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Abstract: This paper contains an extensive review of life cycle assessment (LCA) studies on
greenhouse gas emissions (GHG) from different material-based photovoltaic (PV) and working
mechanism-based concentrating solar power (CSP) electricity generation systems. Statistical
evaluation of the life cycle GHG emissions is conducted to assess the role of different PVs and
CSPs in reducing GHG emissions. The widely-used parabolic trough and central receiver CSP
electricity generation systems emitted approximately 50% more GHGs than the paraboloidal dish,
solar chimney, and solar pond CSP electricity generation systems. The cadmium telluride PVs and
solar pond CSPs contributed to minimum life cycle GHGs. Thin-film PVs are also suitable for wider
implementation, due to their lower Energy Pay-Back Time (EPBT) periods, in addition to lower GHG
emission, in comparison with ¢-5i PVs.

Keywords: life cycle assessment; greenhouse gas emissions; solar energy; photovoltaics;
concentrating solar power; electricity generation

1. Introduction

Solar energy may be defined as the energy harnessed from the solar radiation reaching the Earth’s
surface. Solar energy may be harnessed for electricity generation by using (a) photovoltaic (PV) and
(b) concentrating solar power (CSP) systems. The PV systems work on the principle of direct conversion
of solar radiation into electricity when sunlight comes in contact with materials (e.g., semiconductors)
exhibiting the photoelectric effect (where there is a release of electrons after absorption of photons of
light). A combination of multiple PV modules (a combination of a number of solar cells connected to
each other and mounted over a frame) is generally referred to as an array. The PV modules or arrays
may be connected in series or parallel to generate electricity. The CSP systems accumulate the sun's
energy to a receiver that serves as a heat source to be used, subsequently, in moving steam or wind
turbines to generate electricity. An intermediate medium (referred to as the heat transfer fluid) is used
for the transfer of thermal energy to generate electricity with the case of CSP being located at a place
different from the location of the receiver.

The total electricity generation in 2012 across the world was reported to be 21.53 trillion kWh [1].
The projected world electricity generation for 2040 is 39 trillion kWh (an increase of 81% from 2012) [2].
Renewable energy sources have been projected to account for 9.6 trillion kWh (25%) of the world’s
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total electricity generation in 2040. With the continuing depletion of traditional non-renewable
energy sources, the necessity for generating electricity through the use of renewable energy sources
(solar, hydro, wind, biomass, geothermal) increased manifold. Solar energy accounted for only
0.096 trillion kWh (0.44%) of the world’s total electricity generated in 2012. Based on the 2012 statistics,
solar energy was the fourth largest renewable energy source for electricity generation after hydro
(3.646 trillion kWh), wind (0.52 trillion kWh), and biomass (0.384 trillion kWh) [1]. These statistics
indicate that there is ample scope to generate electricity on a large scale using solar energy. In the
United States of America (USA) alone, solar energy-based electricity generation is projected to increase
from 8 gigawatts (GW) in 2012 to 48 GW in 2040. Increasing the contribution of renewables, like solar,
is imperative to lower global GHG emissions and meet climate goals [3].

Under such a projected increase, one needs to evaluate the sustainability of different types of
PVs and CSPs by analyzing life cycle greenhouse gas (GHG) emissions resulting from their adoption.
The life cycle assessment (LCA) approach helps evaluate the net GHG emissions resulting from
the use of solar energy as a fuel. LCA is an analytical method that provides an assessment of the
environmental impacts of the considered products and technologies from a ‘cradle to grave’ systems
perspective utilizing the detailed input and output parameters that operate within the designated
system boundaries.

Many studies analyzed the LCA of PVs [4-34] and CSPs [35—46]. The use of PV /CSP electricity
generation systems around the world is being encouraged in view of the advantages that solar energy is
a free and abundant resource from which electricity may be generated with relatively low operational
and maintenance costs in comparison with other renewable energy sources. The use of PV/CSP
electricity generation systems is inhibited by issues such as the intermittency and the unpredictability
of solar radiation on cloudy days/nights and the requirement of large areas of land for utility-scale
CSP installation. A more detailed description of the LCA boundary conditions, greenhouse gas (GHG)
emissions, and site-specific characteristics associated with each of the aforementioned PV and CSP
electricity generation system studies is provided in the Sections 3.1 and 3.2.

The majority of the PV and CSP LCA publications to date have emphasized on the determination
of the life cycle GHG emissions from select PV /CSP electricity generation systems. There were limited
studies that analyzed the life cycle GHG emissions from a broader spectrum of PV [47,48] and CSP [48]
electricity generation systems. None of the earlier studies examined the life cycle GHG emissions
and compared them across all off the currently available distinct PV and CSP electricity generation
system types. This study aims to fill this knowledge gap by performing a comprehensive review
of the literature on all the currently available PV and CSP LCA studies, followed by a statistical
evaluation of the life cycle GHG emissions from the reviewed PV and CSP electricity generation
systems individually. The results from the statistical evaluation of the life cycle GHG emissions will
assist energy policy-makers and environmental professionals in decision-making and selection of
sustainable solar solutions to power production.

2. Methodology

A review of the literature showed that the PV and CSP electricity generation systems may further
be categorized on the basis of material type and working mechanism governing the accumulation
of solar energy, respectively. The different categories of PV electricity generation systems [49] are
as follows:

e Non-organic material-based PVs:as follows:

> Crystalline-silicon (c-Si): light is allowed to filter through a series of layers comprising of a
protective glass cover, a transparent adhesive, and an anti-reflective coating material to
reach positive- and a negative-type silicon crystalline materials bound together and held
with positive and negative electrical contacts. The c-Si cells are referred to as the mono- or
single-crystalline silicon (sc-5i) cells, when they are cut from a single high-purity crystal.
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If the c-Si cells are obtained in the form of wafers resulting from the process of cooling
and solidification of molten silicon crystal blocks, then, they are designated as poly- or
multi-crystalline silicon (mc-Si) cells.

> Thin-films: light is allowed to filter through a series of layers comprising a transparent
coating, an anti-reflective layer, positive and negative semi-conductor materials, a contact
plate and a substrate. Thin films may further be categorized as amorphous-silicon
(a-Si), multi-junction thin-film silicon (pc-Si), cadmium telluride (CdTe), copper-indium-
diselenide (CIS), and copper-indium-gallium-diselenide (CIGS) thin films on the basis of
the material components used.

e  Organic material based PVs:

Y

Organic PVs (OPV): built from thin films of organic semiconductors that include polymers.
> Dye-sensitized solar cells (DSSC): consists of a photosensitive dye and is based on a
semiconductor formed between a photo-sensitized anode and an electrolyte that facilitates
the movement of electrons to generate electricity

The different categories of CSP electricity generation systems [48] are as follows:

e  Parabolic trough: arrays of parabolic trough reflectors reflect the sunlight to a black absorber tube
that is cooled by a heat-transferring fluid. The heat-transferring fluid when hot, is pumped to the
heat exchanger of a steam Rankine cycle for power generation.

e  Central receiver: solar radiation is reflected on to a centrally placed receiver mounted over the top
of a tower by a collector that comprises of two large heliostats.

e  Paraboloidal dish: a paraboloidal dish reflector is used as a solar collector and the heat to electricity
conversion is achieved by using a Stirling engine.

e  Solar chimney: a flat area is covered by a glass cover (with soil and air underneath) that is inclined
toward the middle, where a chimney is located at the center and is exposed to the sun. The hot air
rising up through the chimney generates electricity by using a wind turbine.

e  Solar pond: a large reservoir of water with a black bottom absorbs solar radiation and transforms
it into heat in the form of hot water.

This study adopted the same classification of PVs (sc-Si, mc-Si, a-5i, pc-Si, CdTe, CIS, CIGS, OPV,
DSSC) and CSPs (parabolic trough, central receiver, paraboloidal dish, solar chimney, solar pond) on
the basis of the classifications proposed by the IPCC Report [49] and Amponsah et al. [48], respectively,
to evaluate the life cycle GHG emissions from using different PV and CSP electricity generation
systems. Each of the reviewed PV and CSP LCA study was first assigned a distinct category. Next,
the life cycle GHG emissions from material-based PV and working mechanism-based CSP electricity
generation systems were evaluated using statistical metrics (sample size, mean, standard deviation,
minimum, maximum, standard error of the mean, quartile 1, quartile 2 or median, quartile 3) and
graphical representations (error bars representing the mean with 95% confidence intervals, box plots
representing the quartiles with outliers). While the error bars demonstrate the degree of confidence in
the mean GHG emissions, the box plots provide information on the degree of variation among the
LCA studies characterized by different PV and CSP categories.

3. Results and Discussion

3.1. Review of PV LCA Studies

There are numerous studies [4-34] that evaluated the life cycle environmental impacts of using
PVs for electricity generation. One needs to define the system boundary conditions (that includes
details on the activities or processes to be considered in the analysis) and a functional unit of measure
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(that enables quantification of the net environmental impacts from carrying out an activity or a process
as defined within the LCA system boundary conditions) when performing a LCA.

The majority of the aforementioned studies [6,8,13,17-19,22,23,28,30-32,34] that performed
the LCA of PV electricity generation systems defined the system boundary conditions to include
activities such as raw material extraction, manufacturing processes, transport, installation, operation,
maintenance, and end-of-life processes (dismantling, recycling, and final disposal). Some
studies [11,16,29] excluded the consideration of end-of-life processes to define their system boundaries
to be limited to raw material extraction, manufacturing processes, transport, installation, operation,
and maintenance. The remaining studies [4,5,7,9,10,12,14,15,18,20,21,24-27,33] limited the system
boundaries to PV module production.

The common functional unit of measure adopted by the majority of the PV LCA studies is grams
of carbon dioxide equivalent per kilowatt hour (gCOye/kWh) of electricity produced. Accordingly,
this study also adopts the functional unit of measure for GHG emissions to be gCO,e/kWh of
electricity produced.

Table 1 provides a summary of the PV module categorization (based on the type of material)
along with the corresponding GHG emissions (in gCO,e/kWh) and energy payback time (EPBT,
expressed in years) periods for each of the reviewed PV LCA study. Table 1 also provides additional
site-specific details that included module efficiency (11, expressed in %), performance ratio (1s,
expressed in %), power rating (PR, expressed in kW), available solar radiation at the location (SR,
expressed in kWh/m? /yr), the type of installation (TI: roof-top/ground-mount/building-integrated
with the angle of tilt), and the geographical location (GL) for the installed PV systems. The EPBT
may be defined as the time period for which a PV system should operate to recover an equivalent
amount of energy spent in the production of the installed PV system. 1n; provides a measure of the
performance of the PV module in generating energy from sunlight and is defined as the ratio of energy
output from the PV module to the input energy from the sun. 1 is defined as the ratio of the actual
and theoretically possible energy outputs and may be used in comparing the PV systems at different
locations across the world (considering that 1, is independent of the orientation and the amount of
incident solar radiation). Based on the review of 31 PV electricity generation LCA studies (refer to
Table 1), one may note that mc-Si (N = 35) PV electricity generation systems were more in number
compared to sc-Si (N = 24), CdTe (N = 21), a-Si (N = 16), CIS (N = 3), DSSC (N = 2), puc-Si (N = 1), and
CIGS (N = 1) PV electricity generation systems. There were no LCA studies on the use of OPVs in
electricity generation.

Table 1. Greenhouse Gas (GHG) emissions and Energy Pay-Back Time (EPBT) periods for photovoltaic
(PV) electricity generation systems.

PV Category GHG EPBT Additional Features
Source (Supplementary Case Emissions (%), 11> (%), PR (KW)
D .. (Years) N1 (7e), M2 (7o), ,
escription) (gCOze/kWh) SR (kWh/m?/y), TI, GL

sc-Si (annual cell production of
2.5 MW per year; annual load 130 3.7
duration time of 2000 h per year)

11 = 14; PR = 300;
GL = Germany

sc-Si (annual cell production of

2.5 MW per year; annual load 250 7.3
Schaefer and duration time of 1000 h per year)
Hagedorn [4]

N1 = 14; PR = 300;
GL = Germany

sc-Si (annual cell production of
25 MW per year; annual load 70 3.7
duration time of 2000 h per year)

n1=15.5; PR = 1500;
GL = Germany

sc-Si (annual cell production of
25 MW per year; annual load 150 7.3
duration time of 1000 h per year)

11 = 15.5; PR = 1500;
GL = Germany
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PV Category GHG EPBT Additional Features
Source (Suppleme.nte.lry Case Emissions (Years) 11 (%), 12 (%), PR (KW),
Description) (gCOze/kWh) SR (kWh/m?/yr), TI, GL
mc-Si (annual cell production of 1m. DD _ AN,

2.5 MW per year; annual load 120 3.6 né;i EZéPR = 300;
duration time of 2000 h per year) - ermany
mc-5i (annual cell production of C1h. DD _ AN,

2.5 MW per year; annual load 250 7.1 néi Ezézfn:aioo’
duration time of 1000 h per year) - y
mc-Si (annual cell production of B oD .

25 MW per year; annual load 50 3.6 m C_H} %Sézgn—arllSOO,
duration time of 2000 h per year) - y
mc-5Si (annual cell production of _ oD .

Schaefer and 25 MW per year; annual load 110 7.1 M = 13.5; PR = 1500;
L GL = Germany
Hagedorn [4] duration time of 1000 h per year)

a-Si (annual cell production of DD ann.

2.5 MW per year; annual load 90 29 T]CllL_ fggjn:aar?o’
duration time of 2000 h per year) - y

a-Si (annual cell production of Db ann.

2.5 MW per year; annual load 170 5.8 nC];L_ f’égjn_l:r?o’
duration time of 1000 h per year) - y

a-Si (annual cell production of e DD .

25 MW per year; annual load 50 29 néi Ei’ gsr;niioo,
duration time of 2000 h per year) - Y

a-Si (annual cell production of e DD _ .

25 MW per year; annual load 100 5.8 né;i Ei' gR = 1500;
duration time of 1000 h per year) = bermany

o N1 = 13; 1 = 75; SR = 1000;
Netherlands me-5i (worst case) 167 38 GL = Netherlands
Agency for Energy
o 11 = 16; 1 = 80; SR = 1000;
aTld the mc-5Si (base case) 31 13 GL = Netherlands
Environment
Report [5] Q M = 18;mp = 85; SR = 1000;
mc-Si (best case) 9.8 0.5 GL = Netherlands
. o 1 = 10; TI = roof-top;
Nieuwlaar et al. [6] a-Si 47 4 GL = Netherlands
e 1y = 81; PR =3; SR = 1427;
sc-Si (worst case) 91 15.5 TI = roof-top; GL = Japan
. Ny = 81; PR = 3; SR = 1427;
sc-Si (base case) 65 11 TI = roof-top; GL = Japan
Kato et al. [7] Q; s 1, = 81; PR = 3; SR = 1427;
sc-Si (optimistic case) 21 4 TI = roof-top; GL = Japan
o 12 = 81; PR = 3; SR = 1427;
me-Si 18 25 TI = roof-top; GL = Japan
. 1Ny =81; PR =3; SR = 1427,
a-Si 15 L5 TI = roof-top; GL = Japan
_Gi N =14, PR=3;
Dones and me-Si 189 NA TI = roof-top; GL = Switzerland
Frischknecht [8] i " NA 11 = 16.5; PR = 3;
TI = roof-top; GL = Switzerland
11 =11.2; PR =20;
Frankl et al. [9] sc-Si 200 9 SR = 1700; TI = roof-top, 30° tilt;

GL = Italy
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PV Category GHG EPBT Additional Features
Source (Suppleme.nte.lry Case Emissions (Years) 11 (%), N2 (%), PR (KW),
Description) (gCOze/kWh) SR (KkWh/m? lyr), TI, GL
N1 =12.2; 11, =81, PR=3;
sc-Si (worst case) 83 11.8 SR = 1427; TI = roof-top;
GL = Japan
N =12.2;,1p, =81, PR=3;
sc-Si (base case) 61 8.9 SR = 1427; TI = roof-top;
GL = Japan
N1 =12.2;1, =81, PR=3;
sc-Si (best case) 25 3.3 SR = 1427; TI = roof-top;
GL = Japan
. . N1 =11.6; 1, =81, PR=3;
mc-Si (annual cell production of 20 24 SR = 1427; TI = roof-top;
10 MW per year)
GL = Japan
Kato et al. [10] 7 81 PR3
c : M =117;m, =8, PR=3;
me-Si (a%“&i}vcegrpf:r‘;c“‘m of 18 2.2 SR = 1427; TI = roof-top;
pery GL = Japan
mc-Si (annual cell production of m =15.7; ].12 =81, PR = 3.;
100 MW per year) 13 15 SR = 1427; TI = roof-top;
GL = Japan
S - m =8 mny=8LPR=3;
a-Si (a"ll(;‘ﬁlvf,e”eljmja‘g“o“ of 17 21 SR = 1427; TI = roof-top;
pery GL =Japan
o . N1 =10;mp =81; PR =3;
a-Si (ar;r(;ul\a/lllvf/ell produ;tlon of 13 1.7 SR = 1427; TI = roof-top;
per year GL = Japan
. . n1 =12, =81;,PR=3;
a5i (ai‘é‘(;‘;}lxu frmd:rc)t‘on of 9 11 SR = 1427; TI = roof-top;
perye GL =Japan
n1 = 3.89;
Lewis et al. [11] a-Si 187.8 5.14 TI = building-integrated;
GL =USA
o 11 = 14; SR = 1700; TI = roof-top;
sc-Si 60 3.2 GL = Netherlands
o 11 = 13; SR = 1700; TI = roof-top;
Alsema [12] me-Si 50 32 GL = Netherlands
« 11 = 7; SR = 1700; TI = roof-top;
a-Si 50 27 GL = Netherlands
n1 = 14,712 =55;
mc-Si 120 NA TI = building-integrated;
Oliver and Jackson GL = Swiss Jura Alps, Europe
[13] m=14m, =85
mc-5Si 170 NA TI = building-integrated;
GL = Swiss Jura Alps, Europe
11 =7; 12 =53; SR = 2190;
. DSsC 19 NA GL = Sahara Desert, Africa
Greijer et al. [14]
DSSC 47 NA np =12;np =53; SR = 2190;

GL = Sahara Desert, Africa
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PV Category GHG EPBT Additional Features
Source (Suppleme.nte.lry Case Emissions (Years) 11 (%), 12 (%), PR (KW),
Description) (gCOe/kWh) SR (kWh/m?/yr), TI, GL
. 11 =10.3; 11, =81, PR=3;
CdTe (a1r151;\1/?‘1/\]ce11 prOd‘;Ct“’“ of 14 17 SR = 1427; TI = roof-top;
per year GL = Japan
. n =11.2;m, =81; PR =3;
Kato et al. [15] CdTe (annual cell production of 115 14 SR = 1427; TI = roof-top;
30 MW per year)
GL =Japan
CdTe (annual cell production of M =124;m; =81; PR =3;
100 MW per year) 8.9 1.1 SR = 1427; TI = roof-top;
pery GL = Japan
Nomura et al. [16] mc-Si 104 NA GL =Japan
mc-Si 133 NA GL =Japan
m =57
Meier [17] a-Si 39 49 TI = building-integrated;
GL =USA
11 = 12.8; 1 = 78; PR =1,000,000;
. SR = 1854 (10° tilt)-2037
ftoetal. 18] me-Si 12 17 (40° tilt); TI = ground-mount;
GL = Gobi Desert, China
. . 11 = 9; np = 80; PR = 25,000;
Fthe“aﬁlls;]md Kim CdTe 23.6 12 SR = 1800; TI = ground-mount;
GL=USA
G 11 = 14; 1 = 75; SR = 1700;
sc-5i 35 26 TI = roof-top; GL = Europe
Py 11 =13.2;, 12 =75; SR = 1700;
Alsema et al. [20] mc-Si 32 19 TI = roof-top; GL = Europe
N1 =9;1n7 =75, SR =1700;
CdTe 25 1.1 TI = ground-mount;
GL = Europe
L 11 =13.2; 1 =75; SR = 1700;
me-Si 37 22 TI = roof-top; GL = Europe
Fthenakis and 11 =8; 12 =75; SR = 1700;
Alsema [21] CdTe 21 1 TI = roof-top; GL = Europe
n1 =9; M2 =75; SR = 1700;
CdTe 2 L1 TI = roof-top; GL = US
o 11 =11.86; PR =2.7; SR = 1635;
Kannan et al. [22] sc-Si 165 4.47 TI = roof-top; GL = Singapore
. 11 = 13.2; 11, = 80; SR = 1700;
me-5i 37 NA TI = roof-top; GL = Europe
Fthenakis and Kim . 11 = 14;m7 = 80; SR = 1700;
sc-Si 45 NA
[23] TI = roof-top; GL = Europe
11 =9; np = 80; SR = 1700;
CdTe 16 NA TI = roof-top; GL = Europe
P 11 = 6.3; SR = 1359; TI = roof-top,
aSi 343 32 12° tilt; GL = Michigan, USA
Pacca et al. [24] 11 =12.92; SR = 1359;
mc-Si 72.4 7.4 TI = roof-top, 12° tilt;

GL = Michigan, USA
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PV Category GHG EPBT Additional Features
Source (Suppleme.nte.lry Case Emissions (Years) 11 (%), N2 (%), PR (KW),
Description) (gCOze/kWh) SR (kWh/m?/yr), TI, GL
o N1 = 14;mp =75; SR = 1700;
mc-Si (worst case) 167 5.5 TI = roof-top; GL = Europe
o N1 = 14; > = 75; SR = 1700;
mc-Si (base case) 72 2.4 TI = roof-top; GL = Europe
Raugei et al. [25] a 11 = 14; 1, = 75; SR = 1700;
mc-Si (best case) 57 2.5 TI = roof-top; GL = Europe
N1 =11;np =75; SR = 1700;
CIs %» 28 TI = roof-top; GL = Europe
N1 =9;1n7 =75, SR = 1700;
CdTe 8 L5 TI = roof-top; GL = Europe
sc-Si (CrystalClear project with M = 14;m; =80; SR = 1700;
. 32 NA TI = ground-mount;
Ecoinvent database)
GL = Europe
sc-Si (UCTE grid mixture with M = 14;m; = 80; SR = 1700;
. 42 NA TI = ground-mount;
Ecoinvent database)
GL = Europe
sc-Si (US grid mixture with M = 14m2 =80;5R = 1.700’-
Franklin database) 52 NA TI = ground-mount;
GL =USA
mc-Si (CrystalClear project with m = 13.2;m; = 80; SR = 1700;
Fthenakis et al. [26] Ecoinvent database) 31 NA TI = ground-mount;
GL = Europe
mc-Si (UCTE grid mixture with M = 13.2;m; = 80; SR = 1700;
X 41 NA TI = ground-mount;
Ecoinvent database)
GL = Europe
mc-5i (US grid mixture with M = 13.2;m = 80; SR = 1.700;
Franklin database) 51 NA TI = ground-mount;
GL =USA
CdTe (UCTE grid mixture with 20 NA 11 =9; 12 = 80; SR = 1700;
Ecoinvent database) TI = roof-top; GL = Europe
CdTe (US grid mixture with 2% NA 1 =9; 12 = 80; SR = 1700;
Franklin database) TI = roof-top; GL = USA
11 = 12.8; 11, =78; PR = 100,000;
. SR = 1702 (horizontal)-2017
me-5i 121 1.9 (30° tilt); TI = ground-mount;
GL = Gobi Desert, China
11 = 15.8;np = 78; PR = 100,000;
. SR = 1702 (horizontal)-2017
me-Si o4 1.5 (30° tilt); TI = ground-mount;
GL = Gobi Desert, Chi
Ito et al. [27] ob1 esert, L-hina
N1 =6.9; 1 =77.1; PR = 100,000;
. SR = 1702 (horizontal)-2017
a-Si 156 25 (30° tilt); TI = ground-mount;
GL = Gobi Desert, China
N1 =9; 1y =77.2; PR =100,000;
CdTe 12.8 1.9 SR = 1702 (horizontal)-2017

(30° tilt); TI = ground-mount;
GL = Gobi Desert, China
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Table 1. Cont.

PV Category GHG EPBT Additional Features
Source (Supplementary Case Emissions (Years) 11 (%), 12 (%), PR (KW),
Description) (gCOze/kWh) SR (kWh/m?2/yn), TI, GL

11 =11;m2 = 77.6; PR = 100,000;
SR = 1702 (horizontal)-2017
(30° tilt); TI = ground-mount;
GL = Gobi Desert, China

M2 = 62; PR =4.24; SR = 1932;
sc-Si 131 9.08 TI = roof-top, 30° tilt;
GL = Murcia, Spain

M2 =78; SR = 1702;
sc-Si 51 2.5 TI = ground-mount;
GL = Gobi Desert, China

N2 =78; SR =1702;
mc-5Si 42 2 TI = ground-mount;
GL = Gobi Desert, China

Ito et al. [29] 1o =78; SR =1702;
a-Si 43 2.1 TI = ground-mount;
GL = Gobi Desert, China

1, =78; SR =1702;
CIS 46 1.8 TI = ground-mount;
GL = Gobi Desert, China

Ny =78; SR =1702;
CdTe 51 2.1 TI = ground-mount;
GL = Gobi Desert, China

12 =75; SR = 1700; TI = roof-top,
22° tilt; GL = Grosseto, Italy

12 = 75; SR = 1700; TI = roof-top,
22° tilt; GL = Grosseto, Italy

12 = 75; SR = 1700; TI = roof-top,
22° tilt; GL = Grosseto, Italy

N1 = 14; Ny = 80; PR = 24;
sc-Si 38 2.4 SR = 1700-2280; TI = roof-top;
GL = Europe

M =13.2;1, = 80; PR = 24;
mc-Si 30 1.9 SR = 1700-2280; TI = roof-top;
GL = Europe, USA

N1 =9;m2=80; PR=24;
CdTe 19 0.7 SR = 1700-2280; TI = roof-top;
GL = Europe, USA

M1 = 10.9; p = 80; PR = 200,000;
CdTe 29.5 1.1 SR =1200; TT = ground-mount;
GL = Central Europe (Germany)

n1 = 10.9; n» = 80; PR = 200,000;
SR =1700; TI = ground-mount;
GL = Mediterranean region,
Europe (Italy)

1 = 10.9; 1, = 80; PR = 200,000;
SR = 1700; TT = ground-mount;
GL = Mediterranean region,
Europe (EU-25)

Ito et al. [27] CIS 10.5 1.6

Garcia-Valverde
et al. [28]

sc-Si 98.9 3.8

Bravi et al. [30] mc-Si 180.3 35

a-Si, CIGS, CdTe, pc-Si 39.2 2.5

Fthenakis and Kim
[31]

Held and Iig [32] CdTe 20.9 0.76

CdTe 20.9 0.9
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Table 1. Cont.

PV Category GHG EPBT Additional Features

Source (Suppleme.ntz.iry Case Emissions (Years) 11 (%), 12 (%), PR (KW),

Description) (gCOze/kWh) SR (kWh/m?/yr), TI, GL
11 = 10.9; 1, = 80; PR = 200,000;
CdTe 18.7 0.7 SR =1900; TI = ground-mount;

GL = Spain

Held and Iig [32] 11 = 10.9; 1, = 80; PR = 200,000;
CdTe 18.7 0.9 SR = 1900; TT = ground-mount;

GL = Portugal
N1 = 14; np = 75; SR = 1700;
sc-Si 38 1.7 TI = roof-top;
GL = Southern Europe

International 11 =13.2;, 12 =75; SR = 1700;
Energy Agency mc-Si 34 1.7 TI = roof-top;
Report [33] GL = Southern Europe
11 =10.9; n, = 75; SR = 1700;
CdTe 18 0.8 TI = roof-top;
GL = Southern Europe
11 = 14.4; 1, = 80; PR =1778;
Desideri et al. [34] mc-Si 88.74 417 TI = ground-mount, 25° tilt;
GL = Perugia, Italy

Tilt of solar panels: due South unless specified. NA: not available. PR: power rating. SR: solar radiation. TI: type of
installation. GL: geographical location.

3.2. Review of CSP LCA Studies

Many studies [35-46] evaluated the life cycle environmental impacts of using CSP electricity
generation systems. The majority of the CSP studies [35,37,39-42,44—46] defined the LCA boundary
conditions to include activities, such as manufacturing (extraction of raw materials, transportation to
the manufacturing facility, component manufacturing processes, transportation of the final product to
regional storage), construction (activities associated with site improvements, transporting components
to the site, plant assembly), operation, and maintenance (manufacture of replacement components
and their transportation to the site, water consumption in the power block and for mirror cleaning,
fuel consumption in cleaning/maintenance vehicles, on-site natural gas combustion, electricity
consumption from the regional power grid), dismantling (energy required to disassemble the major CSP
plant systems), and disposal (energy required to transport demolition waste to the landfill, incinerator,
recycling plant, or re-manufacturer and the energy required for final disposal). One study [38] limited
the life cycle boundary conditions to include only material production.

Table 2 provides a summary of the CSP electricity generation systems (based on the type of
working mechanism) along with the corresponding GHG emissions (in gCO,e/kWh) and EPBT
periods (in years) for each of the reviewed CSP electricity generation LCA study. Table 2 also presents
additional site-specific features that included power rating (PR, expressed in kW), available solar
radiation at the location (SR, expressed in kWh/m?/yr), and the geographical location (GL) for the
installed CSP systems. Based on the review of 12 CSP electricity generation LCA studies (refer to
Table 2), one may note that parabolic trough (N = 10) CSP electricity generation systems were greater
in number compared to central receiver (N =9), solar chimney (N = 3), paraboloidal dish (N = 2), and
solar pond (N = 2) CSP electricity generation systems.
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Table 2. GHG emissions and EPBT periods for CSP electricity generation systems.

CSP Category GHG Additional Features
Source (Supplementary Case Emissions (}\E{Zfr:) PR (kW), SR (kWh/m? Iyn),
Description) (gCOze/kWh) GL
Kreith et al. [35] Central receiver 43 NA PR =100,000; GL = USA
CRIEPI Report [36] Central receiver 213 NA PR = 5000; GL = Saijo, Japan
Martin [37] Parabolic trough 166 GL =USA
Central receiver
(energy efficient materials) 2 NA GL = Europe
Cent'ral receiver 48 NA GL = Europe
(conventional materials)
Paraboloidal dish
(energy efficient materials) 24 NA GL = Europe
Parab.olmdal dlsh 58 NA GL = Europe
Norton et al. [38] (conventional materials)
Parabolic trough B
(energy efficient materials) 30 NA GL = Europe
Parabolic trough 80 NA GL = Europe
(conventional materials)
Solar pond B
(energy efficient materials) > NA GL = Europe
Solar pond B
(conventional materials) 6 NA GL = Europe
Parabolic trough 17 NA ?L:—ngl??;rili{a:ég(f;
Weinrebe et al. [39] - 4
. PR =30,000; SR = 2300;
Central receiver 25 NA GL = California, USA
Central receiver 60 NA SR = 2350; GL = Australia
Lenzen [40]
Parabolic trough 90 NA SR = 2350; GL = Australia
Parabolic trough 185 1.04 EIE i Zﬁ?aolilscll'{azszoalii;
Lechon et al. [41] - ' oP
. PR =50,000; SR = 1997;
Central receiver 203 1.02 GL = Andalucia, Spain
NEEDS Report [42] Parabolic trough 161 NA SR = 2000; GL = Spain
Central receiver 140 NA SR =2000; GL = Spain
Niemann et al. [43] Solar chimney 10 NA PR =50; GL = Manzanares,
Spain
Parabolic trough (wet: use of 2% 1 PR = 103,000 kW; SR = 2700;
wet-cooling systems) GL = California, USA;
Burkhardt et al. Parabolic trough
[44] (dry: elimination of 28 1.08 PR = 103,000 kW; SR = 2700;
y: el ' GL = California, USA;
wet-cooling systems)
Fabrizi [45] Parabolic trough 15 <1 GL =USA
Central receiver 18 <1 GL = USA
Zongker [46] Solar chimney 34.1 NA GL =USA
Solar chimney 62.9 NA GL=USA

NA: not available.

3.3. Statistical Evaluation of PV LCA Studies

Figure 1 provides a graphical representation of the (a) error bars (mean + 95% confidence interval
(CI) statistics) and (b) box plots (quartiles + outlier statistics) for GHG emissions from the different
PV electricity generation systems reviewed in this study. Table 3 provides a statistical summary of
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the life cycle GHG emissions with details on the sample size (N), mean (X) * standard deviation
(SD), minimum (Min.), maximum (Max.), standard error of the mean (SE), quartile 1 (Q1), quartile 2
or median (Q2), and quartile 3 (Q3) for the different PV electricity generation systems reviewed in
this study.
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Figure 1. GHG emissions from PV electricity generation systems: (a) mean & 95% CI error bars and (b)
quartile box plots.

Table 3. GHG emission (gCO,e/kWh) statistics from PV electricity generation systems.

PV Type N X+ SD Min. Max. SE Q1 Q2 Q3
sc-Si 24 85.33 £59.43 21 250 12.13 38 63 114
mc-Si 35  73.68 = 63.44 9.4 250 10.72 30 50 120

a-Si 16 5749 £53.96 9 187.8  13.49 15 41.1 50
pc-Si 1 392+£0 39.2 39.2 0 39.2 39.2 39.2
CdTe 21 23.22 £10.94 8.9 51 2.39 18 209 25

CIS 3 50.5 £ 42.43 10.5 95 24.5 10.5 46 95
CIGS 1 39.2+0 39.2 39.2 0 39.2 39.2 39.2
DSSC 2 33+19.8 19 47 14 19 33 47

From Figure 1a and Table 3, one may note that the mean life cycle GHG emissions obtained from
the use of sc-Si, mc-Si, a-Si, nc-Si, CdTe, CIS, CIGS, and DSSC in PV electricity generation systems
are 85.33 gCOze/kWh, 73.68 gCO,e/kWh, 57.49 gCO,e/kWh, 39.2 gCO,e/kWh, 23.22 gCOze/kWh,
50.5 gCO,e/kWh, 39.2 gCOe/kWh, and 33 gCO,e/kWHh, respectively. These results indicate that
lower GHGs are emitted from the organic and thin film non-organic material-based PV electricity
generation systems in comparison to the widely adopted c-5i non-organic material-based PV electricity
generation systems. The higher mean life cycle GHG emissions for sc-Si/mc-Si may be attributed
to the fact that higher energy consumption (a fraction delivered by fossil fuels) is associated
with the silicon purification and crystallization processes when manufacturing the sc-Si/mc-Si
PV modules [47]. The mc-Si PV electricity generation systems produced less GHG emissions in
comparison to sc-Si PV electricity generation systems. Similar observations were made by several
other studies [4,7,10,12,23,26,29,31,33,47]. Among the thin film PV categories, a-5i PVs had the highest
GHG emissions (attributed to silicon processing activities utilizing a fraction of fossil fuel energy).
The CdTe material-based PV electricity generation systems produced the minimum GHG emissions
among all the different material-based PV electricity generation system options considered in this
study. Similar observations were made by a number of studies [20,21,23,25,26,31,33]. The lower GHG
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emissions from CdTe PV electricity generation systems in comparison to other PV electricity generation
systems may be attributed to the recovery of CdTe from the waste modules [20]. The GHGs emitted
by DSSC PV electricity generation systems were also found to be on the lower side. From Figure 1b,
one may note the degree of variation in GHG emissions was less for thin film (a-Si, CdTe, CIS, CIGS)
and organic (DSSC) PV electricity generation systems when compared to the c-Si (sc-Si, mc-Si) PV
electricity generation systems. More LCA studies utilizing uc-Si and CIGS PV electricity generation
systems are to be considered before one generalizes the influence of pc-Si and CIGS on the life cycle
GHG emissions (note that the mean life cycle GHG emission statistics of uc-Si and CIGS PVs in this
study were based on a sample size equal to one).

Figure 2 provides a graphical representation of the (a) error bars (mean + 95% confidence interval
(CI) statistics) and (b) box plots (quartiles + outlier statistics) for EPBT periods from the different PV
electricity generation systems reviewed in this study. Table 4 provides a statistical summary of the
EPBT periods for the different PV electricity generation systems reviewed in this study. From Figure 2a
and Table 4, one may note that the mean EPBT period was found to be the highest for sc-Si PVs
(6.07 years), followed by a-5i (3.18 years), mc-Si (3.15 years), uc-Si/CIGS (2.5 years), CIS (2.07 years),
and CdTe (1.25 years). These results indicate sc-Si PVs takes longer time periods for energy pay back
in comparison to other PVs and the longer EPBT periods may be attributed to the additional energy
inputs involving fossil fuel energy that are required for various silicon processing activities. Among
the thin film PVs, a-Si PV had the highest EPBT period. This may be attributed as a consequence of
the lower conversion efficiencies associated with it [47]. The lower EPBT periods for thin film PVs
are associated with less raw materials and energy consumption than those required for ¢-5i PVs [47].
The median quartile statistic showed a consistent pattern with the mean EPBT periods from different
PV electricity generation systems (refer to Figure 2b and Table 4).
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Figure 2. EPBT periods for PV electricity generation systems: (a) mean + 95% CI error bars and
(b) quartile box plots.

T, represents the percentage energy exported to the grid after the deduction of energy losses and
energy consumption for operation, thereby providing a qualitative measure to compare PV systems
across different locations. Figure 3 provides a graphical representation of the (a) error bars (mean £ 95%
confidence interval (CI) statistics) and (b) box plots (quartiles + outlier statistics) for 1 of the different
PV electricity generation systems reviewed in this study. Table 5 provides a statistical summary of np
for the different PV electricity generation systems reviewed in this study. From Figure 3a and Table 5,
one may note the mean 1, for sc-Si, me-Si, a-Si, pc-Si, CdTe, CIS, CIGS, and DSSC to be 78.19%, 77.73%,
79.16%, 75%, 78.49%, 76.87%, 75%, and 53%, respectively. These results indicate a relatively equivalent
performance for all the PV electricity generation systems (75%—78.3%) with the exception of DSSC,
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which had a lower 1, value. From Figure 3b, one may note the degree of variation in 1, is less and
approximately equivalent for all the material-based PV electricity generation systems reviewed in
this study.

Table 4. EPBT period (years) statistics for PV electricity generation systems.

PVType N X + SD Min. Max. SE 01 Q2 Q3
sc-Si 19 6074388 17 155 089 32 4 8.9
mc-Si 24 315+1.89 05 74 039 19 24 3.6
a-Si 16 3184151 1.1 58 038 21 2.8 4
nc-Si 1 2540 25 25 0 25 25 25
CdTe 18 1.2540.51 0.7 25 012 09 1.1 15
CIS 3 2.07+064 16 28 037 16 1.8 2.8
CIGS 1 25+0 25 25 0 25 25 25

Error Bars show 95% CI
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Figure 3. n; for different PV systems: (a) mean £ 95% CI error bars; (b) quartile box plots.

Table 5. 1, (%) statistics for PV electricity generation systems.

PV Type N X+ SD Min. Max. SE Q1 Q2 Q3
sc-Si 16 78.19 +4.88 62 81 1.22 75 80 81
mc-Si 26 77.73 £5.52 55 85 1.08 75 79 80
a-Si 7 79.16 + 2.46 75 81 0.93 77.1 81 81
pe-Si 1 75+0 75 75 0 75 75 75
CdTe 21 78.49 £+ 2.42 75 81 0.53 75 80 80
CIS 3 76.87 £ 1.63 75 78 0.94 75 77.6 78
CIGS 1 7540 75 75 0 75 75 75
DSSC 2 53+ 0 53 53 0 53 53 53

3.4. Statistical Evaluation of CSP LCA Studies

Figure 4 provides a graphical representation of the (a) error bars (mean + 95% confidence
interval (CI) statistics) and (b) box plots (quartiles + outlier statistics) for GHG emissions for the
different CSP electricity generation systems reviewed in this study. Table 6 provides a statistical
summary of the GHG emissions from different CSP electricity generation systems reviewed in this
study. From Figure 4a and Table 6 one may note that the central receiver CSP electricity generation
system had the highest mean GHG emissions (85.67 gCOye/kWh), followed by the parabolic trough
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(79.8 gCOze/kWh), the paraboloidal dish (41 gCO,e/kWh), the solar chimney (35.67 gCO,e/kWh),
and the solar pond (5.5 gCOye/kWh) electricity generation systems. These results indicate that the
widely used central receiver and parabolic trough CSP electricity generation systems emitted more
GHGs than the paraboloidal dish, the solar chimney, and the solar pond CSP electricity generation
systems. The paraboloidal dish and the solar chimney CSP electricity generation systems produced
approximately only 50% of the GHGs emitted by the paraboloidal dish and the central receiver CSP
electricity generation systems. The solar pond CSP electricity generation system produced the least
amount of GHG emissions. From Figure 4b, one may note the degree of variation in GHG emissions
was less for the solar pond, the paraboloidal dish, and the solar chimney CSP electricity generation
systems in comparison with the central receiver and the parabolic trough CSP electricity generation
systems. The parabolic trough and the central receiver had approximately equivalent EPBT periods of
one year (refer to Table 2). For the remaining three CSP electricity generation systems, there were no
established data with regards to EPBT periods. While more LCA research is needed to analyze the
performance of CSP electricity generation systems in general, priority needs to be given to analyzing
the LCA of solar pond, paraboloidal dish, and solar chimney CSP electricity generation systems.
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Figure 4. GHG emissions from CSP electricity generation systems: (a) mean + 95% CI error bars and
(b) quartile box plots.

Table 6. GHG emission (gCO,e/kWh) statistics from CSP electricity generation systems.

CSP Type N X+ SD Min. Max. SE Q1 Q2 Q3
parabolic trough 10  79.8+67.82 15 185 2145 26 55 161
central receiver 9 85.67 + 78.48 18 213 26.16 25 48 140
paraboloidal dish 2 41 +£24.04 24 58 17 24 41 58
solar chimney 3 35.67 £ 26.49 10 62.9 15.29 10 34.1 62.9
solar pond 2 55+0.71 5 6 0.5 5 5.5 5

4. Conclusions

This paper examined the life cycle GHG emissions from all of the currently available
material-based PV (sc-5i, mc-Si, a-Si, pe-Si, CdTe, CIS, CIGS, DSSC) and the working mechanism-based
CSP (parabolic trough, central receiver, paraboloidal dish, solar chimney, solar pond) electricity
generation systems. The life cycle GHG emissions from PV and CSP electricity generation systems were
examined in this study by performing a review of the PV and CSP LCA studies (with categorization of
all the identified PV and CSP LCA studies) and the subsequent computation of statistical parameters.
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A review of the literature on solar energy related LCA studies showed that there are numerous
studies that evaluated the life cycle GHG emissions of PVs and there are only a limited number of
studies that analyzed the life cycle GHG emissions of CSPs. A total of 31 PV LCA case studies and
12 CSP LCA case studies were reviewed in this study.

The mean life cycle GHG emissions from sc-5i, mc-Si, a-5i, uc-Si, CdTe, CIS, CIGS, and DSSC
PV electricity generation systems were computed to be 85.33 gCO,e/kWh, 73.68 gCO,e/kWh,
57.49 gCOze/kWh, 39.2 gCOze/kWh, 23.22 gCO,e/kWh, 50.5 gCO,e/kWh, 39.2 gCO,e/kWh, and
33 gCOze/kWHh, respectively. Prior PV LCA studies identified the level of solar radiation, position of
modules, modules manufacturing energy intensity, and corresponding fuel mix, and solar radiation
conversion efficiency to be the major factors influencing the life cycle performance of PVs. The mc-Si
PVs proved to be a better cost-effective and environmental-friendly option than sc-Si PVs (considering
the relatively lower GHG emissions and lesser EPBT period for an approximately equivalent 1, value
of 78%). Thin-film PVs may be recommended for a wider implementation due to their positive
attributes of emitting less GHGs and lower EPBT periods in comparison with c-Si PVs. The lower
GHG emissions and EPBT periods for thin-films are associated with less raw materials and energy
consumption. Amongst all of the different categories of PVs considered in this study, the most
environmentally friendly option is the CdTe PV system (lowest GHG emission and EPBT periods for
Nz value of 78.49%). While no representative LCA studies were noted in the literature for the OPV
electricity generation systems, only a single LCA case study to represent pc-Si, DSSC PV electricity
generation systems. More research efforts are needed to study the LCA of organic material based PV
electricity generation systems.

The mean life cycle GHG emissions for the parabolic trough, central receiver, paraboloidal
dish, solar chimney, and solar pond CSP electricity generation systems were computed to be
79.8 gCOse/kWh, 85.67 gCO,e/kWh, 41 gCOye/kWh, 35.67 gCOe/kWh, and 5.5 gCOye/kWh,
respectively. The widely-used parabolic trough and central receiver CSP electricity generation systems
emitted approximately 50% more GHGs than the paraboloidal dish, solar chimney, and solar pond
CSP electricity generation systems. Future CSP LCA studies need to focus more on analyzing the
environmental contributions from the paraboloidal dish, solar chimney, and solar pond electricity
generation systems, for which there were limited references.
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