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A reliable transportation system is essential for the development of a community. Especially in urban transportation, rail
transportation is a faster, more comfortable way to travel for the commuters. These benefits can be valued further when the
rail transportation system is with zero emissions. Electric trains can be considered a zero-emission transportation method.
However, a rail transportation system operates with net-zero emissions when electricity is generated from zero-emission-based
sources. Photovoltaic systems have already been integrated into railway stations and spare land owned by railways to achieve
net-zero emissions. Furthermore, medium-voltage DC network and microgrid concepts have been proposed to incorporate
more renewable energy sources into railway electrification systems. However, the energy generated from those systems is not
enough to realise net-zero emissions, as the power requirements of an urban railway electrification system are high.
Accordingly, this article investigates the possibility of implementing a photovoltaic system along the railway tracks to meet the
energy demands of an urban railway electrification system so that net-zero emissions can be achieved. Other significant
advantages of the proposed photovoltaic system are lower feeder losses due to distributed photovoltaic systems integrated into
the railway electrification system, lower conversion losses due to the direct integration of the photovoltaic system into the
railway electrification system, and the nonrequirement of additional space to install the photovoltaic system. In this paper, a
photovoltaic system capacity sizing algorithm is proposed and presented by considering a railway electrification system, the
daily schedule of trains, and historical photovoltaic weather data. This proposed photovoltaic system capacity sizing algorithm
was evaluated considering a section of the urban railway network of Sri Lanka and a three-year, 2017-2020, photovoltaic
weather data. The results indicated that the potential for photovoltaic generation by installing photovoltaic systems along a
railway track is much higher than the requirement, and it is possible to meet the required train scheduling options with proper
sizing. Furthermore, in the three-year analysis, it is possible to achieve 90% of the energy required for the railway
electrification system with effective train scheduling methods.

1. Introduction

A reliable transportation network is essential for the develop-
ment of a country. Existing transportation methods include
public vehicles such as buses; personal vehicles such as cars,
vans, and bikes; and rail transportation. Rail transportation
is more attractive to the public, as it is more convenient than
other methods [1]. Electric railway systems are beneficial due
to lower power consumption and greenhouse gas emissions
compared to traditional fossil fuel-based railway systems
[2–5]. Electric trains are zero-emission vehicles, which do

not generate harmful emissions during their operation [6].
Although zero-emission vehicles do not produce harmful
emissions while operating, emissions may occur at a different
location depending on the method of producing electricity.
Thus, it is essential to generate electricity with zero emissions
to meet the requirements of net-zero emissions in rail trans-
portation. To achieve zero emissions, renewable energy
sources are considered the alternative to fossil fuel-based
electricity generation. Among renewable energy sources,
photovoltaic systems are popular and are rapidly being inte-
grated as a power source in many applications.
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The use of photovoltaic energy in the transportation sec-
tor is investigated on a large scale. When considering railway
electrification systems, photovoltaic systems are imple-
mented around railway stations and coupled to the feeder
network of the railway electrification system [7–9]. The con-
cept of “zero-emission stations” was investigated in Japanese
railway stations by integrating photovoltaic systems [10].
Battery storage integrated into the railway stations is used
to achieve “zero-emission stations.” A 200 kW and 453 kW
photovoltaic system is implemented on the Takasaki and
Tokyo railway stations [10, 11]. The power generated from
the photovoltaic system on station rooftops can be stepped
up so the power can be integrated into the railway electrifica-
tion system [11]. A rooftop photovoltaic system on a train is
investigated to operate lighting and fan loads [12]. Such
rooftop-mounted electric trains also operate commercially
[13, 14]. In Belgium, a two-mile-long rail tunnel with 16000
photovoltaic panels was implemented to supply power to the
railway electrification system. This system is capable of gener-
ating 3.3MWh [13, 15]. A solar railcar, developed in Hungary,
is also currently operating [13, 16]. India plans to set up pho-
tovoltaic systems in railways to generate the necessary energy
for the railway electrification system [17, 18].

Investigations of future renewable energy railway electri-
fication systems are conducted in microgrids and medium-
voltage DC (MVDC) networks. Future railway electrification
systems based on a microgrid architecture with photovoltaic
and energy storage are presented in [19]. The railway electri-
fication system gets power through a 220 kVac grid, and the
substations consist of a battery-supercapacitor storage sys-
tem. Microgrids consisting of photovoltaic and battery-
supercapacitor hybrid storage are connected to the railway
electrification system at different points. The microgrid is
connected to the 10 kV distribution network. A photovoltaic
integrated 24 kV railway electrification system is presented
in [5]. This paper states that a photovoltaic system installed
in parallel with a railway line can yield 40MW of peak
power from a 400 km line. Moreover, the authors in [20]
have presented the ability to use the MVDC grid network
with renewable energy (wind and solar) and battery storage.
Lower losses and the ability to integrate renewable energy
sources easily are the critical points considered when select-
ing MVDC over MVAC systems. Interconnected microgrids
are considered a possible option to improve the resilience of
railway electrification systems [2]. The structure of micro-
grids can be an AC/DC hybrid. A voltage source
converter-based MVDC railway electrification system that
can be extended to incorporate renewable energy and battery
storage is presented in [3]. The authors of [21] have studied
the stability issues of integrating large-scale photovoltaic sys-
tems into railway electrification systems at 24 kVdc.

The integration of photovoltaic energy into a railway
electrification system was limited by 2018, as indicated in
[22]. The authors of the paper have discussed five configura-
tions that can be used to integrate photovoltaic into a rail-
way electrification system. In all five cases presented,
photovoltaic systems are integrated into high-voltage AC
systems or medium-voltage AC railway electrification sys-
tems at the substation. A back-to-back converter structure

for a 25 kVac railway electrification system is proposed in
[23] to integrate a photovoltaic system. The concept of an
MVDC structure for a railway electrification system con-
necting wind and solar systems, cities, HVDC systems, and
an AC grid is presented in [24]. Furthermore, the authors
in [25] present an MVDC structure that can integrate
renewable energy. It is clear from the literature review that
photovoltaic integration into railway electrification systems
is limited, and investigations are conducted to find suitable
technologies. Moreover, the possibility of installing photo-
voltaic systems along the railway electrification system has
not been thoroughly investigated. Furthermore, research
on using photovoltaic system to achieve net-zero emissions
has not been conducted. Research on photovoltaic system
in railway electrification systems to achieve zero emissions
is essential to develop a green railway system.

Although photovoltaic systems could be a possible solu-
tion to reach zero emissions, identifying a suitable location
to implement a photovoltaic system to power railway electri-
fication systems could be an issue. An electric train needs a
significant amount of power, varying from 300 to 1000 kW
[13, 26]. Typically, a 5-10m2 area is required for a 1 kW
photovoltaic system [27]. Thus, meeting the energy require-
ments of a low-power commuter electric train would require
a space of 3000m2. Since a railway network consists of mul-
tiple electric trains operating simultaneously, an urban rail-
way electrical systems’ total power and energy
requirements would be much higher than the values men-
tioned. Therefore, locating a space to implement a large-
scale photovoltaic system would be extremely difficult in
an urban area to realise zero emissions.

This article investigates the possibility of implementing a
photovoltaic system along a railway track to produce the
required energy to operate electric trains in an urban railway
network to achieve net-zero emissions. The railway tracks
are open and exposed to direct sunlight most of the time.
Therefore, implementing a photovoltaic system along the
rail track would provide clean energy and space to imple-
ment a photovoltaic system. Furthermore, with the ability
to directly integrate the photovoltaic system into the railway
electrical system, the feeder losses and power conversion
losses will be reduced, which are additional benefits. The
presentation of an algorithm to size the capacity of a photo-
voltaic system installed along a railway network to achieve
net-zero emissions over a year is the main contribution of
this paper. The structure of this paper is as follows: initially,
a brief review of the electric railway system and the photo-
voltaic system is provided. Subsequently, a methodology to
estimate the maximum possible photovoltaic integration is
presented, followed by the proposed algorithm to size the
photovoltaic system’s capacity. Finally, the methodology is
verified considering an urban railway network in Sri Lanka
and weather data for three years in the region.

2. Proposed Generalized Railway Electrification
System with Photovoltaics

Figure 1 presents a block diagram of the existing and pro-
posed electric railway network. In the existing railway
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electrification system, an electric train is powered by a cable
placed along the railway network, and power is acquired
from the utility through the substations placed at regular
intervals. However, in the proposed railway electrification
system, photovoltaic panels are mounted along the rail track.
The output of the photovoltaic panels placed along the rail-
way track can be directly integrated into the railway electri-
fication system. Therefore, electric trains receive power from
the utility and the photovoltaic system along with the rail-
way electrification system. The energy from the photovoltaic
system reduces energy consumption from the utility; thus,
emissions are reduced. In addition, local photovoltaic gener-
ation helps to reduce the power losses in the railway electri-
fication system. Since the photovoltaic system is to be
implemented on land already used for the railway system,
separate land is not required to implement the photovoltaic
system, further reducing the environmental impact. In addi-
tion, the railway tracks, which are idling for most of the
time, would be utilized. Thus, the utilization of space is sig-
nificantly improved. The proposed railway electric network
with photovoltaic systems will help to reduce emissions
considerably.

3. Review of Photovoltaic Systems and Railway
Electrification Systems

3.1. Railway Electrification Systems. Electric trains are com-
paratively more efficient than fossil fuel trains [1, 2]. Thus,
the integration of electric trains throughout the globe is still
increasing. Electric trains consist of traction motors that
drive the train, with the rating of a traction motor ranging
from 100 kW to several hundreds of kilowatts. Table 1 pre-
sents specifications of selected electric trains used around
the world [26]. An electric train has one or more cars with
traction motors, with some of the cars in a train chain with-
out traction motors. Since the formation is different from
train to train, the power requirement of an electric train var-
ies accordingly. For example, the Kita-Osaka Kyuko Rail-
ways 9000 series consists of four motorized cars and six
nonmotorized cars [28, 29].

Electric trains are driven by the power supplied from the
railway electrification system. The operating voltage of the
railway electrification system around the world differs from
country to country. Operating voltages range from 600Vdc
to 3 kVdc, and some systems operate at 15 or 25 kVac [1, 4],
[5, 26, 30–33]. Countries such as the UK operate at
750Vdc [1, 33]. The 1.5 kVdc railway electrification system
is used in countries such as the Netherlands, Japan, Hong
Kong, Australia, and Denmark [1, 4, 33]. Countries such as
South Africa, the Czech Republic, Slovakia, Spain, and Italy
use 3 kVdc systems [1, 4, 33]. Recently, it was proposed to
use a 9 kVdc railway electrification system. The authors in
[34] propose using two feeders with 1.5 kVdc and 9 kVdc to
improve efficiency. Furthermore, 25 kVac/50Hz networks
are used in counties such as France, Spain, Italy, the UK,
India, and the Netherlands [1, 4], [30, 31]. 15 kVac/16.7Hz
is also used as the voltage and frequency of some railway
electrification systems. Two main methods are used to pro-
vide electricity to the trains: (a) third rail and (b) overhead
lines [1, 4, 33]. The third rail option is used in low-
voltage-operated trains operating at up to 1500V. Since the
third rail is mounted on the railway track itself, energising
with a higher voltage is unsafe. Thus, overhead lines are used
for voltages above 1500V, with pole masts used to hang the
overhead line. The distance between two pole masts can be
more than 50 meters [33, 35]. The third rail or the overhead
line connects to substations at regular intervals, with the dis-
tance between two substations depending on the voltage of
the railway electrification system. For 750Vdc systems, sub-
stations have to be placed at a distance less than 5 km [4,
33, 36–39]. In the case of 1.5 kVdc systems, substations are
placed every 10 km [36, 37]. This gap can be 20-50 km for
a 25 kVac system [4, 38].

3.2. Photovoltaic Systems. A photovoltaic panel is a device
that converts solar energy into electricity. The electrical
characteristics of a photovoltaic panel are nonlinear, as
shown in Figure 2, and the characteristic equation is pre-
sented by Equation (1) [40]. The output current of the pho-
tovoltaic panel, photocurrent, output voltage of the
photovoltaic panel, series resistance of the photovoltaic
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Figure 1: Proposed photovoltaic system architecture for an urban railway network.
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panel, and the number of cells in the panel are given by Ipv,
IPh, Vpv, Rs, and N , respectively. The output characteristics
depend on the incident irradiance on the cell (Ga) and the
temperature of the cell (T), as presented in Figure 2 [40].
As the irradiance increases, the output power increases,
while the temperature increase lowers the output power.
Typically, photovoltaic panels are connected to the load via
a power electronic converter. The controller of the converter
ensures that each photovoltaic panel is operating at the max-
imum power point to extract maximum power output from
each panel every instant.

Ipv = Iph − exp
Vpv + RsIpv

N

� �
: ð1Þ

The open-circuit voltage and short-circuit current vary
with the panel’s temperature and the irradiance incident
on a panel. The corresponding relationships are presented
in Equations (2) and (3) [40]. Irradiance mainly impacts
the short-circuit current, and the temperature impact is
mainly on the open-circuit voltage. The irradiance, short cir-
cuit current, temperature coefficient for the short circuit cur-
rent, temperature, open-circuit voltage, and temperature
coefficient on the open-circuit voltage are given by Ga, Isc,
ΔIsc, T , Voc, and ΔVoc, respectively. The variables with addi-
tional subscript “s” represent the values at the Standard Test
Conditions (STC). The cell temperature (T) can be ascer-
tained from the incident irradiance on the panel and the
environmental temperature. Ambient temperature and
nominal operating cell temperature (NOCT) are related to
irradiance and environmental temperature (Ta) as given by
Equation (4) [41].

Isc =
GaIscs
Gas

1 +
ΔIsc
Iscs

T − T sð Þ
� �

, ð2Þ

Voc =Vocs 1 +
ΔVoc
Vocs

T − Tsð Þ
� �

, ð3Þ

T = Ta +
NOCT − 20ð Þ

800

� �
Ga: ð4Þ

Different sizing methods are used in different applica-
tions [41–46]. In grid-connected applications, the average
energy consumption is generally considered the starting
point for building a photovoltaic system for such applica-
tions [43]. The consumer decides on the tariff structure
and receives benefits based on the selected tariff structure.
A separate bill is provided for photovoltaic generation, or
the cost of the utility bill is reduced based on photovoltaic
generation during the billing period. In the case of standa-
lone applications, extra capacity is included to even out the
energy generation differences on different days, with battery
storage integrated with standalone photovoltaic systems [42,
43, 45–47].

4. Energy Requirement and in a General
Railway Electrification System with the
Proposed Photovoltaic System

4.1. The Energy Requirement of a Railway Network. Figure 3
shows a general railway electrification system with electric
trains operating. The total power requirement of the railway
electrification system at a given instant is represented by
Equation (5), where Pi is the power consumed by the ith

train at the time “t” and the number of trains operating on
the system is “n.” The total energy requirement for the
period considered from t1 to t2 is given by Equation (6).

Pt=t = 〠
n

i=1
Pi t = tð Þ × k :

k = 1, when ith train is on operation,

k = 0, when ith train is not on operation,

(

ð5Þ

Table 1: Comparison of commuter electric trains.

Operating voltage Output power Examples

600/750Vdc 360–480 kW Tokyo Metro 1000 Series

750Vdc 540–680 kW

Minneapolis Metropolitan Council–Tram, Sirio Florence Tram,
Kita-Osaka Kyuko Railways–9000 series, Bangkok Expressway and Metro Public

Company Limited, SMRT Trains Limited-C151 series train, Washington Metropolitan
Area Transit Authority (WMATA)–7000 series

1500Vdc 600 kW Hankyu Railways–1000 series, Tokyo Metro–1600 series, Busan Transportation Corporation

3000Vdc 840 kW CENTRAL 3000 Series

25 kVac 960 kW Caracas Suburban Railway
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Figure 2: Characteristics of a photovoltaic cell.
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Et=t1 to t2 = 〠
n

i=1

ðt2
t1

Pidt: ð6Þ

4.2. Energy Generation from a Photovoltaic Panel in a
Particular Location. The maximum output power of a panel
(Pmpp) at a particular instance can be expressed in terms of
voltage and current at the maximum power point (Vmpp
and Impp) as in Equation (7). The voltage at the maximum
power point of a photovoltaic panel can be expressed as a
percentage of the open-circuit voltage, and similarly, the
current at the maximum power point of a photovoltaic panel
can be expressed as a fraction of the short-circuit current
[39]. Then, the maximum output power at a given instance
can be expressed as in Equation (8), where k1 and k2 are con-
stants. The irradiance and temperature measurements are
taken periodically, and the measurements can be assumed
to be constant for the period when the period is relatively
small. Then, the total energy generation for the day (Eday)
can be calculated by Equation (9), where “T” and “x” are
the period and number of measurements per day. Assuming
that the daily average is available for “m” number of days of
the year, the average daily energy generation (Edaily,avg) can
be calculated by Equation (10).

Pmpp =VmppImpp, ð7Þ

Pmpp = VmppImpp = k1Isc½ � k2Voc½ �, ð8Þ

Eday = 〠
x

i=1
Pmpp@t=iT ×

T
60

wh, ð9Þ

Edaily,avg =
1
m
〠
m

i=1
Eday,i: ð10Þ

It is necessary to have photovoltaic measurements cover-
ing one year to establish a reliable estimation. Year-long data
enables the identification of potential periods of high and
low energy yield during the year. Furthermore, it is possible
to calculate the number of days to generate a predefined
amount of daily energy. Based on this calculation, it is pos-
sible to plot a histogram indicating the number of days of
daily energy generation as a percentage of the maximum
daily energy generation.

4.3. Potential Energy Yield in a Photovoltaic System of a
Railway Electrification System. The electricity feeding mech-

anism varies according to the voltage of the railway electrifi-
cation system. Typically, the third rail is used for the trains
operating at comparatively low voltage levels such as 600
or 750Vdc. In this case, the photovoltaic panels can be
mounted on the rail track, as shown in Figure 4. A single
photovoltaic panel can be mounted on the rail track in third
rail-powered railway tracks as the typical track gauge is
1400mm or above. It may not be possible to mount photo-
voltaic panels near a railway station with multiple tracks or
areas where railway signalling components are installed.
The total number of photovoltaic panels that can be
mounted on the railway track is given by Equation (11).
There are r number of segments in the railway electrification
system. The length of the ith segment is given by lseg,i. The
length of a photovoltaic panel and the space between two
adjacent photovoltaic panels are given by lpv and Δlpv ,
respectively. Furthermore, lnonpv,ij is the length of the jth sub-
section where photovoltaic panels cannot be laid on the ith

section. The number of segments where photovoltaic panels
cannot be laid in the ith segment is taken as y.

N track =
1

lpv+Δlpv
� �〠r

i=1
lseg,i − 〠

y

j=1
lnonpv,ij

" #
: ð11Þ

Railway electrification systems operating above 1.5 kVdc
typically use overhead lines to power trains. The method
mentioned earlier is unsuitable, as shading of overhead lines
and pole masts reduces power generation. In such situations,
photovoltaic panels can be mounted above the overhead line
by extending pole masts, as shown in Figure 5. The number
of panels placed along the railway track (parallel) and across
the railway track (series) may vary from pole location to
location. Thus, the total number of photovoltaic panels in
such a system can be represented by Equation (12). np and
ns represent the number of panels in parallel and series at
the jth pole of segment ith of the railway electrification sys-
tem. It is assumed that the panels connected across the rail-
way track form a series string, with such series strings
connected in parallel along the railway track.

Noh = 〠
r

i=1
〠
p

j=1
np,ijns,ij: ð12Þ

The energy capture capability of each panel depends on
the average daily energy, which corresponds to the location

3

2

1
P3

P2

P1
i i+1

n

n–1

Pi P(i+1)

Pn

P(n–1)

Electric train

Figure 3: General railway network in closed network considered.

5International Journal of Photoenergy



of the photovoltaic panel. Therefore, the daily average
energy generation is the addition of the energy generation
of each panel as in Equation (13) and which applies to the
installation of photovoltaic panels on the railway track or
the pole mast of overhead lines.

Etotal,dailyavg = 〠
N track orNoh

i=1
Edailyavg,i: ð13Þ

4.4. Sizing a Photovoltaic System for a Railway Electrification
System. The previous section presented a methodology to
calculate the maximum number of photovoltaic panels that
can be covered along a railway track. However, the capacity
of the PV system depends upon the energy demand of the
considered railway electrification system and the energy
yield in the considered railway network that is affected by
weather patterns. Thus, it is important to have a methodol-
ogy to ascertain the capacity of the photovoltaic system by
considering the energy demand and potential energy capture
using weather data. Based on the above consideration, the
proposed algorithm to size the capacity of the photovoltaic
system installed along a railway electrification system is
shown in Figure 6. The sizing is based on energy generation,
and thus, intermittent power variations within a day are not
considered.

The algorithm initially calculates the daily energy
demand of trains and potential photovoltaic generation sep-
arately. The daily energy demand is calculated from the daily
train operating schedule in the considered network segment.
In certain locations, the overall train schedule can be classi-
fied as either essential or nonessential schedules. Essential

schedules are considered as the base schedule (BS). Essential
and nonessential combined operations are considered as
extended schedules (ES). The present and future train sched-
ules need to be considered in selecting the base and extended
schedules because investment in a photovoltaic system is for
an extended period. The daily energy requirement of a train
network is calculated based on Equations (5) and (6) for the
considered operational schedules. The daily energy genera-
tion by a photovoltaic panel is calculated according to Equa-
tion (9) for all days where the measurements are available.
Then, the potential energy generation can be calculated
based on the length of the railway network segment accord-
ing to Equation (13). If the potential energy requirement of
the photovoltaic system on the railway network is greater
than the energy requirement of the train, then a fraction of
the railway network needs to be covered to meet the energy
requirement so that zero emission is achieved. Otherwise,
the photovoltaic system should cover the entire space, with
zero emissions unachievable.

Consider the case where the potential generation is
greater than the energy demand. Since the daily energy gen-
eration from a photovoltaic system differs from day to day, it
is not possible to determine the exact number of photovol-
taic panels required in a single attempt. Therefore, it is nec-
essary to calculate the most appropriate capacity of the
photovoltaic system. In the first approach, Equation (14) cal-
culates the number of photovoltaic panels required by the
energy demand of the rail network and the average daily
energy generation of a photovoltaic panel. In the second
approach, the number of days where the energy demand of
the railway network can be met is considered to calculate
the number of photovoltaic panels required. The daily

lpv 𝛥lpv Lnonpv,i1

Lseg,i

Lnonpv,ij

PVi,nPVi,jPVi,2PVi,1

Figure 4: Installation of photovoltaic panels on the railway track itself.
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ns, ij

n2, ij

n1, ij
n1, ij n2, ij np, ij

Figure 5: Placement of the photovoltaic panel above the overhead line using the pole mast of a railway network.
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energy generations throughout the year are initially sorted in
a descending order in the second approach. The minimum
daily energy generation within the highest daily generation
values in this sorted list for a given percentage of days is
found. Let the percentage of days considered be taken as d.
The minimum daily energy generation corresponding to
the highest d% of the data set of the year is considered as
Eðdaily,minÞ for d%. Then, the number of photovoltaic panels
required to produce energy more than or equal to the energy
demand of the railway network for d% of days can be calcu-
lated using Equation (15). The d% value can be varied to
evaluate the ability of the photovoltaic system to withstand
the base and extended schedules. Design cases can be
defined by defining the minimum (dmin) and maximum
(dmax) for the percentage of days using an appropriate incre-
ment (Δd). In the algorithm presented in Figure 6, the BS
can be selected as the energy demand of the railway network.
Accordingly, it is possible to evaluate the possibility of
achieving zero emissions for the essential schedules. Let
Etotal,gen be the total annual energy generated from the pho-
tovoltaic systems of the railway network, and Etotal,BS is the
total annual energy requirement of the railway network for

the BS. The percentage of excess generation by the photovol-
taic system (ΔEq) against the energy requirement of the train
network can be calculated using Equation (16).

NPV =
Et=t1 to t2
Edaily,avg

, ð14Þ

NPV =
Et=t1 to t2

E daily,minð Þ for d%
, ð15Þ

ΔEq =
ETotal,gen − Etotal,BS

Etotal,BS

� �
× 100%: ð16Þ

Since the number of photovoltaic panels required for
each case can be calculated by Equations (14) and (15), it
is possible to estimate the daily energy generation for the
data set considered. Let Edaily,max be the maximum daily
energy generation over the considered year. Then, Figure 7
illustrates the percentage number of days capable of produc-
ing more than daily energy generation for a particular daily
energy value within a year for different cases. As the number
of photovoltaic panels increases, the daily energy generation

Collect train data
(schedules, time tables, power

requirements)

Calculate the daily energy
requirment for the base schedule

and extended schedules

Calculate the potential PV generation in
the railway network considerd

Define the Dmin, Dmax and 𝛥D &
i = 1

Set Di = Dmin

Set i = i+1 Di+1 > DmaxSet Di+1 = Di + 𝛥D

No

Yes
End

Potential >
Requirement

No
Yes

Calculate the required number of PV panels for daily
average generation, number of days corresponding to each

operating schedule for each design case 

Calculate number of PV panels for daily average
generation, percentage excess generation against BS for
each design case, number of days corresponding to each

operating schedule

Collect PV data over a period
(Irradiance & temperature)

Collect the daily energy generatio
per panel for the data set and generate 

a histogram 

Figure 6: Photovoltaic (PV) panel sizing algorithm.
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increases. Depending upon the design case, this curve varies.
In Figure 7, the daily energy requirement for each schedul-
ing case is presented, making it possible to visualize the abil-
ity of a photovoltaic system to operate in each scheduling
case.

Once the above algorithm calculates the number of
panels, it is possible to calculate the area to be covered on
the railway track for a low-voltage DC network and the
number of pole masts that need to be mounted with photo-
voltaic panels according to Equations (17) and (18), respec-
tively. The percentage of area covered to full potential can be
expressed as Equations (19) and (20).

lpv,total =NPV × lPV, ð17Þ

Npoles =
NPV
nsnp

, ð18Þ

lpv,used =
∑r

i=1lseg,i −∑r
i=1∑

y
j=1lnon,ij

� 	
− lpv,total

∑r
i=1lseg,i −∑r

i=1∑
y
j=1lnon,ij

� 	
2
4

3
5 × 100%,

ð19Þ

Npoles,used =
Npoles −Npoles,used

Npoles

" #
× 100%: ð20Þ

In summary, the number of photovoltaic panels in a sys-
tem can be initially calculated based on the requirement of
the base schedule. Then, the number of photovoltaic panels
can be optimized according to excess generation require-
ment and the percentage of days where extended schedules
are to be operated.

4.5. Performance Analysis with Scheduling Based on Daily
Generation. In the previous section, the percentage for dif-
ferent scheduling options was calculated according to the
available data. The predicted photovoltaic generation on
the day ahead in the actual situation will determine a partic-
ular train operation schedule. With advancements in predic-
tion methodologies, photovoltaic generation a day ahead can
be predicted with greater accuracy. In this analysis, it is
assumed that a perfect estimation can be made. The number
of percentage scheduling for each option can be calculated
by Equation (21), where nsi corresponds to the number of
days operated in the ith scheduling option. Then, the amount
of energy required to operate those schedules can be calcu-
lated by Equation (22), where Esi is the energy requirement
of the ith scheduling option and the number of scheduling
options is m. The energy generated by the photovoltaic sys-
tem for the considered period is calculated by Equation (23)
where the energy generation in the ith day is Eday,i. Finally,
Equation (24) presents the percentage of effective net-zero
emissions (NZEeff). Zero in Equation (24) indicates perfect
net-zero emissions. A negative value indicates that net-zero
emissions are not met, while a positive value indicates excess

photovoltaic generation.

nsi% =
nsi
d

× 100%, ð21Þ

Erequirement = 〠
m

i=1
ESinSi, ð22Þ

Egeneration = 〠
d

i=1
Eday,i, ð23Þ

NZEeff =
Egeneraton − Erequiremet

Erequiremet

 !
× 100%: ð24Þ

5. Energy Requirement and Photovoltaic
System Sizing: Case Study

5.1. The Energy Requirement of the Selected Railway
Network. The train network presented in Figure 8 is selected
to investigate the proposed railway electrification systems.
The railway network in Kandy, Sri Lanka, was selected for
the study, and there is no existing railway electrification sys-
tem in this network. The selected section of the railway net-
work can be considered as a flat terrain. Kandy (K),
Gampola (G), and Kadugannawa (KG) are three termination
stations. The distances from Peradeniya junction (P) to the
three destinations are 10 km, 14 km, and 6 km, respectively.
Trains operate from Kandy to Gampola (K-G) and vice
versa (G-K). Also, trains operate from Kandy to Kadugan-
nawa (K-KG) and vice versa (KG-K). The railway track is
a single track. A train with the Kita-Osaka Kyuko Rail-
ways–9000 series specifications was considered for this anal-
ysis [28, 29]. This train consists of four 170 kW motors.
There are four motor-powered cars and six non-motor-
powered cars in the original formation that could carry
1798 passengers. This formation has been modified to
reduce the number of passengers on the train, with the
revised formation of this train having two motor-powered
cars and three nonpowered cars. The total capacity of the
train is 899 passengers.

The proposed train operating pattern for the considered
railway segment is presented in Figure 9. Since the objective
of these electric trains is to utilize photovoltaic energy effec-
tively, the electric train operations are limited from 06.00 to
18.00. The minimum operation of trains is presented by the
letter “B,” which is considered the base schedule (BS). The
baseload consists of morning and afternoon school traffic
(B1 and B4) and office traffic (B2 and B5) and one journey
(B3). The base schedule was extended with additional train
schedules as load-1 (L1), load-2 (L2), and load-3 (L3), respec-
tively. Four operation patterns are defined as (a) base sched-
ule: baseload only; (b) extended schedule-1 (ES1): baseload
and load-1; (c) extended schedule-2 (ES2): baseload, load-1,
and load-2; (d) extended schedule-3 (ES3): baseload, load-
1, load-2, and load-3.

The total power requirement for a particular instance in
the considered network for each scheduling case was calcu-
lated using Equations (5) and (6) and plotted in Figure 10.
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Even though the power requirement varies according to the
terrain and loading, the maximum power rating was consid-
ered for the photovoltaic system sizing analysis in this case.
Table 2 summarizes the maximum power demand of the
network and the daily energy and yearly energy demands
for each scheduling case.

5.2. Photovoltaic Generation by a Panel in the Selected
Location over a Year. Photovoltaic generation on the railway
network varies from location to location within the consid-
ered railway network segment. However, it would be chal-
lenging to get the historical data at different locations
along the selected railway network. Historical data for
2017, 2018, and 2020 were available for the location of Per-
adeniya in the railway network. It was assumed that varia-
tions in the environmental conditions across the network
are equal to environmental conditions at Peradeniya. In this

analysis, a 400W photovoltaic panel is considered to esti-
mate the energy generated from a photovoltaic panel and
used to size the photovoltaic array. The specifications of
the commercial photovoltaic panel considered for the analy-
sis are shown in Table 3. Considering the datasheet values
for the STC, the constants k1 and k2 in Equation (8) were
calculated, with k1 and k2 equal to 0.947 and 0.832, respec-
tively. The panel’s power output degrades by roughly 1%
per year, according to the datasheet. The degradation of
the photovoltaic panel’s power over the years was not con-
sidered in the analysis. Using the irradiance and temperature
data at Peradeniya, the energy per day is calculated using
Equations (2) to (4) and (7) to (10).

Figure 11 presents the daily energy generation for 2017,
2018, and 2020. Irradiance and temperature measurements
were not recorded at the data collection centre for 92, 62,
and 44 days in 2017, 2018, and 2020, respectively. According
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Figure 7: Percentage of days that can generate more energy in steps of energy generated.
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Kandy
Sarasavi uyana

Peradeniya
junction

Pilimathalawa

Kossinna Gelioya

14 km Weligalla Gampola

Kadugannawa

10 km

Figure 8: Selected railway network for the analysis.
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Figure 9: Train schedule.
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to 2018 and 2020 data, the first four months of the year pro-
duce more than 1500Wh on most days compared to the rest
of days of the year. Table 4 summarizes the daily average
generation and the maximum daily generation. According
to the results, it is possible to assume that four to five sun
peak hours occurred on most of the days of the year. Days
with sun peak hours being less than three are uncommon.
In the middle of the year, the daily generation was less than
the year’s beginning. The daily average generation for 2017
is less than 2018 and 2020 by approximately 100Wh, and
it may be due to data not being available at the beginning
of 2017.

Based on daily energy calculations for a year, a histo-
gram was plotted with a step size of 100Wh, as presented
in Figure 12 for 2017, 2018, and 2020. The energy yield
was highest in 2020 and minimum in 2017. However, in all
three years, a significant number of days of the year pro-
duced more energy than 1000Wh. Therefore, the energy
yield depends on the environmental conditions of the con-
sidered year.

5.3. Potential Energy Yield in a Photovoltaic System of the
Railway Electrification System. The number of photovoltaic
panels placed on the selected railway electrification system
can be calculated using Equations (11) and (12) for the third
rail and overhead line arrangements. Furthermore, the daily
average energy generation can be calculated from Equation
(13). In the case of the third rail option, the following spec-
ifications were considered. The total length of the tracks in
the network, length of each photovoltaic panel, and spacing
between two photovoltaic panels are taken as 30 km, 2m,
and 1m, respectively. Furthermore, there are 11 railway sta-
tions on the route, with 100m allocated for each station
without photovoltaic panels. Also, another 1 km was
deducted for other exclusions. The maximum number of
photovoltaic panels mounted on the network is 9300, as
given in Table 5. The average daily energy generation of
the photovoltaic system with 9300 photovoltaic panels is
more than twice the energy requirement of ES2. Concerning
placing photovoltaic panels above the overhead line, it was
assumed that five panels could be placed across the railway
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Figure 10: Power requirement of trains from 06:00 to 18:00.

Table 2: Daily energy requirement for each case.

Case Daily energy requirement (MWh) Yearly energy requirement (MWh) Power demand (MW)

Base schedule (BS) 5.10 1862 0.00–1.36

Extended schedule-1 (ES1) 6.12 2334 0.00–1.36

Extended schedule-2 (ES2) 7.14 2606 0.00–1.36

Extended schedule-3 (ES3) 8.16 2978 0.00–1.36

Table 3: Specifications of the photovoltaic panel considered for the case study.

Description Value

Maximum output power at STC (W) 400

Voltage at maximum power point under STC (V) 41.17

Current at maximum power point under STC (A) 9.72

Open circuit voltage under STC (V) 49.5

Short circuit current under STC (A) 10.26

Temperature coefficient of open-circuit voltage (°C/%) -0.289

Temperature coefficient of short-circuit current (°C/%) 0.051

NOTC (°C) 45 ± 2

Dimensions (mm×mm×mm) 2015 × 996 × 40
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track to form a series string. Pole masts were also assumed to
be located 100m apart; therefore, the total number of pole
masts equals 300. The number of photovoltaic panels
required for different numbers of series strings is presented
in Table 5. When three series strings are connected along
the railway track, the average daily generation of the photo-
voltaic system is greater than the energy requirement of ES2.
The energy requirement of the ES3 train schedule can be met
on average by installing four series strings.

The areas required for the photovoltaic panels are also
presented in Table 5. The results show that by covering the
space over the railway track, the energy generation from

the photovoltaic system would be much higher than the
energy requirement of the railway electrification system.
Thus, further sizing of the photovoltaic capacity can be
ascertained using the algorithm presented in Figure 6.

5.4. Sizing the Photovoltaic System for the Selected Railway
Electrification System. Since the potential energy generation
is higher than the energy requirement of the railway net-
work, the photovoltaic system can be sized according to
the algorithm in Figure 6. Eight design cases were considered
to size the photovoltaic system and Equations (14) and (15).
In design case 1 (DC1), the photovoltaic system is designed
so that the energy requirement of the railway electrification
system based on the average daily photovoltaic generation
of a panel, with Equation (14) used for the calculation. The
other cases were defined by varying the percentage value
used in Equation (15). d% value was varied from 50% to
80% at 5% increments. Cases 2, 3, 4, 5, 6, 7, and 8 corre-
spond to d% values of 80%, 75%, 70%, 65%, 60%, 55%,
and 50%, respectively.

The number of photovoltaic panels required for the
eight cases was calculated separately for 2017, 2018, and
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Figure 11: Daily energy generation for the years: (a) 2017, (b) 2018, and (c) 2020.

Table 4: Comparison for energy generation of years 2017, 2018,
and 2020.

Description
No. of days—data
logged in the year

Average
energy (Wh)

Maximum
energy (Wh)

2017 273 1560 2454

2018 303 1622 2497

2020 322 1673 2518
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2020 and presented in Table 6. The average daily photo-
voltaic generation in 2017 is 1559.7 kWh, and therefore,
3270 photovoltaic panels are required to meet the daily
energy demand of the BS. When the daily energy genera-
tions of 2017 are sorted in a descending order, the mini-
mum energy generation of the top 80% of daily energy
generations in 2017 corresponds to 1138.1 kWh. Thus,
the number of photovoltaic panels required to meet the
energy demand of the BS is 4482. Similarly, for other cases
concerning 2017, the number of photovoltaic panels
required was calculated. Also, the number of photovoltaic

panels required when considering 2018 and 2020 data
was calculated separately and presented in Table 6. Due
to the variation of environmental conditions, the number
of photovoltaic panels required varies for each case. Since
2020 has a good energy yield, the number of photovoltaic
panels required is less than the number of panels required
for the other two years.

Table 7 presents the percentage excess generation com-
pared to the energy demand of the railway electrification
system operating with BS for the considered year, calculated
by Equation (16). According to Table 6, 3270 photovoltaic
panels are required for DC1 using 2017 data. If a 3270-
panel photovoltaic system is used, the yearly excess genera-
tion of the photovoltaic system in 2018 and 2020 is 4.0%
and 7.3%, respectively. For DC1, 3145-panel photovoltaic
system is required using 2018 data. Then, the excess yearly
generation of the photovoltaic system would be -3.8% and
3.2% in 2017 and 2020. The negative percentage indicates
that the BS yearly generation requirement would not be
met in 2017 with the 3145-panel photovoltaic system. The
percentage of excess generation for all the other cases is pre-
sented in Table 7. It is not possible to get 10% of excess gen-
eration for the DC1, DC6, DC7, and DC8 cases. Therefore,
the possibility of operating extended schedules is slim for
those cases. Concerning DC5, design based on 2017 data will
yield over 10% of excess generation. However, the percent-
age of excess generation would be less than 10% in some
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Figure 12: Comparison of energy generation of three years (2017, 2018, and 2020).

Table 5: Number of photovoltaic (PV) panels and energy generation of different options.

Case No. of panels Average daily generation (MWh) Area (m2)

PV panel on the rail track 9300 15.30 18664

PV panels above the overhead line (np = 1) 1500 2.48 3010

PV panels above the overhead line (np = 2) 3000 4.95 6020

PV panels above the overhead line (np = 3) 4500 7.43 9031

PV panels above the overhead line (np = 4) 6000 9.90 12042

PV panels above the overhead line (np = 5) 7500 12.40 15052

PV panels above the overhead line (np = 6) 9000 14.90 18062

Table 6: Comparison of the number of photovoltaic panels
required for the cases considered.

Description Energy (kWh) No. of PV panels
2017 2018 2020 2017 2018 2020

Average (DC1) 1559.7 1622.1 1672.9 3270 3145 3049

80% (DC2) 1138.1 1238.7 1202.2 4482 4118 4243

75% (DC3) 1237.6 1312.1 1300.1 4121 3887 3923

70% (DC4) 1322.0 1377.8 1430.0 3858 3702 3567

65% (DC5) 1386.6 1464.1 1490.3 3679 3484 3423

60% (DC6) 1482.3 1524.3 1566.2 3441 3346 3257

55% (DC7) 1541.9 1610.9 1614.0 3308 3166 3160

50% (DC8) 1608.4 1657.3 1717.4 3171 3078 2970
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years. 9%-27% of excess generation would be obtained from
DC4. More than 15% of excess generation would be obtained
from DC2 or DC3.

Considering the results in Table 7 and design based on
BS considered, design cases DC2, DC3, and DC4 generate a
considerably higher percentage of excess energy while DC1,
DC6, DC7, and DC8 may not achieve zero emissions in cases.
DC5 yields positive excess generation when considering the
BS yearly generation requirement for three years, irrespec-
tive of the year considered for DC5. Thus, zero emissions

over a year can be achieved by implementing a photovoltaic
system corresponding to DC5 for the considered years. Fur-
thermore, the most appropriate design case can be selected
depending on the appropriate percentage of excess genera-
tion value. For example, if 5% of extra yearly generation is
sufficient, DC5 based on 2018 data (3484 PV panels) or
DC6 based on 2017 data (3441 photovoltaic panels) can be
selected. The excess energy can be used to operate extended
schedules of the railway electrification system or sold to the
utility network.

Table 7: Percentage excess generation with number of panels calculated based on 2017, 2018, and 2020 data.

2017 data-based design 2018 data-based design 2020 data-based design
ΔE2017 ΔE2018 ΔE2020 ΔE2017 ΔE2018 ΔE2020 ΔE2017 ΔE2018 ΔE2020

Average (DC1) 0.0 4.0 7.3 -3.8 0.0 3.2 -6.8 -3.0 0.0

80% (DC2) 37.1 42.6 47.0 25.9 31.0 35.1 29.8 34.9 39.2

75% (DC3) 26.0 31.1 35.2 18.9 23.6 27.5 20.0 24.8 28.7

70% (DC4) 18.0 22.7 26.6 13.2 17.7 21.4 9.1 13.4 17.0

65% (DC5) 12.5 17.0 20.7 6.5 10.8 14.3 4.7 8.9 12.3

60% (DC6) 5.2 9.4 12.9 2.3 6.4 9.8 -0.4 3.6 6.8

55% (DC7) 1.2 5.2 8.5 -3.2 0.7 3.9 -3.4 0.5 3.7

50% (DC8) -3.0 0.9 4.0 -5.9 -2.1 1.0 -9.2 -5.5 -2.6
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Figure 13: Percentage of energy generation for the years: (a) 2017, (b) 2018, and (c) 2020.
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Figure 13 presents the histogram of the number of days
compared to the daily generation for the design based on
2017, 2018, and 2020 data, respectively. The energy required
for the base and extended schedules is also presented in the
graphs. As the percentage of days generating energy for the
base schedule increases, extended schedules can be met eas-
ily. In cases where the percentages are less than 60% and the
2017 design-based design, it would not be possible to operate
ES3. Even ES2 can be met for less than 10% of the days a
year. Therefore, at least designed based on above 60% should
be selected if extended schedules need to be operated on sig-
nificant days of the year. However, ES3 can be met for 30%
of days a year a design based on 80% days. There will be days

for much higher generation than the energy required for ES3
are met, which can be considered as being overdesigned.

Table 8 summarizes the percentage of space used by the
proposed photovoltaic system for the considered railway
electrification system. The proposed systems do not fully uti-
lize the space available. With the third rail option, where
photovoltaic panels are laid on the rail track, space utiliza-
tion for the considered cases varies between 30 and 49%.
Assuming that the three series strings are placed parallel to
the overhead rail system, 66–100% of poles would be utilized
for the considered cases. There is a maximum of 5% varia-
tion on space utilization depending on the year of data used
for the design.

Table 8: Percentage of space utilization of the proposed photovoltaic systems.

Case
Percentage space utilization

2017 data-based design 2018 data-based design 2020 data-based design

3rd rail Overhead 3rd rail Overhead 3rd rail Overhead

Average (DC1) 35.2 72.7 33.8 69.9 32.8 67.8

80% (DC2) 48.2 99.6 44.3 91.5 45.6 94.3

75% (DC3) 44.3 91.6 41.8 86.4 42.2 87.2

70% (DC4) 41.5 85.7 39.8 82.3 38.4 79.3

65% (DC5) 39.6 81.8 37.5 77.4 36.8 76.1

60% (DC6) 37.0 76.5 36.0 74.4 35.0 72.4

55% (DC7) 35.6 73.5 34.0 70.4 34.0 70.2

50% (DC8) 34.1 70.5 33.1 68.4 31.9 66.0
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Figure 14: Distribution of scheduling options based on a design using 2020 data.
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5.5. Performance Analysis of the System with Extended
Schedules. With advances in photovoltaic generation predic-
tion techniques, it would be possible to predict the photovol-
taic energy generation day in advance with very high
accuracy. Therefore, instead of having a static train schedule,
dynamic scheduling can be arranged while maintaining the
base schedule as the minimum requirement. Therefore, the
day ahead prediction decides the operating extended sched-
ule category (ES1, ES2, or ES3). This section analyses the
ability of a photovoltaic system, which is to be implemented
along with the railway network, to achieve net-zero emis-
sions based on the railway schedule using day-ahead photo-
voltaic generation prediction. In this analysis, it is assumed
that a perfect prediction is achieved.

Figure 14 compares the percentage of days operated on
different schedules for different cases according to 2017,
2018, and 2020 data-based designs. In DC1 based on 2017
data, the BS (as indicated by BSn in the legend) energy
demand was not met for approximately 40% of days in
2017. For the same case, the energy demand for the BS (as
indicated by BSy) was met for 20% days of 2017. Also,
energy demand ES1 (ES1 in the legend) was between 10
and 15% of the days in 2017. The energy demand for ES2
was met for approximately 1% of the days in 2017. The
energy demand for ES3 was met on any day in 2017. The fol-
lowing general conclusions can be drawn from the data in
Figure 14. According to the results, ES3 cannot be achieved
for DC1, DC7, and DC8. All the scheduling categories can
be implemented reasonably in equal share for DC2 and
DC3. In the case of DC4, ES3 scheduling depends on the irra-
diance levels received in the year, as it gets comparatively
less scheduling based on the 2017 and 2018 data-based
design.

Figure 15 presents the percentage difference in energy
generation and demand of each year, assuming perfect pre-
dictions. Concerning 2017 with a design based on 2017 data,
DC2 and DC3 would have yearly excess generation, achiev-

ing net-zero emissions. For the same case, other design cases
(DC1, DC4, DC5, DC6, DC7, and DC8) would not meet the
energy demand of the railway network. However, energy
generation is within 10% of annual energy demand. Consid-
ering all the cases presented in Figure 15, DC2 ensures that
net-zero emissions and excess generation are achieved every
year. DC3 was unable to meet zero emissions by a small per-
centage in 2017 when the design was used 2020 data. The
energy generation deficit in DC4, DC5, DC6, and DC7 was
less than 10% in 2017, 2018, and 2020, irrespective of the
design data. The deficiency in energy generation for design
based on 2020 data was greater than 10% but less than
15% for DC1 and DC8 for 2017.

In conclusion, it is possible to state that the prediction-
based scheduling of photovoltaic generation day ahead
enables one to achieve about 90% net-zero emissions irre-
spective of the design case and data considered. Achieving
such a level of net-zero emissions would be an outstanding
achievement to safeguard the environment and achieve sus-
tainable development. The ability to achieve the presented
net-zero emission values would be less due to prediction
errors in the real-world environment. Analysis of this work
was conducted based on data from three years. The results
indicate that data availability for a few years would allow
for the effective sizing of the photovoltaic system.

6. Conclusions

This paper investigates the feasibility of using photovoltaic
systems to operate an electric train network for an urban
railway network to achieve zero emissions. Vacant space
for installing the photovoltaic system is improbable in an
urban area. Therefore, this study proposes using the space
along the railway track to mount the photovoltaic system.
There are two options available based on the voltage of the
railway network. In the case of a third-rail arrangement,
photovoltaic panels are proposed for mounting on the rail
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track, itself. Photovoltaic panels are proposed to be mounted
above the overhead line using a pole mast in the case of the
overhead-powered system. It is necessary to ensure that ade-
quate energy is generated from the photovoltaic system for
the years to achieve zero emissions. This paper presented
an algorithm to size the photovoltaic system for an urban
railway network considering the energy requirements of dif-
ferent daily scheduling and generation planning schemes.
Finally, a methodology to analyse the performance of the
photovoltaic system with prediction-based train scheduling
was presented.

A case study based on a section of the railway network of
Sri Lanka was analysed to validate the developed photovol-
taic panel sizing algorithm. According to the analysis, the
potential energy generation of the proposed photovoltaic
system by utilizing the railway network space is more than
the required amount of energy, even for the highly priori-
tised train schedule. The analysis was conducted using pho-
tovoltaic measurement data for 2017, 2018, and 2020.
According to the algorithm results, if the design is carried
out to meet 60% of the days of the year to meet the base
schedule energy requirement, all the scheduling options
can be realised to a satisfactory level. Finally, if the schedul-
ing option is selected based on the prediction, zero emissions
can be achieved to 90% in most cases.

The accuracy of the proposed algorithm can be
improved by addressing the following aspects. In evaluating
the proposed algorithm, it was assumed that the weather
data of the railway network was the same over the network.
However, in reality, there can be variations in the weather
data on the network. Therefore, a better energy estimate
can be obtained by using the weather data of several points
on the railway segment. Another point for improvement is
using the accurate power consumption of electric trains by
considering the terrain, load on the train, and start-stop pat-
tern over an operating cycle. It may not be possible to
achieve net-zero emissions while operating based on day-
ahead prediction, as presented in the paper, due to real-
world prediction errors. Even though the proposed photo-
voltaic system along the railway network is an attractive
solution for achieving net-zero emissions, it would be worth
evaluating the impacts on the railway electrical network,
such as voltage variations and protection systems. The cost
of implementation and maintenance needs to be evaluated.
Further energy yield degradation over the years can be inves-
tigated to evaluate the performance of the proposed system
over the lifespan of the photovoltaic system.
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The data used for the study can be obtained from the corre-
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