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Abstract—To achieve the UK net-zero emissions target by 

2050, transformations to decarbonise the energy system will be 

essential. A transition from generating electricity by burning 

fossil fuel to renewable energy sources (RESs) is one of the most 

effective ways, in addition to customer transformation, in which 

people are willing to participate to reduce energy consumption. 

The railway sector accounts for 0.5% of carbon emissions in the 

UK. In order to meet the net-zero goal, more railway routes 

must be electrified, as only 38% of railway routes are electrified 

at present. Furthermore, clean energy is necessary. Therefore, 

schemes for integrating RESs into the AC high-speed railway 

power supply system are proposed and simulated in a case 

study. Power losses in the power system are comprehensively 

studied and compared. Owing to the fluctuation of traction load, 

the power quality issue is inevitable. Thus, the voltage unbalance 

factor (VUF) is adopted to measure the severity of the 

imbalance. The results from the case study demonstrate that the 

proposed scheme in which the RES is connected to a three-phase 

railway power network generates the smallest power losses 

among all proposed schemes. Moreover, it also requires lower 

investment expenditure and provides the most significant cost 

saving in the long run. The results also reveal that the VUFs of 

all schemes based on a 400 kV transmission system are below 

the UK’s stringent limit of 1.5%. Furthermore, the CO2 

emissions are reduced significantly with RES integration: by 

half for the case study with the 120 MW RES. Although the 

other proposed schemes had higher losses and lifetime costs, the 

differences are not significant. Each scheme has its advantages 

and disadvantages. Several factors need to be considered to 

choose the suitable scheme, such as the size of land available, etc. 

 
Index Terms—Carbon emission, high-speed train, power 

losses, power system, railway power system, renewable energy, 

solar energy, traction power supplies, voltage unbalance factor, 

wind energy. 

I. INTRODUCTION 

With the concern about climate change, renewable energy 

sources (RESs) play a vital role in the field of electricity 

production, being clean and sustainable. Several countries 

have set policies to support the use of renewable energy, 

especially in Europe and the USA. In 2019, the UK 

government set an ambitious goal to reach net-zero emissions 

by 2050 [1]. Many sectors, especially the energy supply 

sector, have started planning to reduce CO2 emissions. The 

UK installed capacity of RESs has risen continuously since 

2000. According to [2], the cost of adding new onshore wind 

farms and solar PV farms is lower than that of other types of 

new generation units. It was reported that the share of 

electricity produced from solar power and wind went up from 

23.6% in 2019 to 28.3% in 2020, with 88.5 TWh generated 

[3]. The estimate from the UK’s Department for Business, 

Energy and Industrial Strategy (BEIS) shows a 10.7% 

reduction in CO2 emissions in 2020 [3]. The largest 

contributor to CO2 emissions is the transport sector with 27%, 

followed by the energy supply sector, which accounts for 

21%. Road transport is the main source of emissions, with a 

share of over 90%. In contrast, railway transport only 

accounts for 1.4% of the transport sector or 0.5% of the UK’s 

total emissions [4]. Although electrified trains emit nearly 

zero emissions at the point of use, the CO2 emissions come 

from the power generation process. Integration of RESs into 

the railway power network may alleviate various issues, 

especially carbon emissions and the reliance on energy from 

the national grid. Nevertheless, there are only a few projects 

implemented in the real world. 

There is some interesting research regarding the RES 

integration for railway traction power supply. D’Arco et al. 

[5] proposed PV integration schemes for AC railways and 

compared them in terms of cost and power losses. The train 

energy demand and the solar irradiance in Italy were used in 

a case study. The study revealed that the PV farm power 

rating is the critical factor determining the system's cost. 

Nonetheless, wind farms were not included in the study. A 

multi-period AC railway optimal power flow problem 

formulated by considering PV plants and wind turbines was 

introduced by Aguado et al. [6]. The authors also included the 

utilisation of a hybrid energy storage system (HESS) to 

capture excess energy from the RES and train regenerative 

braking energy. To analyse the uncertainties of the energy 

from the RES, a scenario tree approach was employed in the 

case study, resulting in cost and energy savings of 33.22% 

and 9.63%, respectively. A Railway Station Energy 

Management (RSEM) system was proposed by Şengör et al. 

[7]. The main goal of the RSEM was to effectively reuse the 

regenerative braking energy from electric trains by using an 

energy storage system (ESS). Additionally, the PV generator 

was integrated into the railway power supply system. Mixed-

integer linear programming (MILP) was formulated to solve 

the optimisation problem. The case study showed that a cost 

reduction of about 35% was observed when the PV, ESS, and 

regenerative braking energy were utilised. The 

abovementioned studies are based on RES integration into the 

conventional traction substation.  

A few scholars presented other approaches for integrating 

the RESs into a new type of traction substations. Liu et al. [8] 

proposed a co-phase traction substation (CTSS) energy 

management system to minimize operating costs, considering 

the power flow controller and the PV generator and HESS. 

The study also considered the three-phase unbalance 

constraint. A two-stage robust optimisation problem was 

modelled to deal with the PV and train load uncertainties. The 

goals of the first stage were to find the operating point of the 

HESS and energy transactions with the grid. The CTSS 

optimal power dispatch was determined in the second stage. 
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Compared to the conventional traction substation, a cost 

saving of 4.99% was attained through the proposed 

methodology. Besides that, the voltage unbalance was well 

controlled below the maximum admissible constraint of 2% 

in China. A flexible traction power supply system (FTPSS) 

was proposed by Chen et al. [9]. A back-to-back converter, 

HESS, and solar PV plant were integrated into the scheme. 

Moreover, the authors also presented flexible railway energy 

management (FREM) for multi-scale optimal dispatch to 

compensate for the demand and supply imbalance. It was 

shown in the case study that PV and HESS integration helped 

reduce the total operational cost of FTPSS by 32.7%. 

The existing work has mainly focused on cost-saving and 

energy reduction, but details regarding power losses in each 

component are still not clear. Therefore, this paper presents 

three schemes for integrating RESs into the railway power 

network and considers the lifetime cost and power losses of 

each component relating to RESs. Simulink, based on the 

MATLAB environment, is used to model and simulate the 

energy flow for each proposed scheme. The contributions of 

this paper are as follows: 

1) Renewable integration schemes for the 25 kV AC 

railway power system are proposed. Various sizes of PV 

farms and wind farms are simulated. 

2) The electrical losses, i.e., transformer losses, 

transmission line losses, and inverter losses (including losses 

in the static converter) of each scheme, are compared 

comprehensively. 

3) The effect of RES integration on the grid is explored, 

and the voltage unbalance factor is calculated for each 

proposed scheme. 

4) The lifetime cost of each proposed scheme with various 

RES installed capacities is also compared. 

This paper is organised as follows: Section II introduces the 

description of the proposed schemes. Section III 

demonstrates the details of each component in the system and 

the steps for implementation. The case study and results are 

illustrated in Section IV, followed by the conclusion and 

future work in Section V. 

III. SYSTEM DESCRIPTION 

The 2x25 kV, 50 Hz AC railway power supply system was 

designed to support the need for the high traction power of 

high-speed trains. With the issue of poor power quality due 

to power unbalance, for example, negative-phase current and 

harmonic distortion, the railway power supply system needs 

to be connected to a high-voltage power supply point that 

possesses a high short-circuit capacity. 

In this paper, the three-phase 400 kV power system from 

the national grid is used as the main power supply. The Grid 

Supply Point (GSP), a substation owned by the national grid, 

steps down the transmission line voltage to 132 kV before 

entering the railway traction substation, where traction 

transformers are located [10]. It is assumed that the electrical 

power system after the GSP is owned by the railway system 

operator, seen as the dashed line in Fig. 1a, which indicates a 

responsibility boundary between the national grid and the 

railway system operator. 

A V/V transformer connection is employed to convert 

three-phase 132 kV power to two single-phase 25 kV (2 × 

25 kV) at the traction substation in this research. 

 
Fig. 1. (a) scheme of RESs connected to the three-phase railway power 

network, (b) single-line diagram of a solar PV farm, (c) single-line diagram 
of a connected wind farm (PCC is a point of common coupling). (b) and (c) 

are used for scheme-1 and scheme-2. 

A solar PV farm and a wind farm are integrated into the 

existing power supply system, with different proposed 

schemes to reduce dependence on power from the national 

grid, which is mainly generated from fossil fuels. Three 

renewable energy integration schemes are proposed in this 

study: 

A. RES Connected to the Three-phase Railway Power 

Network (Scheme-1) 

For this scheme, a three-phase solar PV farm and wind farm 

are installed and connected to a three-phase 132 kV 

distribution line at the point between the GSP and the traction 

substation, as seen in Fig. 1a. The PV farm and wind farm 

locations are assumed to be close enough to share the 

transmission line and are in the proximity of three-phase 

railway distribution lines. Therefore, the transmission losses 

due to the connection of RESs are ignored in this study. 
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Fig. 1b shows a single-line diagram of a solar PV farm 

implemented in this configuration. The electricity produced 

from each PV module is a low-voltage direct current. To 

obtain the required voltage level and power, the PV modules 

are connected in series and parallel; an arrangement called a 

PV array. The PV arrays are assumed to always operate at 

their maximum power point. Generally, for large-scale PV 

farms, several PV arrays are used to generate the required 

power, and central inverter topology is used to convert DC 

power to AC for each array. In this research, the PV farm 

comprises several sets of PV arrays, each with a 2 MW power 

capacity. The 1100 VDC output from each PV array is 

inverted to three-phase 460 VAC power via 2.2 MVA 

inverters [11]. Then, 2.5 MVA transformers are operated to 

step up the voltage from 460 VAC to 33 kVAC. The output 

of all PV arrays is then combined and raised to 132 kV by a 

33 kV/132 kV power transformer to connect to the 

distribution network. 

Similarly, the wind farm is made up of several 2 MW wind 

turbines. The asynchronous generator with a wound rotor in 

the turbine generates a three-phase voltage of 690 VAC. For 

each wind turbine, the voltage is stepped up to 33 kV by a 

2.1 MVA transformer located inside the nacelle of the wind 

turbine [12]. The electricity from each wind turbine then 

gathers at the collection system and is raised again to 132 kV 

to connect to the grid system, as seen in Fig. 1c. 

B. RES Connected to Railway Power Supply System via V/V 

Transformer (Scheme-2) 

In this scheme, the details of the PV and wind farms are 

identical to the first scheme, excluding the connection point 

and methods. Both RESs are connected to the V/V 

transformer (V/V TF), as shown in Fig. 2. The primary 

purpose of this transformer is to convert the three-phase 

power from both PV and wind farms to a pair of single-phase 

25 kV power lines. These 25 kV lines are integrated into the 

railway at the secondary side of the traction transformer. The 

PV and wind farms are identical to the previous scheme, as 

seen in Fig. 1b and Fig. 1c. 

C. RES Connected to Railway Power Supply System via 

Static Converter (Scheme-3) 

This scheme is different from the first two schemes. A 

smaller RES is connected to the low-voltage side of the 

traction transformer via a Static Frequency Converter (SFC), 

as shown in Fig. 3a. 

The capacity of each PV and wind farm is half that of the 

first two schemes. However, another set of both is installed 

and connected at the opposite feeding section. Additionally, 

it is assumed that there are no transmission losses (PV and 

wind farms are installed nearby the traction substations). It 

should be noted that, usually, a megawatt-scale PV farm is 

transmitted as a three-phase power system. Thus, a special 

converter, such as a static converter, is required to convert a 

three-phase 33 kV power system to a single-phase 25 kV 

power system. 

 

  
Fig. 2. Scheme of RESs connected to railway power supply system via V/V 

transformer.

 

Fig. 3. (a) Scheme of RES connected to railway power supply system via 

SFC, (b) single-line diagram of solar PV farm and wind farm connected to 

railway overhead line via SFC.  
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The single-line diagram of the distributed solar PV farm 

and wind farm is illustrated in Fig. 3b. For instance, a 10 MW 

PV farm consists of five 2 MW PV arrays. The 10 MW wind 

farm consists of five 2 MW wind turbines. Instead of using 

power transformers to step up the three-phase voltage of the 

PV farm and wind farm from 33 kV to 132 kV in the first two 

schemes, the SFC is utilized to convert three-phase 33 kV to 

single-phase 25 kV. 

SFCs are widely used in many European countries, e.g., 

Germany, Switzerland and Austria, to convert the frequency 

from 50/60 Hz to 16.7 Hz for railway power supply systems 

[13]. However, according to [14], an SFC can operate as a 

three-phase to single-phase converter without converting 

frequency. For instance, on the Doncaster East Coast Main 

Line (ECML) in the UK, ABB’s SFC will be used to convert 

three-phase 33 kV, 50 Hz to single-phase 25 kV, 50 Hz to 

feed the traction load [15][16]. 

IV. METHODOLOGY 

A. Train Energy Consumption 

To calculate train energy demand, the rolling stock 

specification (train power, maximum traction, physical 

properties) and route information (speed limit, gradient) are 

needed. The movement of the train follows the motion law of 

Newton as shown in (1) [17]. The train movement is impeded 

by the gradient resistance, Davis resistance, and curve 

resistance. 

𝑀𝑒 ∙ 𝑎 = 𝐹 −𝑀 ∙ 𝑔 ∙ sin(𝛼) − 𝐹𝐷 − 𝐹𝐶 (1)  

where 𝑀𝑒 is the effective mass of the train (kg), 𝑎 is the train 

acceleration (𝑚 𝑠2⁄ ), 𝐹 is the tractive force (N), 𝑀 is the train 

mass (kg), 𝑔  is the gravitational acceleration constant 

(𝑚 𝑠2⁄ ),  is the route slope angle (rad), 𝐹𝐷 is the resistance 

due to train motion known as Davis resistance (N), and 𝐹𝐶 is 

the curve resistance (N). 

The traction substations not only supply the exact amount 

of energy that the train requires but also suffer losses on the 

overhead wire (contact wire) during the current flows to the 

train. This contact wire loss is modeled and combined with 

train demand to obtain the total demand; (2) is used to 

calculate the ohmic line loss in the contact wire. 

𝑃𝐶𝑊𝑙𝑜𝑠𝑠 = |𝐼𝐶𝑊|
2 ∙ 𝑅𝑐𝑤 (2)  

where 𝐼𝑐𝑤 is the contact line current (A), 𝑅𝑐𝑤 is the contact 

wire resistance (), and 𝑃𝐶𝑊𝑙𝑜𝑠𝑠  is the contact wire ohmic 

loss (W). 

For electric trains equipped with a regenerative brake, 

electric power is generated during train braking. If there is a 

train in traction mode in the same feeding section without 

interruption of the neutral zone, this regenerative energy will 

be consumed by that train. Otherwise, it will flow back to the 

national grid in the case of an AC railway power system. 

B. Renewable Energy Sources 

With a decline in cost for installation and operation, the 

RES installed capacity, especially for solar PV farms and 

wind farms, keeps increasing. 

 

1) Solar PV Farm 

The natural light from the sun is the most abundant source 

of energy. In this paper, the megawatt-scale PV farms are 

connected to the system in different ways according to the 

proposed schemes. 

A PV model is created in Simulink with a controlled-

current source block. Due to the nature of the simulation type 

(steady-state model), the effect of temperature is ignored. 

Therefore, solar irradiance is the only input of the PV model. 

The amount of electrical power from the PV farm is 

calculated as given in (3) [18]: 

𝑃𝑝𝑣(𝑠) = 𝑠 ∙ 𝐴 (3)  

The electrical energy generated is computed by: 

𝐸𝑝𝑣 = ∫ 𝑃𝑝𝑣𝑑𝑡
𝑡

0

 (4)  

where 𝑃𝑝𝑣 (𝑠) is the power (W) produced by the PV farm, 

𝐸𝑝𝑣  is the energy of the PV farm (Wh), 𝑠  is the solar 

irradiance (W/m2), 𝐴 is the surface area of the PV farm (m2), 

and 𝑡 is time (s). 

The capacity of the PV farm is determined by the PV 

surface area multiplied by solar irradiance at standard test 

conditions (1000 W/m2). For example, a PV farm with a 

surface area of 1000 m2 can output up to 1 MW of power. 

 

2) Wind Farm 

According to [19], energy generated from wind in 2019 

accounted for nearly one-fifth of the UK’s total supply and 

became the second biggest energy source, only behind gas 

combined-cycle generation. 

The electrical power output of a wind turbine is dependent 

mainly upon wind speed. The turbine will start generating 

power when the wind speed is higher than the cut-in speed. 

When the wind speed reaches the cut-out speed, the turbine 

will shut down to prevent structural damage. To calculate the 

wind speed at a specific hub height, the reference height of 

10 meters is used, at which most data sources of wind speed 

profile are recorded. The relationship between height and 

wind speed is shown in (5) [20]. 

𝑣ℎ = 𝑣0 ∙ (
ℎ

ℎ0
)
𝛼

 (5)  

where 𝑣ℎ  is the wind speed (m/s) at height ℎ , 𝑣0  is the 

average wind speed (m/s) at height ℎ0, ℎ is the hub height of 

the wind turbine (m), ℎ0 is the referenced height (10 m), and 

 is the Hellman height exponent. 

The value of the Hellman height exponent is assumed to be 

0.159, which is used in a location with a small number of 

wind obstacles [21]. The electrical power produced by a wind 

turbine is given in [22] as follows: 

𝑃𝑤(𝑣) =

{
 
 

 
 

0,                    𝑣 < 𝑣𝑐𝑖

𝑃𝑟 ∙
𝑣𝑎 − 𝑣𝑐𝑖

𝑎

𝑣𝑟
𝑎 − 𝑣𝑐𝑖

𝑎 , 𝑣𝑐𝑖 ≤ 𝑣 ≤ 𝑣𝑟

𝑃𝑟 ,                     𝑣𝑟 < 𝑣 < 𝑣𝑐𝑜
0,                     𝑣 > 𝑣𝑐𝑜

 (6)  

Energy from the wind turbine is calculated by: 

𝐸𝑤 = ∫ 𝑃𝑤𝑑𝑡
𝑡

0

 (7)  

where 𝑃𝑤  is the power output (W) of the turbine, 𝐸𝑤  is the 

energy (Wh) from a wind farm, 𝑃𝑟  is the rated power or 

turbine capacity (W), 𝑉 is the wind speed (m/s), 𝑉𝑐𝑖 is the cut-
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in wind speed (m/s), 𝑉𝑐𝑜  is the cut-out wind speed (m/s), 𝑉𝑟  is 

the rated wind speed (m/s), and 𝑎  is the Weibull shape 

parameter (𝑎 = 2 in this study). 

C. Transformer 

Power transformers play a crucial role in a power system. 

They are operated to step down/up the voltage level to a 

suitable level according to the end-user. Usually, the 

efficiency of a transformer is already high. Nevertheless, as 

the global trend for energy reduction and energy efficiency 

keeps increasing, the European Union (EU) has set a 

minimum requirement for transformer efficiency by defining 

a performance indicator for transformers called Peak 

Efficiency Index (PEI). 

In order to simulate the transformer losses, the transformer 

capacity ( 𝑆𝑟 ), magnetization resistance (𝑅𝑚 ), equivalent 

resistance (𝑅𝑒𝑞 ), and equivalent reactance (𝑋𝑒𝑞 ) must be 

known. The transformer capacity (𝑆𝑟) was determined by the 

authors to meet the system requirements and match the sizes 

available in [23]. The PEI is used to compute 𝑅𝑒𝑞 and 𝑋𝑒𝑞  at 

specified transformer sizes. The value of magnetization 

resistance is assumed to be 1000 pu. The transformer 

equivalent resistance (𝑅𝑒𝑞) and equivalent reactance (𝑋𝑒𝑞) are 

calculated in the following steps: 

1) acquire the PEI value from [23] according to the 

transformer power rating, 

2) assign the short-circuit impedance (Z) according to the 

size of the transformer: for 3.151 to 6.30 MVA, 

Z = 0.0715 pu; for 6.301 to 12.5 MVA, Z = 0.0835 pu; for 

12.5 to 25 MVA, Z = 0.10 pu; for 25 to 250 MVA, Z = 0.125 

pu [24], 

3) find the no-load loss (𝑃0) at the rated primary voltage 

using (8), 

4) find the copper loss (𝑃𝑘) at the rated current using (9), 

5) find the equivalent resistance (𝑅𝑒𝑞) from the copper loss 

using (10), 

6) find the equivalent reactance (𝑋𝑒𝑞) using (11). 

 

The equivalent resistance and reactance from the 

calculation will be filled in the transformer model in 

Simulink. TABLE I lists the parameters that are used in the 

simulation. 

𝑃0 =
𝑉𝑟𝑎𝑡𝑒𝑑
2

𝑅𝑚
 (8)  

𝑃𝐸𝐼 = 1 −
2 ∙ (𝑃0 + 𝑃𝑐0 + 𝑃𝑐𝑘𝑃𝐸𝐼)

𝑆𝑟 ∙ √
𝑃0 + 𝑃𝑐𝑘𝑃𝐸𝐼 + 𝑃𝑐0

𝑃𝑘

 
(9)  

𝑃𝑘 = 𝐼𝑟𝑎𝑡𝑒𝑑
2 ∙ 𝑅𝑒𝑞  (10)  

𝑋𝑒𝑞 = √𝑍
2 − 𝑅𝑒𝑞

2  (11)  

where PEI is the peak efficiency index (pu), 𝑃0 is the no-load 

loss (W) measured at the rated voltage and rated frequency, 

𝑃𝑐0 is the electrical power (W) required by the cooling system 

for no-load operation (equal to 0 in this study), 𝑃𝑘  is the 

measured load loss (W) at the rated current and rated 

frequency, 𝑃𝑐𝑘𝑃𝐸𝐼  is the additional electrical power (W) 

required by the cooling system for operation (equal to 0) at 

kPEI, 𝑆𝑟  is the rated power (MVA) of the transformer on 

which 𝑃𝑘 is based, and kPEI is the load factor at which PEI 

occurs. 

There are several types of transformer losses. 

Nevertheless, only core loss or no-load loss (𝑃0) and copper 

loss or load loss (𝑃𝑙) are considered in this paper. Thus, the 

total transformer loss is computed as given in (12). 

Transformer efficiency is calculated using (13) [25]. 

𝑃𝑙𝑜𝑠𝑠,𝑡𝑓 = 𝑃0 + 𝑃𝑙 (12)  

𝜂𝑡𝑓(𝑘) =
𝑘 ∙ 𝑆𝑡𝑓

𝑘 ∙ 𝑆𝑡𝑓 + 𝑘
2 ∙ 𝑃𝑘 + 𝑃0

 (13)  

where 𝑃𝑙𝑜𝑠𝑠,𝑡𝑓  is the total transformer loss (W), 𝑃𝑙  is the 

copper loss or load loss (W) and 𝜂𝑡𝑓(𝑘) is the transformer 

efficiency (pu) at load factor 𝑘. The efficiency (𝜂𝑡𝑓) obtained 

when load loss (𝑃𝑙) equals core loss (𝑃0) is PEI. 

D. PV Inverter and Static Frequency Converter 

For a large-scale PV farm, the central inverter topology is 

commonly employed [26]. The DC power output from the PV 

panels is combined by string combiners. The recombiners 

gather the power from each string combiner to feed into the 

central inverter, where the DC power is converted to three-

phase AC power. There is always a loss in electrical 

equipment, and the inverter is no exception. There are two 

parts of the inverter losses: the constant part (supply to the 

control system and the auxiliary devices) and the load-

dependent part (conduction losses and switching losses from 

IGBT). To calculate the inverter efficiency for each input 

level, (14) is used [27]. 

 

TABLE I 

TRANSFORMER EFFICIENCY AND PARAMETERS 

Transformer 
PEI 

(%) 

P0 

(W) 

Pk 

(W) 

Rm 

() 

Z 

(%) 

Req 

() 

Xeq 

() 

2.1 MVA, 690 V/33 kV 99.319 2100 24347 227 6.25 0.002629 0.013924 

2.5 MVA, 460 V/33 kV 99.514 2500 14762 85 6.25 0.000500 0.005266 

5 MVA, 33 kV/132 kV 99.548 5000 25538 217800 7.15 1.112435 15.532916 
10 MVA, 33 kV/132 kV 99.615 10000 37056 108900 8.35 0.403543 9.084191 

15 MVA, 33 kV/132 kV 99.656 15000 44376 72600 10.00 0.214780 7.256822 

20 MVA, 33 kV/132 kV 99.684 20000 49928 54450 10.00 0.135929 5.443303 
25 MVA, 33 kV/132 kV 99.700 25000 56250 43560 10.00 0.098010 4.354897 

40 MVA, 132 kV/25 kV 99.724 40000 76176 435600 12.50 0.829557 54.443680 

80 MVA, 400 kV/132 kV 99.758 80000 117128 2000000 15.00 2.928200 299.985709 
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The main function of the SFC is to convert three-phase 

power from the RESs to a single-phase power supply to the 

25 kV railway overhead line via switchgear at the traction 

substation. Due to the unavailability of SFC efficiency 

information, it is assumed that the efficiency curve of the SFC 

has the same characteristics as that of the inverter. Thus, (15), 

derived from (14), is used to determine the SFC efficiency. 

Equations (16) and (17) are used to determine the inverter and 

SFC losses, respectively. 

 𝜂𝐼𝑛𝑣(𝑃𝑑𝑐,𝑝𝑢) = 𝐴𝐼𝑛𝑣 + 𝐵𝐼𝑛𝑣 ∙ 𝑃𝑑𝑐,𝑝𝑢 +
𝐶𝐼𝑛𝑣
𝑃𝑑𝑐,𝑝𝑢

 (14)  

 𝜂𝑆𝐹𝐶(𝑃3𝑝−𝐴𝐶,𝑝𝑢) = 𝐴𝑆𝐹𝐶 + 𝐵𝑆𝐹𝐶 ∙ 𝑃3𝑝−𝐴𝐶,𝑝𝑢

+
𝐶𝑆𝐹𝐶

𝑃3𝑝−𝐴𝐶,𝑝𝑢
 

(15)  

𝑃𝑙𝑜𝑠𝑠,𝐼𝑛𝑣 = (1 − 𝜂𝐼𝑛𝑣) ∙ 𝑃𝑑𝑐 (16)  

 𝑃𝑙𝑜𝑠𝑠,𝑆𝐹𝐶 = (1 − 𝜂𝑆𝐹𝐶) ∙ 𝑃3𝑝−𝐴𝐶 (17)  

where 𝜂𝐼𝑛𝑣  is the inverter efficiency (%), 𝜂𝑆𝐹𝐶  is the static 

frequency converter efficiency (%), 𝑃𝑑𝑐  and 𝑃𝑑𝑐,𝑝𝑢  are the 

DC input powers (W, pu), 𝑃3𝑝−𝐴𝐶  and 𝑃3𝑝−𝐴𝐶,𝑝𝑢  are the 

three-phase AC input powers of SFC (W, pu), and 𝑃𝑙𝑜𝑠𝑠,𝐼𝑛𝑣 

and 𝑃𝑙𝑜𝑠𝑠,𝑆𝐹𝐶  are the total losses (W) in the inverter and SFC, 

respectively. 𝐴𝐼𝑛𝑣 , 𝐴𝑆𝐹𝐶 , 𝐵𝐼𝑛𝑣 , 𝐵𝑆𝐹𝐶 , 𝐶𝐼𝑛𝑣 , and 𝐶𝑆𝐹𝐶 are the 

parameters determined from the method in [27]. 

In order to find parameters A, B, and C, three pairs of 𝜂𝐼𝑛𝑣 

and 𝑃𝑑𝑐 values per unit are required. In this study, inverter 

efficiencies of 0.1, 0.2, and 1 pu of 𝑃𝑑𝑐 are used. They are 

taken from the efficiency curve of the manufacturer’s 

datasheet [28] for a 2.2 MVA inverter with a peak efficiency 

of 98.6%. The same procedures are applied to determine the 

SFC efficiency curve. The SFC is a modular system with the 

assumption of 5 MVA per unit. Thus, the number of units can 

be customised to obtain the required power rating suitable for 

the installed RES. The efficiency of 98% at the rated capacity 

taken from the converter at an equivalent rating [29] is 

assigned and used in (15).  

The estimation of A, B, and C for the inverter and the SFC 

is implemented using the Curve fitting tool in MATLAB. 

𝐴𝐼𝑛𝑣 , 𝐴𝑆𝐹𝐶 , 𝐵𝐼𝑛𝑣 , 𝐵𝑆𝐹𝐶 , 𝐶𝐼𝑛𝑣 , and 𝐶𝑆𝐹𝐶 are 98.86, 98.82, 

−0.8611, −0.7222, −0.09722, and −0.09444, respectively. 

The efficiency curves of the 2.2 MVA PV inverter, 5 MVA 

SFC, and power transformers are shown in Fig. 4. 

E. Transmission Line 

Another critical component is the transmission line. The 

L12 pylon, used in the UK for 275kV and 400 kV 

transmission systems, is used in this study to find the 

electrical parameters [30]. To calculate the per-phase 

capacitance, inductance and resistance per unit length, the 

All-Aluminum Alloy Conductor (AAAC) with 700 mm2 

nominal area and 37.26 mm diameter with the code name 

‘Araucaria’ is adopted on the pylon to carry the current from 

the power station to the GSP [31]. The DC resistance of this 

conductor is 0.04047 Ω/km [32]. The capacitance and 

inductance from the calculation using the equations from [25] 

are 0.024 F per phase per km, and 0.466 mH per phase per 

km, respectively. Equation (18) shows the losses in 

transmission line calculation. 

 
Fig. 4. The efficiency of the inverter, SFC, and transformers used in this 

study versus load factor. 

𝑃𝑙𝑜𝑠𝑠,𝑇𝐿 = |𝐼𝑐𝑜𝑛𝑑|
2 ∙ 𝑅𝑐𝑜𝑛𝑑 (18)  

where 𝐼𝑐𝑜𝑛𝑑 is the current flow in the conductor (A), 𝑅𝑐𝑜𝑛𝑑 is 

the conductor resistance (), and 𝑃𝑙𝑜𝑠𝑠,𝑇𝐿 is the transmission 

line losses (W). 

F. Voltage Unbalance Factor (VUF) 

Due to a single-phase traction load, load imbalance occurs, 

and it causes negative-phase sequence currents and voltages 

in the upstream power system. Rotating machines are 

susceptible to these negative-phase sequence components and 

may malfunction. The VUF, commonly used to measure the 

imbalance of a power system, is the ratio of negative-phase 

sequence voltage to positive-phase sequence voltage [33], as 

seen in (19). 

𝑉𝑈𝐹 (%) =
|𝑉𝑁𝑒𝑔|

|𝑉𝑃𝑜𝑠|
× 100 (19)  

where 𝑉𝑁𝑒𝑔 is the negative-phase sequence voltage (V) and 

𝑉𝑃𝑜𝑠 is the positive-phase sequence voltage (V). 

According to the UK grid code [34], the VUF for England 

and Wales transmission systems should not exceed 1.5% for 

voltage levels above 150 kV and 2% for 132 kV. 

G. Cost Evaluation 

The cost of renewable energy generation plants is 

comprised of several components. In this study, six main 

elements of cost are considered to estimate the lifetime cost 

of solar PV and wind farms. The first one is the pre-

development costs, which are the cost of licensing and 

technical design. The second one is the construction costs, 

which include the infrastructure cost, grid connection cost, 

transformer cost, substation cost, inverter cost, and balance of 

system cost. The operation and maintenance (O&M) costs, 

consisting of fixed O&M and variable O&M, are considered 

as the third and fourth components, respectively. The amount 

of energy generated (MWh) determines the variable O&M 

costs [35]. Additionally, the insurance cost is included to 

cover the risk of unforeseen events. Lastly, the cost of using 

the transmission network is considered as the Network Use of 

System (UoS) charges [36]. Equations (20) and (21) are used 

to calculate the lifetime costs of PV and wind farms. Their 

abbreviations and values are shown in TABLE II. 
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𝐶𝐿𝐹,𝑃𝑉 = 𝑐𝑃𝐷,𝑃𝑉 ∙ 𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 + 𝑐𝐶𝑁,𝑃𝑉 ∙ 𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 + 𝑐𝐼𝑁,𝑃𝑉
∙ 𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 + 𝑐𝑈𝑜𝑆,𝑃𝑉 ∙ 𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑
+ 𝑐𝑂𝑀𝑓𝑖𝑥,𝑃𝑉 ∙ 𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 ∙ 𝑇𝐿𝐹,𝑃𝑉
+ 𝑐𝑂𝑀𝑣𝑎𝑟,𝑃𝑉 ∙ 𝐸𝑃𝑉,𝐿𝑇 

(20)  

𝐶𝐿𝐹,𝑊𝑖𝑛𝑑 = 𝑐𝑃𝐷,𝑊𝑖𝑛𝑑 ∙ 𝑃𝑊𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑 + 𝑐𝐶𝑁,𝑊𝑖𝑛𝑑
∙ 𝑃𝑊𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑 + 𝑐𝐼𝑁,𝑊𝑖𝑛𝑑 ∙ 𝑃𝑊𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑
+ 𝑐𝑈𝑜𝑆,𝑊𝑖𝑛𝑑 ∙ 𝑃𝑊𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑
+ 𝑐𝑂𝑀𝑓𝑖𝑥,𝑊𝑖𝑛𝑑 ∙ 𝑃𝑊𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑
∙ 𝑇𝐿𝐹,𝑊𝑖𝑛𝑑 + 𝑐𝑂𝑀𝑣𝑎𝑟,𝑊𝑖𝑛𝑑 ∙ 𝐸𝑊𝑖𝑛𝑑,𝐿𝑇 

(21)  

TABLE II 

ABBREVIATION LIST FOR (20) AND (21) 

Parameter Units Definition 

𝐶𝐿𝐹,𝑃𝑉 

𝐶𝐿𝐹,𝑊𝑖𝑛𝑑 
£ Lifetime costs of PV and wind farms 

𝑐𝑃𝐷,𝑃𝑉 

𝑐𝑃𝐷,𝑊𝑖𝑛𝑑 

£50/kW 

£120/kW 

Pre-development costs of PV and wind 

farms [35] 

𝑐𝐶𝑁,𝑃𝑉 

𝑐𝐶𝑁,𝑊𝑖𝑛𝑑 

£400/kW 

£1000/kW 
Construction costs of PV and wind farms 

𝑐𝑂𝑀𝑓𝑖𝑥,𝑃𝑉 

𝑐𝑂𝑀𝑓𝑖𝑥,𝑊𝑖𝑛𝑑 

£6700/MW/year 

£23500/MW/year 

Fixed operation and maintenance cost for 

PV and wind farms 

𝑐𝑂𝑀𝑣𝑎𝑟,𝑃𝑉 

𝑐𝑂𝑀𝑣𝑎𝑟,𝑊𝑖𝑛𝑑 

£0/MWh 

£6/MWh 

Variable operation and maintenance cost 

for PV and wind farms 

𝑐𝐼𝑁,𝑃𝑉 

𝑐𝐼𝑁,𝑊𝑖𝑛𝑑 

£1824/MW 

£1376/MW 
Insurance cost for PV and wind farms 

𝑐𝑈𝑜𝑆,𝑃𝑉 

𝑐𝑈𝑜𝑆,𝑊𝑖𝑛𝑑 

£1513/MW 

£3109/MW 

Use of System charges (transmission 

system) for PV and wind farms [36] 

𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 

𝑃𝑊𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑 
MW Power rating of PV and wind farms 

𝐸𝑃𝑉,𝐿𝑇 

𝐸𝑊𝑖𝑛𝑑,𝐿𝑇 
MWh 

Amount of electricity generated from PV 

and wind farms during their lifetime 

𝑇𝐿𝐹,𝑃𝑉 

𝑇𝐿𝐹,𝑊𝑖𝑛𝑑 
Years Lifetime of PV and wind farms 

 

The lifetime costs of the V/V transformer, SFC, and 

33 kV/132 kV transformer are calculated by (22), (23), and 

(24), respectively. These costs are comprised of two parts: the 

capital cost and the O&M cost. The O&M costs for the three 

pieces of equipment are assumed to be 10% of the capital 

cost. 

𝐶𝑉𝑉,𝑇𝐹 = 𝐶𝐶𝑎𝑝,𝑉𝑉 + 𝐶𝑂𝑀,𝑉𝑉 (22)  

𝐶𝑆𝐹𝐶 = 𝐶𝑐𝑎𝑝,𝑆𝐹𝐶 + 𝐶𝑂𝑀,𝑆𝐹𝐶  (23)  

𝐶𝑇𝐹 = 𝐶𝑐𝑎𝑝,𝑇𝐹 + 𝐶𝑂𝑀,𝑇𝐹 (24)  

where 𝐶𝑉𝑉,𝑇𝐹 , 𝐶𝑐𝑎𝑝,𝑉𝑉 , and 𝐶𝑂𝑀,𝑉𝑉  are the lifetime cost, 

capital cost, and O&M cost of V/V transformer in scheme-2; 

𝐶𝑆𝐹𝐶 , 𝐶𝑐𝑎𝑝,𝑆𝐹𝐶, and 𝐶𝑂𝑀,𝑆𝐹𝐶 are the lifetime cost, capital cost, 

and O&M cost of the SFC in scheme-3; and 𝐶𝑇𝐹, 𝐶𝑐𝑎𝑝,𝑇𝐹, and 

𝐶𝑂𝑀,𝑇𝐹 are the lifetime cost, capital cost, and O&M cost of 

the power transformer (33 kV/132 kV) in scheme-1. 

Equation (25) shows the lifetime cost of scheme-1. Due to 

the extra transformer (V/V transformer) in scheme-2, the 

lifetime cost of the V/V transformer is added to (25) and 

becomes (26). To compute the cost of scheme-3, the 33 

kV/132 kV power transformer lifetime cost is subtracted from 

that of scheme-1 and the lifetime cost of SFC is added instead 

as presented in (27). It should be noted that (25) to (27) show 

the lifetime cost for one traction substation only. 

𝐶𝑅𝐸𝑆,𝑆1 = 𝐶𝐿𝐹,𝑃𝑉 + 𝐶𝐿𝐹,𝑊𝑖𝑛𝑑  (25)  

𝐶𝑅𝐸𝑆,𝑆2 = 𝐶𝐿𝐹,𝑃𝑉 + 𝐶𝐿𝐹,𝑊𝑖𝑛𝑑 + 𝐶𝑉𝑉,𝑇𝐹 (26)  

𝐶𝑅𝐸𝑆,𝑆3 = 𝐶𝐿𝐹,𝑃𝑉 + 𝐶𝐿𝐹,𝑊𝑖𝑛𝑑 + 2 ∙ 𝐶𝑆𝐹𝐶 − 2 ∙ 𝐶𝑇𝐹 (27)  

where 𝐶𝑅𝐸𝑆,𝑆1 , 𝐶𝑅𝐸𝑆,𝑆2 , and 𝐶𝑅𝐸𝑆,𝑆3  are the lifetime cost of 

RESs in scheme-1, scheme-2, and scheme-3, respectively. 

TABLE III 
TRANSFORMERS AND STATIC CONVERTER COST 

33 kV/132 kV Transformer V/V Transformer Static Converter (SFC) 

Size 

(MVA) 

Cost 

(£m) 

Size 

(MVA) 

Cost 

(£m) 

Size 

(MVA) 

Cost 

(£m) 

5 0.08 10 0.15 5 0.86 

10 0.15 20 0.3 10 1.73 

15 0.23 30 0.45 15 2.59 

20 0.31 40 0.6 20 3.45 

25 0.39 50 0.75 25 4.31 

 

TABLE III summarizes the SFC and transformer costs 

used in this paper. The capital cost of transformers and SFCs 

is modified from [37], where SFCs are assumed to cost 1.5 

times the converter due to the unavailability of SFC data.  

The railway system operator normally buys electricity 

from the national grid. Equation (28) shows the amount that 

needs to be paid by the railway system operator. This study 

also considers the carbon cost or carbon tax as seen in the 

second term. Furthermore, it is assumed that the regenerative 

braking energy that has not been utilised is fed back to the 

grid, and the railway gets paid for this depending on the 

amount of energy (𝐸𝑠𝑒𝑙𝑙). In the case of the integrated RES, 

the excess energy is also sold to the grid at the same price as 

the regenerative energy. 

𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝑐𝑏𝑢𝑦 ∙ 𝐸𝑏𝑢𝑦 + 𝑐𝑐𝑏𝑛 ∙ 𝑀𝑐𝑏𝑛 − 𝑐𝑠𝑒𝑙𝑙 ∙ 𝐸𝑠𝑒𝑙𝑙 (28)  

where 𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  is the net cost of electricity (including 

carbon cost) that the railway system operator needs to pay in 

one year, 𝑐𝑏𝑢𝑦 is the electricity price (£140/MWh [38]), 𝑐𝑐𝑏𝑛 

is the carbon tax (£18/ton CO2 [35]), 𝑐𝑠𝑒𝑙𝑙  is the price of 

energy sold to the grid (£70/MWh), 𝐸𝑏𝑢𝑦  is the amount of 

energy purchased (MWh), 𝐸𝑠𝑒𝑙𝑙  is the amount of energy sold 

to the grid (MWh), and 𝑀𝑐𝑏𝑛  is the amount of carbon 

emissions for generating electricity to supply the railway. 

V. CASE STUDY 

In order to compare the energy flow of each renewable 

energy integration scheme, a part of the UK High-Speed Two 

(HS-2) project from London to Birmingham, which is in the 

development phase [39], is used as a benchmark scheme in 

this case study. This route is around 176 km [40] with 4 

stations: London Euston, Old Oak Common, Birmingham 

International and Birmingham Curzon Street. Three 400/132 

kV GSP substations are located at Ickenham, Quainton and 

Burton Green, as seen in  Fig. 5a. 

A. Simulation Description 

The energy profile of multiple train servicing for an entire 

day is created using MATLAB with the train timetable in 

TABLE IV. It can be observed in Fig.5a that each traction 

substation supplies power to two feeding sections at its left 

and right. Thus, there is a total of six feeding sections for this 

system. Each feeding section is separated by a neutral section 

(NS). In this paper, the location of the neutral section is 

known from the HS2 project data [40]. Fig. 5b illustrates the 

power profile and speed profile with the train elapsed time of 

a train journey from London Euston to the destination at 

Birmingham Curzon Street. The power profile is sampled at 

20-second intervals to ensure that it will not miss the 



>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT)< 8 

regenerative braking data. The train starts to travel from the 

first station and stops at Old Oak Common after 4 minutes 

(9.5 km). Then, 12 minutes after departing, the train passes 

the first traction substation (27 km see Fig.5a). During the 

first 12 minutes, the train is supplied power by the feeding 

section 1. Therefore, the train will eventually be supplied by 

all six feeding sections during one trip. As the relationship 

between train elapsed time and position is perceived, multi-

train services for the entire day can be implemented based on 

the assumption that the driving style of each train is the same. 

This is to ensure that the relation between the elapsed time 

and position can be applied to all trains.  

The total power demand of multiple trains operated for 24 

hours is shown in Fig. 5c. This power demand is the results 

of combining the power demand of multiple trains together 

according to the timetable and headway in TABLE IV. As 

can be seen in Fig.5c, the first train departs at 5 a.m. and the 

next trains departs 20 minutes later than the train before. 

However, during peak time, the headway is reduced to 15 

minutes. This can be noticed from 6 a.m. to 9 a.m. and 4 p.m. 

to 7 p.m. Moreover, the regenerative braking energy is 

utilized by trains in the same feeding section during peak 

time. Overall, there are 61 train trips in each direction or 122 

trips for both directions. The impedance of the feeding line 

(contact wire and messenger wire) is given as 0.15 + j0.45 

Ω/km to simulate the losses during current flows in contact 

wire. TABLE V displays the train station locations and 

maximum speed.  

The capacity of the PV and wind farm at each traction 

substation for scheme-1 and scheme-2 is varied, at 4, 8, 12, 

16, and 20 MW. Thus, the total installed capacity of the RES 

for each traction substation is 8, 16, 24, 32, and 40 MW. For 

scheme-3, each side of the feeding section is connected with 

a PV farm and wind farm each rated at 2, 4, 6, 8, and 10 MW. 

The total capacity per traction substation is identical to that 

of scheme-1 and scheme-2. 

The solar irradiance and wind speed data for each day from 

2015 to 2019 were acquired from [42], [43]. Owing to the 

huge amount of data, the simulation would take a tremendous 

time; thus, they are averaged and represented by months. For 

example, the solar irradiance and wind speed of every day in 

a month are averaged and represented for that month. 

Furthermore, since the data available are sampled at a one-

hour interval, they are interpolated into 20-second intervals 

to match the train energy profile. The simulation of each 

scheme is carried out for 60 months in 5 years. 

TABLE IV 

HS2 TRAIN SERVICE TIMETABLE [41] 
First train departs 05:00 

Last train departs 23:00 

Peak time 06:00 to 09:00 and 16:00 to 19:00 

Headway for off-peak time 20 minutes 

Headway for peak time 15 minutes 

TABLE V 

TRAIN STATION AND MAXIMUM SPEED INFORMATION [40] 

Stations 
Location 

(km) 

Max speed 

(km/h) 

Euston 0 230 

Old Oak Common 9.5 360 

Birmingham Interchange 156.7 230 

Birmingham Curzon Street 176 0 

 
Fig. 5. (a) Conventional connection scheme (benchmark), showing entire 

power system connection of the case study, (b) train energy profile of a single 
train trip from London Euston to Birmingham Curzon Street from Single 

Train Simulator, (c) train power demand for 24-hour operation. 

 

Additionally, as it is assumed that PV farms and wind 

farms are situated close to the traction substations, the solar 

irradiance and wind speed data are taken from the location of 

each traction substation or GSP (both are very close to each 

other). 

B. Power Losses 

The simulations were run on MATLAB Simulink with 20-

second intervals starting from the 0th to the 86,400th seconds, 

which is the time from 00:00 to 24:00 hrs. Since this paper 

focuses on the losses of the steady-state model of each 

scheme, the results are separated into three parts: 1) the 

conversion losses (transformer loss and inverter loss 

including SFC), 2) the transmission losses, and 3) the total 

losses. However, only the losses in 2019 are shown due to 

limited space. 

The bar chart in Fig. 6a shows the conversion losses, which 

combine energy losses in transformers and inverters (also in 

the SFC), using the average meteorological data between 

January 2019 and December 2019 from [42], [43]. Overall, 

scheme-2 gives the highest conversion losses, except in 

March and August, in which it is surpassed by scheme-3. The 

lowest conversion losses for the proposed RES integration 

scheme happen with scheme-1. The conventional scheme 

(without RES) has the least loss among all schemes because 
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it does not need additional equipment to accommodate the 

RESs. Furthermore, it is noticeable that the conversion losses 

of scheme-3 follow the trend of the percentage of renewable 

energy penetration, shown as the black dashed line. This can 

be explained in Fig. 6b. When the amount of renewable 

energy rises, the power loss in the inverter and the SFC also 

increases. The inverter loss in scheme-3 is significantly 

higher than in the other schemes, and it determines the trend 

of the conversion loss. From observing all the simulation 

results from every single month from 2015 to 2019, it is found 

that when the RES energy penetration exceeds 90%, scheme-

3 produces the largest conversion losses as seen in March and 

August in Fig. 6a. Considering the transformer loss, Fig. 6c 

illustrates that scheme-2 generates the biggest transformer 

losses due to having an extra transformer (V/V transformer), 

followed by scheme-1, scheme-3, and lastly the conventional 

scheme. 

In contrast to the conversion losses, as the grid is the only 

supply, the conventional scheme generates the maximum 

transmission losses as presented in Fig. 7a. In this case, the 

energy source is far from the load center. As a result, the 

current flows through the long-distance conductor to the load 

and a small part of the energy is dissipated as heat. In 

comparison, the difference in transmission losses is marginal 

for each scheme since the resistance of the conductor is very 

small. To see the losses in the conductor more clearly, Fig. 7b 

shows the transmission losses that occur during the flow of 

electricity from the grid to the load and vice versa. It can be 

seen that loss is similar though the amount of RES is different. 

In addition, it is obviously seen that the transmission loss 

caused by the excess renewable energy flowing to the grid 

has the same trend as the percentage of renewable energy 

penetration. Because the transmission losses for all schemes 

are marginally different, the total losses follow the trend of 

the conversion losses, as shown in Fig. 8. 

 

 
Fig. 6. Conversion losses for different schemes and the renewable energy 
penetration percentage using meteorological data for the year 2019: 

(a)conversion losses, (b) inverter losses (including the SFC losses for the 

scheme-3), and (c) transformer losses. 

Fig. 7. (a) Transmission losses and (b) transmission losses from scheme-1 
(2019) due to the flow of electricity to and from the grid to supply the railway 

load, using meteorological data from 2019. 

 

 
Fig. 8. Total losses (combination of conversion losses in Fig. 6a and 

transmission losses in Fig. 7a). 

C. Voltage Unbalance Factor 

The VUF is determined at four locations, from A to D (see  

Fig. 5a); the results are tabulated in TABLE VI. At the 400 

kV level which is used as the transmission system for this 

study, the VUFs for all locations and all schemes are below 

the defined limit at 1.5%. 

TABLE VI 

VOLTAGE UNBALANCE FACTOR RESULTS 

Transmission 

Voltage 
Scheme 

Voltage Unbalance Factor (VUF, %) 

Location 

A 

Location 

B 

Location 

C 

Location 

D 

132 kV 

Benchmark 2.75 2.93 4.24 7.12 

Scheme-1 2.74 2.92 4.22 7.07 

Scheme-2 2.74 2.92 4.19 7.00 

Scheme-3 2.71 2.88 4.06 6.83 

275 kV 

Benchmark 0.72 0.76 1.00 1.58 

Scheme-1 0.72 0.76 1.00 1.58 

Scheme-2 0.72 0.76 0.90 1.57 

Scheme-3 0.72 0.76 1.01 1.54 

400 kV 

Benchmark 0.32 0.34 0.46 0.73 

Scheme-1 0.32 0.34 0.46 0.73 

Scheme-2 0.32 0.34 0.45 0.73 

Scheme-3 0.32 0.34 0.46 0.71 

 

The results are identical or slightly different at the same 

measured locations. This indicates that the integration of the 

RES has not worsened the system imbalance. The reason is 

that the 400 kV transmission system has a significantly high 

short-circuit capacity. The design limit of the fault level for a 

400 kV system in the UK is 34,500 MVA or 50 kA [44]. 

Consequently, the effect of imbalance caused by the railway 

load and the connection of the RES is insignificant. In 

addition, 132 kV and 275 kV voltage levels are also 

commonly employed in the UK. Thus, the VUF of these 

voltage levels is calculated as well. For the 275 kV system, 

the VUF for most locations stays below the limit, except for 
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location D in which the VUFs marginally exceed 1.5%. On 

the other hand, all the VUFs for the 132 kV system are 

beyond the maximum permissible level of 2%. Hence, 

without a compensation device, such as a load balancer, a 

railway power system with a high traction load should not be 

connected to the 132 kV and 275 kV transmission systems. It 

is worth mentioning that Static Var Compensator (SVC), 

Static Synchronous Compensator (STATCOM) and Railway 

Power Conditioner (RPC) can be utilized as load balancers 

[45].  

From the VUF results in TABLE VI, if the 132 kV 

transmission system supplies the traction loads, the load 

balancers will be required for all three traction substations to 

suppress the unbalance so that the VUFs at spots A, B, C and 

D are reduced below the tolerance. On the other hand, only 

one traction substation at Burton Green will require a load 

balancer to deduct the VUF at spot D if the traction loads are 

connected to a 275 kV transmission system. Nevertheless, a 

feasibility study and cost assessment must be done to choose 

which transmission level the traction substations will be 

connected to. For instance, the lifetime cost of using 400 kV 

may be less than that of 132 kV and 275 kV with load 

balancers due to maintenance costs. 

D. Cost Evaluation 

In order to compare the lifetime cost of the system, the 

project lifetime of the PV and wind farms is assumed to be 25 

years, from 2026 to 2050. According to [38], the average 

electricity price of £140 per MWh is applied for the UK. It is 

assumed by the authors that the electricity can be sold to the 

grid for half the buying price. Moreover, since the UK has a 

target to reduce carbon emissions, the amount of equivalent 

carbon is calculated, and the carbon tax is applied. The 

forecast carbon intensity data [46] illustrated in Fig. 9 are 

used to compute the amount of carbon emitted from the 

power generation 

The cost calculation results are illustrated in Fig. 10 for 

different sizes of RES (PV farm and wind farm), varying from 

24 MW to 120 MW for the whole project. It should be noted 

that the RES installed capacity shown is for the entire project 

(three locations of RES). The first three bars (blue, orange, 

and grey) show the electricity cost saving for each proposed 

scheme compared to the conventional scheme. In other 

words, the total electricity cost of the conventional scheme 

minus the total electricity cost of the RES integration schemes 

in 25 years of operation, the cost saving increases with the 

size of the RES installed. For the RES with installed capacity 

of 24 MW, the energy cost is around £115m lower than that 

of the conventional scheme during the 25-year project, and 

about £550m lower for the 120 MW RES. The lifetime cost 

of the RES is shown in the last three bars (yellow, light blue, 

and green) for each RES installed capacity. This cost is 

calculated using (24), (25), and (26) in Section III. It can be 

seen that the lifetime cost of scheme-1 is the lowest for all 

RES installed capacities, followed by that of scheme-2, and 

lastly scheme-3. Due to the extra transformer required, 

scheme-2 costs more than scheme-1. With the SFC in 

scheme-3, this scheme has the highest lifetime cost as the 

SFC cost is exceptionally high. Overall, the electricity cost 

saving is much higher than the RES lifetime cost for all 

proposed schemes and installed capacities. This indicates that 

it is worth the railway system operator investing in integrating 

the RESs into the railway power system. 

 

 
Fig. 9. Estimated carbon intensity from power generation sector in the UK 

[46]. 

 
Fig. 10. Total cost saving compared to the conventional scheme, and lifetime 

cost of RES for each proposed scheme. 

 
Fig. 11. Total electricity cost saving of scheme-1 and cost of 120 MW RES 

(60 MW PV farm and 60 MW Wind farm) over time. 

TABLE VII 

AMOUNT OF ENERGY AND CARBON FOR 25 YEARS 

Type 
RES 

Size 
Transaction Scheme-1 Scheme-2 Scheme-3 Benchmark 

Energy 

(GWh) 

24 MW 
Buy from grid 5285.6 5295.4 5291.5 6062.2 

Sell to grid 187.0 183.5 186.4 63.8 

48 MW 
Buy from grid 4546.4 4565.6 4559.4 6062.2 

Sell to grid 348.8 341.6 346.8 63.8 

72 MW 
Buy from grid 3845.9 3882.5 3855.8 6062.2 

Sell to grid 537.0 520.7 535.5 63.8 

96 MW 
Buy from grid 3215.6 3248.6 3232.4 6062.2 

Sell to grid 814.1 794.0 804.3 63.8 

120 MW 
Buy from grid 2701.3 2730.2 2721.2 6062.2 

Sell to grid 1206.8 1182.1 1185.1 63.8 

Carbon 

24 MW 
Amount (1000 t) 113.92 114.77 113.64 130.20 

Tax (Million-£) 2.05 2.07 2.05 2.34 

48 MW 
Amount (1000 t) 97.93 98.76 97.92 130.20 

Tax (£m) 1.76 1.78 1.76 2.34 

72 MW 
Amount (1000 t) 82.59 83.38 82.81 130.20 

Tax (£m) 1.49 1.50 1.49 2.34 

96 MW 
Amount (1000 t) 69.06 69.77 69.42 130.20 

Tax (£m) 1.24 1.26 1.25 2.34 

120 MW 
Amount (1000 t) 58.00 58.60 58.40 130.20 

Tax (£m) 1.04 1.05 1.05 2.34 
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Fig. 11 depicts the payback time for the 120 MW RES in 

scheme-1 when the cost of the PV farm and wind farm 

(including the O&M cost) is matched by the electricity cost 

saving. The RES cost is paid off at around 5 years as seen as 

the breakeven point. 

TABLE VII displays the amount of energy flow of each 

scheme with various RES sizes and the amount of carbon 

emissions and costs for 25 years. The amount of carbon 

emissions can be reduced by half, from 130,200 tonnes with 

the benchmark scheme to 58,400 tonnes for the schemes with 

RES. 

VI. CONCLUSIONS 

Renewable energy integration schemes for AC high-speed 

rail were proposed, and the simulations were implemented to 

obtain the system's energy flow and power losses. The results 

show that among the RES integration schemes, scheme-1, in 

which the PV and wind farms are connected to a three-phase 

railway power network, provides the smallest total losses. 

Moreover, it also has the lowest lifetime cost for a 25-year 

lifetime. The scheme with RES connected to the railway side 

via a V/V transformer is the worst in terms of total losses as 

greater losses are produced in the V/V transformer, and this 

scheme will cost more than scheme-1. The total loss for the 

scheme with an SFC is slightly lower than that of scheme-2 

if the RES energy penetration is less than 90%. 

Considering the electricity cost-saving, the lifetime cost of 

each proposed scheme will be paid off in around five years, 

and an enormous electricity charge is saved in 25 years. 

Besides that, the VUF demonstrates that the integration of the 

RESs does not affect the system imbalance, and the VUF 

stays within the acceptable limit for the 400 kV transmission 

system. Nevertheless, a vast land area is required for PV and 

wind farms with a large generation capacity, such as in 

scheme-1 and scheme-2, which may be unavailable. The 

problem can be solved by implementing scheme-3 because 

the RES size on each side of the feeding sections is halved 

compared to the first two schemes. Furthermore, it is the most 

flexible scheme in terms of connection points as the RES can 

be connected to the railway overhead line along the route.  

Due to the fluctuation of traction load, the VUF, when 

connecting traction load to the grid with low short circuit 

capacity, exceeds the permissible value. Even though the 

energy storage system cannot completely reduce the VUF to 

below the limit, it can still support the short-term power 

stabilisation by capturing the regenerative braking energy and 

discharging it to the upcoming trains. This will decrease the 

power difference between peak and minimum power. Hence, 

the power profile is less fluctuating.  

The utilisation of ESS and its effects on reducing the 

electricity cost and transmission line losses will be explored 

in future work. Furthermore, the optimal sizing of the solar 

PV farm and wind farms' optimal sizing will also be included. 
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