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ABSTRACT

The photovoltaic (PV) market is experiencing vigorous growth, whereas prices are dropping rapidly. This growth has in
large part been possible through public support, deserved for its promise to produce electricity at a low cost to the environ-
ment. It is therefore important to monitor and minimize environmental impacts associated with PV technologies. In this
work, we forecast the environmental performance of crystalline silicon technologies in 2020, the year in which electricity
from PV is anticipated to be competitive with wholesale electricity costs all across Europe. Our forecasts are based on tech-
nological scenario development and a prospective life cycle assessment with a thorough uncertainty and sensitivity analy-
sis. We estimate that the energy payback time at an in-plane irradiation of 1700 kWh/(m?” year) of crystalline silicon
modules can be reduced to below 0.5 years by 2020, which is less than half of the current energy payback time. Copyright
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1. INTRODUCTION

The photovoltaic (PV) market has experienced double digit
growth in the past decade and has now reached a
global capacity of approximately 67 GW [1]. The year-
on-year growth of newly installed capacity was 67% from
2010 to 2011, greatly exceeding the International Energy
Agency’s (IEA) annual growth rate projection of 17% for
this decade from 2009 [2,3].

Average European electricity generation costs from PV
modules today are 0.20€/kWh [4], which is competitive
with the retail electricity prices in some European
countries. However, to fully penetrate the market, the cost
of PV electricity has to be driven down further, to the
wholesale electricity cost of ~0.08 €/kWh in most Euro-
pean countries [5]. Module production costs have histori-
cally been reduced by increases in plant production
capacity, increases in module efficiency, reduced cost of
silicon feedstock, and reduced silicon consumption per

1180

watt-peak (W) [6-8]. In recent years, there have been a
number of roadmapping exercises that outline paths toward
low-cost crystalline silicon modules [2,9-15], which basi-
cally emphasize these approaches. With ongoing cost
reductions of PV modules and rising wholesale electricity
costs, it is expected that utility-scale grid parity will be
reached by 2014 in south Italy and by 2020 throughout
Europe [4].

The fast growth of the PV markets is largely based on
their promise to produce abundant electricity at a low cost
to the environment. It is therefore important to monitor and
report indicators of the environmental performance of PV
technologies, such as the energy payback time (EPBT),
the time in which an operating PV system produces the
energy required to manufacture it. EPBTs are determined
through life cycle assessments (LCAs) of the PV systems’
cradle-to-grave life cycles. The most recent reported EPBT
values are 1.5 and 1.3 years for monocrystalline and multi-
crystalline silicon PV systems, produced in Germany and

Copyright © 2013 John Wiley & Sons, Ltd.



S. A. Mann et al.

located in southern Europe [16]. Note that it is important to
distinguish between “modules” and “systems”, as the for-
mer does not include production of the balance of system
(BOS) components and installation. The European Photo-
voltaic Technology Platform stresses that any negative en-
vironmental impact associated with PV systems must be
minimized, implying reduction of emissions, recycling of
materials, and reduction of EPBTs [15]. Their system
EPBT target for 2020 is 0.6 years, and a long-term target
is 0.3 years [17]. The IEA targets are 0.9 years for 2020
and 0.7 years for 2030 [2,17].

In this paper, we forecast the 2020 EPBTs for
crystalline silicon modules. To do so, we developed three
prospective module types, based on the aforementioned
roadmaps. These scenarios are then modeled in a pro-
spective LCA to calculate the EPBT and energy return
on energy investment (EROI). The roadmapping exer-
cise is discussed in Section 2, the LCA methodology
in Section 3, and the uncertainty analysis in Section 4.
The results are presented in Section 5 and discussed in
Section 6.

2. TECHNOLOGY ROADMAPPING

In this section, we will present a short overview of techno-
logical improvements that are proposed to drive down pro-
duction costs per Wp, drawing from the existing
roadmapping exercises [10-13].

2.1. Feedstock and ingot growth

Today, almost all commercially available modules are
made from polysilicon from the Siemens process, which is
converted into crystalline ingots through either Czochralski
(Cz) crystal growth (for monocrystalline silicon) or direc-
tional solidification (DS) (for multicrystalline silicon). As
polysilicon accounts for almost 25% of the total module
production cost today [10], some facilities try to reduce
cost by process integration with material and energy
recycling routes [16]. Additionally, the high cost has
triggered development of alternatives to the traditional
Siemens route (e.g., the fluidized bed reactor process [18])
and even abandonment of poly-Si altogether, as with
upgraded metallurgical grade silicon (UMG-Si) [19].
Multi-Si cell efficiencies achieved on alternative Si
feedstocks such as UMG-Si have been demonstrated to
be comparable with those of multi-Si cells from standard
feedstock in selected cases [19,20].

Ingot sizes will increase (most notably for the DS tech-
nique), which increases the throughput and yield of good qual-
ity silicon. Another interesting development is quasi-mono
silicon, a crossover between both crystallization techniques
[21]. Here, the DS method is modified so that the crystal
growth is seeded by a monocrystalline layer at the bottom of
the melt. This produces large ingots with a central monocrys-
talline region, surrounded by multicrystalline edges. This ap-
proach has several benefits to regular DS ingots: as the
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material is quasi-mono, the lack of grain boundaries
could result in higher efficiencies. In fact, because of the lack
of grain boundaries in central regions of the ingot, the segrega-
tion of impurities is more effective. This further encourages
the use of UMG feedstock without compromising efficiency
loss [10].

2.2. Wafering

To reduce the required amount of polysilicon, the wafer
thickness is continuously reduced, from 500 pm in 1979
[22] to an average of 180 um today [13]. The kerf loss, the
silicon loss due to sawing, has decreased as well, to about
150 pm per wafer today. With further advances in the multi-
wire slurry saw (MWSS) process, it is expected that 120 pum
wafers with 120 um kerf loss are achievable by 2020 [13],
which already reduces silicon consumption by 27% if break-
age does not increase and efficiencies can be maintained.

Aside from the kerf loss, the MWSS process has other
drawbacks: wafer contamination, thickness variation
across the wafer, high breakage, and high material con-
sumption. To address those drawbacks, alternative wafer-
ing methods were proposed, most notably a wire sawing
process using a fixed diamond abrasive on the wire (fixed
abrasive sawing) [23]. Most machines on the market today
are adaptable for diamond wires, and implementing them
will increase the throughput by a factor of 2-3. In addition,
the kerf is commercially recyclable as opposed to kerf from
the slurry-based process [24], and wire consumption per
wafer is much lower. However, the cost of the wire is
much higher, and this so far stands in the way of significant
market penetration, but wire costs have been decreasing by
30% per year [23].

To do away with the kerf loss altogether, kerfless cutting
methods have been developed, such as the ribbon silicon
[25], electrochemical cutting [26], laser wafer cutting [27],
stress-induced lift-off [28], and light ion implantation [29].
Of these methods, ribbon silicon is the oldest, but it has dif-
ficulties maintaining or increasing market share [25]. Light
ion implantation is commercially available, originally
through Silicon Genesis (their PolyMax process [29]) but
more recently also through Twin Creeks (the Hyperion
[30]). It uses proton implantation to create a weak layer at a
controlled depth in the silicon brick, after which the wafer
is separated by cleaving. This process allows for wafers with
a thickness between 20 and 150 pm, and even the thinner
wafers have excellent mechanical strength [29]. A drawback
is the considerable energy required for the high-vacuum hy-
drogen implantation process.

In the past, wafer sizes have also increased to reduce
production costs. Larger 210 x210mm® wafers are
expected to be introduced in 2017, but the current
156 x 156 mm? size will be the norm until at least 2020
[13], because larger and thinner wafers will be too brittle
to handle with current processing techniques. In fact, thin-
ner wafers already put considerable constraints on cell de-
sign and processing, as, for instance, front-to-rear
interconnection,  soldering, and  high-temperature

Prog. Photovolt: Res. Appl. 2014; 22:1180-1194 © 2013 John Wiley & Sons, Ltd. 1181

DOI: 10.1002/pip



The energy payback time of advanced crystalline silicon PV modules

processing will result in high yield losses for currently
used processes and module architectures.

2.3. Cell processing

Surface recombination becomes more important as the wafer
thickness decreases, so very high quality passivation schemes
are needed. Because the aluminum back surface field does not
passivate well enough and the contact area has to be reduced, a
transition to rear-side dielectric passivation is required. Excel-
lent results have recently been achieved on thermal SiO,/
plasma-enhanced chemical vapor deposition SiNy stacks
[31], but thermal growth of SiO, might be less favorable for
very thin wafers. A relatively new low-temperature approach
to high-quality passivation is atomic layer deposition of
Al,O3 [32], with recombination velocities as low as 2 cm/s
on n-type float-zone wafers [33]. Another effective low-tem-
perature approach is to use amorphous silicon (a-Si), as in a-
Si: H/crystalline silicon heterojunction (HIT) cells [34]. The
HIT and effective passivation increase the open circuit voltage
significantly: an efficiency of 23.7% has already been
achieved on a 98-um-thick wafer [35]. As the patent on HIT
technology has expired, it can be expected that by 2020, other
manufacturers will also make use of this approach.

Because front-to-rear interconnection and soldering of
interconnects will induce too much stress on thin wafers,
the International Technology Roadmap for Photovoltaics
(ITRPV) roadmap expects 35% of all cells to be rear
contact by 2020 [13]. There are three main approaches to
rear-contact cells [36]: metal wrap-through (MWT), emitter
wrap-through (EWT), and back-junction (BJ). In the first
two approaches, the emitter is still at the front of the device,
but holes are laser drilled through the wafer that transports
carriers to the rear, either through the metal contacts
(MWT) or the emitter (EWT). The main difference between
MWT and EWT is thus that the MWT still has grid lines
(but no bus bars) on the front surface. In a BJ cell, the emit-
ter is located at the rear surface, typically in an interdigi-
tated fashion with the back surface field (BSF). A BJ has
the benefit that the contacts can cover almost the whole rear
side of the cell, greatly reducing series resistance [37]. All
three approaches reduce contact shading, although this is
especially true for the EWT and BJ types. So far, large-area
efficiencies of 24.2% have been reached on BJ solar cells
[38] and over 20% on MWT cells [39]. An interdigitated
back contact silicon (IBC) HIT cell (IBC-HIT) has been
reported at an efficiency of 20.2% [40], but simulations
show that 26% conversion efficiency is achievable [41].

Traditional screen printing is reaching its limits too. It
is a “hard contact” technique, which creates yield issues
on thin wafers. Furthermore, the aspect ratio of fingers is
rather low, resulting in either large contact areas (which
are high surface recombination areas) or small contacts
with high resistance. Finally, the cost of silver in the met-
allization paste is becoming quite high, at 6-14 ¢ per Wp
today [42]. All in all, this implies a move away from silver
screen printing in the coming years. A first step may be the
introduction of stencil printing, providing higher aspect ratios
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than screen printing, but the preferred option on the somewhat
longer term seems to be plating of copper contacts [42].

Reducing the wafer thickness relaxes the demands on
the bulk diffusion length for efficient carrier collection but
at the same time reduces the amount of light absorbed if
no additional light trapping measures are taken. Random
pyramidal textures are shown to perform quite well even
at 50 um wafer thickness, with demonstrated efficiencies
of over 19% [43]. Such thin cells with inverted pyramidal
textures have even shown efficiencies of up to 21.5%
[44,45] and could be further improved with BJ schemes
and better passivation. Below 40 pm, the absorption starts
dropping rapidly, and for very thin wafers, dielectric
[46,47] or plasmonic resonators [3,48] may be required
for high efficiencies.

2.4. Encapsulation

The encapsulation step is responsible for most material and
labor costs: it accounts for 30—40% of the total costs per
Wp [9,10]. Hence, there is much to gain by cutting down
on material consumption and through automation and in-
creasing throughput.

Front-to-rear interconnection through stringing and solder-
ing is responsible for a large fraction of the yield losses today,
and with decreasing wafer thickness, this may get worse. As
back-contact cells require an interdigitated conductive pattern
on the back sheet, these interconnection yield losses can be
prevented. Spith et al. have already developed a fully auto-
mated high-throughput module assembly line that drastically
reduced cell breakage, even on 130-pum wafers [49]. Because
for BJ cells most processing is on the back of the cell, it is pos-
sible to attach the wafers to a glass superstrate after processing
of the front [50]. This then allows for monolithic processing of
the cells, which increases the yield of very thin wafers during
cell processing.

Another approach is to eliminate foil lamination all to-
gether [51]. Modules are sealed in double glazing at room
temperature. An automated module assembly line based
on this process, which also eliminates soldering, was first
offered by Apollon Solar [52] and produced a module every
2 min. More recently, Bystronic Glass introduced a system
that reportedly can produce a module every 45 s [53] (but
with soldering). These throughputs are incredibly high
compared with conventional module encapsulation pro-
cesses, while material consumption is reduced and recy-
cling becomes easier.

2.5. Technological scenarios

On the basis of the developments described in the previous
subsections, we have defined three modules, as shown in
Table I and Figure 1. Module 1a is a very high efficiency
scenario based on 120-pum-thick 156 x 156 mm*> MWSS
wafers and an IBC-HIT design with dielectric stack passiv-
ation, random pyramidal texture on the front surface, and
plated copper contacts. As shown in Table I, high cell
and module yield are assumed because of advances
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Table I. Description of the three technological scenarios under investigation.

Process step Module 1a Module 1b Module 2

Feedstock Poly-Si UMG-Si
Crystallization Czochralski ingot growth Seeded DS

Ingot yield (%) 95 95 95

Good Si out/Si in 85 85 85

(%)

Wafering MWSS lon implantation MWSS

Wafer thickness 120 40 120

Kerf loss 120 0 120

Yield (%) 90 98 90

Cell processing IBC-HIT design, random pyramidal texture,

plated copper contacts.

Metal wrap-through design,

random texture, front and rear

passivation, plated copper

contacts.

Yield (%) 99 99.5 99

Efficiency (%) 235 225 20

Module assembly Frameless encapsulation without lamination foil [51], with all-rear low-stress
interconnection and high packing density.

Yield (%) 99.5 99.5 99.5

Efficiency (%) 22 21 19

UMG-Si, upgraded metallurgical grade silicon; DS, directional solidification; MWSS, multiwire slurry saw; IBC-HIT, interdigitated back contact silicon
heterojunction.

Modules 1a and 1b
front dielectric & ARC

Module 2

front dielectric & ARC / Via and front grid

emitter BSF

contacts rear dielectric

contacts

Figure 1. Schematic structure of the three modules. Modules 1a and 1b only differ in the wafer thickness, 100 and 40 um, respec-

tively. Both are interdigitated back contact heterojunction cells with plated copper contacts. Module 2 is a metal wrap-through cell

based on quasi-mono wafers with plated copper contacts. The schematics of modules 1a/b are based on [40] and of 2 on [39].
BSF, back surface field.

expected in monolithic cell processing and module assem-
bly [13], whereas ingot and wafer yields are assumed to be
the same as today. Because efficiencies of 23.7% have al-
ready been achieved on 100-um-thick front contacted
HIT cells [35], but results on IBC-HIT are not quite that
high yet, we estimate the efficiency to be 23.5%. Because
of high packing densities and antireflection coated glass,
we estimated the difference between cell and total area
module efficiencies to be 1.5% absolute, down from 2.5
to 3% for today’s high-efficiency modules.

Module 1b is a slight modification of la: Wafering is
now carried out through light ion implantation, as in Sili-
con Genesis’ PolyMax process [29]. Wafers from this pro-
cess are stronger mechanically, which is why we have
assumed higher yields. Furthermore, the wafers are much
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thinner, at 40 um, which comes at an efficiency penalty
of at most 1% absolute [45].

Module 2 is a low-cost alternative based on UMG-Si
feedstock and 156 x 156 mm> quasi-monocrystalline
wafers. Because of the poorer quality material, we chose
an MWT cell design, with random texturing on the front,
front/rear passivation, and plated contacts. The efficiency
for this cell is 20%, based on promising UMG-Si and
MWT results and ITRPV projections [13]. Because these
wafers are square, we took the efficiency loss between
cell and total module at 1% absolute, even lower than in
modules la and b.

All modules are encapsulated in a double glazing type
of process, without lamination foil or curing [51]. This is
a high-throughput process that is symbolic of new module
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assembly techniques, but as with the cell designs, there is
large uncertainty on whether this is the direction the market
will go. We will therefore discuss other possibilities of cell
design and encapsulation in the discussion (Section 6.2).

3. PROSPECTIVE LCA

To obtain an idea of the environmental impacts of these
modules, we performed a prospective LCA. LCA is a
methodological tool to evaluate a product’s environmental
impact over its life cycle, from primary resource extraction
(cradle) to disposal (grave) or recycling. For PV energy, a
guideline is provided by IEA PVPS task 12 [54], and a
general guideline can be found in Reference [55]. An
LCA is typically performed in four stages: (i) scope defini-
tion, (ii) life cycle inventory analysis, (iii) impact assess-
ment, and (iv) interpretation. We used SimaPro 7.3.2 as
the software tool to perform the inventory analysis and im-
pact assessment [56].

The functional unit is one m* module area of the three
modules introduced in the previous section, and the system
boundaries are shown in Figure 2. Our prospective analysis
focuses only on the cradle-to-gate stages of the modules,
excluding the BOS and end-of-life stage. However, to
make comparisons with system EPBT targets, we
accounted for the BOS assuming static scenarios in the
discussion.

3.1. Data collection, modeling, and
inventory analysis

The life cycle inventory analysis is performed using the
Ecoinvent database (version 2.2) (Ecoinvent Centre, St.
Gallen, Switzerland) [57] for material and energy inputs.
For electricity inputs, we used the continental European
electricity mix, which has a conversion efficiency of
0.315. The primary energy requirement is calculated using
the cumulative energy demand (CED) (v. 1.08) method
[58] in units of MJp.

In the inventory, we have used as much original data as
possible. As shown in Table II, we used new data from four
different companies and complemented that with data pub-
lished in literature and from the Ecoinvent database. In two
cases, the HIT formation step and conductive patterning of
the back sheet, data were unavailable and modeling was
required.

For the HIT formation, we used general data on Oerli-
kon’s KAI-1200 a-Si plasma-enhanced chemical vapor

System boundary
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deposition chamber [59] (Table III), which can deposit
the a-Si layer on 40 1.43 m? modules per hour, in two
batches of 20 modules. With a deposition speed of
0.3 nm/s and an a-Si:H layer of 300 nm, it follows that
the KAI-1200 requires 800 s of loading, unloading, and
starting up per batch.

We modeled a device structure as described in [18],
with a 5-nm intrinsic buffer layer under the emitter. The
process flow is based on [60]: the starting point is a wafer
with a passivation layer, which is to be etched away in the
regions where the emitter and BSF are deposited. Then, an
additional mask is put in place for deposition of the intrin-
sic layer and emitter, after which the mask is changed for
deposition of the BSF. We have assumed that each mask
change requires half the time it takes to fully load or unload
the chambers. Because vacuum and heater equipment are
responsible for most of the power consumption, and are al-
ways on, we use the average power consumption for each
process step.

The deposition and patterning of a conductive layer
on the back sheet were modeled as follows: (i) vapor de-
position of a thin metal layer on a glass sheet, (ii) copper
plating of that thin metal layer, (iii) screen printing of an
etch-resist resin in an interdigitated pattern on the metal
layer, (iv) etching, and (v) washing. The vapor deposi-
tion process data were obtained from the Ecoinvent da-
tabase, whereas the other steps are taken from cell
processing steps (Table II).

3.2. Impact assessment

We have chosen to calculate the embodied energy, or CED
for the production of one m? of module, which we will
present as such. Additionally, we will present the EPBT,
defined as the ratio of the CED over the primary energy
that the PV system prevents from being consumed on the
grid to which it is connected:

Ecep

EPBT — ,
Gijoon PR 21

(€Y

conv

where Ecgp is the CED required for the production of 1 m’
of module, 7,iq is the conversion efficiency of the grid in
which the PV system is installed (0.315), G is the annual
insolation for southern Europe (1700 kWh/(mz*yr), Neonv
is the PV module conversion efficiency, and PR is the sys-
tem performance ratio. Following the IEA PVPS guideline
[54], we assumed a PR of 0.75 for rooftop residential sys-
tems, but we will discuss how higher PRs affect the EPBT
in the discussion.

Material inputs

Mounting system

L

—~| Ingot |——~| Wafers

Energy

-| Solar cell |=—| PV Module |—-»| Operation |—| End-of-life |

Cabling/inverter

Figure 2. System boundaries used in the inventory analysis.
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Table Il. Primary energy data values and sources.

Process step Key inputs Value Source (year)
Feedstock Poly-Si, Siemens process (Wacker, 545 MJp/kg Wetzel, Feuerstein [16] (2011)
Germany)
UMG-Si (Elkem Solar, Norway) 322 MJp/kg De Wild-Scholten, MJ [62]
(2008)
Crystallization CZ-Si electricity use 85.6 kWh/kg Cz-Si Ecoinvent [63] (2007)
Quasi-mono Si electricity use 19.3kWh/kg Multi-Si from

Other
Wafering Electricity (including cooling), wire, and
(MWSS) slurry consumption

Other
Wafering Electricity requirement for total process

(ion implantation)
Cell processing Plating of contacts

IBC-HIT deposition

Various process steps

Encapsulation Solar glass (front 3.0 mm, rear 2.8 mm)

Conductive back sheet (without glass)

Other

Ecoinvent [63] (2007)
Ecoinvent [63] (2007)

quasi-mono Si

Confidential Applied Materials [64] (2012)
Ecoinvent [63] (2007)

51.4 kWh/m? SiGen [65] (2012)

Confidential Meco [66] (2012)

44.5 MJp/m? Modeled based on Photon
International [59] (2011)
Photon  International  [67]
(2009)

14.6 kg/m? ITRPV [13] (2012)

66.7 MJp/m? Modeled based on Ecoinvent

[67] (2007) and Meco [66] (2012)
Apollon Solar [68] (2010)

UMG-Si, upgraded metallurgical grade silicon; MWSS, multiwire slurry saw; IBC-HIT, interdigitated back contact silicon heterojunction.

The EPBT is a widely used measure to indicate the
energy performance of PV. It is attractive for a num-
ber of reasons: it relates the somewhat abstract CED
to the module performance and it is a proxy for envi-
ronmental performance. Furthermore, less data is re-
quired than for the calculation of emissions per kWh.
On the other hand, it has drawbacks too: it does not
take into account the PV module lifetime, it is inher-
ently linked to the system in which the PV system is
installed (through the grid conversion efficiency [61]),
and it does not compare easily with other sources of
electricity. An alternative metric that accounts for
the life expectancy of the system is the EROI, defined
as [70]:

Eou _ Eout

EROI = =
Ewn  Egp + Epp

2

where E,, is the net electricity output over the pro-
duct’s lifetime, Ej,, is the total invested primary energy
required to produce that electricity, that is, the sum of
the primary energy required for the production of the
product (Epp) and energy for the supply chain of the
feedstock to produce the electricity (Egp). Note that
the EROI as defined here equals the life expectancy
of the PV system multiplied by the grid efficiency and
divided by the EPBT.

After the impact assessment, we move on to the next,
and final, stage of the LCA: interpretation. Because of
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the prospective nature of this study, a thorough uncertainty
analysis is required.

4. UNCERTAINTY ANALYSIS

We can distinguish between various sources of uncer-
tainty in LCA [71]. First and foremost, there is param-
eter uncertainty: Parameters can be hard to measure
precisely or precise values might be unavailable, and
they might be inherently variable. Then, there is
scenario uncertainty, which is related to the normative
choices made in constructing scenarios. The last source is
modeling uncertainty, which comes from the structure of
the model.

Because of the prospective nature of this study, param-
eter and scenario uncertainty are most significant: Data are
subject to change in the coming years, and the scenarios
that we have developed may not represent the actual situa-
tion in 2020. Our approach to deal with these uncertainties
is discussed as follows.

4.1. Parameter uncertainty

A prospective LCA study has two major data quality
issues: data representativeness (e.g., scaling up from
laboratory scale or temporal fluctuations in primary en-
ergy requirements for material inputs) and data availabil-
ity (e.g., confidential or nonexistent data, which therefore
have to be modeled). The challenge is to quantify these
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Table lll. Modeling of interdigitated back contact silicon heterojunction deposition.
Process parameters Value Source
a-Si deposition rate 0.3nm/s Photon International [59]

Average power consumption 280 kW Photon International [59]

Loading or unloading 400 s/batch See Section 3.1

Changing masks 200 s/batch Own estimate

Total process time 1433 s/batch Own estimate

Energy and material consumption

Electricity 3.9 kWh/m? Own model, Photon International [59]
SiH4 0.97 g/m2 Van der Meulen, R, and Alsema, EA [69]
H, 1.45 g/m?

0, 0.16 g/m?

NF3 0.11 g/m?

uncertainties in a transparent manner, for which the most
common approach is to use a pedigree matrix approach,
as in the Ecoinvent database [72]. Here, the assumption
is made that all inputs are accurately described by a log-
normal distribution. The variance of this distribution is
a measure of the uncertainty of the input and is found us-
ing a pedigree matrix with data quality indicators [72,73].
There are five data characteristics on which this variance
is based: (i) data reliability, (ii) data completeness, (iii)
temporal correlation, (iv) geographic correlation, and (v)
further technical correlation. Each characteristic is divided
into five quality levels, ranging from good to poor. On the
basis of expert judgment, the indicator scores then give the
variance of the input value. In Table IV, we show the pedi-
gree matrix for the two most important characteristics in
prospective studies (temporal and technological correlation).

A useful measure of the uncertainty of an input is the
95% confidence interval: a range in which the true value
will lie with 95% certainty. The confidence interval is re-
lated to the input variance and is thus calculated on the ba-
sis of the pedigree matrix, as outlined in [72]. For example,
the electricity use for production of Cz-Si comes from the
Ecoinvent database. The input value of 85.6kWh/kg is
based on verified measurements (score 1 on reliability)
but comes from only one site relevant for the market (score
4 on completeness). It is valid for the year 2007 (temporal
score 4), comes from an area with similar production con-
ditions (geographical score 3), and is representative for
enterprises, processes, and materials under study (techno-
logical score 1). Following the procedure outlined in
[72], the 95% confidence interval of the electricity

requirement for a kilogram of Cz-Si in 2020 then ranges
from 69.7 to 105 kWh/kg Cz-Si. It should be noted, how-
ever, that the electricity requirement is more likely to
move toward the lower bound because of technological
improvements.

Using the same procedure, we have calculated the var-
iances of all inputs and then propagated these using Monte
Carlo analysis [74] to find the 95% confidence interval of
the CED, EPBT, and EROI for each module.

4.2. Scenario uncertainty

The technological scenarios and performance forecasts that
we have made are subject to uncertainty too. For instance,
cell and module efficiencies might be higher or lower than
we predicted, so we will present the EPBT and EROI
results on an efficiency interval. We have based our yield
assumptions on the values reported in the ITRPV road-
map [13], which are based on expert judgment. We address
the yield uncertainty through parameter uncertainty, as de-
scribed in the previous subsection: industrial expert esti-
mates receive a data quality indicator score of 4 for
reliability. Together with the other indicator scores, one
can find the variance and 95% confidence interval of the
yield assumptions, as outlined in [72]. For example, the
yield during cell processing is reported to be 99% by
2020. This means that for 1 m? of cells, 1.01 m? of wafers
is required, but the 95% confidence interval lies between
1.008 and 1.012m?. The uncertainty on process yields is
then propagated just as the other parameter uncertainties.

Table IV. Excerpt of the pedigree matrix [72], adjusted to have 2020 as the database base year.

Indicator score 1 (Good) 2 3 4 5 (Poor)
Temporal correlation — — Data from 2010 Data from 2005 Data from
or later. or later. before 2005.
Further Data from Data from Data from Data on related Data on related
technical correlation enterprises, processes and processes processes processes on
processes, materials under and materials or materials. laboratory
and materials study but different under study but scale or from
under study. enterprises. from different different
technology. technology.
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Finally, crystalline silicon PV modules might be pro-
duced by processes in 2020 that are unknown today or that
we did not account for in our scenarios: we address these
possibilities in Section 6.2.

5. RESULTS

On the basis of the life cycle inventory, we calculated
the cradle-to-gate (factory) primary energy consumption
for production of the three modules, including the 95%
confidence interval, as shown in Figure 3(a) (in primary
energy requirement per m> of module). To put these
values into context: the most recent LCA results for
multicrystalline and monocrystalline silicon PV mod-
ules are 2150 and 2750 MJp/m2, respectively [16], so
the CED of modules 1a, 1b, and 2 are only 74% (2030/
2750), 55% (1500/2750), and 62% (1330/2150) of the
corresponding CEDs today.

The CED of module 1a is considerably higher than that
of modules 1b and 2. The breakdown in Figure 3(b) shows
that this is almost solely due to the relatively high
consumption of monocrystalline silicon. Moving toward
a kerfless cutting method drastically reduces silicon
consumption, by a factor of five, but at the same time,
the wafering energy is increased because of the energy in-
tensive ion implantation process. Modules 1a and 2 require
the same amount of feedstock, but the UMG-Si feedstock
and seeded DS reduce the primary energy requirement
for this step by almost a factor of three (although this
comes at an efficiency penalty). Because we only investi-
gated a double glazing-like encapsulation process, all mod-
ules have the same encapsulation energy.

The breakdown for the aforementioned recent LCA
results on monocrystalline silicon modules into poly-Si,
ingot growth and wafering, cell processing, and encapsu-
lation is approximately 500, 1260, 390, and 600 MJp/m?
(or 18%, 46%, 14%, and 22%), respectively [16]. Com-
paring this with the breakdown shown in Figure 3(b),
we see that in module la, modest reductions have been
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achieved in feedstock, crystallization and wafering (ow-
ing to thinner wafers), and encapsulation. The cell pro-
cessing energy requirement has not changed much, most
likely because low-temperature processing has offset
increases due to the increased overall process complexity.
As mentioned before, poly-Si consumption is drastically
reduced in module 1b, and module 2 uses low-energy
feedstock. Because module 2 is based on quasi-mono
wafers, the energy requirement here is reduced further
(the corresponding energy requirement for ingot growth
and wafering in 2011 in a multi-Si module was
~670 MJ,/m* [16]).

The confidence intervals are quite large: [1560, 2660],
[1110, 2010], and [1060, 1650] MJp/m2 for modules 1a,
1b, and 2 respectively (Figure 2(a)). This is mainly due
to the temporal uncertainty: About half (or even 63%
for module 1a) of the primary energy requirement comes
from poly-Si feedstock, ingot growth, and wafering, and
these production steps have a large potential for reduction
in energy intensity by scaling up. We therefore expect the
actual CED to decrease toward the lower bound rather
than increase.

We also calculated the EPBTs for these modules
(Figure 4(a)). The mean payback time of module la is
just over 0.6 years, whereas 1b and 2 have an EPBT just
below than 0.5 years. As is common today, there is a gap
between multi-Si and mono-Si for traditional wafers, but
by using thin, kerfless cut wafers, this gap closes. The
most recent module EPBT values are 1.3 for mono-Si
and 1.1 for multi-Si [16], so a reduction in the EPBT
of over a factor two is feasible by 2020—or even more
if we take into account the potential to move toward
the lower bound of the confidence interval. Aside from
the reduction in CED of the three modules, the consider-
able increase in module efficiency is an important factor
in the EPBT reductions.

In Figure 4(b), we show the EROI of produced electric-
ity for a lifetime of 35 years [15]. It is by using the same
data as for the comparison of CED [16], but with a lifetime
of 30years, that the EROI for multi-Si and mono-Si PV

Module 1a Module 1b Module 2

200[--

Figure 3. (a) Cumulative energy demand (CED) per m?and (b) Breakdown into feedstock, ingot, wafering, cell processing, and encapsulation
steps. The percentage shows the contribution of each process step to the total CED. UMG-Si, upgraded metallurgical grade silicon.
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Figure 4. (a) Module energy payback time (EPBT) over efficiency range (with the estimated efficiency given in the legend), where the
solid line is the mean, and the shaded area gives the 95% confidence interval. (b) Module energy return on energy investment (EROI)
over efficiency range. We assumed a life expectancy of 35years and an insolation of 1700 kWh/(m?*year).

modules from 2011 is 8.8 and 7.5, respectively, so the
EROI of crystalline silicon PV modules will increase dra-
matically in the coming years.

6. DISCUSSION

As we mentioned before, prospective LCA studies are sub-
ject to parameter and scenario uncertainties. We will discuss
those uncertainties in the next two subsections and then con-
clude this section with a brief discussion of the BOS
components.

6.1. Parameter sensitivity

In addition to the uncertainty analysis that we included in
our results, it is important to check if our results are overly
sensitive for certain input parameters. As we mentioned in
Section 3.2, the PR is one of these parameters: currently
taken at 0.75, it might well be underestimated significantly
and values of 0.9 are feasible [75]. If the PR were to in-
crease to 0.80, 0.85, or 0.90, this would further reduce
the EPBT of the modules by 6%, 12%, or 17%, respec-
tively. With a PR of 90%, the lowest EPBT would be
0.4 years (for module 2).

To check for sensitive inputs in the LCI, we calculated
how much the module’s CED would change if the input value
were to move to the upper bound of the 95% confidence inter-
val. The top three inputs to which the results are most sensi-
tive are shown in Table V. For example, with 7%, the
electricity requirement for Cz ingot growth is the most

sensitive input for module 1a. This means that if the electricity
requirement were to increase to the upper bound of the input’s
95% confidence interval by 2020, the total CED of module 1a
would increase by 7%. In other words, regarding the Cz elec-
tricity requirement, we are 95% sure that module 1a’s CED
lies within an interval of approximately +7%.

In this section, we will explicitly deal with the kerfless
cutting energy and the Cz crystal growth electricity con-
sumption. Note that the process steps that we modeled
have high uncertainty but account for only a small share
of the total primary energy demand, and therefore, the final
CED can be considered insensitive to these inputs.

Although we have first-hand data from Silicon Genesis
on the energy requirement for ion implantation wafering, it
is a new technology. Pilot production is running since 2009
but not yet at full capacity [29], and the energy requirement
per wafer might therefore be subject to considerable
change in the future. In Figure 5(a), we show the 95% con-
fidence interval of the ion implantation wafering electricity
requirement for 50 um wafers, but variation over this inter-
val only results in a 5% decrease at the lower bound or a
6% increase at the upper bound of the CED and EPBT.
The energy intensity usually decreases as a technology
matures, so we expect that changes will be for the better.

Module 1a is particularly sensitive to the electricity re-
quirement for Cz crystal growth: the input share is large
(almost 30%), the data are old (published in 2007), and
the data already had a relatively high uncertainty to start
with. Over the confidence interval for Cz-Si electricity
consumption, the CED and EPBT of module la range
from 94% on the lower bound to 107% on the upper bound

Table V. The top three most sensitive inputs for the three modules, with the influence on the total CED that the inputs have if they
shift to the upper bound of their 95% confidence interval.

Module 1a Module 1b Module 2
1 Cz electricity requirement (7 %) Wafering electricity demand (6%) Solar glass (4%)
2 Poly-Si feedstock (5%) Solar glass (3%) UMG-Si feedstock (4%)
3 Solar glass (3%) ARC deposition (3%) DS electricity requirement (3%)

CED, cumulative energy demand; UMG-Si, upgraded metallurgical grade silicon; DS, directional solidification; ARC, antireflection coating.
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Figure 5. (a) Sensitivity analysis for ion implantation wafering energy requirement for module 1b and (b) sensitivity analysis for mod-

ules 1a and 1b on the electricity requirement for Cz crystal pulling. The vertical dashed lines show the lower and upper bounds of the

95% confidence interval, and the mean value, which is used in our inventory. In (b), the vertical dashed line marked “DS" signifies the
energy consumption for directional solidification.

compared with the mean. Figure 5(b) shows the impact of
the electricity requirement per kilogram Cz-Si on the
EPBT of modules la and 1b. It is quite clear that the
impact on module 1b is modest, because the input share
for that module is just 7%. The dashed line on the left in
Figure 4(b) shows the electricity requirement per kilogram
Si for DS, which is lower than 20 kWh/kg. We show this
because it is representative for quasi-mono feedstock, which
according to the ITRPV will have a market share of almost
50% in 2020 [13]. If quasi-mono ingots can replace Cz
ingots, this will result in a substantial reduction in
the EPBT of module la: over 22%. Even if the use of
quasi-mono ingots comes at an efficiency penalty, the
reduction in electricity requirement will be beneficial. It
must be noted, however, that BJ solar cells require very
high carrier lifetimes, and at this point, it is uncertain
whether such demands can be met on quasi-mono wafers.
This is why, in the ITRPV roadmap, quasi-mono is pro-
jected to replace multi-Si wafers (and hence is used in
module 2), whereas the mono-Si share remains practically
constant.

To conclude, the primary energy requirement for the
production of electricity is a very sensitive parameter, as
other authors have pointed out [61,76]. In this study, we
used the average continental European grid electricity
mix, which has an efficiency of 31.5%. However, the grid
efficiency varies between countries and changes over time.
For example, if PV reaches a 20% penetration of the grid,
the grid efficiency will increase to roughly 41% [61]. As
Figure 6(a) shows, this increases the EPBT because less
primary energy consumption is prevented by displacing
grid mix electricity with electricity from a PV module.
On the other hand, it also reduces the primary energy re-
quirement for module production, which causes the EROI
to increase, as shown in Figure 6(b). For these figures,
we have assumed that the poly-Si feedstock is not pro-
duced with grid electricity but with on-site power genera-
tion, and hence that share of the CED is not affected by a

Prog. Photovolt: Res. Appl. 2014; 22:1180-1194 © 2013 John Wiley & Sons, Ltd.

DOI: 10.1002/pip

change in grid efficiency. In reality, poly-Si is often pro-
duced using power from a mix of gas and steam turbines,
hydro, and the grid. It is noted that if poly-Si production
in the future increasingly uses coal-based electricity,
EPBTs and emissions will worsen.

6.2. Scenario uncertainty

Sources of scenario uncertainty include diamond wire saw-
ing, encapsulation methods, double-sided contact cells,
and passivation methods. Starting from the latter, Al,O5
is a promising candidate for high-quality passivation, but
lacking data, we used data for SiNy passivation. Even
though SiN, passivation does not reduce the surface re-
combination velocities enough for high efficiencies, the en-
ergy this deposition process requires will be similar to (or
higher than) Al,O5; deposition, and any difference will
not significantly influence the final results because the in-
put share is low.

Although we only investigated rear-contact modules,
the ITRPV expects 65% of the market share to still be dou-
ble-sided contact modules in 2020 [13]. This will primarily
result in lower packing densities, as efficiencies of 23.7%
have already been shown on double-sided HIT cells and
module 2 already has a contact grid on the front, so the ef-
ficiency penalty from the additional bus bars is small.

There are two sources of scenario uncertainty that we
believe could significantly impact the outcome. The first
is fixed abrasive sawing with diamond-particle-coated
wires. According to the ITRPV, by 2020, 100% of
mono-Si and 80% of multi-Si wafers will be sawn with di-
amond-coated wires, thus almost completely replacing
slurry-based wire sawing [13]. Using diamond-particle-
coated wires results in higher throughput, lower sawing en-
ergy consumption, kerf width reduction, kerf recycling,
and lower wire consumption. With data from NorSun
[77] and Garbo [78], we have calculated that this results
in a 29% reduction in the primary energy requirement per
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energy payback time (EPBT) and (b) the module energy return on energy investment (EROI) of the three technological scenarios. The
vertical dashed line shows the European electricity mix grid efficiency used in this study.

120-um-thick monocrystalline wafer or to an EPBT of
0.5 years for module la. Unfortunately, no diamond-wire
producer was willing to share data with us because of their
highly competitive business environment, so we could not
include a diamond-wire cutting scenario in our study.

The second source of significant scenario uncertainty is the
encapsulation method. We used a high-throughput encapsula-
tion process that does not require foil lamination, but it may
very well be that, for instance, an interdigitated interconnec-
tion scheme can only successfully be integrated on foil. From
[16], we calculated that the additional primary energy require-
ment for the conventional encapsulation method with only one
glass sheet, but with EVA, Tedlar, and curing is about
190 MJp/mz. This would increase the EPBT of modules 1a,
1b, and 2 by 9%, 13%, and 15%, respectively.

6.3. Balance of system

Although the BOS lies outside of the scope of this investi-
gation, it is a crucial part of any PV energy system, and we
will therefore briefly discuss its impacts on our results. One
can distinguish between two common types of grid-
connected PV systems: building-integrated systems (e.g.,
rooftop panels) and ground-based systems (e.g., large-scale
centralized power plants). In Table VI, we show the EPBT
and EROI for both types of system, calculated with data

from [79]. The rooftop system consists of a 2.5-kW in-
verter and a Schletter mounting system. The PV plant uses
average mounting structure data from market surveys and
inverter data based on a 4.6-MWp plant in Tucson, USA.
For the large-scale PV plant, a PR of 0.80 is used [56].
An extensive discussion of the EROI of PV systems in re-
lation to other sources of electricity is given in [70].

To reduce costs associated with the BOS, the EUPVTP
has identified some research priorities [15]. For the EPBT,
the most relevant goals are an increase in the inverter life-
time (of over 30years by 2025 compared with 15 years
now) and low-cost support structures, cabling and electri-
cal connections. As Table VI shows, the inverter accounts
for a considerable share of the CED of rooftop systems,
and even a modest increase in the inverter lifetime would
therefore significantly decrease the system EPBT. The in-
verter is less important in the case of large-scale PV plants,
where the support structure dominates the CED.

7. CONCLUSION

In this work, we presented a prospective life cycle analysis
of crystalline silicon PV technologies in the year 2020.
To do so, we developed three technological scenarios
(two based on monocrystalline silicon and one based on

Table VI. The primary energy consumption of the BOS components for two types of PV systems and the EPBT and EROI on a system

level.
Rooftop Grount-mount PV plant
Module 1a b 2 1a b 2
Structure, cabling (MJ/m?) 225 225 225 645 645 645
Inverter (MJ/m?) 704 675 614 254 243 222
Total (MJ/m?) 929 900 839 899 888 867
EPBT (years) 0.9 0.7 0.7 0.8 0.7 0.7
EROI (Eou/Ein) 13 15 15 14 16 16

BOS, balance of system; PV, photovoltaic; EPBT, energy payback time; EROI, energy return on energy investment.

Data comes from [78].
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quasi-monocrystalline silicon), building on various exist-
ing roadmaps. To summarize, increasing the cell efficiency
is (after scaling up) the most important lever to reduce
energy demand and costs. By using high-quality passiv-
ation and BJs, higher efficiencies can be achieved while si-
multaneously reducing the wafer thickness, which reduces
the embodied energy even further. However, thinner
wafers also require novel cell processing and encapsulation
schemes, which we accounted for. We forecast that the
EPBT of crystalline silicon modules can be reduced to
0.5years or less (below 0.7 years when including BOS).
This confirms that the European Photovoltaic Technology
Platform’s target of 0.6 years at the system level may be
too ambitious, but the IEA target of 0.9 year will be met.
The EROI of PV modules is expected to increase further
by a factor two to three in the coming years.

This is a prospective LCA, subject to technological
improvements taking place, and as such, it carries a consid-
erable degree of uncertainty. To address parameter uncer-
tainty, we present results with a 95% confidence interval,
but scenario uncertainty remains: crystalline silicon mod-
ules in 2020 may be based on technologies or production
methods that we did not include in our scenarios, such as
diamond-particle-coated wire sawing for wafering. Be-
cause the general tendency of maturing technologies is to
become less energy and material intensive and we have
used data that are representative of, at best, the situation to-
day, our forecasts can be considered conservative.

Finally, it is important to note that these results cannot
easily be compared with other PV technologies, because
they too can change over time. Nonetheless, these results
show that there is considerable potential to reduce the envi-
ronmental impact of crystalline silicon PVs while reducing
production costs.
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