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Global installed capacity of different PV technologies

Data on global PV installed capacity [GW] between 2000 and 2010 shown in Table SS1 has been
taken from (/—3). This data has been combined with data on market share [%] of PV technologies:
single-crystal silicon (sc-Si), multi-crystaline silicon (mc-Si), ribbon silicon, amorphous-silicon
(a-Si), cadmium telluride (CdTe), copper indium gallium (di)selenide (CIGS) and other (mainly
polymer) from (4) to determine the installed capacity [GW] for each technology. We assume that
market share defined installed capacity for each techology in 2000 and thereafter (2001-2010) the
market share is allocated across capacity additions [GW/yr] for that year. Data for 1999 and 2011
has been estimated by extrapolating annual growth rates. Polymer PV was not included in our

analysis due to lack of data.
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Table S1: Installed capacity of the different PV technologies in GW, using data from (/—4)

Year Installed capacity [GW]

sc-Si mc-Si Ribbon a-Si CdTe CIGS Other
1999E 040 0.52 0.04 0.11 0.01 0.00 0.00
2000 049 0.64 0.05 0.13 001 0.00 0.00
2001 0.57 0.75 0.06 0.15 001 000 0.00
2002 0.73 098 0.09 0.19 001 0.01 0.00
2003 096 1.30 0.12 023 001 001 0.00
2004 1.25 1.82 0.16 027 003 001 0.00
2005 1.65 243 0.19 032 004 002 0.00
2006 2.34  3.38 024 040 007 002 0.00
2007 333 4.44 030 051 0.13 003 0.00
2008 575 7.04 042 081 041 007 0.00
2009 897 11.06 0.55 1.24 094 0.14 0.00
2010 14.62 1887 076 228 245 041 0.13
2011E 2024 26.13 092 301 448 064 0.20
Growth rate [%] 38 37 18 32 86 60 51
1999-2011
Growth rate [%] 56 50 32 48 133 84 51
2005-2010

Energy payback time (EPBT) and industry growth

Grimmer (1981) defines the relationship between the fractional re-investment, f [%], the EPBT
[yrs] of plants comprising the industry and the growth rate, r [%/yr] for a growing energy produc-
tion industry as r = ]ﬁ (5). Using this relationship, Figure SS1 shows the contours of f (sloping
diagonal lines) on a log-log plot. A fractional re-investment of 100% marks the breakeven thresh-
old. Green lines in the bottom left half of the digram represent the positive net energy regime,
f <100%, red lines in the top right represent the negative net energy regime. To make use of
the plot, we can choose any two of either the growth rate (left axis), the EPBT (bottom axis), or
the fractional re-investment (diagonal contours). Assuming we have a device technology with an
EPBT of 2 yrs and want to limit the fractional investment to 80%; what is the fastest rate at which
an industry based on deployment of such devices could grow without energy subsidy? We trace
up from the bottom axis at EPBT = 2 yrs until we meet the sloping fractional re-investment line, f

= 80%. We then trace horizontally from this point to meet the vertical axis at a growth rate of 40



%lyr. Since we know that the current average growth rate of the PV industry is 40%, we can trace
horizontally across at this value to discover that, for the PV industry as a whole to be a positive net
energy provider (i.e. with a fractional re-investment of less than 100%), the EPBT must be below
2.5 yrs.

If an industry is a net energy sink, there are three means by which it may cross the breakeven
threshold: (1) decrease the EPBT of system production, i.e. move across the plot horizontally
from right to left; (2) decrease the rate of growth, i.e. move vertically down the plot or; (3) some

combination of (1) and (2)

Derivation of breakeven threshold conditions

From Grimmer we have:

E. E E
f = FEPBT = —on ™ Fop T 2 (1)
Eg
Since Econ > Eyp and E,, > E; and we assume that t.,, = 1 year, then we may say:
Econ + Eop + Ed ~ E.con (2)
E, E,
Hence, 1 may be re-written as:
S _ E.‘“’” 3)
r E,
From which we may discern the following conditions:
E, ,
r> —— = f <1 = energy sink 4)
con
Eq
r < —— = f > 1 = energy source &)}

con
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Figure S1: Growth rate [%/yr] as a function of energy payback time (EPBT) [yrs] for a number
of fractional re-investment rates [%] (diagonal lines). Red lines indicate negative net energy yield
and green lines indicate positive net energy yield.



Capacity factor of PV installations

The capacity factor of an energy generation system is a measure of the actual output from the
system, normalized by the maximum theoretical output from the system if it operated at nameplate
capacity all of the time. For a PV system, the capacity factor will be a function of many factors: the
insolation at the location of the system - itself a function of latitude as well as weather conditions;
the tilt of the installed PV panel; maintenance of the system and shadowing due to nearby obstacles.

The data for the capacity factor of world-wide PV installations was derived from national level
data on installed capacity and annual generation from the EIA (2) and the UN (3). There are a

number of issues with the data including:

e a disparity in the installed capacity for the US between the two datasets by a factor of nearly

four — the EIA has installed capacity in 2008 of 536 MW, the UN has 1960 MW;

e a drop in the UN estimate for installed capacity in Denmark between 1996 and 1998 from

39 MW to 1 MW with no data for 1997;
e the calculated capacity factor for the US from the UN data in 1990 is 1056%;

e the calculated capacity factor for Sweden from the UN ranging between 30-45%, during the

years 1990-1995;

o the calculated capacity factor for India from the EIA ranging between 70-108%.

Many of these issues were resolved by only using data from 2005-2008 for the analysis. Dis-
parity between the two datasets was not resolved.

Another issue worth mentioning is potential disparity between capacity installations and power
generation. The measurement of installed capacity is a measure of a stock at one moment in time,
say December 31%". The measure of generation is the total flow over a period of time, say one year
measured between January 1% and December 31%. Any capacity installed mid-way through the
year will not have had a full year in which to generate electricity, hence the capacity factor will be

decreased. This effect will be exacerbated when the industry is growing more rapidly.
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An industry growing from installed capacity Ky [GW] at time 7 [yrs] exponentially at rate r
[1/yr] is plotted in Figure 4. The year end measure of installed capacity taken at time 7 gives K.
Generation by the industry between #y and #; (assumed to be 1 year) is G [TWh]. We may define

two separate capacity factors for the industry:
1. Kk, is the measured capacity factor based on the year-end installed capacity, Ki;

2. K, is the ’actual’ device capacity factor based on the capacity K(z) growing exponentially

throughout the year.

The generation from the system can be defined:

3l
G=vk, | Koe"dt = yK,K; (6)

Ty

where 7 is the conversion factor ( ) from GW to TWh. Re-arranging to find the ratio 2 o 2 ojves:

Knm Y I ¥ Jro Koe"dt
Kq YKi
_ [Koem — Koerto]
- I‘Kl
_ 1 (K =Ky
r Kl
1—e™"
= (7N
r
®)
At a growth rate of 40% per year, the ratio % = (.85, such that a measured capacity factor of

Kn = 10% is representative of an actual device capacity factor of k, = 11.8%. Capacity factors were

adjusted using this method to develop the distribution function used in Monte Carlo simulation.



Financial and energy costs of PV systems

In Figure SS2, we plot breakdowns of both the financial (6) and energy costs (7) incurred at various
stages in the crystalline silicon PV system production process. The majority of financial costs
(59%) occur in the last two stages involving the frame manufacture and module assembly as well
as the balance of system and installation costs (6). The majority of energetic costs (57%) involve
the extraction and purification of polysilicon and the production of PV wafers (8). Stoppato (2008)
calculates that 90% of the inputs to multi-crystalline silicon module manufacture are in the form

of electricity (9).

FINANCIAL COST

Polysilicon Ingot Wafer Solar cell Solar panel System
12 % 6 % 9% 14 % 25 % 34 %
Polysilicon Ingot & Wafer Solar cell Solar panel
21 % 36 % 1% 19 %

ENERGY COST

Figure S2: Breakdowns of the financial (top) and energetic (bottom) costs of crystalline silicon PV
system production from material extraction through to system installation.

Estimates for the cumulative electrical energy demand (CE.D) for each of the PV technologies

are presented in the accompanying PV CED.xIsx file in the Supporting Information.

Energy discounting

Hannon (1982) is one of the few papers that has discussed the issue of energy discounting (10).

Hannon uses a standard time based discounting procedure, stating

To correct for differences in the time at which processing energies are committed for

A

use a standard continuous-discounting function e~*’ was employed.



The discount rate A is the mechanism by which. 1 believe, society implicitly expresses
its desire to convert a present surplus energy into an energy-transformation process so
that a greater surplus of energy can be created in the future, rather than consuming
the energy now for purposes such as home heating, leisure living, and certain types of
food consumption. Whereas it is usually believed that people discount the total dollar
value of goods and services, it is not inconceivable that they also discount energy. The
apparent dollar discount rate might be viewed as a composite of the discount rates of

the various physical inputs to produce each good or service.

The issue of discounting energy is fraught with methodological difficulties. One obvious ques-
tion arises: should the discount rate A be positive or negative? Standard economic analyses assume
that some positive return on investment could be made by investing rather than consuming in the
present. As such, the discount rate is often assumed to be positive. A positive discount rate es-
sentially entails that a unit of value is worth less in the future than in the present. Could the same
argument be made for energy? Investments of energy in the present can certainly be made to
yield positive returns in the future, evidenced by energy-return-on-investment figures of greater
than unity. However, energy discounting is very rarely done in either net energy analyses, nor
in long-term energy projections as made by the International Energy Agency, Intergovernmental
Panel on Climate Change or the US Energy Information Administration. The implicit justifica-
tion (because it is never discussed explicitly) presumably being that according to the First Law of
Thermodynamics, a unit of energy is equal today, tomorrow and for all time.

Might an argument be made for a negative discount rate for energy? This would entail that a
unit of energy be more valuable in the future than in the present. Certainly, the efficiency with
which energy is converted into secondary carriers and products and services is steadily increasing
over time. Additionally, the energy intensity of society is increasing the financial yield per unit of
energy ‘consumed’. These increases would suggest that energy does become more valuable over

time, supporting the use of a negative discount rate.



In the present analysis, we have chosen to use a discount rate of zero for energy flows. The
reason for this is two-fold. Firstly, because this is the standard practice in (net) energy analysis.
Secondly, because the main comparison of inputs and outputs is of energy flows within the same

time period.

Meta-analysis

A recent meta-analysis and harmonization project has been carried out by researchers at NREL and
a number of other institutions to determine the distribution in GHG emissions from a variety of
electricity production technologies over their entire life-cycle. Methodological details are provided
in Heath and Mann (/7). The results have been published in a special issue of the Journal of
Industrial Ecology. We have carried out a meta-analysis of estimates of the cumulative energy
demand (CED) of PV system manufacture and installation. The process involved a number of
stages including: initial literature search, literature screening, data collection, commensuration of

system boundaries and units.

Literature search

Searches were made of a number of publication types including peer-reviewed journals, industry
reports, reports by national agencies, for example the US Department of Energy (DOE) and un-
published work including conference papers and doctoral theses. The search terms included the

word “PV” with the following phrases:

e “embodied energy”,
e “cumulative energy demand”,
e “life cycle inventory”,

e “life cycle assessment”,



e “energy payback time”,

e “net energy ratio” (NER),

e ‘“‘energy yield ratio” (EYR),

e “energy return on investment”,
e “EROI”

The initial search returned close to 500 results.

Literature screening
A number of criteria were used to screen the initial results:
e Study should be in English.
e The study should be original research or should reference data used.
e Study should give numeric data on net energy metric, e.g. CED, NER.

e The studies should include explicit data on energy inputs to the PV system manufacturing
process, for example, a study stating only the energy payback time for a PV system with no

other supporting data would not pass the screening.

Commensuration of study boundaries and data

The desired result for the meta-analysis was the CED of an installed PV system in units of kWh of
electricity consumed per W of PV system capacity [kWh,/W]. A number of methods were used

to allow comparison of results:

e Data given in terms of primary energy was changed to electricity equivalents using conver-
sion factors given in the study. If no conversion factor was given, a standard conversion

factor of 30% was used.
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e Where data was given in terms of energy inputs per unit of PV system area, e.g. MJ/m?, this
was converted to per unit capacity inputs by using rated PV system efficiency and standard
test conditions (STC) irradiance of 1000 W/m?2. If no efficiency was given, the study was

not used.

e [f data was given in terms of an energy intensity, i.e. energy inputs per unit of electricity

produced, e.g. [MJ/kWh,], this was converted to per unit capacity inputs by either:

using the capacity factor, i.e. the ratio of the average power output to nameplate capac-

ity of the PV system or,
— using the total lifetime electricity production of the PV system or,

— using the annual electricity production of the PV system and the lifetime of the PV
system, if no lifetime was given, the system was assumed to have a nominal lifetime of

25 years,

— if neither capacity factor or electricity production were given, the study was not used.

The data from the studies was categorized according to appropriate stage in the PV system
production process: materials extraction and processing, PV cell manufacture, PV module assem-
bly (including frame and glass manufacture), and PV system installation including site preparation
and manufacture of balance of system (BOS) components, such as inverters, grid interconnections
and tracking systems. Only studies that gave data for the energy inputs to the full PV system were

included in the final meta-analysis.

Alternative models of decreasing CE.D

There is some discussion in the literature to the usefulness of learning curves (/2), hence, a number
of alternative learning models were applied to test which gave the best fit with the data. The results

are shown in Table S2.
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In 4 cases, the best fit (shown in bold) was provided by a power law function using cumulative
production, K [MW], as the independent variable. In one case (CdTe system) the best fit was pro-
vided by an exponential function again using cumulative production as the independent variable.
In 3 cases, the best fit was provided by a linear function with time, t, as the independent variable.

Unfortunately, these models are unsuitable, as they predict CED = 0 (a clear violation of the
First and Second Laws of Thermodynamics) in the years 2011, 2013 and 2017, respectively. In
two cases, the second-best fit is provided by a power law function using cumulative production
as the independent variable. In the last case (mc-Si system), the second-best fit is provided by a
power law function with time as the independent variable.

As such, a power law function with cumulative production as the independent variable provides
the best (physically viable) fit to the data in six out of the eight cases. This provides good support

for the model used in projecting CE,D.
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Model structure

The structure of the model used in the dynamic net energy analysis is outlined in Figure SS3.
Boxes represent stocks, pipes with taps represent flows and blue arrows represent mathematical

connections, €.g.

Eper = Egross — Econ — Eo&m — Edec )

Where E,;¢; 1s net power production, Egoss 18 gross power production, B,y is electricity to
construction, Epg 1 electricity for O&M and Eg,, is electricity for decommissioning. Energy is
consumed by PV capacity in the construction phase (both operation and maintenance and decom-
missioning energy requirements are assumed to be zero). Energy is produced by PV capacity in
operation. Net annual energy production is gross annual energy production, less energy consumed
in construction of new capacity.

Inputs to the model are the historical data for installed capacity [GW], initial cumulative elec-
trical energy demand (CE.D) per unit of capacity [kWh,/W ], the rate of decline of CE.D per
additional unit of installed capacity [kWh./W ,/GW] and the capacity factor [%]. The model is run
from 2000 to 2025. Five year average growth rates (2005-2010) were used to extrapolate beyond
2010. Installed capacity and the capacity factor together define the gross power output [TWh/yr].
Capacity additions in each time step [GW/yr] and CE.D in that year together define the power to
construction [TWh/yr]. We assume a consruction time of 1 year for all new capacity. The gross

power output less the power to construction define the net power output [TWh/yr].
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Figure S3: System dynamics diagram of basic model structure (top) and logical flow of model

operation (bottom).

Operating & maintenance and disposal costs

The meta-analysis found that O&M and disposal costs are typically less than 5% of the full life-

cycle costs of the PV system. O&M costs are distributed over the 25 year lifetime of the PV
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system. A sensitivity analysis was conducted around O&M and disposal costs. The result of this
analysis found that inclusion of these costs had a less than 1% effect on the value of annual net

energy production for the PV industry.

Monte Carlo simulation

Parameters for the sensitivity analysis were modeled assuming a normal distribution, details of

which are specified in Table SS3.

Table S3: Parameters for Monte Carlo sensitivity analysis for variables ‘initial CE,D’ [kWh./W ]
and ‘capacity factor’ [%].

Growth rate

Initial CED Learning rate Capacity factor

Technology [KWh/,/W ] [dmnl] 201;)(%)2]025 (%]

sc-Si 55.8 £ 10 0.18 £0.02 56 +£2.8 12+ 6
mc-Si 50.7 + 10 0.20 + 0.02 50+2.5 12+6
ribbon 129 £ 10 0.14 + 0.02¢ 32+1.6 12+ 6
a-Si 26.7+ 10 0.14 + 0.02 48 +2.4 12+ 6
CdTe 139+ 10 0.15 +0.02 133 + 66.5 12+6
CIGS 129 + 10 0.15 + 0.020 84 £ 42 12+ 6

4 assumed from a-Si
b assumed from CdTe
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