it will cause 

turbulence, which can affect another wind turbines behind it. So, the gap between the 

wind turbines need to be calculated more accurately. However, it was acceptable areas for 

the wind farm. Thus, when applying to real situations, the area would be lower than it 

was required in the simulation. 

In this project, it has total of 9 simulations, which are the 3 demand cases and 3 scenarios 

of renewable supply. It is an explanation about the simulation between demand and 

supply in table 3.5.3. As the reason of the intermittent renewables, all of the simulations 

were connected with battery storage as well. For the first demand, which is the least 

power required from the 4 customers in every hour in the station. It shows that only 1 

wind turbine with 800 kW capacity is enough for the light demand and required the least 

area as shown in table 3.5.1.1. However, to reduce the risk of using 1 source of 

renewables, table 3.5.3.1 presents the system can be a mix of 3 wind turbines of 15 kW 

capacity and 150 solar panels of 167 W capacity. However, this required around 3 times 

of the area for an 800-kW wind turbine farm as shown in the figure 3.5.3.1.  

For the medium rate of 40 EVs arriving at the station per hour, it was defined as the 

demand case 2. Table 3.5.6.1 shows the least area required for the renewables farm, 

which included an 800-kW wind turbine and 1,500, 167-W solar panels. The area was 

compared on the map with the medium size of the service station beside M8 motor way, 

as shown in figure 3.5.6.1. 

The most aggressive demand was case 3, where 120 customers arrive the station every 

hour would require 2, 800-kW wind turbines and 10,000, 167-W solar panels to supply 
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the power generated as shown in the table 3.5.9.1. This system is the most suitable for the 

demand case 2, due to the smallest required area for the renewables farms being 0.06 

square kilometers, as shown in figure 3.5.9.1.  

To sum up, the combination of 2 sources of renewables, which are 800-kW wind turbine 

and 167-W solar panel, is the most suitable systems for charging stations beside the 

motorway with an acceptable area needed in each demand cases. However, due to the 

lowest demand of case 1, only 1 wind turbine is enough to supply power to the demand 

for the whole year. Also, figure 3.5.3 presents the area needed for each demand and 

scenario, which highlights which system required the least area. 

However, the first 2 scenarios were created for the worst situations for no solar direct 

from the sun and no wind to generate power in scenario 1 and 2 respectively. For the 

demand case 1, it is acceptable to use only 1 wind turbine for scenario 1, as shown in 

table 3.5.1.1. Similarly, the scenario 2 was acceptable by using 2,000 solar panels. Due to 

the light demand, the area needed for the renewable farm is not high and under the 

maximum area as shown in table 3.5.2.1. The comparison between the area of the 

existing small petrol station, which is 400 square meters, it is perfect to apply 1 wind 

turbine beside the station. However, it might not suitable for the solar farm as an only 

renewable supply. Because the solar farm required equal to 20 stations small petrol 

stations, which would use an unnecessary amount of land to be the sustainable. 

For the second demand case, it required 2 wind turbines when cloudy, but 6,500 solar 

panels when it has no wind, as shown in table 3.5.5.1 and 3.5.6.1. To compare the area 

for the renewable farms with the size of the medium petrol station, it is perfectly fine too 

use 2 wind turbines. However, it required almost the area of 20 medium petrol stations, 

which is not acceptable. 

For the highest demand case, when it is cloudy or theirs no wind, it required 4 wind 

turbines and 20,000 solar panels for the worst situations respectively, as shown in table 

3.5.7.1 and 3.5.8.1. It is acceptable to apply the wind farm beside the large station due to 

the area needed is little. Also, it requires the area of 2 more large stations for the solar 
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farm, which is acceptable. Also, the solar farm can be fit on the roof of the car park 

instead of ground-mounted as shown in figure 3.5.9.1. That means no area needed for the 

solar farm. 

From the simulation of the worst situation of relying on 1 renewable source, it requires 

too much area for solar farms. However, it is acceptable for the demand of case 3 due to 

the large area of the petrol station. For scenario 1, which was assumed for the cloudy 

situation, it is perfectly fine due to the wind turbine requires less area than solar panels, 

compared with the power generated and the number of renewables, including the area for 

the renewable farms. 

However, the car range of the EV tends to be reduced by 25% during the winter. As 

shown in table 3.5.4, it is unacceptable for providing power to the demand case 3, which 

has 120 EVs in the station every hour, and added 25% increase in power demand. 

Because of the lack of solar direct during the winter, it required higher number of solar 

panels than other months. Thus, the maximum area for solar farm were needed. So, the 3 

wind turbines were unacceptable, but they were needed to generate power. In short, the 

situation of the EV’s battery performance for driving the engine is reduced during winter, 

it is not suitable for recharging via renewables, due to the land use for the renewable 

farms are required too much to accept as the sustainable way. 

The solar farms in this project were mentioned both ground-mounted and rooftop solar. 

They have different factors that need to be considered before making a decision on using 

ground-mounted and rooftop solar. 

Ground-mounted solar is the traditional way of the solar farm. Because it is easier to be 

created and less initial cost, but requires higher land-use and time for the installation of 

underground wiring and the stabilization of the panels. While rooftop solar has no need 

for on ground area, and the cost of installation is cheaper, if it already has a roof. 

However, this project primarily focuses on solar farm where there is plenty of unused 

land. Thus, it is not a verdict on which option is better, but it depends where the solar 

farm is going to be situated.    
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Moreover, solar panels can be more than a technology for generating power, but can be 

worked as a noise barrier or bike lane on the motorway. For example, the A13 motorway 

in Switzerland, solar panels are situated along the motorway and cover an area of 968 

square meters. They also have another purpose to be a noise barrier from vehicles on the 

motorway. Moreover, the 20-mile highway in South Korea between Daejeon and Sejong. 

There is a bike lane between inbound and outbound road on the highway. The point is the 

roof of the bike lane is covered by solar panels. Thus, instead of being situated as a 

ground-mounted solar panel, it can be created in the form of solar roof-top either on 

carpark or bike lane or a solar noise barrier to reduce the land used.    

In the national scale, the charging point can be added into the petrol stations around the 

UK. Figure 3.5.5 presents the area needed for wind and solar farms for each kind of the 

service stations, which are quiet, medium, and busy service stations. Only the quiet 

station that only has 1 turbine was needed. While there’s a mixed system of wind turbine 

and solar panel, which were required to support the charging point in the medium and 

busy station.  

From all the simulations, the system of wind turbine and solar panel is the most suitable 

supply for the charging stations. Because they work better together and reduce the risk of 

reliance on 1 source of renewables. For example, when 1 source is not available, there is 

another source that can produce the power for the demand, especially when cloudy or a 

non-windy day. In contrast, when there’s strong wind and strong sunlight at the same 

time, the battery can charge even faster. 

In term of financial cost and land use, it is cheaper to have both of wind turbines and 

solar panels. Due to the price per watt, but solar panel remains more expensive than wind 

turbine. Also, solar panels require more area to reach the same power generated than 

wind turbines. Thus, having 2 sources of renewables is more suitable than relying on 1 

source of renewables. 

However, in consideration of a combination system, it is important that placement of 

wind turbines does not cast a shadow over the solar panel. The impacts of each 
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renewables are still appearing. The reflection of the solar panels is the direct impact of 

situating them beside the road. When the solar direct has a specific angle with the solar 

panel, the glistening light can be reflected to the driver’s eyes, which is very dangerous 

and can cause the road accident. Although wind turbines produce noises, due to the 

rotation of the blades in a strong breeze. In this project, it was situated beside the 

motorway where no one lives, so there’s no significant impact on that factor. However, 

some area either side of M8 motorway has small towns, villages, and factories, which can 

be a point to consider before creating a wind farm.    

Due to the EV’s battery efficiency, it tends to be reduced in the winter. Because the 

electricity is not only used for driving the engine, but also the heating system. That means 

the demand of charging EV’s battery will increase during the winter. 

Although it seems to be possible to recharge the EV’s battery via renewables, the 

simulations are for the idealize scenarios. There are unpredictable factors in real 

situations that need to be considered, especially the demand profiles and the intermittent 

renewables. 
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Chapter 5: Conclusion 

 

According to the renewables required in section 3.5 and discussion in section 4, the 

charging stations for the electric cars by renewable sources is possible to happen, due to 

the area needed for the renewable farms in each demand case or size of the service 

station, and the supply scenario is acceptable. From figure 3.5.3.1, 3.5.6.1, and 3.5.9.1, 

they show the area of the existing service stations beside the M8 motorway compared 

with the renewable farms. 

However, the demand might be higher during the winter, due to the performance of EV’s 

battery is reduced. Thus, they need to be recharged more often. Moreover, it has less solar 

direct, which is the main parameter for generating power from solar panels. That means, 

the demand during winter tends to be higher but with a low power supply. 

To apply in a real situation, it can be done via the application of charging points into 

existing petrol or service stations. Using the space around the station for the renewables 

farms, or application of rooftop solar, it is still acceptable by ignoring the car range in the 

winter. 

From all of the simulations, wind turbine and solar panel work better together. Because of 

factors like: area needed, financial cost, the difficulty of the installation, and the risk of 

relying on 1 source of renewables.  

Having an off-grid system for charging the EV’s battery reduces the problem of dump 

charging that causes problems to the grids stabilization. In term of commercial 

perspective, it increases the employment rate, which can aid in unemployment issues. 

 

 

 



 

73 

 

Chapter 6: Future work 

 

The majority of the project is to show the possibility of using renewable technologies for 

charging stations for electric cars. It shows the number of renewables required, including 

the area for installation. Moreover, study the impacts of relying on 1 source of 

renewables and use the battery storage as a back-up when there’s minimal or no power 

generated from the renewables. 

There is another way to store the energy instead of using traditional battery storage, 

which is called green gas or gas energy storage. From the higher performance, it might 

reduce the number of renewables required. For the future work, it is what I’m interested 

in studying. 

Having a new farm of renewables needs permission before construction. Environmental 

impact assessment (EIA) plays an important role before giving permission. It is necessary 

to look at the place where the renewable farms are to be situated. For example, the noise 

from wind turbine and the light reflected from the solar panels. 

The system in the project is not connected to the grid, which is called the off-grid system. 

Because to provide the electricity from the grid to the charging station is more complex 

and has many factors that can cause the problem such as the grid stabilization, especially 

the electricity from the wind turbine. If the systems were connected to the national grid, it 

can support the charging stations for the Scotland or even the whole. Thus, the energy 

surplus can be used for other purpose such as for thermal demand or export to another 

country from a financial perspective. Also, it has back up from the traditional power 

supply, for example, gas and nuclear power plants. Currently, the small charging points 

connected to the grid, which call grid-to-vehicle (G2V). However, the government has 

been looking at the process of returning power from vehicle-to-grid when its lacked 

power supply. Thus, to study the impacts of both V2G and G2V can be potential future 

research. 
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Appendix 

Appendix 1: Technical specification of Nordex N50 800kW wind turbine 
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Appendix 2: Technical specification of Proven 15kW wind turbine 
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Appendix 3: Technical specification of Proven 10kW wind turbine 
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Appendix 4: Technical specification of Airdolphin 1kW wind turbine  

 



 

81 

 

 

Appendix 5: Power curve of wind turbines from manufacturers 

 

Wind 

speed 

(m/s) 

Power output (kW) 

800 kW 15 kW 10 kW 1 kW 

1 0 0 0.00 0.00 

2 0 0 0.00 0.00 

3 0 0.35 0.10 0.01 

4 0 1.22 0.40 0.03 

5 0 2.50 0.60 0.07 

6 22 4.01 1.00 0.14 

7 50 5.28 2.00 0.23 

8 87 7.68 3.50 0.34 

9 166 10.9 5.00 0.46 

10 259 12.70 7.00 0.57 

11 350 15.00 8.50 0.66 

12 474 16.10 10.00 0.74 

13 599 16.23 11.00 0.80 

14 700 15.55 11.00 0.83 

15 771 15.55  0.86 

16 809 15.23  0.87 

17 832 15.23   

18 838 15.23   

19 838 15.23   

20 838 15.23   

21 838 15.23   

22 838 15.23   

23 838 15.23   
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Appendix 6: Technical specification of 167W solar panel 
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Appendix 7: Technical specification of 100W solar panel 
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Appendix 8: Technical specification of 30W solar panel 
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Appendix 9: Technical specification of 145Ah 6volts battery storage 

 


