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Abstract - An attempt has been made to find the energetic feasibility of solar photovoltaic home lighting systems (SPVHLS)
for some locations in India. In this perspective modules of 37Wp of different technologies have been adopted. The study has
been divided in three parts viz. (1) a general discussion on replacing PV-systems with frequently used conventional fuel
devices. (2) Comparison of PV-systems with diesel generator and (3) Evaluation of GHG-emission mitigation for some
conventionally fuel devices. The process analysis method has been adopted to evaluate total embodied energy. Output
energy/energy saved was calculated by the comparison of these systems with conventionally used devices and with diesel
generator. For feasibility analysis of these systems, energy yield ratio (EYR) and energy payback period (EPBP) have been
evaluated. The EYR value of 2y and EPBP value of 11y have been found approximately in case of wick lamp. However, with
diesel generator, EPBP value has been found approximately 4y. GHG-emission mitigation (tCO,) of 934 was found in case of
kerosene lantern and 41551, 76350 for diesel oil and kerosene oil operated Generator respectively.

Keywords: Energetic feasibility; energy yield ratio; energy payback period; process analysis method; GHG-emission
mitigation.

1. Introduction CO, emission mitigation. According to the report of
International energy agency (IEA), solar photovoltaic system
India has second largest population in the world after  technology has 100Giga tons potential of CO, emissions
China and with the increasing population of the country the  mitigation in the period of 2008-2050 [3].
demand of energy is increasing in different sectors. The
conventional fuels has limited source in the country and has
several limitations to provide electricity for rural areas. Due
to greenhouse gases emission as a result of fossil fuel
burning and impact of conventional energy resources on
climate change, several countries are now shifting towards
non-conventional energy sources. [1-2]. Solar photovoltaic
home lighting systems, SPVHLS(s) has been deployed in
India to provide electricity and power generation in areas
which are far from the grids and playing important role in

Renewable energy systems are expected to consume
large amount of energy in the form of materials required in
manufacturing, their transportation and distribution. Though
during operation of SPVHLS(s), there is not any requirement
of conventional fuels. However, substantial amount of
energy is needed in manufacturing and periodic replacement
of its components during its lifetime. In addition, to make the
SPVHLS (s) compatible for use anywhere they are required
energy storage component like batteries. This causes
considerable increase in the amount of energy embodied in
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the systems. This prompted researchers to analyze the energy
embodied in the system as compared to the energy provided
by them. Such analysis and evaluation is critically important
for SPVHLS(s) in selected locations. This ensures the
societal decisions to invest energy in the manufacture,
installation, operation and maintenance of these systems
results in net energy gain.

Over the past decade a significant studies has been carried
out on economic and feasibility analysis of PV systems [4-7]
but limited work has been carried out on energy requirement
with and without balance of systems. Gregory et al. [8]
evaluated the total energy investment, including material
production, distribution and manufacturing, for the United
Solar UPM-880 standard module. They include specific
energy requirements for material production, distribution and
manufacturing. But their results do not account for
manufacturing facility overhead and process material energy.
Frankl et al. [9] evaluated the energy requirement for
manufacturing PV system with support structure for both
open fields mounted and rooftop. In his consideration same
life time of PV system and battery were taken. Alsema et al.
[10] calculated the energy requirement for manufacturing of
PV system, energy payback time (EPBT) and CO, emissions
without consideration of support structure, replacement of
battery during lifetime of system and efficiency of balance of
system. They used the same efficiency of the system
throughout the lifetime of the system. Krauter et al. [11]
evaluated the energy requirement for manufacturing the PV
system and CO, emissions without considering the above-
mentioned parameters. Carl et al. [12] worked on the
technical performance and energy requirements for
production and transportation of a stand-alone photovoltaic
(PV)-battery system at different operating conditions with
batteries of eight technologies. Nawaz and Tiwari [13] have
evaluated the energy payback time of a single crystalline
silicon PV system for open field and rooftop conditions with
balance of systems. Khagendra et al. [14] presented a
systematic review and a meta-analysis of the embedded
energy, energy payback time (EPBT), and energy return on
energy invested (EROI) metrics for the crystalline Si and thin
film PV technologies.

The present study focused on “energy analysis” of 37Wp
modules of three technologies viz. Single-crystalline (si-c-
silicon), multi-crystalline (m-c-silicon) and amorphous (a-
silicon) of PVHLS(s). The feasibility of PVHLS(s), has been
carried out by the prominent deciding terms: energy yield
ratio (EYR) and energy payback period (EPBP). In this
perspective comparison has been made with the
conventionally used devices and with diesel generator. The
study is also emphasized on the evaluation of GHG-
emission mitigation in case of frequently used fuel devices.

2. Measurements
2.1. Energy Input

To observe the effect of detailed changes in the
consumption pattern on the energy requirement of SPVHLS
(s), process analysis method is used [15]. In this method

complete process of manufacturing a renewable energy
device is studied and analyzed. Thus entire requirement of
materials, their processing to manufacture the finished good,
operation and maintenance aspect are taken into account.
Energy embodied in the material used in a renewable energy
system Emate Can be expressed as:

E mate ™ i ei rni (1)
i=1

If direct energy consumed in the process of manufacturing be
Eair, then total energy embodied of the finished renewable
energy systems, Efinished Can be expressed as:

Efinished :Emat+Edir (2)
Energy embodied in periodic replacement and maintenance,
Eom Of a renewable energy system can be estimated as:

—1}+(eimi) ©)

EUL
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Where the ‘+’ sign indicates that for the quantity inside the
bracket, the next higher whole number is taken.

The life cycle embodied energy, Eemp in the renewable
energy systems can therefore be obtained by adding
equations (1), (2), (3) and (4) and can be expressed as:

E.. =E

+E +E..,

dlrect mate

In other words,

emb dlrect + Ze Z{ FREres

} m) (4)

Where, e represents the energy intensity (MJ per unit mass
or MJ per unit volume as applicable) of the material of the it

component, m; the mass/volume of the i component in the
energy device system (kg or Wp as applicable), EUL;es,
expected useful life of the renewable energy system (years),

and FRE; frequency of replacement of the i" component of
the system.

2.2. Energy output

The estimation of energy output of any device depends
upon the end use of the device. If the device is merely an
energy-producing device like a power plant then the actual
power generated by the plant can be taken as its energy
output value. However, in a device where energy generated
by one of its component is being used by the other
component, energy output value can be taken as the primary
energy consumed by any such device during equivalent hours
of operation, which is being replaced by the solar home
lighting system. Thus the energy output can be shown as:

Q= i Czes‘ln”j (Fs)cv,) ®)
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Where CV: , represents primary energy equivalent of fuel
saved (MJ), nj;, number of hours in a year of useful life time
of the system(s) and Fs, fuel saved/hour.

2.3. Energy yield ratio:

Energy yield ratio is defined as the ratio of life cycle primary
energy output Eqy delivered by the systems to the life cycle
primary energy embodied Eemp in manufacture, operation and
maintenance of the systems i.e.

EYR = Fout (6)

emb

For any energetically feasible system, the EYR should
be greater than one. This ratio indicates the effectiveness of
applying energy sources (both direct and indirect) to a given
technology in order to gain more useful energy for
application elsewhere. Higher the ratio, greater will be the
amount of energy of available to maintain the rest of the
economy and to facilitate growth, per unit of energy
invested.

2.4. Energy payback period:

EPBP of a renewable energy system is the time elapsed in
recovering the energy investment made in manufacturing the
systems (Einput)

. T Y
annualoutpt
Where, Eamuloutput represents energy produced /saved by the
renewable energy system in one year (MJ).

To be an energetically feasible system, the EPBP should
be less than its useful lifetime. Lower the value of EPBP
earlier will be the energy recovery period. To evaluate the
energy payback period for different locations, comparison of
solar home lighting systems has been made with a diesel
generator which converts primary energy (or fuel) into
electricity at an average efficiency of 25%. EPBP has been
taken as the ratio of production energy requirement to the
power rating or efficiency of generator multiplied by
insolation at particular location. The equivalent primary
energy requirement, is the amount of primary energy (or
fuel) necessary to produce the components. So all electrical
energy input is converted into primary energy requirement
with an assumed conversion efficiency of 35%. For the
present aspect 1MJ of primary energy equivalent to 0.097
KWh of electrical energy was taken [16].

3. Methodology

The total energy embodied in SPVHLS have been
evaluated by dividing it into five parts viz. (i) PV module (ii)
battery (iii) CFL and electronics components (iv) Outer
casing and (v) charge controller. To save embodied energy,
module mounting hardware is not considered in the total
embodied energy for the system as the modules can be
directly mounted on the rooftop. PV modules of different
technologies viz. single-crystalline module (si-c-silicon
module), multi-crystalline module (m-c-silicon module) and
amorphous module (a-silicon module) are adopted for detail

analysis. The expected life of the si-c-silicon module and m-
c-silicon modules is taken 20y and for a-silicon module the
expected life is taken 10y. However, the life times of these
modules prolong more than their expected values. Usually
the useful life of the SPVHLS(s) is taken as that of the SPV-
modules in case of si-c-silicon module and m-c-silicon
module. However, replacement of a-silicon module once is to
be taken into account due to its short period of life. During
this useful life of the SPVHLS(s), the other prominent
components have also been replaced due to their short period
of life. In the present study lead-acid battery has been used
and is the most widely used secondary battery in most PV
systems [17]. In case of battery it has been assumed that it
contains 70% lead, 20% electrolyte and 10 % case. The CFL
consist glass, silicon, iron and copper. The outer casing of
CFL and charge controller is made of plastic. The lifetime of
the battery, CFL and outer casing has been assumed 3, 7 and
10y respectively. The characteristic property of PV-modules
has been taken in terms of power output and of other
components in mass. The energy intensity values have been
concerned from literature due to unavailability of these
values at local conditions [16, 18-21]. As mentioned above
the process analysis method has been used for estimation of
embodied energy in the PV-systems in which only the first
two levels of regression viz. the direct energy inputs and the
energy embodied in the materials has been considered [19].
The values of ambient temperature for different selected
locations have been taken from the RET-Screen online
weather database according to the latitude and longitude of
the locations. GHG-emission mitigation (tCO,) potential of
different considered SPVHLS have also been evaluated with
RET-Screen software [22].

4, Results and Discussion

Different components of SPVHLS(s), their useful life,
primary material used and their characteristic property, total
energy embodied in different component during installation
and the total energy embodied in replicable components
during useful life of 20 y is summarized in Table 1. Table 1
also depicts the energy intensity value across different
components and number of times of their replacement for its
useful life time. The energy intensity values have been taken
from the available literature and are mentioned in the Table
1. The replacement of battery, CFL, its outer casing and
charge controller has been taken 6, 2, 1 and 1 times
respectively due to their short life time. During installation of
SPVHLS the values of mass of battery, CFL & electronic,
CFL outer casing and charge controller has been estimated
approximately to be 372.87, 14.1, 37.57 and 14.83kg
respectively.

The estimated values of total energy embodied in
SPVHLS(s) having different technologies modules for their
useful life time are given in Table 2. The evaluation was
carried out by using equation (4) and with the help of data
given in Table 1.

It has been found to be 7621.64MJ for single crystalline,
7362.64MJ for multi- crystalline and 7362.64MJ for
amorphous type modules. Primary energy output provided by
the SPVHLS(s) for the purpose of energy analysis depends

461



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
B.S.Rawat et al., Vol.8, No.1, March, 2018

Table 1 Components of SPVHLS, energy embodied in them and total ene

inputs of replacing the components for its useful lifetime.
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Solar Cell
70% Lead (active material, plates & | 16.1kg | 41 660.1
connectors) (Mass) <
Battery 20% electrolyte (aqueous solution of | 46kg | — z;d‘;l'f (1984)
2 3 | H2S04) (Mass) 6 4982.8 % atll ivan
(20Ah) 10% Case (propylene) (Mass) 23kg |74 170.2 (1995')
Total 830.3
CFL & s Math d
3 | Blectronic 7 | Glass, Silicon, Iron, Copper (Mass) | 0.12kg | 235 [28.2 2 564 B;sat;r(l%)
Compo.(11W)
4 | CFL Outer 10 | Plastics (Mass) 0.76kg | 98.87 |75.14 1 75.14 Boustead &
casing Hancock (1979)
5 | Charge 10 | Outer Casing of Plastics (Mass) 0.15kg | 98.87 | 14.83 1 28.83 Sullivan et
Controller al.(1995)

upon the amount of conventional fuel saved by it. Obviously
the type and amount of fuel saved would depend upon the
existing domestic lighting devices used by the household and
annual hours of lighting provided by the SPVHLS(s).

Table 2 Life cycle embodied energy in SPVHLS having different
technologies modules.

Module Capacity Module technology Life Cycle energy
(Wp) type input for 20 years
(MJ)
37 si-c-silicon module 7621.64
m-c-silicon module | 7362.64 '
a-c-silicon module | 7658.64

can also depicts the values of EYR in comparison of
SPVHLS to different conventional fuel devices. The EYR
values were calculated by using the equation (6). The highest
EYR value of 19.05 in case petromax for multi-crystalline
silicon module and lowest value of 1.35 in case of
incandescent bulb for amorphous silicon module has been
noticed.

Fable 3 Charscteristics of commonly used domestics lighting systems and EYR for SPYHLS on replacement

The primary energy output of the SPVHLS(S), in this

study, has therefore been considered to be equivalent to the
primary energy content of the fuel saving accrued due to the
use of the home lighting system. As a base value it is
assumed that a standard SPVHLS(s) would provide
illumination for 1200hours (4 hours daily for 300 sunny
days) in a year. The fuel consumption rates for each of the
conventional lighting devices used in the households of the
state have been taken from the literature [23]. The total
primary energy saved by the SPVHLS(s) in twenty year has
been estimated and the results are summarized in Table 3 and
calculated by using equation (5). The evaluation has been
made for two units because the 37Wp module SPVHLS
facilitates of using two bulbs. In this analysis, the quality of
the light output has not been taken into account because
generally the user does not increase the number of devices to
increases the light output of the device. From Table 3 one

with ly wsed demmestics lighting
Primary energy [ EYR
¥ : £ | comumedisaved during |
i & FEE | yen(1200hess | Moduk technalogies type
2 - 2 i [ | B8 ENN IR
‘| & " P | PO | scailcen | meaiicon | ailicon
I | Wick Lamp | Kercsene | 0,008 L& | 14027.52 }m X)) s
{72 | Humicane | Kersene | 005 Lh | 87672.00 [ 11.50 119 1A |
|73 [ Petromax | Kerwene | 008 b | 140275.20 [ 1240 [ 1905 [1832
4 [1PGhased | LPG Wgh | 7200000 {945 9.78 9,40
§ | Inceodes- | pleciricity  GOW 1036500 [ 136 141 135
cent bulh {

The values of energy payback period of SPVHLS(s) with
the replacement of these systems with conventional fuels
used devices have been mentioned in the Table 4 and
evaluated by equation (7). It is clear from the table that in
case of wick lamp and incandescent bulb the value of EPBP
is approximately 10 and 13.50y respectively for all
technologies types’ modules. It is because of low fuel
consumption rate of these devices. However, in case of
hurricane lantern, petromax and LPG lamp, the energy
payback period is less than 2 y.
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Table 4 EPBP of SPVHLS on replacement of these systems with
commonly used domestics lighting systems,

S. | . EPBP
Devices Module technologies type

No, 1 si-c-silicon | m-c-silicon | a-silicon

1 | Wick Lamp | 10.87 10,50 10.92

2 | Hurricanc lamp 1.74 1,68 1.75

3 | Petromax ) 1.09 1.05 | 1.09
4 |LPGbasedlamp  |2.12 1205 213

5 | Incandescent bulb 14,70 14.20 14.77
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Figs.1 (a, b, c) represent energy embodied in different
components of SPVHLS(s) during manufacturing/installation
and Figs. 1(d, e, f) energy embodied in different components
during its useful lifetime by using 37Wp of si-c-module, m-
c-module and a-silicon module respectively. From Figure 1,
one can observe that during installation, the PVV-modules are
the most energy consumable part followed by battery. PV-
modules shares 63%, 57% and 45% energy for single, multi-
crystalline and amorphous modules respectively of the total
energy embodied in SPVHLS(s) whereas, the energy
embodied on battery has been found 31%, 35% and 45%.
However, later on the battery becomes the most energy
intensive part of the system. It contributes value of 75%,
78% and 74% for single, multi-crystalline and amorphous
type modules systems. The variations of temperature in
different months for different locations have been shown in
fig 2.

The EPBP of SPVHLS(s) having different technology
modules for different locations with the replacement of these
systems with diesel generator have been shown in the Table
5.
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From Table 5 it is clear that energy payback period is less
than and up to 4y for three selected technologies type
modules at different locations. The availability of solar
insolation at different locations has been also mentioned in
the Table 5. The area of 37Wp modules was measured and
found 0.42m2. The energy payback period in case of multi-
crystalline silicon cell module has been found less in
comparison to single crystalline and amorphous type
modules.

Table S EPRP of SPVHLS on replacement of these systems with diesel generator.

Latitude’ EPBP (in year)
Loetion * | Longliude/Alicads losalatioa Module technelogies type

(KW/'fyear) 5 Sifican | m-e-siicon | s-sllicon |
“Almors 12937 NI9 AN 6%0m w1 3w | 3m | s
Champawat | 20.20N80.60°/1615m 1826 1~ 386 | 372 387
Nanital 2023 N/19. 27 1/1938m 1844 %2 O | s
Pauri 130,90 NTEATE/ 1814m 1791 7383 | 3m0 395
Pithroagarh | 20.35°N/A80.13°/1645m 1834 1~ 386 | 373 “ 388
|Uttraknshi | 30.44"NIE 271/ 1158m 1755 301 YT T

In general practice, an amorphous type module need
replacement during 20y and hence is less attractive. GHG-
emission mitigation in 20y due to installation of SPVHLS of
modules of different technologies have been also made and
shown in Table 6. Table 6 represents that the total
installation capacity of SPVHLS is approximately 55250 by
making assumption that on the average fifty families are in
one village. Different parameters have been used to calculate
the energy output and GHG emission mitigation and are
given also in Table 6. The value of specific fuel consumption
has been taken 0.026 liter/y for kerosene in case of lantern
and 0.40liter/lkWh for diesel oil and 0.80liter/kwWh for
kerosene in case of generator. GHG-emissions factors for
electricity produced by different fuels and provided by grid
extension using the values of fuel mix and transmission
losses of 100% and 8% respectively have been used and
given also in table. Table 6 also indicates that if the
consumption time of fuels is more than the adoption level
(four hours) than the SPVHLS(s) will contribute significantly
in mitigation of GHG-emission.
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5. Conclusions

The energy payback period has been found less than the
useful lifetime of the SPVHLS(s) with the replacement of
conventional fuel devices. The EPBP has been found less
than 4y of the replacement of SPVHLS with diesel generator.
The installation of SPVHLS of amorphous type module takes
no advantages in comparison to other considered technology
type modules due to its lower value of lifetime.
Environmental freshness aspects due to installation of these

Table 6 Estimated values of GHG-emission reduction (tCO;).

devices can be achieved. Increasing trend of modules
efficiency and improvement in battery technology would
further improvement in the energetic viability of the systems.
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