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Abstract

The Office for Building Engineering of the City of Zurich plans the construction of a

cloakroom and club building. The building and the floodlights of the surrounding soc-

cer fields use electricity mainly in the evening. That is why the installation of a photo-

voltaic (PV) system in combination with a battery storage system is evaluated in the

pre‐project phase. The environmental footprint of the PV system with multi‐

crystalline silicon modules and of current, future, and second‐life lithium‐ion batteries

is quantified within the life cycle assessment of the building. The self‐consumption

share of PV electricity increases from 31% to 62% if a 60 kWp PV system is

complemented by a 100 kWh battery storage. The complementary grid electricity

mix strongly influences the environmental impacts of electricity consumed by the

cloakroom and club building. The installation of a PV system and a battery storage

leads to a 10% to 17% reduction in greenhouse gas emissions compared with the full

coverage of the electricity demand by the average Swiss supply mix. The addition of a

current battery system does not yield any further reduction compared with the “PV

only” option. With the renewable electricity mix of the City of Zurich, the installation

of a PV system and a battery storage leads to higher environmental impacts of the

electricity consumed by the cloakroom and club building, irrespective of the type of

battery used. A future increase in energy density, production optimisations, and

second‐life batteries bear a significant potential to reduce the environmental impacts

of battery storage systems.
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1 | INTRODUCTION

The City of Zurich has committed itself to develop towards the 2′000‐

Watt Society.1 This vision is based on the premise that the limited

worldwide energy resources should be fairly allocated among coun-

tries and generations and used in a way that environmental impacts

are minimized.2 To achieve the goals of the 2′000‐Watt Society, the

City of Zurich strives to reduce the primary energy demand related

to energy purposes such as heating, hot water, electricity, and fuels

from 3′900 watt per capita (average 2012‐20163) to 2′000 watt per

capita. In addition, a reduction of the per capita greenhouse gas
wileyonlinelibrary.com/
emissions from an average 4.7 ton CO2‐equivalent (t CO2‐eq)

between 2012 and 20164 to 1.0 t CO2‐eq per capita in 2050 is pur-

sued. The measures to realise the targeted reduction pathways

include, among others, the promotion of energy efficiency and the

increased use of renewable energy.5

Photovoltaic (PV) systems have one of the highest potentials

among renewable electricity generation technologies in Switzerland.6

The cumulative installed PV capacity has more than doubled between

2013 and 2016.7 The vast majority of PV systems in Switzerland is

decentralised and either mounted on or integrated in buildings.8 Build-

ings with PV systems are increasingly equipped with a battery storage
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system for various reasons. Batteries may be used to increase the

share of self‐consumed PV electricity and can contribute to the inte-

gration of additional PV electricity into the grid by shaving production

peaks. Furthermore, a battery storage system can be used as a backup

in case of blackouts and may prevent the need for enlarging the con-

nection for power supply.9

The combination of a PV system with a battery storage results in

an increase of the environmental impacts of building construction. A

detailed understanding of the environmental impacts of currently

available battery systems is therefore an important prerequisite for

the design of buildings with low environmental impacts over their

entire life cycle. The rapid development in battery research and in bat-

tery applications raises the question as to how the environmental

impacts may change in the future. Potential future optimisations in

battery manufacturing and the repurposing of traction batteries used

in electric vehicles are therefore also taken into consideration in the

evaluation of the environmental footprint of batteries used in station-

ary storage systems.

This study aims to analyse the life cycle environmental impacts

of a PV system in combination with a battery storage system using

the specific case of a cloakroom and club building that is currently

planned by the Office for Building Engineering of the City of Zurich.

In the pre‐project phase, the installation of a roof‐integrated PV sys-

tem and a battery storage system is evaluated.10 A battery storage

system helps to increase the share of self‐consumed PV electricity

since the building and the floodlights of the surrounding soccer

fields use electricity mainly in the evening. Three types of battery

systems are investigated: current lithium‐ion (Li‐ion) batteries,

repurposed (second‐life) Li‐ion batteries previously used in electric

vehicles, and future Li‐ion batteries with an increased energy density

and environmentally optimized production. The environmental

impacts of the PV system and the battery storage systems are quan-

tified by means of life cycle assessment (LCA). The main components

and processes contributing to the environmental impacts are identi-

fied. The results are then used to calculate the average environmen-

tal impacts of the electricity supplied to the cloakroom and club

building depending on the presence of a battery storage system

and the battery type.
2 | METHODOLOGY AND SCOPE

2.1 | PV system

The functional unit of the LCA of the manufacture and disposal of the

PV system is 1 kWp maximum power output. The LCA of the PV sys-

tem comprises the manufacture of the PV modules, the slanted‐roof

construction, the electric installation, and the inverter. The planned

PV system is integrated in the roof of the cloakroom and club building.

Since the LCA of the PV system is done as part of a building LCA (not

shown in this paper), an allocation of the environmental impacts of the

PV system to the functions of electricity generation and weather pro-

tection is not needed; 100% of the environmental impacts of the PV

system are attributed to electricity in the assessments presented in

this paper.
2.2 | Battery storage systems

The functional unit of the LCA of the manufacture and disposal of the

battery systems is 1 kWh storage capacity. In the LCA of battery stor-

age systems, the manufacture or repurposing (in case of second‐life

batteries) of Li‐ion batteries including the production of the battery

management system, the cooling system, the battery cells, and the

packaging is taken into account. The manufacture of electronics for

battery control, the wiring, and the system housing are also included.

2.3 | Electricity consumption

The electricity consumed by the cloakroom and club building is

assessed using the functional unit of 1 year of electricity consumption.

The annual electricity demand may be covered from the grid, the PV

system, and the battery system. According to the technical bulletin

SIA 2040 of the Swiss Society of Architects and Engineers that sets

the rules for building LCAs, the environmental impacts of PV electricity

supplied to the grid are subtracted from the impacts of the construction

of the PV system using the same environmental intensity.11 This means

that the environmental impacts of the PV system are only accounted

for to the degree the PV electricity is self‐consumed. The environmen-

tal impacts of the battery storage system are fully allocated to the

building based on the assumption that the battery is used only by the

building itself and does not provide any services to the grid. The analy-

sis in this paper is limited to the electricity consumption of the cloak-

room and club building and does not include other parts of building

LCAs such as construction, heating energy, and induced mobility.

2.4 | Background data and indicators

The life cycle inventories (LCIs) of the PV system and the battery sys-

tems are linked to KBOB life cycle inventory data DQRv2:2016,12

which is an extensively updated version of ecoinvent data v2.2.13

The life cycle impact assessment results are shown using the indicator

greenhouse gas emissions.14 The indicators cumulative energy

demand15 and total environmental impacts according to the Swiss

ecological scarcity method 201316 were also analysed but are not

shown here. In general, the results are similar for the three indicators

analysed.17 The analyses were carried out using SimaPro v8.4.0.18
3 | LIFE CYCLE INVENTORIES

3.1 | PV system

The planned PV system of the cloakroom and club building is inte-

grated in the roof and has a maximum power output of 60 kWp. It

consists of 230 multi‐crystalline silicon (multi‐Si) framed PV modules

with a maximum power output of 161 Wp/m2.10 In accordance with

the draft Product Environmental Footprint Category Rules for PV

Electricity19 it is assumed that 1% of the modules supplied is rejected

and that 2% of the PV modules are defective during the time of oper-

ation. The replacement of these modules is accounted for. Generic

LCIs are used to model the inverter, the electric installation, and the
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integrated slanted‐roof construction.20 It is assumed that the life time

of the PV system is 25 years and that the inverter is replaced once

within this time. The annual yield of the PV modules at the location

of the cloakroom and club building is 950 kWh/kWp, including

degradation.10
3.2 | Battery storage systems

3.2.1 | Current Li‐ion batteries

The LCIs of battery storage systems are compiled based on informa-

tion reported in literature and obtained in expert interviews. Li‐ion

batteries are characterised by a high energy density, a high efficiency,

and a long life time9 and are frequently used for mobile and stationary

applications. There is a variety of Li‐ion batteries with the chemical

composition of the cathode as the main difference. Changes in the

cathode composition are used to influence important features such

as the energy and power density, the life time, the operational safety,

and the costs.21,22 Li‐ion batteries for stationary applications often

have a lithium iron‐phosphate (FePO4) cathode, which ensures a long

life time and high operational safety.23

Very detailed and transparent LCI data of battery production were

reported in Ellingsen et al,24 which are based on primary data from a

Norwegian manufacturer of Li‐ion batteries with a lithium nickel‐

cobalt‐manganese oxide (NCM) cathode. Due to their high energy

density, these batteries are frequently used in electric vehicles. The

LCIs based on Ellingsen et al24 and published in Stolz et al25 are used

for the storage system with current Li‐ion batteries since primary data

on the production of LiFePO4 batteries were not available. A previous

study also revealed that the contribution of the cathode to the total

environmental impacts of Li‐ion batteries is small.26

The analysed LiNCM battery weighs 253 kg and has a storage

capacity of 26.6 kWh, which yields an energy density of

105 Wh/kg.24 The battery cells contribute 60% to the total battery

weight and are composed of a Li(Ni0.33Co0.33Mn0.33)O2 cathode and

an anode based on graphite. The separator is made of a porous poly-

olefin film, and lithium‐hexafluorophosphate is used for the electro-

lyte. Battery cell production is very energy‐intensive with an

electricity demand of 22.7 kWh/kg. This electricity is supplied by an

Eastern Asian mix since battery cells are mainly produced in that

region.24,25 Besides the battery cells, the LiNCM battery also requires

a battery management system, a battery cooling system, and packag-

ing.24 For Li‐ion batteries used in stationary storage systems, the bat-

teries are packed in a housing made of steel, connected to each other

with cables and equipped with a control unit.26

The storage capacity of Li‐ion batteries continually decreases with

use and ageing. The life time of Li‐ion batteries is uncertain, which is

partly due to its dependence on temperature and the depth of dis-

charge. For current batteries, the life time is assumed to be 15 years

or 5′000 charging cycles.9,22,27

3.2.2 | Future Li‐ion batteries

The LCI of the future battery system is based on the LCI of current

battery systems24,25 and modified in relevant aspects. Future Li‐ion
batteries are projected to reach an energy density, which is approxi-

mately twice as high compared with today's batteries.9,21,22,28 This

increase is taken into account by assuming an energy density of future

Li‐ion batteries of 210 Wh/kg. There is also intensive research on new

materials to be used in electrodes and electrolytes.29 For instance, the

graphite‐based anodes are expected to be increasingly blended with

silicon in order to enhance the capacity, and some of the cobalt and

manganese contained in the cathode is expected to be replaced by

nickel (shift from Ni0.33Co0.33Mn0.33 to Ni0.6Co0.2Mn0.2 or

Ni0.8Co0.1Mn0.1).
22,30 However, LCIs for the future development of

these components are not available, and a preliminary analysis of cur-

rent batteries revealed a minor contribution of the anode, the cathode,

and the electrolyte to the environmental impacts. These potential

changes in materials are therefore neglected in the LCA of future Li‐

ion battery storage systems.

Instead, it is assumed that battery manufacturers will focus on the

most important materials and processes in order to reduce the envi-

ronmental impacts of future Li‐ion batteries. The electricity demand

of battery cell production and the copper used in the anode were

found to be particularly relevant for the environmental footprint of

the battery. Production optimisations in these areas are taken into

account in the LCIs of future Li‐ion batteries manufactured by envi-

ronmentally conscious companies. A reduction in the electricity

demand of future battery cell production to 15.0 kWh/kg was

reported to be achievable in the medium term.28 It is assumed that this

electricity demand will be covered by large‐scale open ground PV sys-

tems with multi‐Si modules. The improvement of the module conver-

sion efficiency is approximated by a PV installation located in Spain,

where the annual yield is about 20% higher compared with the loca-

tion of important Asian battery producers.31 For the production of

anodes used in future Li‐ion batteries, it is assumed that only second-

ary copper is used, which causes significantly lower environmental

impacts compared with the production mix of primary copper. The

housing, cabling, and electronics required for stationary storage sys-

tems with future Li‐ion batteries decrease as the energy intensity of

the batteries increases. The demand of these components is therefore

reduced by a factor of two.

The life time of future Li‐ion batteries is projected at approxi-

mately 10′000 charging cycles or up to 25 years.9,27,32 In the present

study, a life time of 20 years is assumed for storage systems with

future Li‐ion batteries.

3.2.3 | Second‐life Li‐ion batteries

Stationary storage systems with repurposed Li‐ion batteries are an

alternative to the recycling of the materials in used traction batteries.

Electric vehicles usually have stronger requirements regarding the

energy density, so batteries are changed when they reach about

70% to 80% of the initial capacity. Some of these batteries may be

suited for a second use in stationary storage systems. However, there

are several logistic, technical, and economic challenges of sorting and

repurposing used batteries.33-35 An ongoing pilot project tried to over-

come these difficulties by only using batteries that were previously

used in electric scooters of the Swiss Post.36 Primary data from this

project are used to compile an LCI of second‐life Li‐ion batteries.
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The effort of sorting the used batteries from electric scooters is

negligible since only one type of batteries is collected. Each battery

is equipped with a newly developed electronic print, which allows

the individual management of each battery cell. The possibility to

bypass cells that are defective or have a low storage capacity substan-

tially facilitates the testing of the used batteries.36 After their first use

in electric scooters, the batteries retain an economic value. The pro-

duction efforts of Li‐ion batteries therefore need to be allocated to

the two use phases, which is done according to their economic value

based on current prices. According to this allocation key, the second

use of the Li‐ion batteries in stationary storage systems bears one sev-

enth of the environmental impacts of the initial battery production.

The price paid for the used batteries from electric scooters may signif-

icantly change in the future, which would affect the share of environ-

mental impacts of battery production to be allocated to the second

use. The battery production is modelled using the LCIs of current Li‐

ion batteries.24,25

The energy density of the second‐life battery system is 84 Wh/kg

(approximately 80% of the capacity of new batteries33-35). Perfor-

mance tests of the second‐life Li‐ion batteries developed in the pilot

project36 are being carried out, but results were not available to the

time this study was carried out. It is assumed that the stationary stor-

age system with second‐life Li‐ion batteries is operated for 10 years.
3.3 | Electricity consumption of the cloakroom and
club building

Different options are considered in the LCA of the yearly electricity

consumption of the cloakroom and club building: (1) grid supply only

(no PV system and no battery storage); (2) 60 kWp PV system without

battery storage; and (3) 60 kWp PV system and 100 kWh battery stor-

age. The last option is further divided into three alternatives: (3a) cur-

rent Li‐ion battery; (3b) future Li‐ion battery; and (3c) second‐life Li‐

ion battery. The projected electricity demand of the planned cloak-

room and club building is 106 MWh/a. The consumption profile

exhibits a distinctive evening peak, which is mainly caused by the elec-

tricity demand of the floodlights used for the surrounding soccer fields

(see Figure 1).

The annual electricity demand of the planned building is covered

from the grid, the PV system (options 2 and 3), and the battery system
FIGURE 1 Forecast electricity consumption profile during a typical
day of the cloakroom and club building that is currently planned by the
City of Zurich [Colour figure can be viewed at wileyonlinelibrary.com]
(option 3). The self‐consumption share of PV electricity in option 2 is

estimated at 31%, and the self‐sufficiency share is 18%. The self‐

consumption share and the self‐sufficiency share increase to 62%

and 35%, respectively, if the 60 kWp PV system is complemented by

a 100 kWh battery storage (option 3). Hence, even with a battery stor-

age system, almost two thirds of the yearly electricity demand are cov-

ered by the grid. The grid electricity is modelled using two different

mixes, namely the Swiss supply mix and the renewable electricity

mix of the Zurich City Administration.
4 | RESULTS AND DISCUSSION

4.1 | PV system

The greenhouse gas emissions of the PV system planned for the cloak-

room and club building are shown in Figure 2 and compared with a

similar roof‐integrated PV system with multi‐Si modules based on a

generic LCI of KBOB life cycle inventory data DQRv2:2016.12 The

results are normalised to the functional unit of 1 kWp maximum

power output. The difference in the greenhouse gas emissions of the

two PV systems is very small, which is mainly due to the use of generic

LCI data and default assumptions for the PV system of the planned

cloakroom and club building. The multi‐Si PV modules foreseen for

this building have a higher conversion efficiency (16.1%) compared

with the assumed efficiency in the LCI of multi‐Si PV modules in

KBOB life cycle inventory data DQRv2:2016 (14.7%).12,37 However,

the lower environmental impacts due to the higher module conversion

efficiency are largely compensated by the aluminium frame that is

foreseen for the modules of the cloakroom and club building but not

included in the generic LCI.

The supply of the PV modules contributes approximately 79% to

the total greenhouse gas emissions of the planned PV system of the

cloakroom and club building. The shares of the roof‐integrated sub-

structure, the inverter, and the electric installation are 9%, 8%, and

3%, respectively. The greenhouse gas emissions caused by the trans-

port of the PV modules and the BOS component and by the construc-

tion of the PV system are negligible.
FIGURE 2 Greenhouse gas emissions in kg CO2‐eq/kWp of the roof‐
integrated PV system with multi‐crystalline silicon modules for the
planned cloakroom and club building. The greenhouse gas emissions of
a similar PV system using a generic dataset from the KBOB life cycle
inventory data DQRv2:2016 are shown for comparison. The
contributions of the most important components are shown separately
[Colour figure can be viewed at wileyonlinelibrary.com]
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4.2 | Battery storage systems

The greenhouse gas emissions of battery systems with current, future,

and second‐life Li‐ion batteries per kWh storage capacity are depicted in

Figure 3. The contributions of themost relevantmaterials and processes

are shown separately. The greenhouse gas emissions of the storage

system with current LiNCM batteries (185 kgCO2‐eq/kWh) are signifi-

cantly higher than the greenhouse gas emissions of storage systems

with future and second‐life LiNCM batteries (49.4 kgCO2‐eq/kWh

and 80.6 kgCO2‐eq/kWh, respectively).

The manufacture of the Li‐ion batteries contributes 79% to the

greenhouse gas emissions of current battery storage systems. The

electricity demand of Li‐ion battery cell production (48%) is by far

the most relevant process for the greenhouse gas emission of current

battery systems, followed by the cathode (9%) and the anode (5%).

The remaining processes and components of current Li‐ion battery

manufacturing include for instance the battery cooling system, the

packaging, and the electricity demand of battery assembly. The hous-

ing, electronics, and cabling used for the stationary storage system and

the transport of the battery system to the place of installation contrib-

ute 21% to the total greenhouse gas emissions of battery systems

with current LiNCM batteries.

A review of previous LCA studies of current Li‐ion traction batte-

ries was recently published in Ellingsen et al.38 It was found that the

greenhouse gas emissions of battery production greatly vary between

the analysed studies and that the most important sources of difference

are the energy demand of cell manufacture and pack assembly as well as

the input of cell materials and other battery components. The electrode

materials (eg, lithium nickel‐cobalt‐manganese oxide [NCM] cathode or

lithium iron phosphate [FePO4] cathode) have a lower influence on the

greenhouse gas emissions of battery production.38 The greenhouse gas

emissions of the storage systemwith current LiNCMbatteries modelled

in this study amount to 185 kgCO2‐eq/kWh and are therefore about in

the middle of the range of previous publications, which spans from 38

to 356 kgCO2‐eq/kWh.38 Only one study was found that quantified

the environmental impacts of a stationary battery storage system used

in a hybrid power plant consisting of a wind park, a PV system, and sev-

eral diesel generators.39 The greenhouse gas emissions of the produc-

tion of the analysed battery with a lithium nickel cobalt oxide cathode
FIGURE 3 Greenhouse gas emissions in kg CO2‐eq/kWh of storage
systems with current, future, and second‐life lithium‐ion batteries with
a nickel‐cobalt‐manganese (NCM) cathode. The contributions of the
most important components and processes are shown separately
[Colour figure can be viewed at wileyonlinelibrary.com]
and a lithium titanate anode amount to approximately 290 kgCO2‐eq/

kWh and are therefore significantly higher compared with the present

study. The different LCI of battery production results in higher contri-

butions of the cathode, the anode, and other components. In contrast,

the greenhouse gas emissions caused by the electricity demand of cell

production are of minor importance.39

Future Li‐ion batteries are assumed to have an energy density,

which is twice as high compared with current Li‐ion batteries. In addi-

tion, process optimisations in the electricity demand of battery cell pro-

duction, the electricity mix, and in the supply of copper for the anode

are taken into account. The magnitude of the change in greenhouse

gas emissions due to the higher energy density and the process optimi-

sations is similar. The share of future LiNCM battery production in the

total greenhouse gas emissions amounts to 60%, whereby the cathode

(17%), the anode (9%), and the remaining battery components including

assembly (20%) are particularly relevant. The electricity demand of

future battery cell production contributes 3% to the total greenhouse

gas emissions of the battery storage system analysed. The housing,

electronics, cabling, and transport cause about 40% of the greenhouse

gas emissions of storage systems with future LiNCM batteries.

In a previous study, the greenhouse gas emissions caused by future

LiNCM battery production were estimated at 60 kgCO2‐eq/kWh.28

The LCI of future LiNCM battery production presented in Section 3.2.2

is partly based on Cox and Bauer,28 in particular regarding the

improvement in energy density and the electricity consumption of

future cell production. The difference in greenhouse gas emissions

between this and the previous study is mainly due to our assumption

that the electricity used in the production of future battery cells is

generated by large‐scale PV systems rather than being supplied by

the Eastern Asian electricity mix.

The greenhouse gas emissions of the storage system with

repurposed Li‐ion batteries are approximately 56% lower than the emis-

sions of the current battery system. The main reason for this difference

is that the reused batteries in a stationary storage system bear only one

seventh of the environmental impacts of battery manufacturing based

on the economic allocation using current prices. The share of battery

manufacturing in the total greenhouse gas emissions of storage systems

with second‐life Li‐ion batteries is 32%. The printed wiring board and

the energy required for repurposing of used batteries contribute 19%

to the greenhouse gas emissions. The remaining 49% of the total green-

house gas emissions of storage systems with repurposed LiNCM batte-

ries are caused by the housing, electronics, cabling, and transport.
4.3 | Electricity consumption of the cloakroom and
club building

The greenhouse gas emissions of the different options to cover the

yearly electricity demand of the planned cloakroom and club building

are shown in Figures 4 and 5. It becomes evident that the results

strongly depend on the grid electricity mix used to model the share

of electricity demand not supplied by the PV system and the battery

storage system.

With the Swiss electricity supply mix, the difference in green-

house gas emissions of the five options to cover the electricity

http://wileyonlinelibrary.com


FIGURE 4 Greenhouse gas emissions in t CO2‐eq/a of the electricity
consumed by the planned cloakroom and club building for the options
without PV system and without battery system, with a 60 kWp PV
system only (self‐consumption share: 31%, self‐sufficiency share: 18%)

and with a 60 kWp PV system and 100 kWh storage systems using
different types of lithium‐ion batteries (self‐consumption share: 62%,
self‐sufficiency share: 35%). The electricity supplied from the grid is
modelled with the Swiss supply mix. The total electricity consumption
is projected at 106 MWh/a [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 5 Greenhouse gas emissions in t CO2‐eq/a of the electricity
consumed by the planned cloakroom and club building for the options
without PV system and without battery system, with a 60 kWp PV
system only (self‐consumption share: 31%, self‐sufficiency share: 18%)
and with a 60 kWp PV system and 100 kWh storage systems using
different types of lithium‐ion batteries (self‐consumption share: 62%,
self‐sufficiency share: 35%). The electricity supplied from the grid is
modelled with the renewable electricity mix used by the Zurich City
Administration (ewz Ökopower). The total electricity consumption is
projected at 106 MWh/a [Colour figure can be viewed at
wileyonlinelibrary.com]
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demand of the cloakroom and club building is small (Figure 4). The

greenhouse gas emissions amount to 14.8 tCO2‐eq/a if the electricity

demand is completely covered by the average Swiss supply mix. These

emissions are reduced by about 10% to 13.4 tCO2‐eq/a if a 60 kWp

PV system is installed on the planned cloakroom and club building.

In this case, 31% of the electricity generated by the PV system

are self‐consumed by the cloakroom and club building. The

electricity demand in this option is covered by 18% PV electricity

(self‐sufficiency share) and 82% grid electricity. The reduction in

greenhouse gas emissions occurs because the emission intensity of

electricity generated by the planned PV system is lower compared with

the Swiss electricity supply mix.

The complementation of the 60 kWp PV system by a 100 kWh

battery storage system leads to a significant increase of the

self‐consumption share (62%) and the self‐sufficiency share (35%).
However, the greenhouse gas emissions of electricity consumption

are similar to those of the “PV only” option. The greenhouse gas

emissions of battery production outweigh the difference in emission

intensity of PV electricity and the Swiss supply mix. If future increases

in energy density and production optimisations are taken into account

for the storage system, the greenhouse gas emissions of the electricity

consumption of the cloakroom and club building decrease to

12.3 tCO2‐eq/a (minus 8% compared with the option with a PV sys-

tem and a storage system with current Li‐ion batteries). A further

reduction may be achieved by future improvements in the PV module

conversion efficiency and the PV module production processes. These

developments were not considered in the present study. The green-

house gas emissions of the option with a PV system and a storage sys-

temwith second‐life Li‐ion batteries amount to 12.8 tCO2‐eq/a and are

in between the emissions of the options with current and with future

battery systems.

The Zurich City Administration uses a renewable electricity mix,

which is mainly generated in hydropower plants and contains shares

of wind power and PV electricity. If the grid electricity used by the

planned cloakroom and club building is supplied by this renewable

electricity mix, the absolute greenhouse gas emissions of all options

considered are substantially lower (see Figure 5). In this case, the full

coverage of the electricity demand by grid electricity is environmen-

tally favourable with greenhouse gas emissions of 1.2 tCO2‐eq/a.

Due to the high share of hydropower, the renewable electricity mix

used by the Zurich City Administration causes fewer greenhouse gas

emissions per kWh than PV electricity. Hence, the installation of a

PV system results in an increase of greenhouse gas emissions of elec-

tricity consumption to 2.2 tCO2‐eq/a. A storage system with current

Li‐ion batteries further doubles these emissions (4.4 tCO2‐eq/a)

because of the greenhouse gas emissions caused by battery produc-

tion on the one hand and the higher self‐sufficiency share on the other

hand. The greenhouse gas emissions of the electricity consumption of

the planned cloakroom and club building for the options with a PV

system and a storage system with future or second‐life Li‐ion batteries

are 3.4 and 4.0 tCO2‐eq/a, respectively.
5 | CONCLUSION

The cloakroom and club building that is currently planned by the

Office for Building Engineering of the City of Zurich was used as a

showcase to analyse the environmental footprint of PV‐battery sys-

tems. The forecast electricity consumption profile of the building is

characterised by a distinctive evening peak, which is caused by the

floodlights of the surrounding soccer fields. In this case, the comple-

mentation of the planned 60 kWp PV system with a 100 kWh battery

storage system leads to a significant increase of the self‐consumption

share of PV electricity from 31% to 62%. However, even with a PV

system and a battery storage, approximately two thirds of the electric-

ity consumption are covered with grid electricity. The complementary

grid electricity mix strongly influences the environmental impacts of

the electricity used by the cloakroom and club building. The installa-

tion of a PV system and a battery storage system leads to a 10% to

17% reduction in greenhouse gas emissions compared with the full

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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coverage of the electricity demand by the average Swiss supply mix.

The addition of a storage system with current Li‐ion batteries does

not yield any further reduction compared with the “PV only” option

if the complementary electricity supply is covered with the Swiss sup-

ply mix. With the renewable electricity mix of the Zurich City Admin-

istration, the installation of a PV system and a battery leads to higher

environmental impacts of electricity consumed, irrespective of the

type of battery used. However, a future increase in energy density,

production optimisations and second‐life batteries bear a significant

potential to reduce the environmental impacts.

The LCIs of the PV system, the storage system with current Li‐ion

batteries, and the grid electricity mixes are based on reliable and trans-

parent information sources. The data quality of these LCIs is consid-

ered as fair. The LCIs of storage systems with future and second‐life

Li‐ion batteries required assumptions on key parameters such as the

energy density and the life time. The environmental impacts are very

sensitive to changes in these key parameters, which renders the

results of the storage systems with future and second‐life batteries

more uncertain. The LCA of the yearly electricity consumption of the

cloakroom and club building is based on a forecast consumption pro-

file and the corresponding self‐consumption share and self‐sufficiency

share. These parameters also have a high influence on the environ-

mental impacts. These uncertainties need to be taken into consider-

ation when interpreting the results, but they are not expected to

change the overall conclusions drawn in this paper.
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