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Abstract. Electric buses consume a high amount of electricity during the charging process, resulting in a

high maximum demand (MD) that leads to high operational cost and emissions. Therefore, the aim was to
use solar energy to reduce the MD. The off-grid solar PV plant has been designed and sized based on the

MD data of the bus depot. The results include the number of PV modules; area required to install the PV

modules; sizing of the balance of system. For example, about 7350 modules, 1200 flooded deep cycle
batteries, 760 kW inverter size, 566 MPPT smart solar charge controllers and 23,200 m? (5.73 acres) area

are needed to offset 466.5 kW of MD.

1 Introduction

The electricity consumption of Malaysia has increased
by almost 65% in the year 2016 (114 TWh) as compared
to 2008 (92 TWh). However, most of this energy comes
from fossil fuels such as coal and natural gas [1].
Specifically, the Malaysian transportation sector heavily
relies on petroleum products and generates about 70
million metric tons of CO, emission per year [2]. One
significant contributor to this emission is road transport.
Therefore, green and renewable-based mobility is now a
priority across the world to revolutionise the
transportation sector by reducing the dependency on
fossil fuels and a detrimental impact on the environment.
One such example is the electric buses. Although electric
vehicles are a promising choice to achieve sustainable
development, however charging these vehicles are still
from fossil fuel power plants. Malaysia has intended to
present 100,000 units of electric vehicles and 2000
electric buses by 2030 with the capacity of national car
company [3]. The power demands for charging the
100,000 units of electric vehicles (EV) is 3300 MW per
160 km travelling [4].

One of the alternative ways to reduce the dependency
on the conventional grid is to use a renewable source of
energy such as solar. Previous studies have designed
solar PV system for electric vehicles, for example, a
feasibility study in China showed that solar PV system
could generate 55% of the energy required for bus
charging and cost of electricity per kWh can be lowered
as compared to the grid price [5]. Another feasibility
study in Bangladesh reported that about 23% of
electricity generated from the solar PV system was used
to charge the EV, and the rest was sold to the national
grid [6].

Applying solar energy can help to shave off the MD
to some extent that can decrease both cost of electricity
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as well as the carbon emissions in the long term.
Therefore, the present research work aims to design and
size the off-grid solar PV system for the electric bus
depot in Malaysia. The design and sizing were based on
the MD consumption and included both solar PV
modules and balance of the system.
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Fig. 1. Typical MD profile of the electric bus depot in
Malaysia.

2 Energy demand for electric bus depot

Maximum demand (MD) occurs during the charging
process of the electric buses and MD has a higher rate
per kW (30.1 RM/kW). Figure 1 shows the typical MD
profile of the electric bus depot. The high peaks in the
night (9 pm to 3 am) and day (11 am to 5 pm) time are
due to charging the buses (total 12 hours). About 6 buses
are charged in the night time and 4 in the day time. The
highest (622 kW) MD was taken for the present study.
However, it should be noted that according to policy
and regulation, only 75% of MD can be reduced using
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renewable energy. Therefore, about (622 x 0.75) = 466.5
kW MD can be shaved off using solar energy. The solar
PV system was designed and sized according to the
standards of the Sustainable Energy Development
Authority (SEDA), Malaysia.

Table 1. Load assessment parameters and calculation.

Parameters Values Unit Calculation
Maximum
demand, MD 466.5 kW )
MD total time 12 hours -
Energy 466.5 x 12
required, E,q 3398 kWh =5598
Power factor,
PF 0.8 - -
Inverter
efficiency, 0.95 - -
Niny
. (466.5/0.8)
dhﬁ?ﬁ?ﬁn 613.81 kVA /0.95 =
emand, 613.81
Energy 613.81 x 12 =
required, E,q 7365.78 kvah 7365.78

3 Design of off-grid solar PV plant

The design of an off-grid solar PV system consists of
sizing PV modules and its associated components, also
known as Balance of System (BOS). Many of these
components have a long lifetime and little chance of
mechanical failure since there are no moving parts. A
solar PV system has an average lifetime of 20 to 25
years. Figure 2 shows the key components of a typical
solar PV system.
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Fig. 2. Key components of a solar PV system.

Solar PV modules are the heart of the system and
convert the sunlight to DC electricity. PV cells are
devices that perform the conversion. The outputs from
solar PV can be used directly to power DC loads if the
working voltage is appropriate. Whereas, for AC
systems, an inverter is required to convert DC to AC.
Generation from PV system is directly dependent on

weather conditions, particularly solar irradiation,
temperature and shading (clouds, objects, etc.). The
batteries are charged using DC power generated by PV
modules via a charge controller and later channelled to
the inverter for conversion to AC power as required by
AC loads. Battery bank acts as storage and is necessary
to provide uninterrupted supply of electricity in case
when the solar power is not available such as during
night time or cloudy days. The batteries also help to
regulate the electricity supply to the load. It is very
important to match the BOS and solar PV modules in
terms of voltage and current, otherwise the system may
fail to provide necessary power output.

3.1 System voltage and load current

The first step in design and sizing the solar PV system is
to select the system voltage (Vsys) which is based on the
MD. In this study, 240 V has been selected for MD
higher than 500 kW. Secondly, the load current (I;54q)
required for the system is calculated as follow:

TMD 613.81k
lipaa = Ibat,MD = = a0 2.55 kA (1)

Vsys 24

3.2 Battery sizing

ROLLS flooded deep cycle batteries were selected for
the charge storage. Datasheet of the battery can be found
in reference [7]. The battery capacity (Cap_req) in Ah to
store the required energy (E;eq) was calculated as follow:

Can req = e x Kstorage o\ =117967.57 Ak (2)

Vsys DOD

Where, storage factor, Kgiorage = 1.025 (battery
losses); days of autonomy, t,,; = 3 days (energy that
can be provided by battery alone without charging from
solar PV or other sources); Depth of Discharge, DOD =
0.8 (selected from battery datasheet that can provide
energy for the night time) Further, the discharge rate
(Tyjs) of the battery is given by:

= Ereq o Kstorage oy = 4612 AR (3)

dis = tmp DOD

Now, the nominal voltage of the battery,
Vhom = 32V (taken from battery datasheet), and
therefore battery capacity, Cy,c = 788 Ah (given in
battery datasheet for 8-hour rate usage) [7]. Hence, the
number of batteries in series (N pq.) and parallel (Ny, pq¢)
is calculated using the following equation:

Nopae =70 (;222—) =22 = 7.5 ~ 8 batteries @)
o (Canrer) _ 11796757 _ . :
Ny pae = 7w (“4220) = HBET — 14950 ~ 150 batteries  (5)

Therefore, the total number of batteries (Nyo; par),
Neot par = N X Ng pge = 150 X 8 = 1200 batteries (6)

P_bat

The battery bank capacity (Cp_pq:) Was found to be,
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Canpar = Ny, X Cpqe =150 x 788 = 118200 Ak (7)

D _bat

3.3 Number of PV modules required based on
MPPT charge controller

SunPower X-Series: X21-470-COM PV monocrystalline
modules were selected for the present design [8]. The
total number of PV modules (Niot pv_cc.mppt) Per MPPT
charge controller can be calculated using the following
equation:

Ereq X fo

Niot pv_cc.mppt = T-U. [m] ~ 7353 modules  (8)

Where, ru. is round up to next value;
f, (oversupply coefficient of PV array) = 1.1; Peak
Sunshine Hours, PSH = 3.5 h; Subsystem efficiency,
Nss = 0.8; Pyp_corr is the corrected power rating of PV

module given by,
l:.mp,corr = Pmp,stc X Kmm,p X Ktemp,p X Kdir X Kage =393.57W (9)

Pmp_stc 18 the maximum power rating of the PV
module (470 Wp at STC from solar PV module
datasheet) [8]; Kyym_ p = 0.97 is the mismatch factor for
the module power; Ky, = 0.97 is the dirt factor;
Kage = 1 is the age factor; Kiemp p is the temperature
correction factor for the module and is calculated as
follow:

Keemp p = {1+ [(2295 x [T — 251)|} =089 (10)

Where, %yp,,,, = —0.29%/°C is the temperature
coefficient for maximum power (from the PV module
datasheet [8]; T.ep = 60 °C is the typical PV module cell
temperature.

3.4 Charge controller sizing (MPPT type)

Victron energy Smart-Solar charge controller MPPT
150/100 model was selected for the proposed solar
power plant. Datasheet of the selected charge controller
can be found in reference [9]. Number of total PV
modules per charge controller (Nyo; yy per cc mppe) 1S glVen

by:

P t
N = r.d. [w] ~ 13 modules
tot_pv_per_cc_mppt Prmp.stc X0.9 /

charge controller an

Where, Prom ccmppt = 5800 W is  the nominal
power of the MPPT charge controller [9] and Py 1 =
470 W is the maximum power rating of the PV module
[8].

Ng max_ccmppt 1S the maximum number of PV
modules that can be attached to MPPT charge controller
in series and is calculated as follow:

Vmax_ccmppt XSf

Ns_max_cc_mppt =r.d. [ ] ~ 1 module (12)

Voc.max

Where, sf=095 is the safety factor;
Vinax_ccmppt = 145V is the allowable maximum PV
open circuit voltage by MPPT charge controller [9]; and
Voc max 1S the maximum PV open circuit voltage and is
calculated as follow:

Voc_max = Voc_stc X {1 + % X (Tm_min - 25)]} =92.62V (13)
Where, Voc st = 91.5V is the PV module open
circuit voltage; Ty min = 20 °C is the minimum PV

module temperature and %yy,, is the coefficient of V.
and is calculated as follow:

%oyy,, = (VVV— X 100% ) = —0.244 %/°C (14)

Where, yy,, = —223.2mV is the voltage
temperature coefficient and V,. = 91.5V is the rated
voltage of the PV module [8]. Therefore, final PV array
configuration,

Np,cc,mppt X Ns,cc,mppt < Ntut,pv,per,cc,mppt (15)

13 X 1 < 13

Nee mppt is the total number of MPPT charge
controllers required and is calculated as follows:

Ntot t
Nee mppt = I-U. (—0 T ~
- Np_ccmppt XNs_cc_mppt

566 charge controllers (16)

3.5 Inverter sizing

Inverter sizing (Ppax inv) 1S done based on the maximum
demand that is continuously occurring up to 30 minutes,
and it has been calculated as follow:

Paci
Pma\x,inv = 2 vfi X fovs ~ 760 kW (17)

Where, P, =467kW is the power demand;
pfi = 0.8 is the power factor and f,,c = 1.3 is the
oversize safety factor.

3.6 Area required

The area required to install the 7353 solar PV modules
(dimension of one PV module is 2.067 m x 1.046 m)
was calculated based on the previous study [10].

Number of PV modules per charge controller
= 13 modules/array
Total width of each PV array
=13 x 1.046 = 13.598 m

Number of arrays in PV field
7353
~ 13
Number of arrays in a row = 13
Length of the solar field
=13%x13.598 =~ 177 m
Number of rows in solar field

=~ 56 arrays
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Pitch distance between two arrays (including the module
length 0f2.067 m) = 3m
Width of the solar field
=43 x 3+ 2.067 =131.067m
Land required for PV field
=177 x 131.067 ~ 23,199 m*
~ 5.73 acres [1 acre = 4047 m’]

Therefore, it was found that about 23,200 m® or 5.73
acres’ area is required for the present design which is
quite large.

4 Conclusions

This study was carried out to design and size the 466.5
kW capacity off-grid solar PV power plant for an electric
bus depot in Malaysia. The results showed that it is not
only feasible to reduce the MD of the electric bus depot
using solar PV plant but also the operational cost (of
about MYR 12,000 per month) and CO, emissions. For
example, to offset 466.5 kW MD, it requires about 7353
PV modules, 566 MPPT charge controllers, 760 kW
inverter size and a battery bank of 118,200 Ah (about
1200 batteries). However, the capital cost (CAPEX) to
install this solar power plant is much higher (around 7
million MYR) because it involves energy storage or
batteries. The present project also requires huge area to
install the off-grid solar PV plant which may not be
viable in cities. Future work will be to design and size
the grid connected solar PV plant without energy storage
and use the solar energy produced in the daytime to
charge the electric buses which may significantly reduce
the CAPEX, area and payback period thus gaining
attraction of the project.
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