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Abbreviations and Acronyms

a year (annum)

AC alternating current

APAC Asia / Pacific

AWARE  Available WAter REmaining

BOS balance of system
CdTe cadmium telluride
DC direct current

ENTSO-E European Network of Transmission System Operators for Electricity

eq equivalent

GLO global average

GWP global warming potential

1IEA International Energy Agency

KBOB Coordination Group for Construction and Property Services (Koordinationskonferenz der

Bau- und Liegenschaftsorgane des Bundes)

LCA life cycle assessment

LCI life cycle inventory analysis
LCIA life cycle impact assessment
MJ megajoule

mono-Si  monocrystalline silicon
PEF product environmental footprint

PEFCR product environmental footprint category rule

PV photovoltaic

PVPS photovoltaic power systems

RER Europe

tkm tonne kilometre (unit for transportation services)

TS Technical Secretariat

UCTE Union for the Coordination of the Transmission of Electricity
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Summary

The water use of photovoltaic (PV) electricity has been investigated in very few studies
so far, which may be due to the low water demand of PV systems during operation. In
this study, the water consumption and water withdrawal of electricity generated by PV
systems were assessed by considering all life cycle stages and by taking account of
country-level regional differences in water availability. The life cycle inventories of the
manufacture of monocrystalline silicon (mono-Si) and cadmium telluride (CdTe) PV
modules are based on data collected between 2010 and 2013 and take account of the
shares of different countries in total global production. The water use in the life cycle
inventories of European rooftop PV systems and conventional electricity generation
technologies was regionalised to the country or region (such as continents, political or
geographic entities of several countries) level and complemented by the share of water
lost by evaporation. The AWARE (Available WAter REmaining) method was used to
assess the water stress impact caused by water consumption and water withdrawal of
electricity generation by European rooftop PV systems as well as by reservoir
hydroelectric power plants and large-scale hard coal and nuclear power plants in
Europe. The functional unit of this analysis is 1 kWh of alternating current (AC)
electricity (at busbar). The life cycle inventories were linked to KBOB (Coordination
Group for Construction and Property Services) life cycle inventory data DQRv2:2016,
which are based on ecoinvent data v2.2 and contain updated life cycle inventory data in
relevant economic sectors.

The water consumption of electricity generated by mono-Si and CdTe PV systems
amounts to 1.5 and 0.25 L/kWh, respectively. The volume of water withdrawn from
nature is 7.2 L/kWh for electricity generated by mono-Si PV systems and 0.73 L/kWh
for electricity from CdTe PV systems. The water stress impact caused by water
consumption of electricity generated by European rooftop mono-Si and CdTe PV
systems 1s 32 and 2.3 L water-eq/kWh, respectively. Electricity from reservoir
hydropower plants causes a water stress impact based on water consumption similar to
mono-Si PV electricity (37 L water-eq/kWh) and the water stress impact of electricity
generated by European hard coal and nuclear power plants is significantly higher (170
and 69 L water-eq/kWh, respectively).

The electricity demand in the production of mono-Si and CdTe PV modules is an
important driver of the total water stress impact. Many processes in the supply chain of
PV modules require a significant amount of electricity, which is currently still provided
by conventional power plants. The share of electricity supply in the water stress impact
caused by water consumption of electricity generated by mono-Si and CdTe PV systems
is approximately 82 % and 78 %, respectively. The water stress impact of process or
cooling water used directly in the manufacture of PV modules amounts to 16 % for the
mono-Si and 3 % for the CdTe technology, whereas the input materials contribute 2 %
and 20 % to the water stress impact, respectively. Water consumption during operation
of the European rooftop mono-Si and CdTe PV systems is negligible (<1 %).
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The data quality is classified as good according to the data quality assessment criteria of
the Product Environmental Footprint (PEF) Guide. However, some critical parameters
are based on estimates or extrapolations and should be determined more accurately in
the future. The share of consumptive water use of electricity generation by fossil and
nuclear power plants was determined based on a study of the power sector in the USA
and was used to include the amount of evaporated water in the life cycle inventories of
electricity generation by fossil and nuclear power plants in different world regions
(mainly Europe). Additionally, the fractions of power plants relying on tower and once-
through cooling systems were estimated more than ten years ago. The share of
consumptive water use of the manufacture of mono-Si PV modules was identified as
another critical parameter but was based on generic estimates due to the lack of specific
water consumption data for the individual process steps. The geographical resolution of
the life cycle inventory database also represents a source of uncertainty in the
assessment of water consumption using national and regional water scarcity factors.

This study was financed by the Swiss Federal Office of Energy (SFOE) and carried out
in the framework of the Task 12 of the Photovoltaic Power Systems Programme (PVPS)
of the International Energy Agency (IEA).
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Foreword

The IEA PVPS is one of the collaborative R&D Agreements established within the IEA,
and was established in 1993. The overall programme is headed by an Executive
Committee composed of representatives from each participating country and/or
organisation, while the management of individual research projects (Tasks) is the
responsibility of Operating Agents. By early 2015, fifteen Tasks were established within
the PVPS programme, of which six are currently operational.

The IEA PVPS Implementing Agreement presently has 29 members and covers the
majority of countries active in photovoltaics, both in R&D, production and installation.
The programme deals with the relevant applications of photovoltaics, both for on-grid
and off-grid markets. It operates in a task-shared mode whereby member countries
and/or organisations contribute with their experts to the different Tasks. The co-
operation deals with both technical and non-technical issues relevant to a wide-spread
use of photovoltaics in these different market segments.

The mission of the IEA PVPS programme is: “To enhance the international
collaborative efforts which facilitate the role of photovoltaic solar energy as a
cornerstone in the transition to sustainable energy systems.” The underlying assumption
is that the market for PV systems is rapidly expanding to significant penetrations in
grid-connected markets in an increasing number of countries, connected to both the
distribution network and the central transmission network. At the same time, the market
is gradually shifting from a policy to a business driven approach.

Task 12 aims at fostering international collaboration in safety and sustainability that are
crucial for assuring that PV growth to levels enabling it to make a major contribution to
the needs of the member countries and the world.

The overall objectives of Task 12 are to accomplish the following:

1. Quantify the environmental profile of PV in comparison to other energy
technologies;

2. Define and address environmental health & safety and sustainability issues that
are important for market growth.

The first objective of this task is well served by life cycle assessments (LCAs) that
describe the energy-, material-, and emission-flows in all the stages of the life of PV.
The second objective will be addressed by assisting the collective action of PV
companies in defining material availability and product-recycling issues, and on
communicating “lessons learned” from incidents or potential ones in PV production
facilities. A third objective (i.e., dissemination) will be accomplished by presentations
to broad audiences, producing simple fact sheets documented by comprehensive reports,
and engaging industrial associations and the media in the spreading this information.

Within Task 12, there are three targets of Subtask 2.0 “Life Cycle Assessment”: To
quantify the environmental profile of electricity produced with PV systems (compared
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to that from other sources); to show trends in the improvement of PV’s environmental
profile; and, to assess this profile with the help of “external” costs, and other life-cycle-
impact assessment methods.

Task 12 was initiated by Brookhaven National Laboratory under the auspices of the
U.S. Department of Energy and is now operated jointly by the National Renewable En-
ergy Laboratory (NREL) and Energy Center of the Netherlands (ECN). Support from
DOE and ECN are gratefully acknowledged. Further information on the activities and
results of the Task can be found at:
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http://www.iea-pvps.org/
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1. Introduction 1

1 Introduction

The water use of photovoltaic (PV) electricity has been investigated in very few studies
so far, which may be due to the low water demand of PV systems during operation.
According to Meldrum et al. (2013), the amount of water used for operation of PV
power plants, such as occasional washing of PV modules, is much lower than the
operational water demand of thermoelectric power plants, especially from cooling water
demand, or the water evaporation from hydropower plants. The low operational water
demand of PV systems is particularly advantageous during periods of drought.
Macknick et al. (2011) report several instances of reduced water levels in the USA,
which forced fossil and nuclear power plants to reduce their capacity or shut down
completely. In Switzerland, nuclear power plants with once-through cooling had to
curtail their power generation during the last heat wave in 2015 (BAFU 2016).

Even though the operational water use of PV electricity is low, the amount of water
required in the manufacture and disposal of PV modules and balance of system (BOS)
components may still be relevant. The water use of PV systems should therefore be
assessed based on their entire life cycle. A review of water footprint studies published
by Meldrum et al. (2013) revealed that the life cycle water consumption of PV
electricity is low compared to most other electricity generation technologies analysed.
The availability of water varies strongly between different countries and regionsl. Since
the production of PV modules often occurs in a distant location from the place of
installation of the PV system, it is important to account for the differences in water
availability. This can be done by using life cycle inventories regionalised to the country
or region level in combination with country- and region-specific water scarcity factors
for water use.

In this study, the life cycle inventories of rooftop PV systems are regionalised with
regard to water use and complemented by the share of water lost by evaporation. The
water consumption and water withdrawal of PV electricity are then quantified by
considering the whole life cycle of the PV systems and by using country- and region-
specific water scarcity factors based on an internationally accepted impact assessment
method. This approach also allows for a meaningful comparison of electricity generated
with PV systems and conventional power plants.

The objective and scope of this study are described in chapter 2. The life cycle
inventories are introduced in chapter 3 and the impact assessment results are presented
in chapter 4. In chapter 5, the data quality is described and the uncertainty is evaluated.

In this report, we define regions as an aggregation of several countries. For instance, life cycle inven-
tories of monocrystalline silicon PV module production are available for the regions Asia / Pacific
(APAC) and Europe. The specific water availability in these regions is taken into account in the water
footprint of electricity generation.
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1. Introduction 2

Conclusions are drawn and an outlook is given in chapter 6. A detailed documentation
and a list of the life cycle inventories that were regionalised to the country or region
level can be found in the appendices A and B.
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2 Objective and scope

2.1 Objective

This study aims to assess the water consumption of electricity generated with
monocrystalline silicon (mono-Si) and cadmium telluride (CdTe) PV systems over the
whole life cycle. The life cycle assessment is carried out following an attributional (i.e.,
descriptive) approach. The life cycle inventories are regionalised to the country or
region level and complemented by the share of water lost by evaporation. Country- and
region-specific water scarcity factors are used to weight the water consumption and
withdrawal in different countries and regions in order to account for variations in water
availability. The main processes contributing to the life cycle water consumption and
withdrawal of PV electricity are identified and compared to the water use of electricity
generated with hard coal, nuclear and reservoir hydro power plants.

2.2 Functional unit and system design

The functional unit of this analysis is 1 kWh of alternating current (AC) electricity (at
busbar) generated by residential scale* 3 kWp mono-Si and CdTe PV systems mounted
on a slanted rooftop. The same functional unit is used for electricity produced in
reservoir hydropower plants, hard coal power plants and nuclear power plants. The
power plants considered are representative for Europe.

The life cycle inventories of the PV module production are based on data collected
between 2010 and 2013 (Frischknecht et al. 2015). The efficiency of the mono-Si and
CdTe PV modules considered is 15.1 % and 14.0 %, respectively. The annual yield of
975 kWh/kWp is representative for average European conditions and includes linear
degradation of 0.7 % per year. The lifetime of the PV systems (though not every
component, e.g., the inverter) is estimated at 30 years (Stolz et al. 2016).

2.3 Data sources

The rooftop PV systems, including their water use, were modelled based on the life
cycle inventories published in previous studies (Frischknecht et al. 2015; Stolz et al.
2016). The water use in the life cycle inventories of the PV supply chain as well as of
electricity generation and water supply and purification were regionalised to the country

In comparison to residential scale systems, large scale PV systems may require significantly less or
even no water for cleaning (personal communication Parikhit Sinha, FirstSolar, 25.03.2017). The vol-
ume of water used strongly depends on the cleaning method applied (Komoto et al. 2015). However,
specific data for a detailed assessment of the water footprint of large scale PV systems were not avail-
able.
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2. Objective and scope 4

or region level. The amount of evaporated cooling water used in power plants was
estimated based on data published by Macknick et al. (2012) and added to the life cycle
inventories. The share of consumptive use of process and cooling water was taken from
Frischknecht and Biisser Knopfel (2013) in cases where process-specific data were not
available.

The life cycle inventories are linked to KBOB (Coordination Group for Construction
and Property Services) life cycle inventory data DQRv2:2016 (KBOB et al. 2016),
which are based on ecoinvent data v2.2 (ecoinvent Centre 2010). This data source
contains extensive updates on energy supply and material production datasets. It ensures
methodological continuity with former versions of the ecoinvent database and it is used
by the Swiss administration. The analyses were performed with SimaPro v8.3.0 (PRé
Consultants 2016).

2.4 Water stress impact: the AWARE method

The water stress impact of electricity generation is quantified with the AWARE
(Available WAter REmaining) impact assessement method (Boulay et al. 2017). In this
method, the present water demand of humans and ecosystems is subtracted from the
amount of available water in each watershed and for each month to estimate the net
water available for other anthropogenic uses. The water scarcity factors are then
calculated as the inverse of the available water remaining in a specific country or region
and normalised to the world average water availability minus demand of humans and
ecosystems (Boulay et al. 2017). The higher the water scarcity factor is, the lower is the
water availability minus demand and the higher is the water scarcity. The unit of the
water scarcity factors is m® water-equivalents per m> water (m’ water-eq/m’ water). The
water-equivalents are used to make water consumption in a given country comparable to
world average water.” The global average water scarcity factor equals
20.3 m’ water-eq/m’ water, which means that using 1 m’ of unspecific water results in a
water stress impact of 20.3 m’ water-eq. The AWARE impact assessment method is
recommended by the UNEP / SETAC Life Cycle Initiative and provides country- and
region-specific water scarcity factors for unspecific, agricultural and non-agricultural
water use (Frischknecht & Jolliet 2016).

In water use assessments, water withdrawal and water consumption are distinguished. A
large part of the water withdrawn from nature is released into the same watershed after a
short time period. In contrast, evaporated water or water embodied in products is
consumed and therefore no longer available in the watershed considered. In this study,
we mainly focus on water consumption and employ the annual country- and region-
specific water scarcity factors for non-agricultural water use from the AWARE impact

This approach is similar to the global warming potential (GWP), which relates the radiative forcing of
different greenhouse gases to the climate impact of carbon dioxide (CO,) (IPCC 2013).
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assessment method. Boulay et al. (2017) also recommend assessing water consumption
rather than water withdrawal.
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3 Life cycle inventories

Water is used in many processes in the supply chain of PV systems. The most relevant
contributors to direct and indirect water use were identified in a preliminary analysis at
the beginning of this study. To this end, the water consumption of electricity generated
with mono-Si and CdTe PV systems was quantified by adding up the amounts of water
consumed. This analysis showed that besides the direct water consumption in the
manufacturing of PV modules, the water consumed indirectly by fossil, nuclear and
hydro power plants supplying electricity to PV module manufacturers contributes a
significant share to the total water consumption. Purified water used in power plants and
in the production of crystalline silicon and CdTe PV modules is also relevant. Based on
this finding, the life cycle inventories of water purification and electricity generation
were also regionalised to the country or region level with regard to water consumption
in order to adequately take regional differences in water availability into account.

The regionalisation of water use is accomplished by replacing the unspecific water
flows by new elementary flows labelled with the code of the country or region where a
process takes place. For instance, the production of tap water in China uses the specific
elementary flow “water, unspecified natural origin, CN” as an input instead of the
generic resource flow “water, unspecified natural origin”. The regionalised life cycle
inventories are complemented by the consumptive water use, which is modelled as
evaporation of water. The water emissions to air are also labelled with a specific
country code (e.g., “water, CN”).

The regionalised life cycle inventories of water purification, electricity generation and
the supply chains of mono-Si PV modules and of CdTe PV modules are described in
Appendix A. A table listing all the geographies distinguished in the regionalised life
cycle inventories is presented in Appendix B.
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4  Life cycle impact assessment

41 Overview

The regionalised life cycle inventories described in Chapter 3 and Appendix A were
used to quantify the water consumption and water withdrawal of electricity generation
by considering all life cycle stages and taking regional differences in water availability
into account. The water consumption and water withdrawal of 1 kWh AC electricity
generated by mono-Si and CdTe PV systems are compared to the water use of
conventional technologies. The inventory results for water consumption and water
withdrawal are reported in subchapter 4.2. The water stress impact based on water
consumption and withdrawal of PV electricity is presented in subchapters 4.3 and 4.4,
respectively.

4.2 Inventory results: water consumption and water withdrawal

The water consumption and water withdrawal of electricity generated by mono-Si and
CdTe European rooftop PV systems was quantified by adding up the amounts of water
consumed or withdrawn along the entire supply chain without weighting by water
availability. The water consumption is 1.5 L/kWh and 0.25 L/kWh for electricity from
mono-Si and CdTe PV systems, respectively. The life cycle water withdrawal without
weighting by water availability caused by electricity generation with mono-Si and CdTe
PV systems is 7.2 L/kWh and 0.73 L/kWh. The resulting share of consumptive water
use, defined as the amount of water consumed divided by the volume of water
withdrawn, is 20 % for electricity generated by the mono-Si PV system and 34 % for
the CdTe PV system. In the supply chain of the mono-Si PV system, the cooling water
used in the production of electronic grade silicon and silicon ingot contributes
approximately 70 % to the total water withdrawal. It is assumed that 5 % of the volume
of cooling water are evaporated (see section A.3.1). The water withdrawal of the CdTe
European rooftop PV system is mainly caused by electricity and material supply for the
production of CdTe PV modules and BOS components. The share of consumptive water
use of electricity generated by large-scale thermoelectric power plants is typically
around 50 % (see below). The higher contribution of electricity supply to the water
withdrawal of the CdTe PV system is therefore the main reason for the higher overall
share of consumptive water use compared to electricity generated by the mono-Si PV
system.

The water consumption of electricity generated by European reservoir hydropower
plants is slightly higher compared to electricity generated by mono-Si PV systems
(1.8 L/kWh). Electricity from nuclear and hard coal power plants in Europe causes a
significantly higher water consumption than the other generation sources (3.4 L/kWh
and 19 L/kWh, respectively). The water withdrawal exceeds the water consumption by a
factor of 2 in the case of hard coal and nuclear power plants. This finding corresponds
well with the assumed share of consumptive cooling water withdrawal for hard coal and
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nuclear (see section A.2.1 and Tab. A.5). In contrast, the difference between water
withdrawal and water consumption is insignificant for electricity generated by
hydropower plants because the use of turbine water is not taken into account when
assessing water withdrawal.

4.3 Water stress impact based on water consumption

The water stress impact based on water consumption of electricity generated with
European rooftop mono-Si and CdTe PV systems and with reservoir hydropower plants,
hard coal power plants and nuclear power plants in Europe according to the AWARE
method is presented in Fig. 4.1. Electricity from CdTe PV systems causes a
substantially lower life cycle water stress impact (2.3 L water-eq/kWh) than all other
electricity generation technologies considered. The water stress impact of electricity
generated by mono-Si PV systems (32 L water-eq/kWh) and reservoir hydropower
plants (37 L water-eq/kWh) is approximately one order of magnitude higher. Electricity
from nuclear power plants (69 L water-eq/kWh) and hard coal power plants
(170 L water-eq/kWh) causes a 2-5 times higher water stress impact than electricity
generated by PV systems and reservoir hydropower plants.

The contributions of the operation stage (including fuel supply in case of hard coal and
nuclear) and the construction, maintenance and deconstruction of the power plant (i.e.,
non-operational water consumption) to the total water stress impact are shown
separately for the three conventional technologies. For electricity generated by
residential scale CdTe PV systems, the contributions of the production of CdTe
modules, the production of the BOS components and the cleaning of the modules during
operation are distinguished. In case of the mono-Si PV system, the shares of the
following processes in the water stress impact based on water consumption are
presented separately: The production of silicon, Czochralski mono-Si ingot, wafers,
cells, modules and BOS as well as the operational water consumption.

The life cycle water stress impact of the considered conventional power plants is
strongly dominated by the operation stage. This means that the evaporation of cooling
water outweighs the water stress impact of fuel supply and the power plant
infrastructure. In contrast, the contribution of PV module washing to the total water
stress impact of PV systems is minor and amounts to <1 % for both CdTe and mono-Si
PV systems. Manufacturing of the BOS components and the PV modules cause 57 %
and 42 % of the water stress impact of electricity generated with CdTe PV systems,
respectively. The processes of silicon (34 %) and silicon ingot (41 %) production are the
most important contributors to the life cycle water stress impact of mono-Si PV
systems. The production of mono-Si wafers, cells and modules contribute 11 %, 5 %
and 4 % to the total water stress impact, respectively. The share of the BOS components
in the water stress impact of electricity generated by mono-Si PV systems is 4 %. The
large difference in the share of the BOS in the water stress impact of mono-Si and CdTe
PV system is mainly due to their differing absolute water stress impact based on water
consumption. In absolute terms, the water stress impact caused by the production of the
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BOS components is very similar for the mono-Si and the CdTe PV system and amounts
to roughly 1.3 L/kWh.

The electricity demand in the production of mono-Si and CdTe PV modules is an
important driver of the total water stress impact. Many processes in the supply chain of
PV modules require a significant amount of electricity, which is usually provided by
conventional power plants. The share of electricity supply in the water stress impact
caused by water consumption of electricity generated by mono-Si and CdTe PV systems
1s approximately 82 % and 78 %, respectively. The water stress impact of process or
cooling water used directly in the manufacture of PV modules amounts to 16 % for the
mono-Si and 3 % for the CdTe technology, whereas the input materials contribute 2 %
and 20 % to the water stress impact, respectively.
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Fig. 4.1 Water stress impact based on application of the AWARE method that is caused by water con-
sumption from the life cycle of electricity generated with European rooftop mono-Si and CdTe
PV systems and reservoir hydropower plants, hard coal power plants and nuclear power plants
based on regionalised life cycle inventories. The contributions of the most important processes
are shown separately.

The water stress impact based on the AWARE method and the water consumption
based on the inventory results (see subchapter 4.2) of electricity generation are listed in
Tab. 4.1. The ratio of the water stress impact and the water consumption based on the
inventory results allows the calculation of an average water scarcity factor of each
electricity generation technology considered, which can then be compared to the water
scarcity factors of the most important production countries. The water stress impact
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caused by water consumption is approximately 10-20 times higher than the water
consumption obtained without weighting by water availability (see Tab. 4.1). The global
average water scarcity factor is equal to 20.3 m’ water—eq/m3 water (see subchapter 2.4).

Tab. 4.1 Comparison of the water stress impact and the water consumption based on the life cycle in-
ventories (LCI) of electricity generated from European rooftop mono-Si and CdTe PV systems
and reservoir hydropower plants, hard coal power plants and nuclear power plants.

Water stress impact | Water consumption | Water stress impact /
Water Consumption based on consumption based on LCI LCI

m® water-eq / kWh m>/kWh m® water-eq / m?
mono-Si 3.2E-02 1.5E-03 22
CdTe 2.3E-03 2.5E-04 9.0
Reservoir Hydro 3.7E-02 1.8E-03 21
Hard Coal 1.7E-01 1.9E-02 8.8
Nuclear 6.9E-02 3.4E-03 20

The most important countries and regions contributing to the water stress impact based
on water consumption of electricity generated by mono-Si PV systems are China (84 %)
and Europe (9 %). These shares are similar to the European supply mix of mono-Si PV
modules, which consists of approximately 79.6 % of PV modules manufactured in
China, 14.5 % in Europe and 5.9 % in the Asian and Pacific region (Frischknecht et al.
2015). The quotient of the water stress impact and the water consumption based on the
life cycle inventory results yields 22 m® water-eq/m’ water for electricity generated by
the mono-Si PV system (see Tab. 4.1), which is in between the water scarcity factors of
Europe (21.0 m’ water-eq/m3 water) and China (27.7 m’ water-eq/m3 water). The
vulnerability of electricity generated by European rooftop mono-Si PV systems to the
risk of water availability is therefore slightly higher than the world average since the
ratio of the water stress impact and the water consumption based on the inventory
results is above the global average water scarcity factor.

The ratio of the water stress impact and the water consumption based on the life cycle
inventory results of electricity generated by CdTe PV systems is 9.0 m’® water-eq/m’
water (see Tab. 4.1). The lower ratio compared to electricity from mono-Si PV systems
is due to the fact, that CdTe PV modules are produced in Malaysia (84.5 %) and the
USA (15.5 %). Both countries have a water scarcity factor below the world average
(Malaysia: 0.587 m® water-eq/m’ water; USA: 9.51 m® water-eq/m’ water). Hence, the
vulnerability of European rooftop CdTe PV systems to the risk of water availability is
below the world average.

The water stress impact caused by water consumption of electricity generated by
reservoir hydropower plants and nuclear power plants is approximately 21 times higher
than the water consumption obtained from the life cycle inventories, which is similar to
the European rooftop mono-Si PV system. However, the ratio between the two methods
to quantify water consumption is only 8.8 m’ Walter—eq/m3 water for electricity from
hard coal power plants. This is because of the different structure of the life cycle
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inventory for hard coal power plants in the UCTE (Union for the Coordination of the
Transmission of Electricity)* region compared to hydropower and nuclear power plants.
The life cycle inventory of an average European hard coal power plant is composed of
the shares of individual countries (e.g. Germany, Spain) in the total hard coal electricity
production in the UCTE region and linked to life cycle inventories of coal power
generation in those countries. Germany has a high share in the total electricity generated
by coal power plants (46.5%) and a low water scarcity factor
(0.124 m’ water—eq/m3 water). This yields a ratio of the water stress impact and the
water consumption based on the life cycle inventory results, which is below the average
European water scarcity factor.

4.4 \Water stress impact based on water withdrawal

The water stress impact caused by water withdrawal of different electricity generation
technologies is shown in Fig. 4.2. Electricity generation with European rooftop mono-Si
and CdTe PV systems causes a water stress impact of 150 L water-eq/kWh and
9.8 L water-eq/kWh, respectively. The water stress impact based on water withdrawal
of electricity from mono-Si PV systems is therefore higher than the water stress impact
caused by electricity from reservoir hydropower plants (38 L water-eq/kWh) and
comparable to nuclear electricity (160 L water-eq/kWh). Electricity generated by hard
coal power plants causes the highest water stress impact based on water withdrawal
(340 L water-eq/kWh).

The water stress impact based on water withdrawal of electricity generated by mono-Si
PV systems is mainly caused in the direct supply chain of the PV modules (70 %). The
Czochralski process for the production of mono-Si ingots and the manufacture of
electronic-grade silicon require large amounts of water, of which presumably only a
minor share is evaporated (see section A.3.1). The electricity supply for the production
of mono-Si PV modules contributes approximately 28 % to the water stress impact
caused by water withdrawal. The water stress impact associated with the production of
raw materials is 2 %.

Electricity generated by CdTe PV systems has a lower water stress impact based on
water withdrawal than all other electricity generation technologies considered. The main
contributors to the total water withdrawal are the supply of materials (59 %) and of
electricity (39 %) used for the production of CdTe PV modules and BOS components.
The washing of the PV system in the operation phase has a share of 2 % in the water
stress impact caused by water withdrawal.

*  The UCTE is no longer technically in existence and has been superseded by ENTSO-E (European

Network of Transmission System Operators for Electricity). The geography of some life cycle inven-
tories of electricity generation in the KBOB life cycle inventory data DQRv2:2016 has not been
adapted to reflect this change.
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Fig. 4.2 Water stress impact based on application of the AWARE method that is caused by water with-
drawal from the life cycle of electricity generated with mono-Si and CdTe PV systems and res-
ervoir hydropower plants, hard coal power plants and nuclear power plants in Europe based on
regionalised life cycle inventories. The contributions of the most important processes are
shown separately.

The water stress impact based on the AWARE method and the water withdrawal based
on the inventory results of electricity generation are listed in Tab. 4.2. The ratios of the
water stress impact and the water withdrawal are very similar to the results for water
consumption shown in Tab. 4.1. The only exception is electricity generated by CdTe PV
systems, which has a significantly higher ratio when considering water withdrawal
compared to water consumption. The reason for this difference is that the supply of raw
materials contributes a high share to the total water withdrawal. The life cycle
inventories of material production were not regionalised. The water stress impact caused
by water withdrawal is therefore quantified using the world average water scarcity
factor. Since the water scarcity factors for the production countries of CdTe PV
modules, Malaysia and the USA, are lower than the world average, the quotient of the
water stress impact and the water withdrawal is higher than for water consumption.
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Tab. 4.2 Comparison of the water stress impact and the water withdrawal based on the life cycle inven-
tories (LCI) of electricity generated with European rooftop mono-Si and CdTe PV systems and
reservoir hydropower plants, hard coal power plants and nuclear power plants.

Water stress impact

Water withdrawal

Water stress impact /

Water Withdrawal based on withdrawal based on LCI LCI

m® water-eq / kWh m? /kWh m® water-eq / m?
mono-Si 1.5E-01 7.2E-03 21
CdTe 9.8E-03 7.3E-04 13
Reservoir Hydro 3.8E-02 1.8E-03 21
Hard Coal 3.4E-01 3.8E-02 9.0
Nuclear 1.6E-01 7.6E-03 20

Water Footprint of European Rooftop Photovoltaic Electricity
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5 Data quality and uncertainty

The quality of the data used to assess the water footprint of electricity generation by PV
systems and conventional technologies is classified as good according to the data
quality assessment criteria of the Product Environmental Footprint (PEF) Guide
(European Commission 2013) and the PEF screening study of PV electricity (Stolz et al.
2016). However, there are some critical issues which would deserve more attention in
future updates of this assessment.

One critical parameter is the share of consumptive water use, which reflects the amount
of water evaporated per unit of water withdrawal. These shares were estimated based on
data from a study of the power sector in the USA (Macknick et al. 2012) and applied to
the life cycle inventories of nuclear and fossil power plants in different world regions
(mainly Europe). The fractions of power plants relying on tower and once-through
cooling systems were determined based on estimations in the reports of ecoinvent data
v2.2 (Dones et al. 2007; Faist Emmenegger et al. 2007; Jungbluth 2007). Some
extrapolations were necessary since the shares of different cooling systems were not
available for all technologies. The share of consumptive cooling water use of electricity
generation is particularly important since the electricity supply for the manufacture of
PV modules contributes a high share to the life cycle water consumption of PV
electricity.

The comparison of water consumption and water withdrawal of electricity generated
with mono-Si PV systems showed that the share of consumptive water use is equally
important for processes in the production of mono-Si PV modules. The manufacture of
electronic-grade silicon and mono-Si ingots require large amounts of water but the share
of consumptive water use is based on a generic estimate (Frischknecht & Biisser
Knopfel 2013) rather than on specific data for these processes. It is recommended to
more accurately account for the water withdrawal and water emissions to air and water
in future updates of the life cycle inventories of the PV supply chain.

The geographical resolution of the life cycle inventory data represents another source of
uncertainty. For instance, the elctricity generation by natural gas power plants were
regionalised and life cycle inventories are available for more than twenty different
countries and regions. However, the life cycle inventories of electricity generation in the
UCTE region are used in many country electricity mixes where specific life cycle
inventories are not available. This was the case for the Malaysian electricity mix, which
is used in the manufacture of CdTe PV modules. The higher water scarcity factor for
water use in Europe compared to Malaysia results in an overestimation (about 6 %) of
the water stress impact caused by water consumption of electricity generated by CdTe
PV systems. The geographical resolution and consistency of the database with regard to
the regionalisation of water use and the inclusion of water emissions to air are issues
that go beyond the scope of this study. Nevertheless, regionalised life cycle inventories
were compiled for the most relevant processes in the manufacture of mono-Si and CdTe
PV modules and for electricity generation technologies.
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6 Conclusions

The water stress impact caused by water consumption of PV electricity generated in
Europe is significantly lower than the water stress impact of electricity generated by
reservoir hydroelectric power plants and large-scale nuclear and hard coal power plants.
The main contributor to the water stress impact of mono-Si and CdTe PV electricity is
the water consumption of thermoelectric power plants supplying electricity used in the
supply chain of PV systems. The operational water consumption of PV electricity is
negligible.

The water stress impact based on water withdrawal of electricity generated by CdTe PV
systems is significantly lower than the water stress impact of all other power generation
technologies considered. Electricity from mono-Si PV systems causes a higher water
stress impact than electricity generated by reservoir hydropower plants. The share of
electricity supply in the water stress impact based on water withdrawal of PV electricity
is lower compared to the water stress impact based on water consumption. The direct
water withdrawal dominates the water stress impact of electricity generated by mono-Si
PV systems whereas the supply of raw materials contributes a high share to the total
water withdrawal of CdTe PV electricity.

We recommend assessing the water stress impact based on water consumption rather
than based on water withdrawal. The amount of water lost to air or embodied in
products is no longer available in the watershed considered, thereby leading to an
increase in water scarcity. In contrast, the water withdrawn from and released into the
same watershed is available for reuse in other processes after a short time period.

The most effective measure to reduce the uncertainty of the water stress impact of
electricity generation quantified in this study is to collect more accurate data on the
share of consumptive water use in the manufacture of mono-Si PV modules and in the
electricity generation by thermoelectric power plants.
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A Appendix: Regionalised life cycle inventories

A.1  Water purification

A.1.1 Regionalisation and water balance

The life cycle inventories of the supply of tap water, decarbonised water, deionised
water and completely softened water were regionalised to the country level with regard
to water use for the most relevant countries. The water withdrawal in the existing
processes of the KBOB life cycle inventory data DQRv2:2016 was replaced by the
county-specific elementary flow. In addition, water emissions to water (representing the
share of water released to the same water basin as it was withdrawn from) were added in
order to balance the amounts of water withdrawn from nature, the water embodied in
the product and treated wastewater. Water consumption is quantified by assessing the
amount of water emitted to air (which equals the difference between water withdrawn
and the volume of water returned to water bodies). The electricity mix used for water
purification was changed to the respective country- or region-specific supply mix. The
process efficiency, material inputs, pollutant emissions as well as the amount of water
withdrawn were not adapted.

A.1.2 Life cycle inventories of water purification

National water purification processes were derived from existing European life cycle
inventories. As an example, the life cycle inventories of the production of tap water,
decarbonised water, deionised water and completely softened water in China are shown
in Tab. A.1 to Tab. A.4. The regionalised life cycle inventories for water purification in
other countries only differ in the geography of the water elementary flows and the
electricity mix. A list of the regionalised life cycle inventories of water purification is
provided in Tab. B.1 in Appendix B.
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Tab. A.1 Life cycle inventory of the production of 1 kg tap water with regionalised water withdrawal,

water emissions and electricity mix (China is shown as an example)

Name
Location
InfrastructureProcess
Unit
product tap water, water balance according to MoeK 2013, atuser

resource, in water

technosphere

emission water,

Water, unspecified natural origin, CN

electricity, medium voltage, at grid

chlorine, liquid, production mix, at plant
hydrogen peroxide, 50% in H20, at plant
ozone, liquid, at plant

charcoal, at plant

aluminium sulphate, powder, at plant
water supply network

pump station

water storage

water works

transport, freight, rail

transport, lorry >16t, fleet average

Water, CN

unspecified
emission air, high Heat, waste

emission water,
river

technosphere

Aluminium

Chlorine

Chloride

disposal, wood untreated, 20% water, to municipal
incineration

treatment, sewage, unpolluted, to wastewater treatment,
class 3

Location

CN

CN

RER
RER
RER
GLO
RER
CH
CH
CH
CH
RER
RER

CH

CH

InfrastructureProcess

Unit

kg

m3

kWh

kg
kg
kg
kg
kg
km
unit
unit
unit
tkm
tkm

m3

kg

kg
kg

kg

m3

tap water, water
balance
according to
MoeK 2013, at
user

CN
0
kg
1

1.13E-3

3.90E-4

1.00E-7

8.80E-7

3.33E-6

4.17E-6

6.33E-6
3.14E-10
2.06E-11
2.06E-11
1.19E-11
8.89E-6

1.48E-6

1.11E-4
1.40E-3
1.29E-6

1.00E-7
5.04E-6

417E-6

1.77E-5

UncertaintyType

StandardDeviation95%

1.07

1.22

1.22
1.22
1.22
1.22
1.22
3.05
3.05
3.05
3.05
2.09
2.09

1.62
1.22
5.26

3.23
3.23

1.22

1.22

GeneralComment

(1,3,1,3,1,1,BU:1.05); Regionalisation of water withdrawal.;
Ecoinventv2.2

(2,3,1,3,1,5,BU:1.05); Regionalisation of electricity use.;
Ecoinventv2.2

(2,3,1,3,1,5,BU:1.05); ; Ecoinvent 2.2
(2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2
(2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2
(2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2
(2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2

(2,3,1,3,1,5,BU:3); ; Ecoinvent v2.2

(2,3,1,3,1,5,BU:3); ; Ecoinvent v2.2

(2,3,1,3,1,5,BU:3); ; Ecoinvent v2.2

(2,3,1,3,1,5,BU:3); ; Ecoinvent v2.2

(4,5,na,na,na,na,BU:2); ; Ecoinvent v2.2
(4,5,na,na,na,na,BU:2); ; Ecoinvent v2.2
(4,5,na,na,na,na,BU:1.5); Regionalisation of water losses.;
Ecoinventv2.2

(2,3,1,1,1,5,BU:1.05); ; Ecoinvent v2.2

5,na,1,1,1,na,BU:5); ; Ecoinvent v2.2

(

(5.na,1,1,1,na,BU:3); ; Ecoinvent v2.2
(5,na,1,1,1,na,BU:3); ; Ecoinvent v2.2
(

2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2

(2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2

Tab. A.2 Life cycle inventory of the production of 1 kg decarbonised water with regionalised water

product

resource, in water

technosphere

emission water,

withdrawal and water emissions (China is shown as an example)

Name

Location
InfrastructureProcess
Unit
water, decarbonised, water balance according to MoeK
2013, at plant

Water, unspecified natural origin, CN

hydrochloric acid, 30% in H20, at plant

lime, hydrated, packed, at plant

iron (lll) chloride, 40% in H20, at plant

transport, freight, rail

transport, lorry >16t, fleet average

disposal, decarbonising waste, 30% water, to residual
material landfill

treatment, sewage, unpolluted, to wastewater treatment,
class 3

Water, CN

unspecified

emission water,
river

Chloride

Location

CN

RER
CH
CH

RER

RER

CH

CH

InfrastructureProcess

©o coocoo

Unit

kg
m3

kg
kg
kg
tkm

kg

m3

m3

kg

Water Footprint of European Rooftop Photovoltaic Electricity

water,
decarbonised,
water balance
according to
MoeK 2013, at
plant

CN
0
kg
q

1.03E-3

1.55E-8
2.06E-7
221E-7
2.66E-7
4.43E-8

5.55E-7
2.50E-5
5.00E-6

1.60E-7

UncertaintyType

StandardDeviation95%

1.07

1.22
1.22
1.22
2.06
2.06

1.22

1.62

3.23

GeneralComment

(1,3,1,3,1,1,BU:1.05); Regionalisation of water withdrawal.;
Ecoinventv2.2

(2,3,1,3,1,5,BU:1.05)
2,3,1,3,1,5,BU:1.05)
2,3,1,3,1,5,BU:1.05); ; Ecoinvent 2.2

;s Ecoinvent v2.2
( .

(

(2,3,1,3,1,5,BU:2); ; Ecoinvent v2.2
(

(

;; Ecoinventv2.2

2,3,1,3,1,5,BU:2); ; Ecoinvent 2.2
2,3,1,3,1,5,BU:1.05); ; Ecoinvent 2.2

(2,3,1,3,1,5,BU:1.05); ; Ecoinvent v2.2

(4,5,na,na,na,na,BU:1.5); Regionalisation of water losses.;
Ecoinventv2.2

(5,na,1,1,1,na,BU:3); ; Ecoinvent 2.2
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Tab. A.3 Life cycle inventory of the production of 1 kg deionised water with regionalised water with-
drawal, water emissions and electricity mix (China is shown as an example)

B3
¢ 8
3 water, § 2
c & deionised, water = 2
g 9 = balance 2 =
Name g 2 5 " T ®  GeneralComment
S B accordingto £ g
< |5 MoeK2013,at & &
°
g plant =] 5
= (7]
Location CN
InfrastructureProcess 0
Unit kg
sl \:Iztnetr, deionised, water balance according to MoeK 2013, at CN 0 kg 4
technosphere tap water, water balance according to MoeK 2013, at user CN 0 kg 1.11E+0 1 1.07 t '3_’1 31,1 BU:1.05); Regionalisation of water withdrawal.;
Ecoinventv2.2
electricity, medium voltage, at grid CN 0 KkWh 450E-4 1 122 (331315BU:1.05); Regionalisation of electricity use.;
Ecoinventv2.2
hydrochloric acid, 30% in H20, at plant RER 0 kg 2.40E-4 1 122 (2,3,1,3,1,5BU:1.05); ; Ecoinvent v2.2
sodium hydroxide, 50% in H20, production mix, at plant RER 0 kg 1.20E-4 1 122 (23,13,1,5BU:1.05);;Ecoinventv2.2
water treatment plant, deionisation CH 1 unit 9.00E-11 1 3.05 (23,1,3,1,5BU:3);;Ecoinventv2.2
transport, freight, rail RER 0 tkm 6.24E-4 1 209 (45,nanana,naBU:2);;Ecoinventv2.2
transport, lorry >16t, fleet average RER 0 tkm 5.20E-5 1 2.09 (4,5,na,na,na,na,BU:2);; Ecoinventv2.2
emlssu?n water, Water, CN R . m3 110E-4 4 162 (4,5:na,na,na,na,BU:1 .5); Regionalisation of water losses.;
unspecified Ecoinvent 2.2
emission air, high Heat, waste - - M 1.62E-3 1 122 (2,3,1,1,1,5BU:1.05); ; Ecoinvent v2.2
Carbon dioxide, biogenic > - kg 2.30E-4 1 150 (5,na,1,1,1,na,BU:1.05);;Ecoinventv2.2
o Waleh, - Ghioride - - kg 230E4 1 323 (5nal.1,1naBU3);;Ecoinvent 2.2
Sodium, ion - - kg 7.00E-5 1 526 (5,na,1,1,1,na,BU:5); ; Ecoinvent\2.2

Tab. A.4 Life cycle inventory of the production of 1 kg completely softened water with regionalised
water withdrawal and water emissions (China is shown as an example)

" S
[red
2 water, @ el
8 completely '_§ 5
§ & . softened, water > fg
Name s 3 5 balance é &  GeneralComment
S 32 accordingto g B
3 MoeK2013,at § 8
g =
£ plant (%
Location CN
InfrastructureProcess 0
Unit kg
water, completely softened, water balance according to
(el MoeK 2013, at plant oy O kg L
technosphere water, decarbonised, water balance according to MoeK CN 0 kg 1.05E40 4 107 4 ,3.,1 ,3,1,1,BU:1.05); Regionalisation of water withdrawal.;
2013, at plant Ecoinvent v2.2
hydrochloric acid, 30% in H20, at plant RER 0 kg 1.24E-6 1 122 (2,3,1,3,1,5BU:1.05); ; Ecoinvent v2.2
sodium hydroxide, 50% in H20, production mix, at plant RER 0 kg 2.78E-7 1 122 (23,1,3,1,5BU:1.05);; Ecoinventv2.2
transport, freight, rail RER 0 tkm 9.11E-7 1 2.09 (4,5,na,na,na,na,BU:2);; Ecoinventv2.2
transport, lorry >16t, fleet average RER 0 tkm 1.52E-7 1 2.09 (4,5,na,na,na,na,BU:2);; Ecoinventv2.2
:f;zt;"sem’ SSwaoellnpolliecliclias Braigicatncrl CH 0 m3 5.00E-5 1 122 (231315BU:1.05);; Ecoinvent 2.2
o Wateh  Ghioride - - kg 1.24E-6 1 323 (5,na1,1,1,aBUS);; Ecoinvent 2.2
Sodium, ion - - kg 2.78E-7 1 5.26 (5,na,1,1,1,na,BU:5);; Ecoinvent\2.2
AOX, Adsorbable Organic Halogen as Cl - - kg 2.50E-8 1 177 (5,na1,1,1,na,BU:1.5);; Ecoinvent v2.2

A.2 Electricity generation

A.2.1 Regionalisation and water balance

The water use in the life cycle inventories of electricity generation in fossil, nuclear and
reservoir hydro power plants was regionalised to the country or region level for the most
relevant countries and regions. The water withdrawal in the existing processes of the
KBOB life cycle inventory data DQRv2:2016 was replaced by the country- or region-
specific elementary flow. In addition, the water evaporation from reservoir hydropower
plants was regionalised. The water emissions to air were added to the life cycle

Water Footprint of European Rooftop Photovoltaic Electricity IEA PVPS T12-11:2017



A. Appendix: Regionalised life cycle inventories 22

inventories of electricity generation in fossil and nuclear power plants in order to
account for evaporation of cooling water. The share of consumptive water use was
estimated using data on the water withdrawal and water consumption of power plants
with different cooling systems (Macknick et al. 2012). Power plants with once-through
cooling withdraw large amounts of water and release most of it at a higher temperature
after a short period of time. In contrast, power plants with tower cooling have a lower
water withdrawal combined with a high share of water evaporation. The weighted
average share of consumptive water use of the two cooling systems was calculated for
different power generation technologies (Tab. A.5). The fraction of hard coal and lignite
power plants using tower cooling was estimated at 75 % by Dones et al. (2007). This
share of consumptive water use was used globally and also applied for nuclear power
plants due to lack of specific data. In accordance with Faist Emmenegger et al. (2007), it
was assumed that all natural gas power plants in Europe rely on tower cooling. The
fraction of heavy fuel oil power plants using tower cooling was estimated at 50 %
(Jungbluth 2007) and the share of consumptive water use of the two cooling systems
was assumed to be identical to those used in coal power plants.

Tab. A.5 Share of consumptive water use in total water consumption of fossil and nuclear power plants
based on Macknick et al. (2012), Dones et al. (2007), Faist Emmenegger et al. (2007) and
Jungbluth et al. (2007)

Share of consumptive water use Average share of
. ) (%) Share of tower N
Electricity generation cooling (%) consumptive Comment
0
Once-through  |Tower water use (%)
Share of tower cooling assumed to be the
Nuclear power plants 0.6% 61.0% 75.0%| 45.9% e
same as for coal power plants
No differentiation between hard coal and
Hard coal power plants 0.7% 68.4% 75.0% 51.5%|,. _I tatl
lignite power plants
No differentiation between hard coal and
Lignite power plants 0.7% 68.4% 75.0% 51.5%| & 1t W
lignite power plants
Natural gas power plants 0.9% 78.3% 100.0% 78.3%|
h f ti
Heavy fuel oil power plants 0.7% 68.4% 50.0% 34.6% Shares of consumptive water use assumed
to be the same as for coal power plants

The efficiency of the country specific power plants, material inputs, pollutant emissions
as well as the amount of water withdrawal were not adapted. The regionalised life cycle
inventories were linked to the electricity mixes of the KBOB life cycle inventory data
DQRv2:2016, which were not changed. The only exception are the additional life cycle
inventories of electricity generated in reservoir hydropower plants which were created
for several countries and linked to the respective country electricity mixes (see section
A2.4).

A.2.2 Life cycle inventories of fossil power plants

The life cycle inventories of electricity generation in hard coal, lignite, natural gas and
heavy fuel oil power plants were regionalised with regard to water withdrawal and
complemented by water emissions to air. The procedure described in section A.2.1 was
applied for all countries with existing life cycle inventories in the KBOB life cycle
inventory data DQRv2:2016.
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All life cycle inventories are structured identically although specific material inputs and
pollutant emissions may vary between different countries. The following Tab. A.6 to
Tab. A.9 show the life cycle inventory of electricity generation in fossil power plants in
one exemplary country for each technology. A list of the regionalised life cycle
inventories of electricity generation in fossil power plants is provided in Tab. B.1 in
Appendix B.
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Tab. A.6 Life cycle inventory of burning 1 MJ of hard coal in the power plant with regionalised water

Outputs

Technosphere

resource, in water

air, high popul.

withdrawal and water emissions (China is shown as an example)

n density

®

s 38

S g2

Name g 28

S ga

=
Location
InfrastructureProcess
Unit

hard coal, burned in power plant CN 0
chlorine, liquid, production mix, at plant RER 0
light fuel oil, at regional storage RER 0
water, completely softened, water balance according to MoeK 2013, at plant oN 0
water, decarbonised, water balance according to MoeK 2013, at plant CN 0
disposal, residue from cooling tower, 30% water, to sanitary landfill CH 0
hard coal power plant cN 1
hard coal supply mix CcN 0
transport, lorry >16t, fleet average RER 0
transport, coal freight, rail CN 0
disposal, hard coal ash, 0% water, to residual material landfill PL 0

Water, cooling, unspecified natural origin, CN
Water, CN
Heat, waste

Antimony
Asenic

Barium

Benzene
Benzo(a)pyrene

Boron
Bromine
Butane
Cadmium

Carbon dioxide, fossil
Carbon monoxide, fossil

Chromium
Chromium VI

Cobalt

Copper

Dinitrogen monoxide

Dioxin, 2,3,7,8 Tetrachlorodibenzo-p-

Ethane

Formaldehyde

Hydrocarbons, aliphatic, alkanes, unspecified
Hydrocarbons, aliphatic, unsaturated

Hydrogen chioride
Hydrogen fluoride

lodine

Lead

Lead-210

Manganese

Mercury

Methane, fossil

Molybdenum

Nickel

Nitrogen oxides

PAH, polycyclic aromatic hydrocarbons
Particulates, < 2.5 um

Particulates, > 10 um

Particulates, > 2.5 um, and < 10um
Pentane

Polonium-210

Potassium-40

Propane
Propene

Radium-226
Radium-228
Radon-220

Radon-222
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Unit

kg
kg
kg
kg

kg

kg
m3

kg

hard coal,
burned in power
plant

CN
0
MJ
1.00E+0

1.00E-5
1.70E-5
6.00E-3
1.50E-1

5.00E-6
1.30E-12

453E-2

6.75E-7
1.35E-6
7.15E-3
3.50E-3

1.88E+0
5.67E-1
1.98E-9

121E-8

1.22E-7

217E-7
2.00E-13

7.00E-7
5.71E-7
1.90E-8
1.16E-9

9.50E-2
8.00E-6

1.14E-8
141E9
4.72E9

1.53E-8
5.00E-7
7.00E-15
4.10E-8
5.80E-8
219E7
2.16E7
3.05E5
273E6
292E7
6.32E-8
12164
6.03E-8
3.20E-9
1.00E-6
2.15E-9
333E-8
4.08E-4
1.00E-9
4.23E-5
1.06E-5
4.97E-6
147E-7
222E-4
299E5

3.50E-8
1.60E-8

3.14E-5
9.28E-6
6.50E-4

3.66E-4

uncertainty Type

1
1

1
1

1

1
1
1

1
1

1
1
1

1

1

1
1
1

1

1
1

StandardDeviatio
n95%

1.40
1.07
6.00

6.00

6.00

250
250

6.00

270
250
6.00

11
6.00

6.00
4.00
6.00

6.00

2.00
4.00
250
250
250
250

3.00

6.00
250
6.00

2.00
4.00
4.00

3.50
250
5.00

5.00

250
250

5.00

GeneralComment

(5.43,2:35): rough guess
(3.4.3:3.1,3): typical value for hard coal plant in DE
(45,3,2.3.3); estimate based on literature
(45.3,2,3.3); estimate based on literature

(5,1,1,1,1,1); calculated from mass balance

(3323.13);

own assumption, for 300 MW unit Shandong (1999) assumed average for
China; i original dataset 1.17, based on uncertainty on power plant data
base and coal quality (mismatch between regional supply mixand input
coal)

own assumption; original 2.10 (4.2.2,3,1,5); average distance is
guesstimate

own assumption; original 2.10 '(4,2,2,3,1.5); average distance is
guesstimate

(5,1,1,6,3,1); calculated from mass balance
(4,5,3,2,1,5); estimate based on literature

assumption: 51.4% evaporation of water; Macknick etal. 2011

(2,1,1,1,1,1); calculated from energy balance

own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; original 1.65 (3.5.3.2,1.5); based on available literature
own assumption; original 1.65 (3,5.3.2,1.5); based on available literature
own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; original 2.28 (5.1.1.1,1.,5); calculated from trace element
balance, input uncertain

own assumption; original 1.65 (3,5.3.2,1.5); based on available literature
own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

(3.1,1,1,1,1); based on available literature

own assumption; original 5.09 (3.4.3.2,1.5); based on available literature
own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

based on range of data

own assumption; extrapol. from previously estimated 5.31 (5.,1,1,1,1,5); cale.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; original 1.61 (3.4.3.2,1,5); based on available literature
own assumption; original 3.12 (3,5,3.2,1,5); based on available literature
own assumption; original 1.65 (3,5.3.2,1,5); based on available literature
own assumption; original 1.65 (3.5.3.2,1,5); based on available literature
own assumption; original 1.65 (3.5.3.2,1,5); based on available literature
own assumption; original 1.65 (3,5.3.2,1.5); based on available literature
own assumption; original 2.28 (5,1,1.1,1.,5); calculated from trace element
balance, input uncertain

own assumption; original 2.28 (5.1,1,1,1,5); calculated from trace element
balance, input uncertain

own assumption; original 2.28 (5,1,1,1,1,5); calculated from trace element
balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 3.27 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5.,1,1,1,1,5); cale.
from trace element balance, input uncertain

own assumption; original 1.61 (3.4.3.2,1,5); based on available literature
own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; original 1.52 (3,1,1,1,1,1); see power plant data base for
details

own assumption; original 3.12 (3,5.3.2,1.5); based on available literature
own assumption; original 3.27 (5,1.1,1,1.5); see power plant data base for
details

own assumption; original 1.83 (5.1.1.1,1.5); see power plant data base for
details

own assumption; original 2.28 (5,1.1.,1,1.5); see power plant data base for
details

own assumption; original 1.65 (3.5.3.2,1,5); based on available literature
own assumption; extrapol. from previously estimated 3.27 (5,1,1,1,1,5); cale.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 3.27 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; original 1.65 (3.5.3.2,1,5); based on available literature
own assumption; original 1.65 (3,5.3.2,1,5); based on available literature
own assumption; extrapol. from previously estimated 3.27 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 3.27 (5,1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 3.27 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 3.27 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain
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Tab. A.6 Life cycle inventory of burning 1 MJ of hard coal in the power plant with regionalised water

water, unspecified

Water Footprint of European Rooftop Photovoltaic Electricity

withdrawal and water emissions (China is shown as an example) (continued)

Name
Location
InfrastructureProcess
Unit
Selenium
Strontium

Sulfur dioxide
Thorium-228
Thorium-232
Toluene

Uranium-238

Vanadium
Xylene
Zinc

Heat, waste

Location

Infrastructure-

Process

Unit

hard coal,
burned in power
plant

CN
0
M

9.89E-9
1.11E7
7.73E-4
5.00E-6
7.86E-6
1.09E-7
261E-5
2.79E-8
9.22E-7
7.70E-8
1.45E-1

uncertainty Type

1
1
1

1

1
1

n95%

5.00
250
5.00

6.00
250
6.00
1.07

GeneralComment

own assumption; extrapol. from previously estimated 5.31 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); calc
from trace element balance, input uncertain

own assumption; original 1.11 (3,1,1,1,1,1); see power plant data base for
details

own assumption; extrapol. from previously estimated 3.27 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 3.27 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; original 1.65 (3.5.3.2,1.5); based on available literature
own assumption; extrapol. from previously estimated 3.27 (5.1,1,1,1,5); calc.
from trace element balance, input uncertain

own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); cale.
from trace element balance, input uncertain

own assumption; original 1.65 (3.5.3.2,1,5); based on available literature
own assumption; extrapol. from previously estimated 5.31 (5,1,1,1,1,5); cale.
from trace element balance, input uncertain

(2,1,1,1,1,1); calculated from energy balance
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Tab. A.7 Life cycle inventory of burning 1 MJ of lignite in a power plant with regionalised water with-

drawal and water emissions (Germany is shown as an example)

Outputs
Technosphere

resource, in water

air, low population density

air, low population density

@
3 Sa
2 58
Name 5 £8
S sa
=
Location
InfrastructureProcess
Unit
lignite, burned in power plant DE 0
lignite power plant RER 1
lignite, at mine RER 0
chlorine, liquid, production mix, at plant RER 0
water, completely softened, water balance according to MoeK 2013, at plant DE 0
water, decarbonised, water balance according to MoeK 2013, at plant DE 0
sOxretained, in lignite flue gas desulphurisation GlO 0
nOxretained, in SCR GLO 0
transport, freight, rail RER 0
disposal, lignite ash, 0% water, to opencast refill DE 0

Water, cooling, unspecified natural origin, DE

Water, DE

Heat, waste
Antimony

Arsenic

Barium

Benzene
Benzo(a)pyrene
Boron

Bromine

Butane

Cadmium

Carbon dioxide, fossil
Carbon monoxide, fossil

Chromium
Chromium VI

Cobalt
Copper

Dinitrogen monoxide

Dioxin, 2,3,7,8 Tetrachlorodibenzo-p-
Ethane

Formaldehyde

Hydrocarbons, aliphatic, alkanes, unspecified
Hydrocarbons, aliphatic, unsaturated
Hydrogen chioride

Hydrogen fluoride

lodine

Lead

Lead-210

Manganese

Mercury

Methane, fossil

Molybdenum

Nickel

Nitrogen oxides

PAH, polycyclic aromatic hydrocarbons
Particulates, < 2.5 um

Particulates, > 10 um

Particulates, > 2.5 um, and < 10um
Pentane

Polonium-210

Potassium-40
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z
S

©

kg
kg
kg
kg
kg
kg
tkm
kg

m3

kg

lignite, burned in
power plant

DE
0
MJ
1.00E+0
9.72E-13

1.15E-1
1.00E-5
6.00E-3

1.50E-1
9.92E-4
2.02E-4

7.50E-6
7.13E-3
3.50E-3

1.88E+0

6.72E-1
1.31E-11
7.38E-10
4.36E-9
217E-7
2.00E-13
2.07E-6
2.76E-8
1.90E-8
1.53E-11
1.08E-1
2.00E-5

1.94E-10
2.40E-11
8.73E-11

2.01E-10
2.59E-6
7.00E-15
4.10E-8
5.80E-8
2.19E-7
2.16E-7
2.93E-6
8.17E-7
2.59E-8
5.24E-10
1.25E-6
1.09E-9
2.30E-9
1.00E-6
8.73E-11
4.32E-10
7.15E-5
1.00E-9
484E-6
5.29E-6
5.70E-7
147E-7
2.29E-6

8.12E-7

uncertainty Type

StandardDeviatio
n95%

3.02
1.07
165
1.40

210
1.50
1.40

5.31
4.00
5.31

GeneralComment

(3323.13);
(2.1,1,1,1,1): see power plant data base for details
(5.4,3.2.35): rough guess

(4,5.3,2,3,3); estimate based on literature
(4,5,.3,2,3,3); estimate based on literature
(3,1,1,1,1,1); see power plant data base for details
(3,1,1,1,1,1); see power plant data base for details

(4,2,2,3,1,5); average distance is guesstimate
(5,1,1,1,1,1); calculated from mass balance

(4,5,3,2,1,5); estimate based on literature
(4,5,3,2,1,5); assumption: 51.4% evaporation of water; Macknick et al. 2011

(2.1.1,1,1,1); calculated from energy balance
(5.1.1,1,1,5): calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(3532,1,5); based on available literature
(3532,1,5): based on available literature
(5.1.1,1,1,5): calculated from trace element balance, input uncertain
(5.1.1,1,1,5): calculated from trace element balance, input uncertain
(353,2.1,5); based on available literature
(5.1,1,1.,1,5); calculated from trace element balance, input uncertain
(3,1,1,1,1,1); based on available literature
(3.4322,1,5): based on available literature

(5.1.1,1,1,5): calculated from trace element balance, input uncertain
based on range of data

(5.1.1,1,1,5): calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(3.432,1,5); based on available literature

(35,3.2,1.5); based on available literature

(35,3.2,1.5); based on available literature

(353,2,1,5): based on available literature

(353,2,1,5): based on available literature

(353,2.1,5): based on available literature

(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(5.1,1,1.,1,5); calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(5.1.1,1,1,5): calculated from trace element balance, input uncertain
(5.1.1,1.1,5): calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(34,3.2,1.5); based on available literature

(5.1,1,1.,1,5); calculated from trace element balance, input uncertain
(5.1,1,1,1,5); calculated from trace element balance, input uncertain
(3.1.1,1,1,1): see power plant data base for details

(353,2.1,5): based on available literature

(5.1,1,1,1,5): see power plant data base for details

(5.1,1,1,1.5);: see power plant data base for details

(5.1,1,1,1,5); see power plant data base for details

(353.2,1,5): based on available literature

(5.1.1,1,1,5): calculated from trace element balance, input uncertain

(5.1.1,1.1,5); calculated from trace element balance, input uncertain
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Tab. A.7 Life cycle inventory of burning 1 MJ of lignite in a power plant with regionalised water with-
drawal and water emissions (Germany is shown as an example) (continued)

[
5 3% .
Name g £8 5
S ga
=
Location
InfrastructureProcess
Unit
Propane kg 3.50E-8 1 165 (3,532,15);based on available literature
Propene kg 1.60E-8 1 165 (3532,1,5);based on available literature
Radium-226 kBq 3.24E-7 1 827 (5,1,1,1,1,5);calculated from trace element balance, input uncertain
Radium-228 KBq 3.16E-7 1 327 (51,1,1,15);calculated from trace element balance, input uncertain
Radon-220 kBq 1.38E-4 1 827 (5,1,1,1,1,5); calculated from trace element balance, input uncertain
Radon-222 kBq 245E-4 1 827 (5,1,1,1,1,5); calculated from trace element balance, input uncertain
Selenium kg 2.98E-9 1 531 (5,1,1,1,1,5);calculated from trace element balance, input uncertain
Strontium kg 458E-10 1 531 (5,1,1,1,1,5);calculated from trace element balance, input uncertain
Sulfur dioxide kg 5.27E-5 1 111 (3,1,1,1,1,1); see power plant data base for details
Thorium-228 kBq 1.70E-7 1 827 (5,1,1,1,1,5); calculated from trace element balance, input uncertain
Thorium-232 kBq 267E-7 1 327 (51,1,1,15);calculated from trace element balance, input uncertain
Toluene kg 1.09E-7 1 165 (3,532,15);based on available literature
Uranium-238 kBq 2.70E-7 1 827 (5,1,1,1,1,5);calculated from trace element balance, input uncertain
Vanadium kg 1.09E-10 1 531 (5,1,1,1,1,5);calculated from trace element balance, input uncertain
Xylene kg 9.22E7 1 165 (3532,15);based on available literature
Zinc kg 7.64E-10 1 531 (5,1,1,1,1,5); calculated from trace element balance, input uncertain
Heat, waste () 1.77E-1 1107 (2,1,1,1,1,1);calculated from energybalance
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Tab. A.8 Life cycle inventory of burning 1 MJ of natural gas in a power plant with regionalised water
withdrawal and water emissions (Germany is shown as an example)

[
5 28 -
Name g £8 5
S sg«a
=
Location
InfrastructureProcess
Unit
natural gas, burned in power plant DE 0 L) 1.00E+0
gas power plant, 100MWe RER 1 P 6.79E-12 1 200 uncertaintyof life time
water, decarbonised, water balance according to MoeK 2013, at plant DE 0 kg 2.00E-1 1 250 range of values from differnet references
water, completely softened, water balance according to MoeK 2013, at plant DE 0 kg 6.00E-3 1 250 range of values from differnet references
disposal, residue from cooling tower, 30% water, to sanitary landfill CH 0 kg 1.00E-6 1 8.00 rough estimate, high uncertainty
natural gas, high pressure, at consumer DE 0 M 1.00E+0 1 100 0
Water, DE kg 161E-1 Assumption: 78.3% evaporation of water; Macknick et al. 2011
Heat, waste ) 6.63E-1 1 1.05 heating value and efficiency
Nitrogen oxides kg 3.57E-5 1 3.00 estimate from range of values from different references
Carbon monoxide, fossil kg 1.70E-6 1 3.00 estimate from range of values from different references
Carbon dioxide, fossil kg 5.60E-2 1 1.05 composition of natural gas
Sulfur dioxide kg 5.00E-7 1 110 composition of natural gas
Particulates, <2.5 um kg 3.00E-7 1 3.00 estimate from range of values from different references
Dinitrogen monoxide kg 5.00E-7 1 3.00 estimate from range of values from different references
Mercury kg 3.00E-11 1 5.00 trace elementin natural gas
Dioxin, 2,3,7,8 Tetrachlorodibenzo-p- kg 290E-17 1 8.00 rough estimate, high uncertainty
Methane, fossil kg 1.00E-6 1 5.00 estimate from range of values from different references
Acetaldehyde kg 8.00E-10 1 800 rough estimate, high uncertainty
Benzo(a)pyrene kg 5.29E-13 1 500 USEPA1998, high uncertainty reported qulitatively therein
Benzene kg 926E-10 1 500 USEPA1998, high uncertainty reported qulitatively therein
Butane kg 9.26E-7 1 500 USEPA1998, high uncertainty reported qulitatively therein
Acetic acid kg 121E-7 1 8.00 rough estimate, high uncertainty
Formaldehyde kg 331E-8 1 500 USEPA1998, high uncertainty reported qulitativelytherein
PAH, polycyclic aromatic hydrocarbons kg 8.00E-9 1 800 rough estimate, high uncertainty
Pentane kg 1.15E-6 1 500 USEPA1998, high uncertainty reported qulitatively therein
Propane kg 7.05E-7 1 500 USEPA1998, high uncertainty reported qulitatively therein
Propionic acid kg 1.60E-8 1 8.00 rough estimate, high uncertainty
Toluene kg 1.50E-9 1 500 USEPA1998, high uncertainty reported qulitatively therein
Acenaphthene kg 7.93E-13 1 500 USEPA1998, high uncertainty reported qulitatively therein
Ethane kg 1.37E-6 1 500 USEPA 1998, high uncertainty reported qulitatively therein
Hexane kg 7.93E-7 1 500 USEPA1998, high uncertainty reported qulitatively therein
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Tab. A.9 Life cycle inventory of burning 1 MJ of heavy fuel oil in a power plant with regionalised water
withdrawal and water emissions (Germany is shown as an example)

[
5 28 -
Name g £8 5
S ga
=
Location
InfrastructureProcess
Unit
heavy fuel oil, burned in power plant DE 0 M 1.00E+0
water, decarbonised, water balance according to MoeK 2013, at plant DE 0 kg 5.00E-2 1 113 (2,2,1,1,1,4); Literature data for this country
water, completely softened, water balance according to MoeK 2013, at plant DE 0 kg 1.00E-2 1113 (2,2,1,1,1,4); Literature data for this country
limestone, crushed, washed CH 0 kg 1.38E-3 1 124 (24,13,1,5);IPPC 2001 for flue gas treatment
ammonia, liquid, at regional storehouse. RER 0 kg 6.32E-5 1 124 (24,13,15);IPPC 2001 for flue gas treatment
heavy fuel oil, at regional storage RER 0 kg 243E-2 1109 (22,1,1,1,3); Literature data for heating value
oil power plant 500MW RER 1 P 1.24E-12 1 805 (2na1,1,15);Estimation based on case study
disposal, separator sludge, 90% water, to hazardous waste incineration CH 0 kg 1.27E-5 1 1.09 (2,2,1,1,1,3); Literature data for this country
disposal, residue from cooling tower, 30% water, to sanitary landfill CH 0 kg 240E-6 1109 (22,1,1,1,3); Literature data for this country
Water, cooling, unspecified natural origin, DE m3 1.00E-2 1 3.02 (23,13,1,4);Estimation with literature data, basic uncertainty estimated = 3
Water, DE kg 3.47E+0 1302 (2,2,1,1,14);assumption: 34.5% evaporation of water; Macknick et al. 2011
Heat, waste M 4.89E-1 1109 (2,1,1,1,1,3); Calculation
Acetaldehyde kg 1.82E-7 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Acetone kg 1.82E-7 1 183 Calculation based on VOC emission. Deviation calculated from ranges
Ammonia kg 1.00E-7 1 817 Calculation from ranges
Hydrocarbons, aliphatic, alkanes, unspecified kg 7.45E-7 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Hydrocarbons, aliphatic, unsaturated kg 3.72E-8 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Hydrocarbons, aromatic kg 7.45E-9 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Arsenic kg 2.11E9 1 899 Calculation based on particle emission. Deviation calculated from ranges
Benzo(a)pyrene kg 1.50E-11 1 311 (3,34,333);Literature
Benzene kg 3.72E-8 1 183 Calculation based on VOC emission. Deviation calculated from ranges
Benyllium kg 5.58E-11 1 504 (3333,13);Literature
Calcium kg 3.00E-8 1 160 (3,33333);Literature
Cadmium kg 1.01E-9 1 899 Calculation based on particle emission. Deviation calculated from ranges
Methane, fossil kg 3.72E-6 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Cobalt kg 1.12E-8 1 899 Calculation based on particle emission. Deviation calculated from ranges
Carbon monoxide, fossil kg 6.50E-6 1 501 (2,2,1,1,1,3); Literature data for this country
Carbon dioxide, fossil kg 7.80E-2 1 1.09 (2,2,1,1,1,3); Literature data for this country
Zinc kg 7.68E-9 1 899 Calculation based on particle emission. Deviation calculated from ranges
Vanadium kg 3.20E-7 1 1056 Calculation based on particle emission. Deviation calculated from ranges
Sulfur dioxide kg 1.38E-4 1 1.09 (2,2,1,1,1,3); Literature data for this country
Selenium kg 1.60E-9 1 899 Calculation based on particle emission. Deviation calculated from ranges
Propane kg 3.72E-8 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Lead kg 1.09E-8 1 899 Calculation based on particle emission. Deviation calculated from ranges
Particulates, > 2.5 um, and < 10um kg 1.07E-6 1201 (2,2,1,1,1,3); Literature data for this country
Particulates, < 2.5 um kg 5.33E-6 1801 (22,1,1,1,3); Literature data for this country
PAH, polycyclic aromatic hydrocarbons kg 1.80E-9 1 306 (24,13.15)Literature
Nitrogen oxides kg 5.54E-5 1 151 (221,1,1,3); Literature data for this country
Nickel kg 8.83E-8 1 899 Calculation based on particle emission. Deviation calculated from ranges
Sodium kg 3.00E-7 1 160 (3,33333);Literature
Dinitrogen monoxide. kg 1.00E-6 1 151 (2,21,1,1,3); Literature data for this country
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Tab. A.9 Life cycle inventory of burning 1 MJ of heavy fuel oil in a power plant with regionalised water
withdrawal and water emissions (Germany is shown as an example) (continued)

[
s 2% =
Name g § 5
3 ga
=
Location
InfrastructureProcess
Unit
Molybdenum kg 2.43E-9 1 899 Calculation based on particle emission. Deviation calculated from ranges
Manganese kg 3.52E-9 1 899 Calculation based on particle emission. Deviation calculated from ranges
Methanol kg 3.72E-7 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Mercury kg 1.50E-10 1 1283 Calculation from ranges
Hydrogen fluoride kg 3.01E-8 1 157 (2,3,1133); Literature
Hydrogen chloride kg 451E-8 1 157 (2,3,1,133);Literature
Formaldehyde kg 5.59E-7 1 183 Calculation based on VOC emission. Deviation calculated from ranges
Iron kg 7.00E-8 1 509 (333333);Literature
Ethanol kg 3.72E-7 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Dioxin, 2,3,7,8 Tetrachlorodibenzo-p- kg 1.00E-14 1 3.06 (24,1315);Literature
Acetic acid kg 7.45E-7 1 1.83 Calculation based on VOC emission. Deviation calculated from ranges
Copper kg 1.50E-8 1 9.90 Calculation based on particle emission. Deviation calculated from ranges
Chromium VI kg 3.11E-10 12007 (3,333,1,2);Literature, basic uncertainity = 20
Chromium kg 3.43E-9 1 11.17 Calculation based on particle emission. Deviation calculated from ranges
Carbon dioxide, fossil kg 6.18E-4 1 122 (2,na,1,1,15); Calculation for limestone use
D 0y TR 1| 11e (sauz;a;; :); Calculation with 35% share of cooling water, electricity supply
Hypochlorite kg 5.90E-7 1 161 (3.43333); Literature
AOX, Adsorbable Organic Halogen as CI kg 4.24E-9 1 1.14 Mean of values for Europe, range of concentrations
Arsenic kg 1.19E-10 1100 Mean of values for Europe, range of concentrations
BODS, Biological Oxygen Demand kg 1.68E-6 1 296 Mean of values for Europe, range of concentrations
Cadmium kg 291E-10 1 365 Mean ofvalues for Europe, range of concentrations
Chloride kg 244E5 1 659 Mean of values for Europe, range of concentrations
Chromium kg 3.06E-9 1 4.87 Mean of values for Europe, range of concentrations
Cobalt kg 2.39E-10 1 1.00 Mean of values for Europe, range of concentrations
COD, Chemical Oxygen Demand kg 1.84E-6 1399 Mean of values for Europe, range of concentrations
Copper kg 254E-9 1 548 Mean of values for Europe, range of concentrations
Fluoride kg 2.03E-7 1 574 Mean ofvalues for Europe, range of concentrations
Hydrocarbons, unspecified kg 3.71E-8 1 152 Mean of values for Europe, range of concentrations
Iron kg 1.26E-7 1 265 Mean of values for Europe, range of concentrations
Lead kg 4.99E-9 1 412 Mean of values for Europe, range of concentrations
Manganese kg 3.58E-9 1 1.00 Mean of values for Europe, range of concentrations
Mercury kg 125610 1 447 Mean ofvalues for Europe, range of concentrations
Nickel kg 1.77E-8 1 322 Mean of values for Europe, range of concentrations
Nitrogen kg 8A7E-6 1 140 Mean of values for Europe, range of concentrations
Oils, unspecified kg 5.67E-8 1 1.41 Mean of values for Europe, range of concentrations
Phosphorus kg 1.85E-8 1103 Mean of values for Europe, range of concentrations
Sulfate kg 2.00E-4 1 132 Mean of values for Europe, range of concentrations
Sulfide kg 5.38E-8 1 283 Mean ofvalues for Europe, range of concentrations
Sulfite kg 1.80E-6 1 140 Mean of values for Europe, range of concentrations
‘Suspended solids, unspecified kg 1.52E-6 1 153 Mean of values for Europe, range of concentrations
Thallium kg 3.70E-9 1100 Mean of values for Europe, range of concentrations
Tin kg 1.19E-10 1 1.00 Mean of values for Europe, range of concentrations
TOC, Total Organic Carbon kg 1.03E-6 1 1.00 Mean ofvalues for Europe, range of concentrations
Vanadium kg 361E-8 1 516 Mean of values for Europe, range of concentrations
Zino kg 6.31E-9 1 279 Mean of values for Europe, range of concentrations
Hypochlorite kg 110E-7 1 161 (3.43333); Literature
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A.2.3 Life cycle inventories of nuclear power plants

The life cycle inventories of electricity generation in pressure and boiling water reactors
were regionalised to the country or region level with regard to water withdrawal and
complemented by water emissions to air. The procedure and data sources described in
section A.2.1 were applied for all countries with existing life cycle inventories in the
KBOB life cycle inventory data DQRv2:2016.

All life cycle inventories are structured identically although specific material inputs and
pollutant emissions may vary between different countries. The following Tab. A.10
shows the life cycle inventory of electricity generation in nuclear power plants in
Germany, which is used as an example. A list of the regionalised life cycle inventories
of electricity generation in nuclear power plants is provided in Tab. B.1 in Appendix B.
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Tab. A.10 Life cycle inventory of the production of 1 kWh electricity in nuclear power plants (boiling
water reactor and pressure water reactor) with regionalised water withdrawal and water emis-
sions (Germany is shown as an example)

2 2
¢ electricity, clecticly, & 8
§ 28 .  nucleanat nudlear,at 5 8
Name § 28 E | powerplant  powerplant § 28 cenerComment
] 8a boiling water  pressure water g é’ =
a reactor reactor s ‘%
Location DE DE
InfrastructureProcess 0 0
Unit KWh KWh
Gutputs electricity, nuclear, at power plant boiling water reactor DE 0 KWh  1.00E+0
electricity, nuclear, at power plant pressure water reactor DE 0 Kkwh 1.00E+0
Technosphere water, decarbonised, water balance according to MoeK 2013, at plant DE 0 ke 327E40 268E40 1 120 ownestimation
diesel, bumed in diesel-electric generating set Glo o0 M 3.49E-4 388E4 1 130 ownestimation
lubricating ol at plant RER 0 kg 153E-6 170E6 1 130 own estimation
acetylene, at regional storehouse CH 0 kg 3.40E-8 378E8 1 125 ownestimation
anionic resin, at plant CH 0k 1.11E-6 67568 1 1.15 ownestimation
argon, liquid, at plant RER 0 kg 246E-5 274E5 1 1.30 own estimation
borax, anhydrous, powder, at plant RER 0 kg 3.03E-8
boric acid, anhydrous, powder, at plant RER 0 kg 242E8 674E8 1 1.15 own estimation on data from utiity
carbon dioxide liquid, at plant RER 0 kg 1.58E-7 1.75E-7 1 1.30 own estimation
cationic resin, at plant CH 0 kg 1.11E-6 6.75E-8 1 1.15 own estimation
cement, unspecified, at plant CH 0 kg 8.10E-6 964E7 1 1.30 ownestimation
chemicals inorganic, at plant GO 0 kg 6.30E-7 24566 1 125 ownestimation
chemicals organic, at plant GO 0 kg 1.30E-6 14566 1 120 ownestimation
flatglass, coated, at plant RER 0 kg 413E6 459E6 1 130 ownestimation
hydrogen, liquid, at plant RER 0 kg 9.71E6 108E5 1 130 ownestimation
nitrogen, liquid, at plant RER 0 kg 583E5 648E5 1 1.30 ownestimation
oxygen, liquid, at plant RER 0 kg 1.58E-5 17585 1 130 ownestimation
paper, woodfree, coated, at integrated mill RER 0 kg 6.07E-7 67567 1 130 own estimation
castiron, at plant RER 0 kg 12167 1.35E-7 1 120 extrapolation from another plant type
steel, low-alloyed, at plant RER 0 kg 5.70E-6 170E6 1 160 ownassumption
reinforcing steel, at plant RER 0 kg 8.10E-7 480E7 1 130 ownassumption
concrete, normal, at plant CH 0 m3 16768 10266 1 130 ownestimation
transport,lorry 20-28, fleet average CH 0 tm 48565 54565 1 210 standard
nuclear power plant, boiling water reactor 1000MW DE o 3.03E-12 11,05 estimaion of total net electricity over a lifetime
fuel elements BWR, UO2 4.0% & MOX, at nuclear fuel fabrication plant DE 0 ke 263E-6 1 120 estimated variation over ifetime
nuclear spent fuel, in reprocessing, at plant RER 0 kg 1.05E-6 10166 1 150 ownassumption
nuclear spent fuel, in conditioning, at plant CH 0 ke 1.58E-6 15266 1 150 ownassumption
radioactive waste, in interim storage, for final repository LLW CH 0 m3 161E-8 1.76E-9 1 1.20 own estimation
radioactive waste, in interim storage conditioning CH 0 m3  488E-0 432611 1 120 ownestimation
radioactive waste, in final repository for nuclear waste LLW CH 0 m3 42568 298E8 1 140 ownestimation
disposal, hazardous waste, 25% water, to hazardous waste incineration CH 0 ke 9.16E-7 10266 1 130 ownestimation
disposal, separator sludge, 0% water, to hazardous waste incineration CH 0 kg 2.06E-6 229E6 1 130 ownestimation
disposal, used mineral oil, 10% water, to hazardous waste incineration CH 0 kg 154E-6 1716 1 130 ownestimation
bitumen, at refinery CH 0 ke 810E7 1 130 ownestimation
sodium hypochlorite, 15% in H20, at plant RER 0 kg 181E5 1 130 ownestimation
nuclear power plant, pressure waler reactor 1000MW DE T 306E-12 1 1.05 estimation of total net electricity over a lifetime
fuel elements PWR, UO2 4.0% & MOX, at nuclear fuel fabrication plant DE 0 kg 25366 1 115 estimated variation over ifetime
resouICe, in water Water, river, DE m3 47363 57583 1 120 ownestimation
air, low population density  Water, DE kg 367E40 3.87E+0 1120 g:?;’mp"”": 45.9% evaporation of water; Macknick etal.
air, low population density  Heat, waste M 731E40 731E40 1 108 uncertainiyon efiiciency
Argon-41 kBq 13763 37262 1 150 in reports for releases
Hydrogen-3, Tritium kBq 367E-2 7.00E-2 1150 in reports for releases
lodine-131 kBq 367E-2 3.54E-7 1 1.50 in reports for releases
Krypton-85 KBq 17262 111E-1 1150 declared in reports for releases
Krypton-85m KBq  3.09E3 643E4 1 150 declared in reports for releases
Krypton-87 kBq  311E3 1754 1 150 declared in reports for releases
Krypton-88 KBq  149E3 52064 1 150 declared in reports for releases
Krypton-89 KBq  1.10E-4 49265 1 150 declared in reports for releases
Radioactive species, other beta emitters KBq  339E-6 347E7 1 150 in reports for releases
Xenon-131m KBq 1263 55763 1 150 in reports for releases
Xenon-133 KkBq 58562 1.48E-1 1150 in reports for releases
Xenon-133m KBq  764E-4 970E4 1 150 in reports for releases
Xenon-135 KB 1.46E-1 12562 1 150 in reports for releases
Xenon-135m KBq 97262 136E4 1 150 in reports for releases
Xenon-137 KBq  6.22E4 599E6 1 150 in reports for releases
Xenon-138 KBq  9.96E3 231E6 1 150 in reports for releases
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Tab. A.10 Life cycle inventory of the production of 1 kWh electricity in nuclear power plants (boiling
water reactor and pressure water reactor) with regionalised water withdrawal and water emis-
sions (Germany is shown as an example) (continued)

electricity, electricity,
nuclear, at nuclear, at
power plant power plant
& boiling water  pressure water
reactor reactor

Name GeneralComment

Location
uncertaintyType

Infrastructure-
StandardDeviatio
n95%

Location DE DE
InfrastructureProcess 0 0
Unit KWh KWh

water, river Antimony-124 kBq 558E-8 3.85E-6 1150 lared in reports for releases
Antimony-125 kBq 2.02E-7 5.62E-7 1150 lared in reports for releases
Cesium-134 kBq 1.64E-7 451E7 1150 lared in reports for releases
Cesium-137 kBq 3.79E-6 1.76E-6 1150 lared in reports for releases
Chromium-51 kBq 1.89E-6 9.18E-8 1150 in reports for releases
Cobalt-58 kBq 797E7 851E-7 1150 in reports for releases
Cobalt-60 kBq 1.07E-5 5.04E-6 1150 in reports for releases
Hydrogen-3, Tritium kBq 2.45E-1 1.51E+0 1150 in reports for releases
lodine-131 kBq 407E6 240E-7 1150 in reports for releases
Niobium-95 kBq 5.62E-8 1.13E7 1150 in reports for releases
Radioactive species, Nuclides, unspecified kBq 1.65E-5 5.04E-6 1150 in reports for releases
Silver-110 kBq 225E7 1.23E-6 1150 in reports for releases
Strontium-89 kBq 385E-8 1.14E7 1150 declared in reports for releases
Strontium-90 kBq 1.00E+0 1.90E-8 1150 declared in reports for releases
Technetium-99m kBq 1.15E-7 1150 declared in reports for releases
Tellurium-123m kBq  4.94E-10 1150 declared in reports for releases
Manganese-54 kBq 7.39E8 1150 declared in reports for releases

A.2.4 Life cycle inventories of reservoir hydropower plants

The KBOB life cycle inventory data DQRv2:2016 contains life cycle inventories of
electricity generation by reservoir hydropower plants in alpine, non-alpine and tropical
regions. These datasets were used to create analogous life cycle inventories of reservoir
hydropower electricity generation in additional countries with regionalised water
emissions to air. The demand of infrastructure and materials, the land occupation and
pollutant emissions are assumed to be identical for all countries. Exemplary life cycle
inventories are shown in Tab. A.11 to Tab. A.13 and a list of countries with regionalised
life cycle inventories of electricity generation in reservoir hydropower plants is
provided in Tab. B.1 in Appendix B.

The construction of the reservoir hydropower plant as well as the pollutant emissions
are fully allocated to the electricity generation even though reservoirs may provide
additional services such as flood control and seasonal water storage for irrigation. These
functions are assumed to be of minor importance compared to power generation.
Consequently, the amount of water evaporated from reservoirs is also allocated to
electricity generation. This approach is identical to the approach applied in the KBOB
life cycle inventory data DQRv2:2016 to quantify other environmental impacts of
electricity from hydropower plants such as impacts on climate change or acidification.

The additional life cycle inventories of electricity generation by reservoir hydropower
plants were linked to the electricity mixes of the corresponding countries without
changing the share of electricity generated with different technologies.
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Tab. A.11 Life cycle inventory of the production of 1 kWh electricity in a reservoir hydropower plant
located in an alpine region with regionalised water emissions (France is shown as an example)

2
Yol
3 (=2
electricity, .% 5
5 .. hydropower, = _t‘sﬁ
Name § 5 atreservoir % 3 GeneralComment
S power plant, § °
. n (]
alpine region 5 °
S
(7]
Location FR
InfrastructureProcess 0
Unit kWh
product electricity, hydropower, at reservoir power plant, alpine region FR  kWh 1
. . . . 7 (4,5,1,5,1,5,BU:3); Infrastructure of the storage
technosphere reservoir hydropower plant, alpine region RER wunit 3.35E-11 1 378 power station producing the eleatricity
. - y (4,5,1,5,1,5,BU:1.05); In electric insulation (e.g.
sulphur hexafluoride, liquid, at plant RER kg 3.40E-10 1 167 switches): based on Vattenfall (2008)
lubricating oil, at plant RER kg 3.04E-8 1 167 (4,5,1,5,1,5,BU:1.05); Turbines; based on Vattenfall
(2008)
(3,1,1,1,1,1,BU:2); Original area before the
" construction of the power station; recalculated
resource, land Transformation, from unknown - m2 2.44E-5 1 242 based on Frischknecht et al. (1996) and
Schweizerisches Talsperrenkomitee (2011)
(3,1,1,1,1,1,BU:2); Area covered by the reservoir;
Transformation, to water bodies, artificial - m2 2.41E-5 1 2.42 recalculated based on Frischknecht et al. (1996)
and Schweizerisches Talsperrenkomitee (2011)
(4,1,1,1,1,1,BU:2); Area covered by infrastructures
" . . . other than held-back river; recalculated based on
Transformation, to industrial area, built up - m2 2.41E-7 1 246 Frischknecht et al. (1996) and Schweizerisches
Talsperrenkomitee (2011)
(3,1,1,1,1,1,BU:1.5); Area occupied by the reservoir;
Occupation, water bodies, artificial - m2a 3.62E-3 1 1.82 recalculated based on Frischknecht et al. (1996)
and Schweizerisches Talsperrenkomitee (2011)
(4,1,1,1,1,1,BU:1.5); Area occupied by the
@speiem, it avem, Bl : m2a  3.62E-5 1 187 infrastructure; recalculated based on Frischknecht

etal. (1996) and Schweizerisches
Talsperrenkomitee (2011)

(3,1,1,1,1,1,BU:1.05); Volume occupied by the
resource, in water  Volume occupied, reservoir - m3a 1.64E-1 1 1.34 reservoir; based on Schweizerisches
Talsperrenkomitee (2011)

. e . R (3,1,1,1,1,1,BU:1.05); Amount of water turbined for
Water, turbine use, unspecified natural origin m3 1.40E+0 1 134 the generation of electricity; based on BWW (1973)

Energy, potential (in hydropower reservoir), converted = MJ 3.79E+0 1 1.34 (3,1,1,1,1,1,BU:1.05); Potential energy of the water

(4,3,2,3,1,4,BU:1.5); Nitrous oxide emissions due
to the biomass in the reservoirs; calculated based
on Diem etal. (2008)

emission air, low

population density Dinitrogen monoxide - kg 2.56E-8 1 109

o

(4,3,2,3,1,3,BU:1.5); Methane emissions due to the
Methane, biogenic = kg 2.64E-7 1 1.88 biomass in the reservoirs; calculated based on
Diem etal. (2008)

(4,3,2,3,1,3,BU:1.4); Carbon dioxide emissions due
Carbon dioxide, land transformation - kg 1.36E-3 1 1.77 to the biomass in the reservoirs; calculated based
on Diem etal. (2008)

(4,5,1,5,1,5,BU:1.5); From electric insulations (e.g.
switches); based on Vattenfall (2008)
(4,3,3,2,4,5,BU:1.5); Water evaporated from
resenvoir: calculated based on Soreafico &
(4,5,1,5,1,5,BU:1.5); From turbines; based on

Sulfur hexafluoride = kg 3.40E-10 1 202

Gl SN Water, FR - kg 175E40 1 227

emission water,

r— Qils, unspecified - kg 2.27E-8 1 202 Vattenfall (2008)
emission soil, " " R Y (4,5,1,5,1,5,BU:1.5); From turbines; based on
industrial Qils, unspecified kg 9.76E-9 1 202 Vattenfall (2008)
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Tab. A.12 Life cycle inventory of the production of 1 kWh electricity in a reservoir hydropower plant

located in a non-alpine region with regionalised water emissions (China is shown as an exam-
ple)

product

technosphere

resource, land

resource, in water

emission air, low
population density

emission air,
unspecified

emission water,
river

emission soil,
industrial

Name

Location
InfrastructureProcess
Unit

electricity, hydropower, at reservoir power plant, non alpine

regions

reservoir hydropower plant, non alpine regions

sulphur hexafluoride, liquid, at plant

lubricating oil, at plant

Transformation, from unknown

Transformation, to water bodies, artificial

Transformation, to industrial area, built up

Occupation, water bodies, artificial

Occupation, industrial area, built up

Volume occupied, reservoir

Water, turbine use, unspecified natural origin

Energy, potential (in hydropower reservoir), converted

Dinitrogen monoxide

Methane, biogenic

Carbon dioxide, land transformation

Sulfur hexafluoride

Water, CN

Qils, unspecified

Qils, unspecified

Location

CN

RER

RER

RER

Water Footprint of European Rooftop Photovoltaic Electricity

Unit

kWh

unit

kg

kg

m2

m2

m2

m3

kg

kg

kg

kg

kg

kg

kg

electricity,
hydropower,
atresenvoir
power plant,
non alpine
regions

CN
0
kWh

3.35E-11

3.40E-10

3.24E-8

2.44E-4

2.41E-4

2.41E-6

3.62E-2

3.62E-4

1.64E+0

1.40E+1

3.79E+0

9.51E-7

4.78E-5

1.08E-2

3.40E-10

2.50E+1

2.27E-8

9.76E-9

Uncertainty Type

StandardDeviation95%

3.78

16

N

1.67

24

S

2.4

S

24

o

1.8

N

1.8

Q2

1.3

~

1.34

1.34

1.90

1.88

1.77

2.0

S}

227

2.02

2.02

GeneralComment

(4,5,1,5,1,5,BU:3); Infrastructure of the storage
power station producing the electricity

(4,5,1,5,1,5,BU:1.05); In electric insulation (e.g.
switches); based on Vattenfall (2008)

(4,5,1,5,1,5,BU:1.05); Turbines; based on Vattenfall
(2008)

(3,1,1,1,1,1,BU:2); Original area before the
construction of the power station; recalculated
based on Frischknecht et al. (1996) and
Schweizerisches Talsperrenkomitee (2011)

(3,1,1,1,1,1,BU:2); Area covered by the reservoir;
recalculated based on Frischknecht et al. (1996)
and Schweizerisches Talsperrenkomitee (2011)

(4,1,1,1,1,1,BU:2); Area covered by infrastructures
other than held-back river; recalculated based on
Frischknecht et al. (1996) and Schweizerisches
Talsperrenkomitee (2011)

(3,1,1,1,1,1,BU:1.5); Area occupied by the reservoir;
recalculated based on Frischknecht et al. (1996)
and Schweizerisches Talsperrenkomitee (2011)

(4,1,1,1,1,1,BU:1.5); Area occupied by the
infrastructure; recalculated based on Frischknecht
etal. (1996) and Schweizerisches
Talsperrenkomitee (2011)

(3,1,1,1,1,1,BU:1.05); Volume occupied by the
reservoir; based on Schweizerisches
Talsperrenkomitee (2011)

(3,1,1,1,1,1,BU:1.05); Amount of water turbined for
the generation of electricity; based on BWW (1973)

(3,1,1,1,1,1,BU:1.05); Potential energy of the water

(4,3,2,3,1,4,BU:1.5); Nitrous oxide emissions due
to the biomass in the reservoirs; calculated based
on Diem etal. (2008)

(4,3,2,3,1,3,BU:1.5); Methane emissions due to the
biomass in the reservoirs; calculated based on
Diem etal. (2008)

(4,3,2,3,1,3,BU:1.4); Carbon dioxide emissions due
to the biomass in the reservoirs; calculated based
on Diem etal. (2008)

(4,5,1,5,1,5,BU:1.5); From electric insulations (e.g.
switches); based on Vattenfall (2008)

(4,3,3,2,4,5,BU:1.5); Water evaporated from
reservoir; calculated based on Pfister etal. (2011)

(4,5,1,5,1,5,BU:1.5); From turbines; based on
Vattenfall (2008)

(4,5,1,5,1,5,BU:1.5); From turbines; based on
Vattenfall (2008)
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Tab. A.13 Life cycle inventory of the production of 1 kWh electricity in a reservoir hydropower plant
located in a tropical region with regionalised water emissions (Malaysia is shown as an exam-

ple)
b
Yol
3 (=2}
S
electricity, & =
-§ = hydropowt);r %' 'g
Name s 5 -’ g © GeneralComment
S at reservoir £ Q
= powerplant S g
el
=] c
o
@»
Location My
InfrastructureProcess 0
Unit kWh
product electricity, hydropower, at reservoir power plant MY kWh 1
technosphere reservoir hydropower plant BR  unit 8.89E-14 1 3815 (453,31 ’S’BUZS); Infrastructure 01‘ the storage
power station producing the electricity
. A (5,5.3,5,1,5,BU:1.05); In electric insulation (e.g.
Iphur hexafl I I RER k A40E-1 1 1. X
Sichugezatuereeiliou ciatplas 9 SIS 65 switches); based on Vattenfall (2008)
lubricating oil, at plant RER kg 3.04E-8 1 165 :20502)51 ,5,BU:1.05); Turbines; based on Vattenfall
(4,1,1,3,1,5,BU:2); Original area before the
resource, land Transformation, from tropical rain forest - m2 1.21E-4 1 2.10 construction of the power station; based on data of
the Itaipu
Transformation, to water bodies, artificial - m2 1.20E-4 1 210 (4,1,1,31,5BU:2); Area f:overed by the reservoir;
based on data of the Itaipu
(4,1,1,3,1,5,BU:2); Area covered by infrastructures
Transformation, to industrial area, built up = m2 1.20E-6 1 210 other than held-back river; recalculated based on
Frischknecht et al. (1996)
Occupation, water bodies, artificial = m2a 1.80E-2 1 162 (4.1.1,3,1,5,8U:1 5); Areg occupied by the resenwoir;
based on data of the ltaipu
L . . R 3 (4,1,1,3,1,5,BU:1.5); Area occupied by the
Occupation, industrial area, built up m2a 1.80E-4 1 162 infrastructure; based on data of the ltaipu
resource, in water  Volume occupied, reservoir - m3a 2.53E1 1 130 (@11 ’3_’1_"_5'BU:1 :05); Volume occu.pled bythe
reservoir; ; based on data of the ltaipu
(4,1,1,3,1,5,BU:1.05); Amount of water turbined for
Water, turbine use, unspecified natural origin - m3 2.90E-1 1 1.30 the generation of electricity; based on data of the
Itaipu
r
Energy, potential (in hydropower reservoir), converted - MJ 3.79E+0 1 1.11 (3,1,1,1,1,1,BU:1.05); Potential energy of the water

(4,3,3,3,1,3,BU:1.5); Methane emissions due to the
Methane, biogenic - kg 5.56E-4 1 1.58 biomass in the reservoirs; calculated based on
Diem etal. (2008)

emission air, low
population density

(4,3,3,3,1,3,BU:1.4); Carbon dioxide emissions due
Carbon dioxide, land transformation - kg 3.09E-2 1 1.49 to the biomass in the reservoirs; calculated based
on Diem etal. (2008)

(5,5.3,5,1,5,BU:1.5); From electric insulations (e.g.
switches); based on Vattenfall (2008)

S

Sulfur hexafluoride - kg 3.40E-13 1 19

(4,3,3,2,4,5,BU:1.5); Water evaporated from
resenvoir; calculated based on Pfister etal. (2011)

5,5,3,5,1,5,BU:1.5); From turbines; based on

Water, MY = kg 2.50E+1 1 189

| Arrerreare
emission water,

' . i ! (
- Qils, unspecified kg 2.27E-8 1 1.90 Vattenfall (2008)
emission soil, . " (5,5,3,5,1,5,BU:1.5); From turbines; based on
industrial Gk, WEppeelice kg 976E9 1 190 . ientall (2008)

A.3 PV supply chain

A.3.1 Mono-Si PV modules

The life cycle inventories of the manufacture of mono-Si PV modules are based on
Frischknecht et al. (2015) and Stolz et al. (2016), which are embedded in the KBOB life
cycle inventory data DQRv2:2016. The processes with direct water use were adapted in
order to account for differences in water availability at the country or region level. The
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water withdrawal was modelled with the respective country- or region-specific
elementary flow and the water emissions to air were added to the life cycle inventories.
Since specific data on the share of consumptive water use were not available, it was
assumed that 10 % of process water and 5 % of cooling water are evaporated
(Frischknecht & Biisser Knopfel 2013). The demand of raw materials, chemicals and
energy as well as the emissions of pollutants to air, water and soil were not adjusted.

The regionalised life cycle inventories of the individual process steps of mono-Si PV
module production are compiled in Tab. A.14 to Tab. A.20. An overview and
description of the mono-Si PV module manufacturing processes can be found in
Frischknecht et al. (2015). Life cycle inventories of the mono-Si PV module supply
chain are available for four major countries and regions: China, Asia / Pacific (APAC),
Europe and the USA (Frischknecht et al. 2015). In the following, the life cycle
inventories of several geographies are shown in a single table event though they are not
related. This aggregation is done because many input and output flow do not differ
among the countries considered. The life cycle inventories of additional processes in the
supply chain of mono-Si PV modules, which do not withdraw or emit water, were not
changed and are therefore not shown in this report.
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Tab. A.14 Life cycle inventory of the production of 1 kg electronic-grade silicon in Asia / Pacific (APAC)

products

resource, in water
resource, in water
technosphere

transport

energy

waste

emission air, high
population density

emission water, river

and Germany, respectively, with regionalised water withdrawal and water emissions

Name

Location
InfrastructureProcess
Unit
silicon, electronic grade, at plant
silicon, electronic grade, off-grade, at plant
silicon, electronic grade, at plant
silicon, electronic grade, off-grade, at plant
Water, cooling, unspecified natural origin, RAS
Water, cooling, unspecified natural origin, DE
MG-silicon, at plant
MG-silicon, at plant

polyethylene, HDPE, granulate, at plant
hydrochloric acid, 30% in H20, at plant
hydrogen, liquid, at plant

tetrafluoroethylene, at plant

sodium hydroxide, 50% in H20, production mix,
atplant

graphite, at plant

transport, lorry >16t, fleet average

transport, freight, rail

water, completely softened, water balance
according to MoeK 2013, at plant

water, completely softened, water balance
according to MoeK 2013, at plant

heat, at cogen 1MWe lean burn, allocation
exergy

electricity, at cogen 1MWe lean burn, allocation
exergy

electricity, hydropower, at run-of-river power
plant

electricity, medium voltage, at grid

disposal, plastics, mixture, 15.3% water, to
municipal incineration
silicone plant

Heat, waste

Water, RAS

Water, DE

AOX;, Adsorbable Organic Halogen as CI
BODS5, Biological Oxygen Demand
COD, Chemical Oxygen Demand
Chloride

Copper, ion

Nitrogen

Phosphate

Sodium, ion

Zinc, ion

Iron, ion

DOC, Dissolved Organic Carbon

TOC, Total Organic Carbon

Location

DE
DE
APAC
APAC

RER

RER

RER

CN

DE

RER

RER

RER

KR

CH
RER

InfrastructureProcess

L cooo

o oo

Unit

tkm

tkm

kWh

kWh

kWh

unit

silicon,
electronic grade,
atplant

1.00E+00
[
6.23E+1
[
[
1.05E+0

6.79E-4
1.43E+0
8.97E-2
6.39E-4
4.63E-1

7.10E-4

2.15E+0

9.31E-2
1.85E+1
0
1.74E+2
0
0
1.63E+2

1.32E-3
1.07E-11

3.92E+2

3.12E+3

1.26E-5
2.05E-4
2.02E-3
3.60E-2
1.02E-7
2.08E-4
2.80E-6
3.38E-2
1.96E-6
5.61E-6
9.10E-4

9.10E-4
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silicon,
electronic grade,
off-grade, at
plant

1.00E+00
1.66E+1
0
0
1.05E+0

1.81E-4
3.82E-1
2.39E-2
1.70E-4
1.24E-1

1.89E-4

2.15E+0

2.48E-2
4.94E+0
0
4.65E+1
0
0
4.35E+1

3.52E-4
2.84E-12

1.05E+2

8.31E+2

3.37E-6
5.46E-5
5.39E-4
9.60E-3
2.73E-8
5.53E-5
7.48E-7
9.01E-3
5.23E-7
1.50E-6
2.43E-4

243E-4

silicon,
electronic grade,
atplant

6.23E+1
1.05E+0
0

6.79E-4
1.43E+0
8.97E-2
6.39E-4
4.63E-1

7.10E-4

2.15E+0

9.31E-2
0

1.85E+1

1.74E+2

1.24E+2

3.92E+1
0

1.32E-3
1.07E-11

3.92E+2

3.12E+3

1.26E-5
2.05E-4
2.02E-3
3.60E-2
1.02E-7
2.08E-4
2.80E-6
3.38E-2
1.96E-6
561E-6
9.10E-4

9.10E-4

silicon,
electronic grade,
off-grade, at
plant

1.66E+1
1.05E+0
0

1.81E-4
3.82E-1
2.39E-2
1.70E-4
1.24E-1

1.89E-4

2.15E+0

248E-2
0

4.94E+0

4.65E+1

3.31E+1

1.05E+1
0

3.52E-4
2.84E-12

1.05E+2

8.31E+2

3.37E-6
5.46E-5
5.39E-4
9.60E-3
273E-8
5.53E-5
7.48E-7
9.01E-3
5.23E-7
1.50E-6
243E-4

243E-4

UncertaintyType

StandardDeviation95%

1.34
1.34
1.26
1.26

1.69

3.0

&

GeneralComment

(4,4,3,3,1,5); Literature 1997
(4,4,3,3,1,5); Literature 1997
(3,1,3,1,1,5); Literature 1997
(3,1,3,1,1,5); Literature 1998
(44,434 5); Literature, Hagedorn,
different plastics

(3,na,1,1,1,na); Estimation, produced
on site

(4,4,3,3,15); Literature 1997, produced
on site

(4,4,4,3,4,5); Hagedorn 1992, fittings

(4,4,3,3,1,5); Literature 1997,
neutralization of wastes

(4,4,4,3,4,5); Hagedorn 1992, graphite

(4,5,na,na,na,na); Standard distances
100km, MG-Si 2000km

(4,5,na,na,na,na); Standard distances
200km

(2,2,1,1,3,3); Environmental report 2002

(2,2,1,1,3,3); Environmental report 2002

(3,1,3,1,1,5); Literature 1997, basic
uncertainty=1.5
(3,1,3,1,1,5); Literature 1997, basic
uncertainty = 1.5
(3,1,3,1,1,5); Literature 1997, basic
uncertainty = 1.5
(3,1,3,1,1,5); Literature 1997, basic
uncertainty = 1.5

(4,4,4,3,45); Hagedorn 1992

(1,1,1,1,3,3); Estimation

(1.2,1,1,3,3); Calculation with electricity
use minus 180 MJ per kg produced
silicon

(1,2,1,1,3,3); Assumption: 5%
evaporation of cooling water, 10%
evaporation of process water;
Frischknecht & Biisser Knopfel (2013)

(1,2,1,1,3,3); Assumption: 5%
evaporation of cooling water, 10%
evaporation of process water;
Frischknecht & Biisser Knépfel (2013)

(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
(1,2,1,1,3,3); Environmental report
2002, average Si product
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Tab. A.15 Life cycle inventory of the production of 1 kg electronic-grade silicon in China and the USA,
respectively, with regionalised water withdrawal and water emissions

X
8 o
5 o . silicon, ez, silicon, dlizam, 5 3
= [ 5 . electronic grade, . electronic grade, € >
Name © S S electronic grade, electronic grade, s © GeneralComment
8 3 > off-grade, at of-grade,at £ QO
S E atplant atplant @ °
£ plant plant 3 K|
£ El-
£ 7]
Location CN cN us us
InfrastructureProcess 0 0 0 0
Unit kg kg kg kg
silicon, electronic grade, at plant CcN 0 kg 1 0 0 0
silicon, electronic grade, off-grade, at plant CN 0 kg 0 1 0 0
silicon, electronic grade, at plant us 0 kg 0 0 1 0
silicon, electronic grade, off-grade, at plant us 0 kg 0 0 0 1
resource, in water Water, cooling, unspecified natural origin, CN - - m3 6.23E+1 1.66E+1 0 0 1 1.34 (4,4,33,15);Literature 1997
resource, in water Water, cooling, unspecified natural origin, US - - m3 0 0 6.23E+1 1.66E+1 1 1.34 (4,4,33,15);Literature 1997
MG-silicon, at plant CN 0 kg 1.05E+0 1.05E+0 0 0 1 1.26 (3,1,3,1,1,5); Literature 1998
MG-silicon, at plant us 0 kg 0 0 1.05E+0 1.05E+0 1126 (3,1,3,1,1.5); Literature 1997
MG-silicon, at plant APAC 0 kg 0 0 0 0 1 1.26 (3,1,3,1,1,5); Literature 1998
polyethylene, HDPE, granulate, at plant RER 0 kg 6.79E-4 181E-4 6.79E-4 181E-4 1169 g?;:g:{;:;;'c‘:m‘”’e’ Hagedorn,
hydrochloric acid, 30% in H20, at plant RER 0 kg 1.43E+0 3.82E-1 1.43E+0 3.82E-1 111 fn“:l; 1.1.na); Estimation, produced
hydrogen, liquid, at plant RER 0 kg 897E-2 239E-2 897E-2 239E-2 1134 g‘nAs'i:J 5); Literature 1997, produced
tetrafluoroethylene, at plant RER 0 kg 6.39E-4 1.70E-4 6.39E-4 1.70E-4 1 169 (4,4,4345);Hagedorn 1992, fittings
sodium hydroside, 50% in H20, production mix, e - 4631 1 paE 463E-1 1 2481 | 134 (44:3315) Literature 1997,
atplant neutralization of wastes
graphite, at plant RER 0 kg 7.10E-4 1.89E-4 7.10E-4 1.89E-4 1 169 (4,4,4,345); Hagedomn 1992, graphite
transport transport, lorry >16t, fleet average RER 0 tkm 2.15E40 2.15E40 2.15E40 2.15E40 1209 g‘gg::m;":&somda’d distances
transport, freight, rail RER 0 tkm 931E-2 2.48E-2 931E-2 248E-2 1209 ;%gf:'"a'"a'”a);s'a”da’d distances
water, completely softened, water balance .
e Y SEREE it CN 0 kg 1.85E+1 494E+0 0 0 1122 (2,2,1,1,33); Environmental report 2002
water, completely softened, water balance . .
according to MoeK 2013, at plant us 0 kg 0 0 1.85E+1 4.94E+0 1 122 (2,2,1,1,33); Environmental report 2002
enoray heat, at cogen 1MWe lean burn, allocation RER 0w 1 74Ee2 465E+1 1 74E2 465E41 159 (31:3.1,1.5);Literature 1997, basic
exergy uncertainty = 1.5
electricity, medium voltage, at grid CN 0  KWh  163E«2 4.35E+1 0 0 1159 fnl;;:‘;[ ﬁ";’a‘“'e 1997, basic
electricity, medium voltage, at grid Us 0 kwh 0 0 163E+2 435E41 1 159 fn;:n;;é[ {foralure 1997, basic
waste CIETEe (T, (IR, TR cH 0 kg 1.32E-3 352E-4 1.32E-3 3.52E-4 1 169 (4.44345); Hagedorn 1992
municipal incineration
silicone plant RER 1 unit  107E-11 284E-12 1.07E-11 284E-12 1805 (1,1,1,1,3,3); Estimation
- (1,2,1,1,3,3); Calculation with electricity
onal Mg ot waste . - ] 3.92E+2 1.05E+2 3.92E4+2 1.05E+2 1 3.05 useminus 180 MJ per kg produced
population density silicon
(1,2,1,1,3,3); Assumption: 5%
Water, CN 5 5 kg 3.12E+3 831E+2 0 0 1305 Zzzz::::g: g; Z‘::c“e":sw;;zr 10%
Frischknecht & Busser Knopfel (2013)
(1,2,1,1,3,3); Assumption: 5%
i o
Water, US - - kg 0 0 3.12E43 831E+2 1305 :2;:22: g; ;‘::{L'e"sswﬁfe'r 0%
Frischknecht & Busser Knopfel (2013)
o . . 1,2,1,1,3,3); Envi I
emission water, fiver AOX, Adsorbable Organic Halogen as Gl - - kg 126E5 337E6 1.26E5 33766 1 156 o2 a\irsa)ge g‘:‘;"r’;gjc’l‘a report
. 1 ; Envi
BODS, Biological Oxygen Demand 5 - kg 2.05E-4 5.46E-5 2.05E-4 5.46E-5 1156 (210'5'2 ;Vifa)gg"s‘:'g:'g:;‘a' report
COD, Chemical Oxygen Demand - - kg 2.02E-3 539E-4 2.02E-3 5.39E-4 1156 (210'(2)'21 lvaef;g?‘s‘:'gz’;f;'a' report
Chloride - - kg 3.60E-2 9.60E-3 3.60E-2 9.60E-3 1305 (210'5'21 ;\Z ’2;52;'21:';'“90’:‘3' report
Copper, ion - - kg 1.02E-7 273E-8 1.026-7 273E-8 1 506 (210'3'21 ;Vi ’2&52‘?52?53‘3' report
Nitrogen . s kg 2.08E-4 553E-5 2.08E-4 553E-5 1156 (210'3'21 ;vae 'gégnsfg:'gf;‘a' report
Phosphate - - kg 2.80E-6 7.48E-7 2.80E-6 7.48E7 1156 (210'(2)'2' ;Vae %Eggzz‘:g“' report
Sodium, ion - - kg 3.38E-2 9.01E-3 338E-2 9.01E-3 1156 (210'5'21 ;vse ’2&5"3‘::123“9;“" report
Zinc, ion - - kg 1.96E-6 523E-7 1.96E-6 5.23E-7 1 506 (210'3'21 ;Vi ’2;5"5‘:;‘1’;’;‘53‘3' report
2.1 ; Envi
Iron, ion E - kg 561E6 1.50E-6 561E6 150E-6 1506 (2‘0'0'2 ;Vifa)gs”s‘fg';gfc”t‘a' report
DOC, Dissolved Organic Carbon - - kg 9.10E-4 243E-4 9.10E-4 2.43E-4 1 506 (210'5'2' ;Vi %Sgg’;xg“' report
TOC, Total Organic Carbon - - kg 9.10E-4 243E-4 9.10E-4 2.43E-4 1 156 (11211,3.3); Environmental report

2002, average Si product
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Tab. A.16 Life cycle inventory of the production of 1 kg Czochralski single crystalline silicon in China,

the USA, Asia / Pacific and Europe (RER), respectively, with regionalised water withdrawal

and water emissions

Name

Location
InfrastructureProcess
Unit
CZsingle crystalline silicon, photovoltaics, at plant
CZsingle crystalline silicon, photowoltaics, at plant
CZsingle crystalline silicon, photovoltaics, at plant
CZsingle crystalline silicon, photovoltaics, at plant

product

resource, in water  Water, cooling, unspecified natural origin, CN
Water, cooling, unspecified natural origin, US

Water, cooling, unspecified natural origin, RAS

Water, cooling, unspecified natural origin, RER

technosphere  electricity, medium voltage, production ENTSO, at grid ENTSO
electricity, medium voltage, at grid cN
electricity, medium voltage, at grid us
electricity, medium voltage, at grid KR
natural gas, burned in industrial furnace low-NOx -
>100kW
waer, deionised, water balance according to MoeK
2013, atplant
water, deionised, water balance according to MoeK
2013, atplant
water, deionised, water balance according to MoeK
RER
2013, atplant
silicon, production mix, photowoltaics, at plant GLO
silicon, production mix, photovoltaics, at plant CN
silicon, production mix, photowoltaics, at plant us
silicon, production mix, photovoltaics, at plant APAC
materials argon, liquid, at plant RER
hydrogen fluoride, at plant GLo
nitric acid, 50% in H20, at plant RER
sodium hydroxide, 50% in H20, production mix, at
RER
plant
ceramic tiles, atregional storage CH
lime, hydrated, packed, at plant CH
transport transport, lorry >16t, fleet average RER
transport, freight, rail RER
infrastructure silicone plant RER
disposal, waste, Si waferprod. inorg, 9.4% water, o

residual material landill
emission air, high

population density| "'°3" Waste

Water, CN

Water, US

Water, RAS

Water, RER

Hydroxide

BODS, Biological Oxygen Demand
COD, Chemical Oxygen Demand
DOC, Dissolved Organic Carbon
TOC, Total Organic Carbon

Nitrogen oxides

Nitrate

Location

InfrastructureProcess

cocoo

0

Unit

m3

m3

m3

kWh

kWh

KWh

KWh

CZsingle CZsingle CZsingle CZsingle
crystalline crystalline crystalline crystalline
silicon, silicon, silicon, silicon,

at ics, at ics, at i
plant plant plant plant
CN us APAC RER
0 0 0 0
kg kg kg kg

1 0 [ [}

0 1 0 0

0 0 1 0

0 [ 0 1
5.09E+0 - -

5.09E+0 - -

- 5.09E+0 -

- 5.09E+0

- - - 6.82E+1
6.82E+1 - - -

6.82E+1 - -

- 6.82E+1 -
6.82E+1 6.82E+1 6.82E+1 6.82E+1
4.01E+0 - 4.01E+0 -

- 401E+0 - -

- - 4.01E+0

- 781E-1
781E-1 - -

781E-1 -

- - 781E-1 -
1.00E40 1.00E+0 1.00E+0 1.00E40
1.00E-2 1.00E-2 1.00E-2 1.00E-2
6.68E-2 6.68E-2 6.68E-2 6.68E-2
4.15E-2 4.15E-2 4.15E-2 4.15E-2
1.67E-1 1.67E-1 1.67E-1 1.67E-1
2.22E-2 2.22E-2 2.22E-2 2.22E-2
9.12E-1 9.12E-1 9.12E-1 9.12E-1
1.41E+0 1.41E+0 1.41E+0 1.41E+0
1.00E-11 1.00E-11 1.00E-11 1.00E-11
167E-1 1.67E-1 167E-1 1.67E-1
246E+2 2.46E+2 246E+2 2.46E+2
255E42 - - -

2.55E+2 -

- 255E+2 -

- - - 255E+2
367E-1 3.67E-1 367E-1 3.67E-1
1.30E-1 1.30E-1 1.30E-1 1.30E-1
1.30E-1 1.30E-1 1.30E-1 1.30E-1
4.05E-2 4.05E-2 4.05E-2 4.05E-2
4.05E-2 4.05E-2 4.05E-2 4.05E-2
3.39E-2 3.39E-2 3.39E-2 3.39E-2
8.35E-2 8.35E-2 8.35E-2 8.35E-2
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UncertaintyType

StandardDeviation95%

1.24
1.36
2.09
2.09
3.05

124

GeneralComment

(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)

(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)

(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)

(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)

(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photowoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)

(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle of

Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photowoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photowoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(3.4,3.3.35): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(3.4.3.3.35): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(3.4,3.3.35): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1,4,1,2,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(3.4,3.3.35); waste water treatment, Hagedorn 1992
(4,5.na.na,na,na); Standard distance 100km, sand 50km, silicon
1000km

(4,5.na.na,na,na); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(1,2,1,1,3,3); Estimation

(1.4,1.2,1,5): de Wild-Scholten (2014) Life Cycle of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(3.3.2.3.1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)

(3.3,2,3,1.5); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Biisser Kndpfel (2013)

(3.3.2.3.1.5): Assumption: 5% evaporation of cooling water, 10%
evaporation of process water: Frischknecht & Biisser Kndpfel (2013)

(3.3.2.3.1,5): Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Biisser Kndpfel (2013)

(3,3,2,3,1,5); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Biisser Kndpfel (2013)

(3.4.3.3.1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(5,na,1,1,1,na); Extrapolation for sum parameter
(5.na,1,1,1,na); Extrapolation for sum parameter
(5.na,1,1,1,na); Extrapolation for sum parameter
(5,na,1,1,1,na); Extrapolation for sum parameter

(3.4,3.3.1.5): de Wild-Scholten (2014) Life Cycle of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
(34.3.3.1,5): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (table 9)
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Tab. A.17 Life cycle inventory of the production of 1 m’ single-Si wafer in China, the USA, Asia / Pacif-

ic and Europe, respectively with regionalised water withdrawal and water emissions

Name

Location
InfrastructureProcess

Unit
product single-Si wafer, photowoltaics, at plant
single-Si wafer, photowoltaics, at plant
single-Si waler, photowoltaics, at plant
single-Si wafer, photowoltaics, at plant

technosphere  electricity, medium voltage, production ENTSO, atgrid ENTSO

natural gas, burned in industrial furmace low-NOx
>100kW.

water tap water, water balance according to MoeK 2013, at
user

tap water, water balance according to MoeK 2013, at
user

tap water, water balance according to MoeK 2013, at
user

water, deionised, water balance according to MoeK
2013, atplant

water, deionised, water balance according to MoeK
2013, atplant

water, deionised, water balance according to MoeK

2013, at plant

CZsingle crystalline silicon, photovoltaics, at plant

CZsingle crystalline silicon, photovoltaics, at plant

CZsingle crystalline silicon, photovoltaics, at plant

CZsingle crystalline silicon, photovoltaics, at plant

silicon carbide, at plant

silicon carbide, recycling, at plant

flat glass, uncoated, at plant

sodium hydroxide, 50% in H20, production mix, at

plant

hydrochloric acid, 30% in H20, at plant

acetic acid, 98% in H20, at plant

triethylene glycol, at plant

triethylene glycol, recycling, at plant

dipropylene glycol monomethyl ether, at plant

alkylbenzene sulfonate, linear, petrochemical, at plant

acrylic binder, 34% in H20, at plant

brass, at plant

steel, low-alloyed, at plant

wire drawing, steel

wastes disposal, waste, silicon wafer production, 0% water, to

underground deposit

transport transport, lorry >16t, fleet average

transport, freight, rail

infrastructure  wafer factory

Water Footprint of European Rooftop Photovoltaic Electricity

Location

CN
us
APAC
RER

RER

CN

us

RER

RER

RER

RER

RER

RER

DE

InfrastructureProcess

coooo

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Unit

m2
m2
m2
m2
kwh

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

kg

thkm

thkm

unit

single-Si wafer, single-Siwafer, single-Siwafer,
ics, at ics, at ics, at

single-Si wafer,

plant

4.00E+0

6.00E-3

1.80E+1

1.58E+0

6.20E-1

1.41E+0

9.99E-3

1.50E-2

270E-3

3.90E-2

2.18E-1

1.95E+0

3.00E-1

240E-1

2.00E-3

7.44E-3

7.97E-1

8.05E-1

1.10E-1

9.29E-1

3.84E+0

4.00E-6

plant

- o3 c
1oco-030§

4.00E+0

6.00E-3

1.80E+1

1.58E+0

6.20E-1

1.41E+0

9.99E-3

1.50E-2

270E-3

3.90E-2

2.18E-1

1.95E+0

3.00E-1

240E-1

2.00E-3

7.44E-3

7.97E-1

8.05E-1

1.10E-1

9.29E-1

3.84E+0

4.00E-6

plant

4.00E+0

6.00E-3

1.80E+1

1.58E+0

6.20E-1

1.41E+0

9.99E-3

1.50E-2

270E-3

3.90E-2

2.18E-1

1.95E+0

3.00E-1

2.40E-1

3.85E-3

7.44E-3

7.97E-1

8.05E-1

1.70E-1

9.29E-1

3.84E+0

4.00E-6

~

plant

RER
0
m2
0
0
0
1
257E+1

4.00E+0

6.00E-3

1.80E+1

1.58E+0

6.20E-1
1.41E+0
9.99E-3
1.50E-2
270E-3
3.90E-2
2.18E-1
1.95E+0
3.00E-1
2.40E-1
2.00E-3
7.44E-3
7.97E-1
8.05E-1
1.10E-1
9.29E-1
3.84E+0

4.00E-6

at

UncertaintyType

1

1

StandardDeviation95%

GeneralComment

(34,1,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1.2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photowltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1.2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photowltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(34,2,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(34,2,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(34,2,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(3.4,2,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(12,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1.2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1.2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(4.5.na,na,na,na); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(4.5.na,na,na,na); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

(1,2,1,1,1,3): de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)
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Tab. A.17 Life cycle inventory of the production of 1 m” single-Si wafer in China, the USA, Asia / Pacif-
ic and Europe, respectively with regionalised water withdrawal and water emissions (contin-
ued)

H
8
s &
s %5 =
g 5 =
Name § 2 5
- g
g
Location
InfrastructureProcess
Unit
Water, GN - - kg 1.80E+0 51 (1,21,1,1,3); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Bisser Knpfel (2013)
Water, US - - kg = 1.80E+0 = = 1 151 (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Bisser Knpfel (2013)
Water, RAS - - kg = = 1.80E+0 = 1 151 (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Bisser Knépfel (2013)
Water, RER - - kg E - - 180E+0 1 151 (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Bisser Knépfel (2013)
Heat, waste - M 9.25E+1 9.25E+1 9.25E+1 9.25E+1 1 126 (3.4,13,15);de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)
COD, Chemical Oxygen Demand - - kg 2.95E-2 2.95E-2 2.95E-2 2.95E-2 1 158 (2/4,13,15);de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)
BODS, Biological Oxygen Demand - - kg 2.95E-2 2.95E-2 2.95E-2 2.95E-2 1 159 (3,4,23,15);de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)
DOC, Dissolved Organic Carbon - - kg 111E2 111E-2 111E-2 111E-2 1 159 (34,23,15);de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)
TOC, Total Organic Carbon - - kg 111E2 111E-2 111E-2 111E-2 1 159 (3.4,23,15);de Wild-Scholten (2014) Life Cycle Assessment of

Photovoltaics Status 2011, Part 1 Data Collection (Table 19,25)

Water Footprint of European Rooftop Photovoltaic Electricity IEA PVPS T12-11:2017



A. Appendix: Regionalised life cycle inventories 43

Tab. A.18 Life cycle inventory of the production of 1 m* single-Si PV cells in China, the USA, Asia /
Pacific and Europe, respectively, with regionalised water withdrawal and water emissions

2
2 5
8 3 ¢
e S 5
s & _ ic cell, ic cell, ic cell, medl S O
Name § 5 5 singleSiat singleSiat  singleSiat  singleSiat § 2 GeneralComment
S H plant plant plant plant g 2
- e 3
g Bl
£ 8
Location cN us APAC RER
InfrastructureProcess 0 0 0 0
Unit m2 m2 m2 m2
product photovoltaic cell, single-Si, at plant cN 0 m2 1 0 0 0
photovolaic cell, single-Si, at plant us 0 m2 0 1 0 0
photowoltaic cell, single-Si, at plant APAC 0 m2 0 0 1 0
product photovoltaic cell, single-Si, at plant RER 0 m2 0 0 0 1
tap water, water balance according to MoeK 2013, at . i (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
e CENCIN A= A= 1107 by otovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
tap water, water balance according fo MoeK 2013,at 6 ¢ . 171E . i 1 107 (1211,1,3);de Wid-Scholten (2014) Life Cycle Assessmentof
user Y : 7 Photovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
tap water, water balance according to MoeK 2013, at . . . (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
user [ O Ly 172 1 107 by iowitaics Status 2011, Part 1 Data Collection (Table 30.31)
! - ’ ) . i i (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
electricity, medium voltage, production ENTSO, atgrid ENTSO 0 kWh LB 10T s 2011 Part 1 Data Collosian (Tatie 80 31
- ’ i . . (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
clecticlinediumlioiagelatond Gl 0 B = 1107 by otovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
- ’ i . . (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
clecticlinediumlioageatond B 0 = 1107 by otovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
- ’ i i . (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
clecticlinediumlioiagelatond P 0 Eh D= 1107 by otovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
natural gas, burned in industrial furnace low-NOx y y y y (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
>100kW GEE ORI - e CosE2 oS82 60882 1 107 by giowitaics Status 2011, Part 1 Data Collection (Table 30.31)
) ' . . . . (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
infrastructure  photovoltaic cell factory DE 1 unit 40087 4.00E-7 4.00E-7 00T 1 300 L e 2011, Part 1 Dara Collesion (Table 30.31)
g ) . . . (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
waters single-Si water, photovoltaics, at regional storage RER 0 m2 TOBE0 1300 e 2011 Part 1 Data Collosion (Tatie 80 31)
g . . ) (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
ShciaSinaigphoioiaicealplant G 0 o3 DGRIED 1197 by otovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
g ) . . . (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
single-Si water, photovoltaics, at regional storage us 0 m2 1.03E+0 00 s Status 201 1. par 1 Data Gallactin (Table 8051,
’
y ) i . . (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
single-Si water, photovoltaics, atregional storage ~~ APAC 0 m2 1.03E+0 00 s Siatus 201 1. par 1 Data Gallactin (Table 8051,
) g g g g (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
materials metallization paste, front side, at plant RER 0 kg 5.75E-3 5.75E-3 5.75E-3 7SES 1 0T s 2011 Part 1 Data Collosion (Tatie 80 31)
’ . » » » (12,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
metallization paste, back side, at plant RER 0 kg 384E3 384E3 384E3 BBAES 1 10T s 2011 Part 1 Data Collosion (Tatie 80 31)
’ - y y y ’ (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
metallization paste, back side, aluminium, atplant  RER 0 kg 559E-2 559E-2 5.59E-2 BSOE2 1 10T s 2011 Part 1 Data Collosian (Tatie 80 31)
’ ; g g g g (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
chemicals  ammonia, liquid, at regional storehouse RER 0 kg 219E-2 219E-2 219E-2 219E2 1107 e 2011 Part 1 Data Gollosion (Tatie 80 31)
) g g g g (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
phosphory chioride, at plant RER 0 kg 13362 13362 1.33E-2 TBBER 1107 e atus 2011, Part 1 Data Gollosion (Table 30.81)
; 3 3 3 3 (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
iscpicbanchatplant [ O Cg LZE = e = 1 197 by Siovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
im0 3 3 3 3 (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
hydrochloric acid, 30% in H20, at plant RER 0 kg 6.29E-4 6.29E-4 6.29E-4 B20E4 1 10T s 2011 Part 1 Data Collosion (Tatie 80.31)
) 3 3 3 3 (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
hydrogen fluoride, at plant GO 0 kg 6.45E-4 6.45E-4 6.45E-4 BASE4 1 0T s 2011 Part 1 Data Collosion (Tatie 80.31)
sodium hydroxide, 50% in H20, production mix, at 3 § § § (12,1,1,1,8); de Wild-Scholten (2014) Life Cycle Assessment of
plant RER 0 ko 6.048-1 6.048-1 6.048-1 BO04E1 1 107 by iowoltaics Status 2011, Part 1 Data Collection (Table 30.31)
) g g g g (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
lime, hydrated, packed, at plant CH 0 kg 15162 151E-2 151E-2 TSIER 1107 e atus 2011, Part 1 Data Gollosion (Tablo 30.81)
) y y y y (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
refrigerant R134a, at plant RER 0 kg 31265 31265 31265 BIZES 1 10T s 2011 Part 1 Data Collosion (Tabie 80 31)
) (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
nitrogen, liquid, at plant RER 0 kg 1.15E+0 1.15E+0 1.15E+0 BB 1 10T s 2011 part 1 Data Collosion (Tatie 80 31)
y y y y (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
silicon tetrahydride, at plant RER 0 kg 291E3 291E3 291E3 291ES 1 10T s 2011 Part 1 Data Gollosion (Tatie 80.31)
§ § § § (4,5na,na,nana); de Wild-Scholten (2014) Life Cycle Assessment of
ransport, lorry >16¢, fleet average RER 0 tm  274E-1 2.74E-1 2.74E-1 274E1 1 208 e 2011, Part1 Data Collocton (Tabls 50,31
B (4,5na,na,nana); de Wild-Scholten (2014) Life Cycle Assessment of
ransport, freight, rail RER 0 tm  152E40 1.52E+0 15240 15240 1200 e 2011 Part1 Data Collocton (Table 50,31
treatment, PV cell production effluent, to wastewater § § § § (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
treatment, class 3 CH 0 m3  150E1 159E 159E 9B 1107 by stovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
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Tab. A.18 Life cycle inventory of the production of 1 m* single-Si PV cells in China, the USA, Asia /
Pacific and Europe, respectively, with regionalised water withdrawal and water emissions

(continued)
2
2 &
8 3 2
8 S 5
s & I lccell o cell ccell, 5 5
§ 5 . , , , L5 =
Name § 5 5 osingeSia singleSiat singleSiat  singleSiat § & GeneralComment
S s plant plant plant plant 3 B
g g 5
o =] c
£ &
Location cN us APAC RER
InfrastructureProcess 0 0 0 0
Unit m2 m2 m2 m2
disposal, waste, Si waferprod., inorg, 9.4% water, to (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle of
residual material landill @ 0 (3 BEE 2320 2320 233E40 1107 poiovoitaics Status 2011, Part 1 Data Collection (Table 30,31)
disposal, solvents mixture, 16.5% water, to hazardous . . . . (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
waste incineration CH 0 kg 172E1 17281 17281 T72E 1107 by lovolaics Status 2011, Part 1 Data Collection (Table 30,31)
x ® ¥ . (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
ransport, transoceanic freight ship OCE 0 tm  306E-2 3.06E-2 3.06E-2 B0BE2 1 200 L e 2011, art1 Dara Colloson (Table 30.81)
emission air, . i i i (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
[, V2o CN kg A= 1151 aporation of process water: Frischknecht & Bsser Knapfel (2013)
- . . i (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
Water, US kg A 1151 aporation of process water: Frischknecht & Bsser Knpfel (2013)
o i i i (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
Water, RAS kg A 1151 aporation of process water: Frischknecht & Bsser Knapfel (2013)
- i . . (1,2,1,1,1,3); Assumption: 5% evaporation of cooling water, 10%
Water, RER kg T7IEA 1 18T poration of process water:; Frischknecht & Biisser Knapfel (2013)
emission ar,
i i - - (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
:‘eg:s:’;p“'a“"" Leatlicel MW SA8E 51881 518E1 51841 1 107 by otovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
- - X X ¢ » (1,2,1,1,1,3); de Wild-Schol (2014) Life Cycle of
Alninin ko 77386 77386 77386 TTRES 1500 by giowitaics Status 2011, Part 1 Data Collection (Table 30,31)
. . L L L » (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
L vooshiitonde ko 13884 13884 13884 T38E4 1 11 by lovoltaics Status 2011, Part 1 Data Gollection (Table 30.31)
- - X X ¢ » (1,2,1,1,1,3); de Wild-Schol (2014) Life Cycle of
pead ko 77386 77386 77386 TTRES 1500 by giowitaics Status 2011, Part 1 Data Collection (Table 30,31)
. . . ’ I I ¥ (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
Eilizam ko 31788 31788 31788 BA7E8 1 500 by iowitaics Status 2011, Part 1 Data Collection (Table 30,31)
il . ~ ¢ ¥ ¥ ¥ (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
Skey ko 77386 77386 77386 TTRES 1500 by iowitaics Status 2011, Part 1 Data Collection (Table 30,31)
o y y y » (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle of
um ko 77386 77386 77386 TTRES 1500 by giowitaics Status 2011, Part 1 Data Collection (Table 30,31)
- - ¥ ¥ ¥ X (1,2,1,1,1,3); de Wild-Schol (2014) Life Cycle of
Snmonia ko 3735 3735 3795 373ES 1 121 by iowhtaics Status 2011, Part 1 Data Collection (Table 30,31)
lioxi . ~ - x » X (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
Carbon dioside, fossil kg 167E 1.67E-1 1.67E-1 TR 1107 e 2011, art1 Data Colloton (Tabls 30.81)
il . ~ ¥ ¥ ¥ X (1,2,1,1,1,3); de Wild-Scholi (2014) Life Cycle of
CLCS ko 460E5 460E5 460E5 4B0ES 1 181 by towltaics Status 2011, Part 1 Data Collection (Table 30,31)
o y y y y (1,2,1,1,1.,3); de Wild-Scholten (2014) Life Cycle of
E7cos ko 11082 11082 11082 TA0E2 1151 by slovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
g o y y y y (1,2,1,1,1.3); de Wild-Scholten (2014) Life Cycle of
28icearc ko 14782 14782 4782 T4TE2 1151 by Slovoltaios Status 2011, Part 1 Data Collection (Table 30,31)
o 5 5 5 3 (1,2,1,1,1,3); de Wild-Scholten (2014) Life Cycle of
FEAHEEpD ko 6.33E-4 6.33E-4 6.33E-4 63384 1 181 by towltaics Status 2011, Part 1 Data Collection (Table 30,31)
y oy o y y y y (1,2,1,1,1.3); de Wild-Scholten (2014) Life Cycle of
Ethane, 1,1,1,2-etrafluoro-, HFC-134a kg 312E5 3.12E5 3.12E5 BI2ES 1 st e 2011, pant1 Dara Colletion (Tabls 30.81)
. o 5 5 5 3 (1,2,1,1,1.3); de Wild-Scholten (2014) Life Cycle of
Siicey ko 3.33E-4 3.33E-4 3.33E-4 33E4 1500 by iowltaics Status 2011, Part 1 Data Collection (Table 30,31)
. o y y y ’ (1,2,1,1,1.3); de Wild-Scholten (2014) Life Cycle of
Slizan ko 26383 26383 26983 26383 1 500 by iowitaics Status 2011, Part 1 Data Collection (Table 30,31)
NMVOC, hane volatile organic o y y y y (1.2,1,1,1,3); de Wild-Scholten (2014) Life Cycle of
unspecified origin ko 12682 = = 126E2 1151 b slovoltaios Status 2011, Part 1 Data Collection (Table 30,31)
Water - - kg 1.16E41 1.16E41 1.16E41 11664 1 151 (2111.9):de (2014) Life Cyole of

Photovoltaics Status 2011, Part 1 Data Collection (Table 30,31)
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Tab. A.19 Life cycle inventory of the production of 1 m” single-Si PV panels and laminates in China and

product

energy

infrastructure

materials

auxiliaries

transport

disposal

emissions air

the USA, respectively with regionalised water withdrawal and water emissions

Name

Location
InfrastructureProcess
Unit
photovoltaic panel, single-Si, at plant
photovoltaic laminate, single-Si, at plant
photovoltaic panel, single-Si, at plant
photovoltaic laminate, single-Si, at plant

electricity, medium voltage, atgrid
electricity, medium voltage, atgrid
diesel, burned in building machine
photovoltaic panel factory

photowoltaic cell, single-Si, at plant
photovoltaic cell, multi-Si, at plant
photovoltaic cel, single-Si, at plant
aluminium alloy, AMg3, at plant

copper, at regional storage

wire drawing, copper

diode, unspecified, at plant

silicone product, at plant

tin, at regional storage

lead, at regional storage

solar glass, low-iron, at regional storage

tempering, flat glass

glass fibre reinforced plastic, polyamide, injection
moulding, at plant

granulate, at
plant

polyethylene, HDPE, granulate, at plant
ethylvinylacetate, foil, at plant

polyvinylfiuoride film, at plant

tap water, water balance according to MoeK 2013, at
user

tap water, water balance according to MoeK 2013, at
user

hydrogen fluoride, at plant
1-propanol, at plant

isopropanol, atplant

potassium hydroxide, at regional storage

soap, at plant

corrugated board, mixed fibre, single wall, at plant

EUR-flat pallet

transport, lorry >16t, fleet average

transport, freight, rail

disposal, municipal solid waste, 22.9% water, to
municipal incineration

disposal, polyvinyifluoride, 0.2% water, to municipal
incineration

disposal, plastics, mixture, 15.3% water, to municipal
incineration

disposal, used mineral oil, 10% water, to hazardous
waste incineration

Water, CN

Water, US

Heat, waste
NMVOC, h
unspecified origin

volatile organic

Carbon dioxide, fossil

Location

CN

us

us

us

CN

us

RER

RER

RER
RER

CH

CH

CH

CH

InfrastructureProcess

Unit

unit

m2

m2

m2

unit

panel, single-Si, laminate, single- panel, single-Si, laminate, single-

atplant

3.73E+0

8.75E-3
4.00E-6

9.35E-1

213E+0
1.03E-1
1.03E-1
281E-3
1.22E-1
1.29E-2
7.25E-4
881E+0
8.81E+0
2.95E-1
3.46E-1
2.38E-2
8.75E-1
1.12E1

5.03E+0

6.24E2
1.59E-2
14764
5.14E-2
1.16E-2
7.63E-1

5.00E-2

7.24E40
5.72E+1

3.00E-2
11261
1.64E+0

1.61E-3

5.03E-1

1.34E+1
8.06E-3

2.18E-2

Si, atplant

3.73E+0

8.75E-3
4.00E-6

9.35E-1

1.03E-1
1.03E-1
281E-3
1.22E-1
1.29E-2
7.25E-4
8.81E+0
8.81E+0
2.95E-1
3.46E-1
2.38E-2
8.75E-1
1.12E-1

5.03E+0

6.24E-2
1.59E-2
1.47E-4
5.14E-2
1.16E-2
7.63E-1

5.00E-2

7.03E+0
5.59E+1

3.00E-2
1.12E-1
1.64E+0

161E-3

5.03E-1

1.34E+1
8.06E-3

2.18E-2

Water Footprint of European Rooftop Photovoltaic Electricity

atplant

=] =
R

o-oco

3.73E+0
8.75E-3

4.00E-6

9.35E-1

213E+0

1.03E-1

1.03E-1

281E-3

1.22E-1

1.29E-2

7.25E-4

881E+0

8.81E+0

2.95E-1

3.46E-1

2.38E-2

8.75E-1

11261

5.03E+0

6.24E-2

1.59E-2

147E-4

5.14E-2

1.16E-2

7.63E-1

5.00E-2

7.24E40
5.72E+1

3.00E-2

11261

1.64E+0

161E-3

5.03E-1

1.34E+1
8.06E-3

2.18E-2

Si, atplant

3 .
o

~ocoo

3.73E+0

8.75E-3

4.00E-6

9.35E-1

1.03E-1

1.08E-1

281E-3

1.22E-1

1.29E-2

7.25E-4

8.81E+0

8.81E+0

2.95E-1

3.46E-1

2.38E-2

8.75E-1

1.12E-1

5.03E+0

6.24E-2

1.59E-2

1.47E-4

5.14E-2

1.16E-2

7.63E-1

5.00E-2

7.03E+0
5.59E+1

3.00E-2

1.12E-1

1.64E+0

161E-3

5.03E-1

1.34E+1
8.06E-3

2.18E-2

UncertaintyType

StandardDeviation95%

R N R
© ® © »® 8 v » o R 8 3 » 8 o @ o o &

N
<

N
<

N
<

@

1.29

209
2.09

113

1.29
161

GeneralComment

(3.3.1.,1.,1.3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.3,1,1,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.33.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1.,3.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4.1.,3.1.3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4.1.3.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4.1.3.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,13.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(34,3,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1.,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.3,3.1.5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.3.3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1,3.3,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1,3.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1.,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4,3,3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4.1.,3.1.3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4.1,3.1.3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4,3:3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1.,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.3,3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.3.3.1.5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.3.3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(1.4,1,3.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4,33.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(4.5.na,na,nana); Standard distance 100km, cells 500km
(4.5,na,na,na,na); Standard distance 600km

(1.4,1.3.1.3); Asema (personal communication) 2007, production
waste

(1.4,1,3,1.3); Calculation, including disposal of the panel after life
time

(1.4,1,3.1,3); Calculation, including disposal of the panel after life
time

(1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)

(1.4,1.,3.1,3); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Bisser Knopfel (2013)

(1,4,1,3,1,3); Assumption: 5% evaporation of cooling water, 10%
evaporation of process water; Frischknecht & Biisser Knopfel (2013)

(3.4.3.3.1.,5); Calculation, electricity use
(34,3,3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3.4.33.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Photovoltaics Status 2011, Part 1 Data Collection (Table 37)
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Tab. A.20 Life cycle inventory of the production of 1 m* single-Si PV panels and laminates in Asia /
Pacific and Europe, respectively, with regionalised water withdrawal and water emissions

2
2 &
8 3 2
¢ E
s % = 2 =
Name 5§ 5 5 panelsingle-Si, laminate, single- panel, single-Si, laminate, single- 5§ GeneralComment
s 3 atplant Si, atplant atplant Siatplant g B
2 5
g 5 ¢
£ 3
Location APAC APAC RER RER
InfrastructureProcess 1 1 1 1
Unit m2 m2 m2 m2
product photovoltaic panel, single-Si, at plant APAC 1 m2 1 [) 0 [)
photovoltaic laminate, single-Si, at plant APAC 1 m2 0 1 0 0
photovoltaic laminate, single-Si, at plant RER 1 m2 0 0 0 1
photovoltaic panel, single-Si, at plant RER 1 m2 0 0 1 0
energy electricity, medium voltage, production ENTSO, atgrid ENTSO 0 kWh - - 3.73E4+0 373E+0 1 114 (33,1,1,18);de Wild-Scholten (2014) Life Cycle Assessment of Photor
- ; ) 3.3,1,1.1,3); de Wild-Scholten (2014) Life Cycle Assessment of
electricity, medium voltage, at grid P 0 KWh  3.73E+0 3.73E40 - - 1114 E,hmmlwls s 2011 Pari ’ Da; i rable 39)
diesel, burned in building machine Glo 0 W 8.75E-3 8.75E-3 8.75E-3 875E3 1 129 Sh“;“?)‘sm’l";i‘s";m:fg‘f"::riz‘o[‘)::;giuceﬁi :‘f;:;z’g:;" of
infrastructure  photowltaic panel factory GLO 1 unit  400E6 4.00E-6 4.00E-6 400E6 1 302 S&Li&j@:&m: gs(;h . "52,5f°3§f:22ff§§§fff:§§?%m !
materials photovoltaic cell, single-Si, at plant RER 0 m2 - - 9.35E-1 935E1 1 113 Sh‘;ﬂ,ﬁ,’,‘;ji;“;:}’jf gs(;h by "SZ,ﬁiDS:faLgifeﬁiﬁ?:SwigiTl o
1,4,1.3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
photovoltaic cell, single-Si, at plant APAC 0 m2 9.35E-1 9.35E-1 - a 1 113 E’hmovoltauls Status 2011 Paé‘ Da‘)a Co“ey:mn (Tablo 37)
. . (1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
el ety AT SR s fER O 3 BiED BiED 1113 bpotovoltaics Status 2011, Part 1 Data Collection (Table 37)
; 1,4,,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
copper, atregional storage RER 0 kg 1.03E-1 1.03E-1 1.03E-1 1034 1 113 :’homvol'awgs Sontus 2011 Paé‘ Da; pahiints Trable 39)
§ § 5 § (1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
wire drawing, copper RER 0 kg 1.036-1 1.03E-1 1.036-1 BB 1 1A et 2011 Part 1 Data Gallaction (Table 37)
) " (34,3,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
diode, unspecified, at plant GLO 0 kg 281E3 281E3 281E-3 281E3 1 129 Lhmm“a‘is tus 2011 Pan(w Da:a oo Trable 39)
" 1,4,1.3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
silicone product, at plant RER 0 kg 1.226-1 1.22E-1 12261 12261 1 118 Lhmw"a‘is Satus 2011 Paé‘ Da:a pahadngd Trable 39
3.4,33,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
tin, at regional storage RER 0 kg 1.29E-2 1.29E-2 1.29E-2 129E2 1 129 Lhmm“m; Satus 2011 Paé‘ Da‘)a Colonion Treble 39)
3.4,33,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
lead, at regional storage RER 0 kg 7.25E-4 7.25E-4 7.25E-4 7.25E-4 1 129 E’hmcvultau):s Status 2011 Part(1 Dat)a Cc“ey:tmn (Table 37)
. :3,3,3); - 4 il
solar glass, low-iron, at regional storage RER 0 kg 8.81E+0 881E+0 8.81E+0 881E:0 1 124 S&'{liﬁ:;"g':\ﬂ: fg:f":;’iz‘oéa:a"geofg;i rﬁ::;z’gj:“ of
) 1,4,,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
tempering, flat glass RER 0 kg  881E+0 8.81E+0 8.81E+0 881EH0 1 143 (thm"a‘gs Stus 2011 Paé‘ Da; pahiints Trable 39)
glass fibre reinforced plastic, polyamide, injection § : § § (1,4,1,3,1,9); de Wild-Scholten (2014) Life Cycle Assessment of
moulding, at plant iR 0 (g 25524 Z3ohyl 2528 29E1 1 18 poowltaics Status 2011, Part 1 Data Collection (Table 37)
granulate, at 5 § 5 § (1,4,1,3,1,3); de Wild-Scholten (2014) Life Cyole Assessment of
plant RER 0 ko S46E1 34681 S46E1 346E1 1 13 potovltaics Status 2011, Part 1 Data Collection (Table 37)
polyethylene, HDPE, granulate, atplant RER 0 kg 238E-2 238E-2 238E-2 238E2 1 129 S&z@,‘;ﬁiﬁ;ﬂ: gs(;h by "SZ,ﬁf°.3§f§23.°£3f§5§33?l !
) 1,4,1.3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
ethylvinylacetate, foil, at plant RER 0 kg 8.75E-1 8.75E-1 8.75E-1 87561 1 113 E,hmm“a‘is Satus 2011 Paé‘ Da‘)a Colonion Treble 39)
1,4,1.3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
polyinyifiuoride film, at plant US 0 kg 11261 1.12E-1 1.12E1 1.12E-1 1113 E’hmm“a‘; Status 2011 Part(1 Da')a Cclley:m" Tratle 39)
) tap water, water balance according to MoeK 2013, at . . (1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
el user & 0 i DOSELY SEE=0 T 113 b otovoltaics Status 2011, Part 1 Data Collection (Table 37)
tap water, water balance according to MoeK 2013, at . . (1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
user RER 0 ko BXEED 503840 1 113 by jiovohaics Status 2011, Part 1 Data Collection (Table 37)
1 (34,3,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
hydrogen fluoride, at plant GLO 0 kg 6.24E-2 6.24E-2 6.24E-2 624E2 1 129 Lho‘m“a‘ls atus 2011 Par: ; Da:a pahdntd Trable 39)
(1,4,1,3,1,3); de Wild-Scholten (2014) Life Cycle Assessment of
[Erparoiatblar [ O iy = =2 1EE2 189E2 1 118 b ovoltaics Status 2011, Part 1 Data Collection (Table 37)
(3:43,3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
isopropanol, at plant RER 0 kg 1.47E-4 1.47E-4 14764 AT 1129 s 2011, Part 1 Data Gallaction (Table 87)
potassium hydroxide, at regional storage RER 0 kg 5.14E-2 5.14E-2 5.14E-2 5.14E-2 1 129 ﬁf,,‘iﬁfo'l"ji;"g‘::'jff;ff"s;,iioégfaLgifeygirﬁrs:;zm;T‘ !
) y y y (3,43,3.1,5); de Wild-Scholten (2014) Life Cycle Assessment of
Ecpiaioiant GER O (3 [ElEE2 2 ElEE2 T18E2 1 129 o o lolaics Status 2011, Part 1 Data Collection (Table 37)
i il 1,4,1313); Wild-Scholf 2014) Lif il f
corrugated board, mixed fibre, single wall, at plant RER 0 kg 7.63E-1 7.63E-1 7.63E-1 7.63E-1 1113 ;Ho;nil'as‘is";an‘; 25; ;’ ‘::ri 1003)'3 'Cife":ui"“?:;:“;;“ °
y ; y y y y (3,43,3.,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
EUR-flatpallet RER 0 unit  500E-2 5.00E-2 5.00E-2 S00E2 1 120 e s 2011, Part 1 Data Gallstion (Tablo 39)
‘ransport transport lorry >16t, fleet average RER 0 tm  724E+0 7.03E+0 7.24E40 703640 1 209 (45nananana);Standard distance 100km, cells 500km
transport, freight, rail RER 0 tm  572E+1 5.59E+1 5.72E+1 559E+1 1 209 (45nananana);Standard distance 600km
pr— disposal, municipal solid waste, 22.9% water, to @ 0 0 — — — 3002 1 143 (144:1:3.1.3)Alsema (personal communication) 2007, production
municipal incineration waste
disposal, polyinyiuoride, 0.2% water, o municipal ooy B p— B 1424 1 14a (1413.1.3) Calculation,including disposal of the panel after lfe
incineration time
disposal, plastics, miture, 16.3% water, o municipal oo g B— B— By— 164Es0 1 143 (14:1:3,1,3) Caleulation, including disposal of the panel after fife
incineration time
disposal, used mineral oil, 10% water, to hazardous ) y ) » (1,4,1,3,1,3); de Wild-Scholten (2014) Life Cyole Assessment of
waste incineration CHICIR LElES = LSles TEIES 1 113 by stowoltaics Status 2011, Part 1 Data Collection (Table 37)
AU (1,41,3,1,3); Assumption: 5% evaporation of cooling water, 10%
U V/ater, RAS kg = CEET] T 182 aporation of process water; Frischknecht & Bsser Kndpfel (2013)
o . . 5 § (1,4,1,3,1,3); Assumption: 5% evaporation of cooling water, 10%
Utz IR kg SR ] 1152 aporation of process water; Frischknecht & Bisser Knopfel (2013)
Heat, waste oW 134EH 1.34E+1 1.34E+1 134E41 1 129 (3,433,15); Calculation, electricity use
NMVOC, hane volatle organic o ) y ) ) (3,43,3,1,5); de Wild-Scholten (2014) Life Cycle Assessment of
unspecified origin ko B3 B33 =S BOBE:3 1 181 poowoltaics Status 2011, Part 1 Data Collection (Table 37)
S . e m - I — s1E2 1 129 (34:3:3.15);de Wild-Scholten (2014) Life Cycle Assessmentof

Photovoltaics Status 2011, Part 1 Data Collection (Table 37)

A.3.2 CdTe PV modules

The life cycle inventories of the manufacture of CdTe PV modules are based on
Frischknecht et al. (2015) and Stolz et al. (2016), which are embedded in the KBOB life
cycle inventory data DQRv2:2016. CdTe PV modules are produced in Malaysia and the
USA. The use of tap water was replaced by the regionalised life cycle inventories
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described in section A.1.2 and additional elementary flows were included to account for
water emissions to air. The share of consumptive water use of CdTe PV module
production in the USA was calculated as the difference of the amount of tap water used
and the volume of wastewater treated. This yields a consumptive share of 53 %. The
production of CdTe PV modules in Malaysia consumes approximately 46 % of the
volume of water withdrawn.” The demand of raw materials, chemicals and energy as
well as the emissions of pollutants to air, water and soil were not adjusted.

The regionalised life cycle inventories of CdTe PV module production are compiled in
Tab. A.21.

> Personal communication Parikhit Sinha, FirstSolar, 25.03.2017.
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Tab. A.21 Life cycle inventory of the production of 1 m* CdTe PV modules in Malaysia and the USA,
respectively, with regionalised water withdrawal and water emissions

Name

Location
InfrastructureProcess
Unit
photovoltaic laminate, CdTe, at plant

photovoltaic laminate, CdTe, at plant

electricity, medium voltage, at grid
electricity, medium voltage, at grid
natural gas, burned in boiler modulating >100kW

infrastructure photovoltaic panel factory CdTe

telluride, semicor grade, at plant

sulphide, semic grade, at plant

copper, atregional storage
flat glass, uncoated, at plant
silicone product, at plant
ethylvinylacetate, foil, at plant

glass fibre reinforced plastic, polyamide, injection
moulding, at plant

solar glass, low-iron, at regional storage

tempering, flat glass

tap water, water balance according to MoeK 2013, at
user
tap water, water balance according to MoeK 2013, at
user

silica sand, at plant
nitric acid, 50% in H20, at plant
sulphuric acid, liquid, at plant

sodium chloride, powder, at plant

sodium hydroxide, 50% in H20, production mix, at
plant

hydrogen peroxide, 50% in H20, at plant
isopropanol, at plant

chemicals inorganic, at plant

chemicals organic, at plant

nitrogen, liquid, at plant
helium, at plant

corrugated board, mixed fibre, single wall, at plant

transport transport, lorry >16t, fleet average
transport, freight, rail
transport, transoceanic freight ship
disposal disposal, municipal solid waste, 22.9% water, to

municipal incineration

disposal, plastics, mixture, 15.3% water, to municipal
incineration

treatment, sewage, unpolluted, to wastewater
treatment, class 3

emissions air Heat, waste

Water, MY

Water, US

Location

RER

RER

RER

My

us

DE

RER

RER

CH

CH

CH

Infrastructure-Process

- o o o

Unit

m2

m2

kWh
kWh

unit

kg

kg

kg
kg
kg
kg
kg

kg

kg
kg
kg
kg
kg
kg
kg
kg
kg

kg

kg

kg
kg
kg
tkm
tkm

tkm

kg

kg

m3

kg

kg

photovoltaic
laminate, CdTe,
atplant

m2

3.02E+1

4.00E-6
2.34E-2

3.52E-3

1.16E-2
8.13E+0
3.07E-3

4.86E-1

1.08E-1

8.38E+0
8.38E+0

211E+2

4.68E-2
5.72E-2
3.93E-2
4.53E-2
4.93E-2
1.67E-2
2.08E-3

3.76E-2

9.74E-3

7.32E-2
3.64E-2
5.22E-1
4.13E-1
5.35E+0
231E+2

3.00E-2

7.08E-1

2.09E+2

9.72E+1

Water Footprint of European Rooftop Photovoltaic Electricity

photovoltaic
laminate, CdTe,
atplant

us

m2

2.95E+1
1.16E+1
4.00E-6

2.58E-2

3.52E-3

1.10E-2
8.25E+0
3.07E-3

4.86E-1

1.08E-1

8.47E+0

8.47E+0

1.32E+2
4.68E-2
5.72E-2
3.93E-2
4.53E-2
4.93E-2
1.67E-2
2.08E-3

3.76E-2

9.74E-3

7.32E-2
3.64E-2
5.22E-1

7.75E+0

3.00E-2

7.08E-1
6.16E-2

2.09E+2

7.01E+1

uncertaintyType

StandardDeviation95%

1.07
1.07
1.07
3.04

1.07

1.6

GeneralComment

(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in Malaysia
(1,1,1,1,1,3,BU:1.05); 2011 data for First Solar in US
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(3,4,3,1,1,3,BU:3); Assumption

(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US

(1,4,3,3,1,3,BU:1.05); Fthenakis, literature, incl. Part of Cd compound
powder

(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,2,2,3,1,3,BU:1.05); Fthenakis, literature

(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US

(1,4,3,3,1,3,BU:1.05); Fthenakis, literature, sum up of several
materials

(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US

(1,4,3,3,1,3,BU:1.05); Fthenakis, literature, sum up of several
chemicals

(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,4,3,3,1,3,BU:1.05); Fthenakis, literature
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US
(1,1,1,1,1,3,BU:2); 2010 data for First Solar in US
(1,1,1,1,1,3,BU:2); 2010 data for First Solar in Malaysia
(1,1,1,1,1,3,BU:2); 2010 data for First Solar in Malaysia

(1,4,3,3,1,3,BU:1.05); Asema (personal communication) 2007,
production waste

(1,4,3,3,1,3,BU:1.05); Calculation
(1,1,1,1,1,3,BU:1.05); 2010 data for First Solar in US

(3,4,3,3,1,5,BU:1.05); Calculation

(3,4,3,3,1,5,BU:1.5); 46% evaporation of tap water; Personal
communication Parikhit Sinha, FirstSolar

(3,4,3,3,1,5,BU:1.5); Difference of tap water supply and wastewater
outflow
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Tab. A.21 Life cycle inventory of the production of 1 m* CdTe PV modules in Malaysia and the USA,
respectively, with regionalised water withdrawal and water emissions (continued)

8 g 3
s f:.} - photovoltaic photovoltaic > _l‘g
Name K E 5 laminate, CdTe, laminate,CdTe, & & GeneralComment
S 3 atplant atplant § e
= a
Location My us
InfrastructureProcess 1 1
Unit m2 m2
Cadmium ° ° kg 5.34E-9 5.34E-9 1 5.00 (1,1,1,1,1,3,BU:5); 2010 data for First Solar in US
Copper - - kg 7.56E-9 7.56E-9 1 5.00 (1,1,1,1,1,3,BU:5);2010 data for First Solar in US
Lead - - kg 4.44E-9 4.44E-9 1 5.00 (1,1,1,1,1,3,BU:5); 2010 data for First Solar in US
Nitric acid - - kg 4.30E-5 4.30E-5 1 5.00 (1,1,1,1,1,3,BU:5); 2010 data for First Solar in US
emissions water Cadmium = = kg 4.43E-7 4.43E-7 1 8.00 (1,1,1,1,1,3,BU:3); 2010 data for First Solar in US
Copper - - kg 1.92E-6 1.92E-6 1 8.00 (1,1,1,1,1,3,BU:3); 2010 data for First Solar in US
Lead - - kg 1.72E-7 1.72E-7 1 8.0 (1,1,1,1,1,3,BU:3); 2010 data for First Solar in US
Nitrate - - kg 1.50E-2 1.50E-2 1 3.00 (1,1,1,1,1,3,BU:3); 2010 data for First Solar in US

A.3.3 PV systems

The life cycle inventories of the residential-scale (3 kWp) PV systems mounted on a
slanted roof are based on a previous study (Stolz et al. 2016). The efficiency of mono-Si
and CdTe PV modules is 15.1 % and 14.0 %, respectively. Unlike in Stolz et al. (2016),
the impact of inverters was also taken into account since the functional unit is 1 kWh of
AC electricity. The production and disposal of inverters was modelled using the life
cycle inventory of a 2500 W inverter and by scaling the demand according to the
maximum power output of the PV system. The lifetime of inverters is assumed to be
15 years. Hence, the inverter needs to be replaced once in the 30 years lifetime of the
PV system. The life cycle inventories of BOS components were published by
Frischknecht et al. (2015) and used without adaptations to model the PV systems
considered. The water use in the production and disposal of BOS components was not
regionalised because of its lower importance compared to other processes.

The life cycle inventories of the construction of 3 kWp mono-Si and CdTe PV systems
mounted on a slanted roof are presented in Tab. A.22 and Tab. A.23, respectively.
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Tab. A.22 Life cycle inventory of the construction of a 3 kWp mono-Si PV system mounted on a slanted
roof in Europe

2
g o 3
8 a g
c £ 3kWp slanted-roof & 2
S " ) 2 o
Name 3 R T eI, = 3 GeneralComment
g 2 3 panel,mounted,on £ =]
- 2 roof, incl. inverter 3 =
g 5 2
o <
E 5
Location RER
InfrastructureProcess 1
Unit unit
3kWp slanted—roof|nst§llatlon, mono-Si, panel, RER 4 unit 1.00E+0
mounted, on roof, incl. inverter
energy electricity, low voltage, production ENTSO, at grid ENTSO 0 kWh 2.30E-1 1128 S:n’f’1’1 /5,BU:1.05); Energy use for erection of
materials electric installation, photovoltaic plant, at plant CH 1 unit 1.00E+0 1 3.08 (3,4,3,1,1,5BU3);
slanted-roof construction, mounted, on roof RER 1 m2 1.99E+1 1 3.08 (3,4,3,1,1,5,BU:3); calculation per m2 panel
(3,4,3,1,1,5,BU:3); 1 replacement during the
inverter, 2500W, at plant RER 1 unit 2.40E+0 1 3.08 lifetime of the PV system;demand scaled linearly
by power output; 2.4
photovoltaic panel, single-Si, at regional storage RER 1 m2 2.05E+1 1 3.08 (rz:alsr;d1ltftl:g||3f)e tiCnf;ciljjﬂz}’eit: of modules
transport transport, lorry 3.5-16t, fleet average RER 0 tkm 3.96E+1 1 209 :2’:[’i’;t’:&it’iiln‘l:sl);:;ecmc parts and panel 100km
emissions air Heat, waste - - MJ 8.28E-1 1 1.28 (3,4,3,1,1,5,BU:1.05); calculated with electricity use

Tab. A.23 Life cycle inventory of the construction of a 3 kWp CdTe PV system mounted on a slanted
roof in Europe

2 5
$ [0 (=2}
o Q g
< 2 3kWp slanted-roof = 2
S a - q 2> L]
= [ = installation, CdTe, = s
Name s 2 5 s © GeneralComment
3 ko panel, mounted, on £ %
- 2 roof, incl. inverter 8 5
7] < S
3 =) c
= 8
Location RER
InfrastructureProcess 1
Unit unit
TR 3kWp sl.antec.j—rooi installation, CdTe, panel, mounted, RER 4 unit 1.00E+0
on roof, incl. inverter
energy electricity, low voltage, production ENTSO, at grid ENTSO 0 kwWh 4.00E-2 1 1.28 (3.43,1,1,5); Energy use for erection of 3kWp plant
materials electric installation, photovoltaic plant, at plant CH 1 unit 1.00E+0 1 2.09 (34,3,1,15);Literature
slanted-roof construction, mounted, on roof RER 1 m2 2.14E+1 1 1.23 (31,111 ‘,na); New est]matlon with mean value of
frame weights, correction for panel area
~
photovoltaic laminate, CdTe, mix, at regional storage RER 1 m2 2.16E+1 1 136 (1,1,1,1,1,3); Calculation, 1% rejects
(3,4,3,1,1,5); 1 replacement during the lifetime of
inverter, 2500W, at plant RER 1 unit 2.40E+0 1 1.36 the PVsystem;demand scaled linearly by power
output
(3,4,3,1,1,5); 100km for transport of panels from
transport transport, lorry 3.5-16t, fleet average RER 0 tkm 1.34E+3 1 2.09 regional storage, electrical installation, mounting
structure and inverter to construction site
emissions air  Heat, waste = = M 1.44E-1 1 1.28 (3,4,3,1,1,5); calculated with electricity use

A.3.4 PV electricity generation

The life cycle inventories of electricity generation by the 3 kWp PV systems mounted
on a slanted roof were modelled according to the draft version of the Product
Environmental Footprint Category Rules (PEFCRs) for PV electricity generation (TS
PEF Pilot PV 2016). The annual yield of 975 kWh/kWp is representative for average
European conditions and includes linear degradation of 0.7 % per year. The lifetime of
the PV systems (though not every component, e.g., the inverter) is estimated at 30 years.
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The takeback and recycling of the PV modules at the end of life were also taken into
account. Both the PV modules and the BOS components are assumed to be recycled
after use and are modelled based on the life cycle inventories published in Stolz et al.
(2016). The potential benefits of recovered materials (e.g., glass cullet, scrap aluminium
and copper) from the recycling of PV modules and BOS components were not included.

The water used to clean the mono-Si and CdTe PV modules was estimated at 20 L/m*
over the life time of 30 years based on Jungbluth et al. (2003) and modelled with the
region-specific life cycle inventory of tap water supply in Europe. It was assumed that
10 % of the tap water is evaporated (Frischknecht & Biisser Knopfel 2013) whereby the
remainder is discharged into the sewer system and treated in a wastewater treatment
plant.

The life cycle inventories of electricity generation by residential scale 3 kWp mono-Si
and CdTe PV systems mounted on a slanted roof are shown in Tab. A.24 and Tab. A.25,
respectively.

Tab. A.24 Life cycle inventory of 1 kWh electricity generated by a 3 kWp mono-Si PV system mounted
on a slanted roof in Europe with regionalised water withdrawal and emissions

2
2 i
@ ici @ =2
§ electricity, PV, at g 2
s o 3kWp slanteq- 'E- =
= o = roof, mono-Si, € >
Name S 3 5 = 3 GeneralComment
s B panel, mounted, £ =]
- 2 incl. inverter & 8 &
@ % c g
g8 recycling =} =
€ g
= 7
Location RER
InfrastructureProcess 0
Unit kWh
product electricity, .PV, e.n 3kWp slamed.-roof, mono-Si, panel, RER 0 KWh 4
mounted, incl. inverter & recycling
infrastructure SR ST M EEHET, TEmE-ETh FEWEh MOMREEL D ey g i 1.14E-5 1 3.10 (2,3,1,1,3,5,BU:3); infrastructure; calculation
roof, incl. inverter
e, (2,3,1,1,3,5,BU:1.05); infrastructure, incl. 1%
N mono-Si PV module takeback + recycling RER 0 m2 2.33E-4 1 1.31 rejects and 2% replacements of modules;
recycling
] calculation
e A 1,1,1,1,1,1,BU:1.05); f hing,
auxiliaries tap water, water balance according to MoeK 2013, at user RER 0 kg 4.53E-3 1 1.05 ( o U:1.05); water o.rwas m.g
estimation 20 | per m2 panel; calculation
disposal treatment, sewage, from residence, to wastewater treatment, CH 0 m3 4.08E-6 4 105 (1 ,2,1',1 ,1,1,BU:1.05); wgsle water treatment of
class 2 washing water; calculation
crlsEnmel (1,2,1,1,1,1,BU:1.5); water evaporation
’ Water, RER - - kg 4.53E-4 1 1.50 estimated at 10% of water withdrawal;

unspecified Frischknecht & Biisser Knépfel (2013)

(2,3,1,1,3,5,BU:1.05); solar energy needed for
resource in air Energy, solar, converted - - M 3.60E+0 1 1.31 the production of 1kWh electricity (direct
current) ; ecoinvent v2.2
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Tab. A.25 Life cycle inventory of 1 kWh electricity generated by a 3 kWp CdTe PV system mounted on a

slanted roof in Europe with regionalised water withdrawal and emissions

Name
Location
InfrastructureProcess
Unit

electricity, PV, at 3kWp slanted-roof, CdTe, panel, mounted,
product h . .

incl. inverter & recycling
. 3kWp slanted-roof installation, CdTe, panel, mounted, on
infrastructure . g

roof, incl. inverter
trakeb"a:k e CdTe PV module takeback + recycling
fecyeling
auxiliaries tap water, water balance according to MoeK 2013, at user

. treatment, sewage, from residence, to wastewater treatment,

disposal

class 2
emission to air, Water, RER
unspecified
resource in air Energy, solar, converted

Water Footprint of European Rooftop Photovoltaic Electricity

Location

RER

RER

RER

RER

CH

InfrastructureProcess

1

Unit

kWh
unit
m2
kg

m3

kg

electricity, PV, at
3kWp slanted-
roof, CdTe,
panel, mounted,
incl. inverter &
recycling

RER

0
kWh

1.14E-5
2.47E-4
4.88E-3

4.40E-6

4.88E-4

3.60E+0

UncertaintyType

StandardDeviation95%

3.10

1.31

1.05

1.05

1.50

1.31

GeneralComment

(2,3,1,1,3,5,BU:3); infrastructure; calculation

(2,3,1,1,3,5,BU:1.05); infrastructure, incl. 1%
rejects of modules; calculation
(1,1,1,1,1,1,BU:1.05); water for washing,
estimation 20 | per m2 panel: calculation
(1,2,1,1,1,1,BU:1.05); waste water treatment of
washing water; calculation

(1,2,1,1,1,1,BU:1.5); water evaporation
estimated at 10% of water withdrawal;
Frischknecht & Busser Knépfel (2013)
(2,3,1,1,3,5,BU:1.05); solar energy needed for
the production of 1kWh electricity (direct
current) ; ecoinvent v2.2

IEA PVPS T12-11:2017



B. Appendix: List of regionalised life cycle inventories 53

B Appendix: List of regionalised life cycle
inventories

Tab. B.1 List of life cycle inventories of water purification and electricity generation of the KBOB life
cycle inventory data DQRv2:2016 (KBOB et al. 2016) that were regionalized in this study. The
geographies are explained in Frischknecht et al. (2007) and Faist-Emmenegger et al. (2007).

decarbon- L completely]| reservoir | reservoir | reservoir
tap water ised deionised softened | hard coal lignite [natural gas heavy fuel | nuclear, nuclear, hydro hydro, hydro
P water 8 8 oil PWR BWR y. ! Y 7 Y L
water water alpine__|non-alpine| tropics
AT X X X X X X X X X

BA X X X X X X

BE X X X X X X X

(]
2
<
<
<
<
<
<

x |x [x |x

I
X x> |x [x|x [x|x[x|x
x> =[x = |x [x |x[x|x
X x> |x [x|x [x|x[x|x
x x> |x [> |x [x|x[x|x
X |x > |x [x|x [x|x[x]|x|x
=

=
<
x
<
<
<

-
°
<
x
<
<
x
<

x |x [x |x

X |x [x |x [x |x|x[x
x |x [x =[x |x |x[x
X |x [x |x [x |x|x[x
x |x [x =[x |x|x[x

UCTE
CENTREL
NORDEL X

AsCC

ERCOT

FRCC

MRO

NPCC

RFC

SERC

SPP
WECC

X >3 % |x [x |x [x |x [x|x [x|x

x> [x |x [x |x [x |x
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