International Journal of Smart Grid and Clean Energy

Simple payback time of semi-flexible monocrystalline silicon
solar panel used for solar vehicles

Turhan Koyuncu

University of Adiyaman, Faculty of Technology, Adiyaman, Turkey.

Abstract

In this experimental investigation, simple payback time (SPT) of semi-flexible monocrystalline silicon solar panel
used for solar vehicles (SV); a solar car called “Firat Force” and a solar minibus called “Commagene” was
determined when replaced with an equal gasoline internal combustion engine (ICE). In addition, SPT of these solar
vehicles was also calculated when they operated as electric vehicles (EV) and replaced with an equal gasoline internal
combustion engine. These two solar vehicles were used for people transportation about 1000 km in Adiyaman city,
Turkey, during one year (June 2010-May 2011) for test. The results of the study showed us that SPT of solar vehicles,
Firat Force and Commagene are 11.69 years and 11.56 years, respectively, while their lifetime is 25 years.
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1. Introduction

Scarcity and cost of fossil fuels combined with their greenhouse gas emissions make the development
of non-fossil fuel based methods of transportation a high-priority task. Therefore, academic studies
regarding renewable and clean energy like solar energy are rapidly increasing in the last decade. This
regenerative, clean and free energy could be harnessed in several ways. This energy can be converted to
electric power by using solar photovoltaic (PV) modules. The produced electricity from solar panels can
also be stored in the batteries to operate DC motors of solar powered vehicles [1, 2, 3, 4, 5]. We believe
that solar powered vehicles are smart solution for transportation of people particularly for small and flat
location cities that have relatively high solar radiation along the year.

Adiyaman City (Latitude= 37,45< Longitude= 38,17 ©and Altitude= 672 m) is located in Southeast of
Turkey. It has a university called “Adiyaman University”. The university campus is about 5 km far from
the city centre. City population is about 210000 and area of the city is 1700 km?. Most of the city roads
have the gradient (slope) less than 10%. In the city the solar radiation is relatively high enough to be
efficiently used. The annual total solar energy is about 1600 kWh/mZ2.year.

2. Materials and Methods

Firat Force has 6 solar PV modules (2.19 m? and 330 W @ 100 W/m?, 25 <C), a maintenance free
long life gel battery pack (8 batteries @ 6V, 190Ah), a regenerative brushless DC electric motor and
Commagene has 12 solar PV modules (4.38 m? and 720 W @ 100 W/m? 25 <C), a maintenance free
long life gel battery pack (12 batteries @ 6V, 190Ah), a regenerative brushless DC electric motor. In
addition, each vehicle has MPPT (Maximum power point tracker), ECU (Electronic control unit),
differential and external automatic charge device. Each vehicle was also equipped with a mechanical
steering system, a free front and rear mechanical suspension system, the chassis constructed from
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stainless steel pipe covered with special paint, the frame constructed from impact-resist fiber composite
material, an instrument panel, a brake and a gas pedal, all standard systems such as signaling, lighting and
warning systems.

The electric energy for charging battery pack is supplied by the PV modules. The energy is converted
from the solar energy to electric power through the installation of solar photovoltaic modules located on
top of the vehicles (Fig. 1) [6, 7, 8, 9]. The supplied electric energy is stored in batteries that feed the DC
motor.

In order to determine the total needed force and power for any vehicle to overcome all resistances,
Equations 1, 2, 3, 4 and some coefficients were used. The power supplied by PV panels, the efficiency of
PV panels, the efficiency of total system were also calculated by using Equations 5, 6, 7 and 8 [10, 11, 12,
13, 14, 15, 16]. In addition, if this vehicles are charged with home electricity (if used as electric vehicles
and charged with city electric line system) the needed electric energy can be calculated with Equation 9.
The annual average solar radiation (525.22 W/m?), daily sunshine hours (8.11 h/day), PV module area
(Apy = 2.19 m? for Firat Force and 4.38 m® for Commagene), practical efficiency of PV+MPPT
combination (npm = 11.5%) and battery pack+charger combination (nga = 80% ... 90%; Nchr = 85% ...
95%; both = 76.5%) must be used for this calculation. Symbols used in equations are described in the
Nomenclature.

Frr = Fyc+ For + Fap + Far 1)
Frr=Axmxa+mxgxp+05xpxc, xAcxvi+ mxgxfq 2
qrp= Frrxv ?3)
p=sinag Ztana 4)

A=1.03..145 a=03..0.5 m/s?; p = 1226 Ns>/m* @ 1.0133 bar & 15 °C; c,, = 0.30
Ac 2 1.85m?; fr = 0.01...0.02

Gsr = Ipx Apy (5)
ey = l;vac (6)
Npy = Ism @
Nsy = Npy X NMyppr X N4 X NEcy X Mpc X TITR (8)
Needed electric energy for Firat Force and Commagene while used as electric vehicles (kWh)

=525.22 (W/m?) x 8.11 (h/day) x 365 (day/year) x A (m?)x npy x AWyt 9)

1000 (W} * 7gpa X McHR
Here,

Hpy = 018; Nuepr = 095; Npa — 0.80 ... 090; Necu — 0.90 095

The test period of the vehicles is one year (June 2010-May 2011) and test transportation distance is
approximately 1000 km (Fig. 2). During the total test period, we have also made some preliminary tests.
These preliminary experiments showed us that the best way to see the exact performance or efficiency of
any solar vehicles or electric vehicles under city normal traffic conditions is to use the vehicles nonstop
with full charged batteries while PV panels off and PV panels on. Therefore, the vehicles were tested
while PV panels off (battery pack was charged with electricity only), PV panels on (battery pack was
charged with PV panels during use) on the standard road (asphalt-paved road with gradient of about 0%)
and on the mixed road (asphalt-paved and unimproved roads with different gradients of 0%...20%) during
3 months (June, July and August 2011) under normal city traffic flow. All tests were made between the
times of 10:00 (morning)-17:00 (afternoon). Firat Force was loaded with 2 and 5 persons (driver
included) while Commagene loaded with 5 and 10 persons (driver included) during all tests for their total
transportation distance. The difference of transportation distance between PV panels off and PV panels on
positions was recorded as transportation distance supplied by solar energy. As known, solar energy is
renewable and clean energy. On this account, Firat Force and Commagene apparently can be called clean
or green vehicles. However in many literatures, all electric vehicles are called green or clean vehicles. It
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should be noted that it completely depends on the energy resources that electric produced from. It is not
possible to say that all electric vehicles are green or clean. Besides, the term “efficiency” should be used
instead of term “performance” for PV cell, module or panel, in despite of given by some literatures.
Because, term “efficiency” is very appropriate to explain the amount of energy conversion from one form
to another (form light or solar to electricity for PV cell). However, the term “performance” is particularly
suitable to clarify the speed comparision of any activity, process or work.

g

Fig. 1. A view of Firat Force and Commagene PV panel Fig. 2. A view of solar vehicles test activities.
location.

In order to calculate the SPT of Firat Force and Commagene when used as SVs and EVs, some
assumptions are needed as given below.

Some Assumptions for Firat Force:

Lifetime of PV modules, MPPT and vehicle components is 25 years.

Lifetime of battery pack is 5 years (battery pack should be renewed or replaced with new 5 times during
lifetime of PV modules)

Price of PV modules of Firat Force is 1485 $ (330 W x 4.5 $/W)

Price of MPPT of Firat Force is 1500 $

Price of battery pack of Firat Force during lifetime is 5000 $ (1000 $ x 5)

Minimum fuel (gasoline) consumption of equal vehicle with internal combustion engine (Figure 3) of
Firat Force is 4 L/100 km (for standard road : asphalt-paved road with gradient of about 0%)

Fuel sale price is 1.547 $/ L (in Adiyaman, Turkey, January, 2018).

Calculated transportation distances of Firat Force for a year and for lifetime are 11040 km/year and
276000 km/lifetime (for standard road : asphalt-paved road with gradient of about 0%)

Initial cost (ICS) of PV+MPPT+Battery pack combination (Figure 4) of SV Firat Force = 1485 $ + 1500
$+5000$=7985%

If Firat Force is used as an EV, it is needed to use a charger, battery pack and pay for electric energy
(Figure 5). Hence,

Price of battery pack of this electric vehicle during lifetime will be 5000 $

Price of the charger will be approximately 1000 $

Needed electric energy will be 612 kWh/year and 15300 kWh/lifetime (Equation 9)

Cost of electricity will be 37.43 $/year and 935.75 $/lifetime (price of electricity is 0.06116 $/kWh in
January, 2018, Adiyaman, Turkey)

Initial cost (ICS) of Battery pack+Charger+Electricity combination of Firat Force = 5000 $ + 1000 $ +
936 $=6936 $
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Fig. 3. Combination of fuel system for vehicles that powered with internal combustion engines.
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Fig. 5. Combination of electric charging system for electric vehicles.

Some Assumptions for Commagene:

Lifetime of PV modules, MPPT and vehicle components is 25 years.

Lifetime of battery pack is 5 years (battery pack should be renewed or replaced with new 5 times during
lifetime of PV modules)

Price of PV modules of Commagene is 3240 $ (720 W x 4.5 $/W)

Price of MPPT of Commagene is 2000 $

Price of battery pack of Commagene during lifetime is 7500 $ (1500 $ x 5)

Minimum fuel (gasoline) consumption of equal vehicle with internal combustion engine (Figure 3) of
Commagene is 5 L/100 km (for standard road : asphalt-paved road with gradient of about 0%)

Fuel sale price is 1.547 $/ L (in Adiyaman, Turkey, January, 2018)

Calculated transportation distances of Commagene for a year and for lifetime are 14250 km/year and
356250 km/lifetime (for standard road : asphalt-paved road with gradient of about 0%)

Initial cost (ICS) of PV+MPPT+Battery pack combination of Commagene (Figure 4) = 3240 $ + 2000
$+7500$=12740%

If Commagene is used as an electric vehicle, it is needed to use a charger, battery pack and pay for
electric energy (Figure 5). Hence,

Price of battery pack of this electric vehicle during lifetime will be 7500 $

Price of the charger will be approximately 1500 $

Needed electric energy will be 1024 kWh/year and 25600 kWh/lifetime
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Cost of electricity will be 62.63 $/year and 1565.75 $/lifetime (price of electricity is 0.06116 $/kWh in
January, 2018, Adiyaman, Turkey)

Initial cost (ICS) of Battery pack+Charger+Electricity combination of Commagene = 7500 $ + 1500
$ + 1566 $ = 10566 $

Note : All average prices given above has been collected from different websites of companies in January
2018, and losses rates of some devices related to SVs and EVs has also been used for calculation to
update the data and to maximize the accuracy [17, 18, 19, 20, 21, 22, 23].

Simple Payback Time (SPT) regarding solar vehicles (SVs) and electric vehicles (EVs) when replaced
with gasoline internal combustion engine (ICE) can be calculated as given below [24, 25].

SPT can be calculated for Firat Force with equation of :
Initial cost (ICS) of energy supply system ($)

~ Transp. distance rear)x Gasol. fuel cons. 4(L) /100 xGasol. fuel price($/L
sp.d (km/year) Ji 1 (L)/100(km) Ji lp $/

SPT

SPT can be calculated for Commagene with equation of :
_ Initial cost (ICS) of energy supply system ($)
" Transp.distance(km/year)x Gasol. fuel cons.5(L) /100(km)xGasol. fuel price($3/L)

SPT

3. Results

Firat Force and Commagene were tested during 3 months (June, July and August 2011) under normal
city traffic flow for practical efficiency of PV panels. The average practical PV panel efficiency was seen
as approximately 13% for Firat Force and Commagene. The efficiency of PV panel and MPPT
combination and total system efficiency (from PV panel to vehicle wheel) was also seen as
approximately 11.5% and 9%, respectively for both SVs. In addition, the average annual solar radiation
and daily sunshine hours were determined as 525.22 W/m? and 8.11 h/day for Adiyaman city, Turkey
(Figure 6). The average calculated daily transportation distance depending on months for one year were
also given for Firat Force and Commagene (Figure 7 and 8) [9, 26, 27].

The SPT of SVs and EVs when replaced with gasoline ICE was determined as given below :

Simple Payback Time (SPT) of Solar Vehicle (SV) Firat Force when replaced with ICE :

ICS of solar ener gy supplied system (§) 7985 $

SPT = = =11.69Year
11040(km/year)x 4(L) /100(km)x1547($/L) ~ 683 (§/vear)
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Fig. 6. Average solar radiation (right axis:W/m2) and average daily sunshine duration (left axis:h) related to month.
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Simple Payback Time (SPT) of Electric Vehicle (EV) Firat Force when replaced with ICE :
ICS of electric energy supplied system ($) 6936 $

SPT = 11020(km/year)x 4(L) /100(km)x1.547(3/L) _ 683 (3/year)

= 10.15Year

Simple Payback Time (SPT) of Solar Vehicle (SV) Commagene when replaced with ICE :

ICS of solar energy supplied system ($) 12740 $

SPP = 14250 0m/year)x 5(1) /1000km)x1547(5/L) _ 1102 (§/year) _ 1120 Year

Simple Payback Time (SPT) of Electric Vehicle (EV) Commagene when replaced with ICE :
SPT — ICS of electric energy supplied system (§) 10566 $

T 14250(km/year)x 5(L) /100(km)x1.547($/L) 1102 ($/vear)

=9.59Year

As seen from the results that the SPTs are about same for both vehicles and for both energy supply
systems when replaced with equal gasoline ICE. When considered the lifetime (25 years) of the vehicles,
it is clear that the SPTs are lower than the half period of lifetime of both vehicles. In addition, the SPTs of
EVs are a little bit lower than SVs. This difference is not important and there is negligible difference
between these two energy supply system. It is estimated that this insignificant difference coming from the
high price and low efficiency of solar PV energy supply system.

4. Conclusion

The main conclusion of this work is that the electricity can be produced from different energy
resources such as fosil fuels, hydro, nuclear, geothermal and renewable. Most of these resources are not
green or clear and imported by many countries in the world. Therefore, it can be recommended that solar
vehicles (SVs) should be preffered instead of electric vehicle (EVs) particullary for small cities as
Adiyaman city, Turkey, in despite of a little bit lower simple payback time (SPT) of EVs.
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s - Incident solar power, W
Nomenclature Oy - Needed total power of the vehicle, W
v: Speed of the vehicle, m/s
V : Average voltage, V

a: Acceleration, m/s?

A. : Frontal area of the vehicle, m?
A, : Photovoltaic PV area, m’

C: Average current, A

c, : Coefficient of drag Greek
F,. : Needed force for acceleration, N o Road grade
F,. : Needed force for aerodynamic resistances, N "7es * Battery efficiency’
Fer : Needed force for grade resistance, N 7Toc - DC motor efficiency?
" Coefficient of rolling friction Ny  Electronic control unit (ECU) efficiency
F. : Needed force for rolling resistance, N Teer © Maximum power point tracker (MPPT ) efficiency
Frr : Needed total force to overcome all resistances, N 7,, : Photovoltaic (PV') efficiency?
g: Gravitational acceleration, m/s? 75y = System efficiency”
I, : Incident solar radiation, W / m? hw - Transmission efficiency*
m: Vehicle mass, kg A :Rotational inertia factor

Gey : Photovoltaic (PV) power, W p :AIr density, kg / m®
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