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Environmental Assessment of Battery Systems:
Critical Issues for Established and Emerging Technologies

Carl Johan Rydh
Department of Technology, University of Kalmar
Environmental Systems Analysis, Chalmers University of Technology

Abstract

Energy and material flows associated with portable and industrial rechargeable batteries
have been quantified in a life-cycle perspective, as guidance for development of battery
systems. The study included portable batteries based on nickel-cadmium, nickel-metal
hydride and lithium-ion. Energy return factors and overall energy efficiencies were
calculated for a stand-alone photovoltaic (PV)-battery system under different operating
conditions. FEight different battery technologies for stationary energy storage were
evaluated: lithium-ion (Ni), sodium-sulphur, nickel-cadmium, nickel-metal hydride, lead-
acid, polysulphide-bromide, vanadium redox and zinc-bromine.

In applications where batteries are difficult to collect at the end of their life, dissipative
losses of toxic metals from incineration and landfills are of main concern. Indicators of
global metal flows were used to assess the potential environmental impact of metals used in
portable batteries. Lithium-ion and nickel-metal hydride batteries have lower impact based
on indicators of anthropogenic and natural metal flows than nickel-cadmium batteries.

Energy requirements during production and usage are important for battery systems where
the metal losses throughout the battery life cycle are low. For a PV-battery system with a
battery capacity three times higher than the daily energy output, the energy return factor is
0.64-12, depending on the battery technology and operating conditions. With a service life
of 30 years, the energy payback time is 1.6-3.0 years for the PV-array and 0.55-43 years for
the battery, which highlights the energy related significance of batteries and the large
variation between different technologies. Some of the emerging technologies studied, e.g.
lithium-ion and sodium-sulphur, show favourable performance for use in PV-battery
systems, resulting in higher energy return factors and higher overall battery efficiencies
than for established battery technologies.

The environmental impact can be reduced by matching operating conditions and battery
characteristics in a life-cycle perspective. To decrease the environmental impact of battery
systems, the development of battery technologies should aim at the recycling of materials,
increased service lives and higher energy densities. To decrease the environmental impact
arising from the use of metals in battery systems, metals with high natural occurrence
should be used and regulations implemented to decrease the need for virgin metals. To
increase the overall energy efficiencies of battery systems, the development of battery
technologies should aim at higher charge-discharge efficiencies and more efficient
production and transport of batteries.

Keywords: rechargeable, battery, energy efficiency, environmental indicators, energy
analysis, life cycle assessment, substance flow analysis, photovoltaic cells, renewable
energy, materials management, metal recycling
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Miljobedomning av batterisystem:
Kritiska aspekter for etablerade och framvéixande teknologier

Carl Johan Rydh
Institutionen for teknik, Hogskolan i Kalmar
Miljosystemanalys, Chalmers tekniska hogskola
Sammanfattning

Den snabba tillvixten av birbar elektronik, behov av siker stromforsorjning och lagring av
fornybar energi har lett till att anvidndningen av batterier okar. For att undvika att
utvecklingen av etablerade och framvéxande batteriteknologier begransas kriavs att deras
kritiska miljoaspekter identifieras och kontrolleras.

For att ge végledning i utveckling av batterisystem har energi- och materialfloden for
uppladdningsbara batterier kvantifierats ur ett livscykelperspektiv. Fallstudier har
genomforts pa smabatterier baserade pa nickel-kadmium, nickel-metallhydrid och litium-
jon. Energiaterbetalningsfaktorer och totala energiverkningsgrader for ett solcellsystem
med olika typer av batterier har berdknats for olika driftsforhdllanden. De atta
batteriteknologierna for stationér energilagring som studerats ar: litium-jon (Ni), natrium-
svavel, nickel-kadmium, nickel-metallhydrid, bly-svavelsyra samt redox flow batterier
baserade pa polysulfid-bromid, vanadin-vanadin och zink-brom.

I applikationer dér batterier dr svara att samla in efter att de nétt sin anvindbara livslangd
uppstér storsta miljopaverkan genom spridning av giftiga metaller fran avfallsforbranning
och deponering. Indikatorer for globala metallfloden anvdndes for att bedoma den
potentiella miljopaverkan for olika marknadsvolymer av olika teknologier av sméabatterier.
Baserat pa indikatorer for antropogena och naturliga metallfldden bedémdes framvixande
teknologier som litium-jon och nickel-metallhydrid batterier ha ldgre miljopaverkan &n
nickel-kadmium batterier.

Energianviandning vid batteritillverkning och under drift ar framforallt viktig for
batterisystem ddar metallutsldppen under batteriets livscykel ar sma. For ett solcell-
batterisystem med en batterikapacitet tre ganger hogre d4n den utmatade energin berdknades
energidterbetalningsfaktorn till 0.64-12 for olika batteriteknologier och driftforhallanden.
Med en livsldngd av 30 ér dr energidterbetalningstiden 1.6-3.0 ar for solcellerna och 0.55-
43 ar for batteriet vilket visar den stora betydelsen av batterier ur energiperspektiv och den
stora variationen mellan olika teknologier och driftsférhallanden. Flera av de framvéxande
batteriteknologierna, exempelvis litium-jon och natrium-svavel, har fordelaktiga
egenskaper for anvdndning i solcell-batterisystem, som ger kortare energidterbetalningstid
och hogre total verkningsgrad &n etablerade batteriteknologier.

Miljopaverkan av batterier kan reduceras genom att vilja batteriteknologier med tanke pé
anvindningsomrade och driftsforhallanden ur ett livscykelperspektiv. For att minska
miljopaverkan av batterisystem bor utvecklingen av olika batteriteknologier sikta pa hoga
atervinningsnivaer av material, lang batterilivsldngd och hog energidensitet. For att minska
miljopaverkan frén metallfloden som uppstar genom anvindning av batterier bor metaller
med hog naturlig férekomst anvéndas och regleringar inféras for att minska behovet av att
bryta jungfruliga metaller. Energibehovet for batterisystem reduceras effektivast genom
okad energiverkningsgrad vid laddning och urladdning av batterier foljt av effektivare
produktion och transport av batterier.

Nyckelord: uppladdningsbara batterier, metallatervinning, energiverkningsgrad, miljdindikatorer,
materialflodesanalys, energianalys, livscykelanalys, fornybar energi
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Preface

“...with every advance
the difficulty of the task is increased”

Planck’s principle of increasing effort

By putting things in perspective and relating them to each other, their relative importance
can be understood. For example, in the year 0 the global population was estimated to be
0.30 billion. The world population reached 1 billion in 1804, 2 billion in 1927 and 6 billion
in 1999 (UN 1999). The major underlying reason for this extraordinary increase of the
human population is the utilisation of energy in fossil fuels, i.e. coal, oil and natural gas,
which have been created during millions of years. During the past century, the global
primary energy supply increased from 30-10'® J/year to 403 -10" J/year (Griibler 1998). In
1997, fossil fuels provided 86% of the global primary energy supply (WRI 2000).
Extraction of minerals from the earth’s crust has provided us with materials that have
enabled technological development that was hard to imagine many years ago. Human
developments have become so far-reaching that they influence material and energy flows
on a global scale, which will eventually lead to irreparable disturbances in the functioning
of the ecosystems, which support human life. Since physical flows of materials and energy
are essential for any organism (or product system), knowledge and management of these
flows are fundamental for survival. During the past century, material flows in the
technosphere have become more complex than ever, making it difficult to understand how
they are connected.

Before man took the step into the agricultural society, only a few different professions and
skills were needed in hunter-gatherer socicties to make a living. The development of
specialised agricultural methods created surplus resources and it was no longer necessary
for the whole community to be involved in providing food. Specialised professions evolved
in different fields, for example agricultural technology, administration and military defence.
The industrial society relies on an innumerable number of highly specialised professions
(e.g. battery experts!). Specialisation of human resources has led to a more complex and
effective society. However, at a certain level of complexity', Tainter (1995) proposes that
increased specialisation will require more input resources than the benefits created.
Increased administration and complexity of society may result in inefficient use of
resources and will eventually result in collapse to a lower level of energy use. Tainter
(1995) also suggests that increasing complexity was the underlying reason for the collapse
of earlier advanced civilisations, for example, the Roman Empire and the Lowland Classic
Maya.

! Complexity refers to things as the size of society, the number and distinctiveness of its parts, the
variety of specialised social roles that it incorporates, the number of distinct social personalities
present and the variety of mechanisms for organising these into a coherent, functioning whole
(Tainter 1995).
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The complex industrial society works since it is subsidised by fossil fuel. Our capital of
fossil fuels can be used to give short term benefits or be invested in long term sustainable
energy systems. The use of fossil fuels may be constrained by unacceptable environmental
effects or resource scarcity. It is therefore important to understand how energy and material
flows can be managed as efficiently as possible.

The choice of batteries for this study can be traced back to my hobby during the 1980s-
1990s, which was competitive racing with radio-controlled model cars. At that time,
rechargeable lithium-ion and nickel-metal hydride batteries had not yet been
commercialised. Many other things have changed rapidly during my short journey in life.
In the beginning of the 1990s it was very popular to travel around in Europe with an Inter-
rail pass. Today, inter-flying around world has become common practice. When I wrote my
Master’s Dissertation in 1997, I read physical journals and books, and references were
“saved” by using photocopying machines. Only a few years later, information has become
more accessible than ever via the Internet, and references are now saved as downloadable
text files.

Human induced changes to the earth are occurring at a faster rate than ever in human
history. It is fascinating to have the opportunity to experience this revolutionary era. At the
same time, it is worrisome since we have no historical references to help us see what can be
expected in the future. During my studies, my perspectives have broadened, and I am
particularly grateful for having had the opportunity to learn how to assess, process and
present information critically.

This thesis provides quantitative data on energy and material flows associated with battery
systems as they can be described today. We do not know much about the future, but this
study provides a starting point or a historical footprint of the situation at the beginning of
21st century. I hope that this work will contribute to improved environmental management
of battery systems and the application of methods for environmental assessment of all types
of product systems.

During the course of this work, I have come into contact with many people who have
influenced and inspired my work. I would like to especially thank the following people:

e Professor Oliver Lindqvist, who made it possible, and encouraged me to start my PhD
studies.

e Professor Ann-Marie Tillman and Adjunct Professor Bengt Steen, for critical comments
on the manuscripts.

e Assistant Professor Bjorn Sandén, the master of making everything as simple as
possible, but not simpler. Writing the paper together with you was one of the most
instructive periods of my PhD studies.

e Mattias “Multifunctional Team” Lindahl for your enthusiasm, generosity and co-
operation with the textbook about life cycle assessment.

e Professor Reine Karlsson, for his interest in my work and for critical comments on the
manuscript.

e Professor William Hogland, who made it possible for me to study in Kalmar.
e Professor Hartmut Kaebernick and Mingbo Sun, for an interesting visit “down under”.

e Magnus “Fuel Cell” Karlstrom, for interesting discussions and references.
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e Johan “Megam” Tingstrom, computer wizard Anders “Al-script” Arpteg, and Thomas
“Dr. Pellet” Svantesson, for making it fun to go to work.

e Janne Philipsson, whose intense networking initialised the co-operation in the final
project.

e Pia Lindahl, for reducing my teaching duties when time became limited.

e All my colleagues at the Department of Technology, University of Kalmar, for help
with administration and for providing a pleasant atmosphere.

e All my colleagues at the research group Environmental Systems Analysis, Chalmers
University of Technology, and the members of the board of Favik.

e All my colleagues at the Department of Environmental Inorganic Chemistry, Chalmers
University of Technology and the Battery group including Ove “Bipolar” Nilsson,
Helge “Impedance” Andersson, Britta “Tudor” Haraldsen and Roger “Electronic”
Sagdahl.

e Carina Rydh and Charlotte Rydh, for their never-ending support and encouragement.
Now we are looking forward to a new OZ experience.

Financial support from the Knowledge Foundation, SAFT AB, the CF Environmental Fund
and Lansforsdkringsbolagens Research Foundation is gratefully acknowledged.

Valuable inspiration for the work on this thesis has been found in a variety of activities in
contrast to paper reading and writing. Restaurant Rice and Wine has given me lots of
energy. Apart from the activity of eating there has been some time left for outdoor and
indoor activities. The time spent kayaking, ice-skating, biking and hiking, especially with
Henrik Engstrom, Kerstin Kahl, Erik Landmark, Ase Moller, Magnus Nicklasson, Mattias
Persson and Olof Pettersson, has charged my batteries and given me the energy to complete
the research. Thanks also to Linus and “the Gang”, for giving me bruises, practise in
fighting and cheap tricks during the compulsory “Tuesday-innebandy”. It gave me the
necessary skills to master my computer.

The last word goes to my five-year-old computer, which is totally exhausted after writing
this thesis and running all new software.

Carl Johan Rydh
Kalmar, December 2003
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Nomenclature

AC
battery efficiency

battery system

calendar life
CERA

CHP

CP

DOD

energy density
(gravimetric)

energy payback time,
t*

energy return factor,

s

environmental aspect

ERA

float service life

GWp

industrial battery
LCA

LCI

LEL ig

air conditioning

Charge-discharge (direct current) energy efficiency of a battery.
See also overall battery efficiency.

The technical system of a rechargeable battery, in some cases also
including a charger, and life-cycle activities for materials
production, battery production, use and end-of-life treatment.

Service life in years of a battery under normal operation.
cumulative energy requirement analysis

combined heat and power

condensing power

depth of discharge

The ratio between the energy capacity and the mass of a battery
(Wh/kg).

The ratio between the primary fossil energy that is required to
produce the PV-battery system and the average annual gross
primary fossil energy use of a diesel generator. The time it takes
to pay back the energy that was used to produce a PV-battery
system, by not using the diesel generator (or another source of
electricity that is replaced).

(1) The ratio between the service life of the PV-battery system
and the energy payback time.

(2) The ratio between the fossil energy replaced and the fossil
energy required to produce the PV-battery system.

Element of an organisation’s activities, products or services that
can interact with the environment.

environmental risk assessment

Service life in years of a battery due to corrosion processes.
Assumed to be equivalent to calendar life for redox flow
batteries.

giga (10°) watt peak

Battery with a mass greater than 1 kg. See also stationary battery.
life cycle assessment

life cycle inventory

lithospheric extraction indicator. The ratio between anthropogenic
and natural metal flows.
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Liion
MFA
MSW
NiCd
NiMH
NaS

overall battery
efficiency, n*p

PbA
portable battery
primary battery

primary material

PSB

PV

SD

secondary battery

secondary material

SFA
SHS

SLI
stationary battery
technosphere

ton

traction battery

UPS

VRB
ZnBr

lithium ion

material flow analysis
municipal solid waste
nickel-cadmium
nickel-metal hydride
sodium-sulphur

The ratio between the electricity output of the battery system and
the total input in equivalent electricity.

lead-acid
Battery with a mass less than 1 kg.
Battery intended not to be recharged.

Material produced from matter extracted for the first time. Virgin
material.

polysulphide-bromide

(solar) photovoltaics

standard deviation

Battery intended to be recharged.

Material produced from raw material that has been used in
processes or products before. Recycled material.

substance flow analysis

Solar Home System. A small stand-alone electricity system based
on a PV array and a rechargeable battery.

Starting, Lighting and Ignition. Starter battery for cars with
internal combustion engine.

Industrial battery used for UPS, load-levelling, power quality or
energy storage.

Material and energy in the human sphere (constructions,
machines, tools, etc.)

metric ton

Battery used for propulsion of an electric vehicle or onboard
power. Commonly used for continuous deep cycling.

uninterruptible power supply. Energy supply with back-up
batteries providing energy in the case of a power failure of the
grid.

vanadium-redox battery

zinc-bromine
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1 Introduction

1.1 Background

The development of portable electronic products® has increased the demand for high-
performance batteries. Figure 1 shows that the market for portable rechargeable batteries
has quadrupled between 1989 and 2000. The demand for batteries with higher energy
density has led to the development and commercialisation of new electrochemical systems,
other than the established lead-acid and nickel-cadmium batteries. The introduction of new
technological standards for wireless communication is likely to contribute to the growth of
battery use in the future.
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Fig. 1. Number of rechargeable portable battery cells produced globally per year from
1989 to 2000 (portable lead-acid batteries not included) (NRI 1999, Paper I). (NiCd =
nickel-cadmium, NiMH = nickel-metal hydride, Li-ion = lithium-ion)

A battery application of growing importance is large-scale and cheap storage of renewable
energy (Butler et al. 1999). The use of photovoltaic (PV) cells in off-grid applications,
which may include batteries, grew 25% per year during the past three years (1999-2002) on
a world basis (Maycock 2003). The annual growth rate of the peak power of photovoltaic
cell production was 35% during the period 1997-2002 (Fig. 2). The cumulated produced
peak power globally was 1 GWp in 2001. About half of the installed capacity is used in
stand-alone applications where many systems are equipped with energy storage to increase
the usefulness of the PV system (Fig. 2).

About 1.6 billion of the world’s 6.1 billion people have no access to any form of electricity
(IEA 2002). To enable widespread access and large-scale diffusion of distributed electricity
including energy storage in batteries, economic, technological and environmental factors
ought to be optimised. To give future generations the benefit of the capital of fossil fuels,
non-renewable resources can be used to create renewable substitutes. If electricity from PV-

% 3C products: camcorders, cellular phones and computers.



battery systems is to contribute to a renewable energy supply, they must give net energy
yield throughout their lifetime.® It should be noted that net energy generation is less
important in energy systems with low energy turnover. For example, solar home systems
(SHSs) can be used improve the standard of living in poor environments by providing a
means of moving energy from industrialised areas to rural areas. *

300

250

Grid connected
200 X

World PV market (MW/year)
@
o

100
50 -
—x/ Consumer products
O E—— i AALLARA T T .
1990 1992 1994 1996 1998 2000 2002
Year

Fig. 2. Annual world photovoltaic production by application (Maycock 2003).

The chemical and physical properties of some metals make them attractive for use as
electrode materials in batteries (Linden and Reddy 2002). For a few metals, batteries are the
major end use. Seventy percent of the cadmium mined world wide each year is used in
NiCd batteries (Papers I & II) and 70% of lead (virgin and recycled lead) is used in lead-
acid batteries (Paper III). Some new types of electrochemical systems use metals, e.g.
cobalt, neodymium, praseodymium and vanadium, whose eco-toxicological characteristics
are not well known. Throughout the product life cycle of batteries, metals may give rise to

? In stand-alone photovoltaic systems, batteries are used to accumulate electricity generated by PV
modules, since the supply of solar energy is irregular. Batteries are not an energy source but a means
of concentrating low-power solar energy into high-power electricity. Energy is indirectly required to
produce batteries. The net energy output for rechargeable batteries, i.e. the energy output minus the
energy required for battery production, depends on the energy turnover in the battery. For stationary
batteries in a PV-battery system, 0.08-1.6 times the energy output may be used for battery production
(Paper V). For portable batteries, the ratio between primary energy requirement for battery production
and electrical energy output is 5-116 times for rechargeable batteries and 39-755 times for non-
rechargeable batteries (Barlinn 1997, Scholl and Baumann 1997). If the ratio is higher than one, more
energy is required to produce the battery than the useful energy output from the battery.

* If one billion households had a SHS with a 100 Wp PV panel and assuming an annual yield of 150
kWh/year, the total electricity generated would be 150 TWh/year. This represents only 1% of the
global electricity generation in 2001 (15 476 TWh/year, (IEA 2003)).

2



elevated background concentrations of metals in the environment and eco-toxicological
effects.

Within the European Community, environmental concern has led to prohibition and
regulation of batteries containing mercury (EC 1998). In the ongoing work of modifying
the battery directive 91/157/EEC (EC 1991), a ban on cadmium in batteries has been
discussed (EC 2003, EC 2003b). The Swedish battery ordinance (SFS 1997) regulates the
market and the levies on batteries depending on their content of heavy metals. The Swedish
Parliament has adopted Government Bill 1997-98:145 (SOU 1997) with the aim of phasing
out the use of mercury, cadmium and lead in the long run, mainly through voluntary
measures.

The long-term competitiveness of a battery system’ in the society is determined by complex
interactions between different factors, e.g. usefulness, cost and risks. Environmental aspects
and management of materials are important parameters requiring consideration in the
strategic development of systems that include batteries (Ainley 1995, Robertsson et al.
1997). To make a battery system sustainable from a long-term perspective, the distance to
constraining limits has to be as great as possible. Material flows of human society have to
be incorporated into (e.g. phosphate) or isolated from (e.g. radioactive material) the natural
turnover of energy and material. Three classes of constraints on industrial metabolism can
be identified (Karlsson and Holmberg 1996): (1) limits on extraction due to limited
resources, (2) limits on emissions due to nature’s limited assimilation capacity and, (3)
limits on the manipulation of nature that are possible without disrupting nature’s
productivity, functions and biodiversity.

These constraints can be applied to structure problems and guide the direction of
development. Battery technologies requiring scarce materials or having low overall energy
efficiency may be constrained by limited availability of concentrated materials and energy
resources in deposits and natural energy flows and funds. The use of batteries with low
energy efficiency or high energy requirements for their production may also be restricted by
measures taken to mitigate climatic change and acidification while the use of battery
systems with high dissipative losses of toxic metals may be restricted by heavy-metal
pollution. Manipulation of nature includes soil erosion and extinction of species, which
may for example be caused by open pit mining.

To avoid undesired effects of the use of a substance or a product, appropriate information
and assessment methods are needed. If too narrow or short-term perspective is considered,
there is a risk of sub-optimisation. Sub-optimisation is experienced when the efficiency of a
unit process is increased, but at the same time, the overall efficiency is decreased. To
improve batteries from an environmental perspective, greater knowledge concerning the
environmental impact of battery systems must be gained. Emerging battery technologies,
which may be implemented on the same scale as established technologies, should be
assessed before possible environmental effects occur. Important factors and constraints
related to battery technologies should be identified and managed from an environmental

3 The term battery system is used to define a technical system consisting of a rechargeable battery, in
some cases also including a charger, and life cycle activities for materials production, battery
production, use and end-of-life treatment.



perspective. Environmental information can be used to set up development goals and to
evaluate steering effects (SOU 1996a).

Based on this background, the following questions ought to be answered in order to
evaluate and manage batteries from an environmental perspective:

e Which methods are appropriate for assessing the environmental aspects of
battery systems?

e Which are the most important environmental aspects of different battery
systems?

e How do different parameters influence the environmental impact and energy
flows of battery systems?

The environmental performance of portable batteries has been assessed in several studies
(Hofstetter and Hiane 1990, Térnblom 1996, Lankey 1998, Staal-Jensen and Petersen 1999)
as well as batteries for traction purposes (Koonts et al. 1993, Acurex 1995, Gaines and
Singh 1995, Kertes 1996, Garcia and Schliiter 1996, Socolow and Thomas 1997a, 1997b,
Lave et al. 1995, 1996, 1997, Patyk and Reinhardt 1998, Steele and Allen 1998, Almemark
et al. 1999, Karlsson 1999). The main objectives of these studies were to characterise
environmental performance and compare different battery types in one type of application.

Only one study has been found dealing with environmental aspects of batteries in industrial
applications and renewable energy systems. Alsema (2000) concluded that the production
of the batteries used in SHSs contributed significantly to the gross energy requirement of
the solar home system.

Despite the large number of studies, none has summarised critical issues regarding the
assessment of the environmental impact of battery systems in different applications. By
identifying parameters that are relevant in describing the environmental performance of
battery systems, it will be easier to conduct further assessments and comparisons of
batteries. To facilitate the communication of environmental information on batteries to
stakeholders throughout the battery life cycle, there is a need to summarise the
environmental aspects of batteries. Identification of important parameters can be used to
direct research and product improvements. By developing computer models, the effects of
changes in performance can be easily updated and evaluated. A comparison of different
battery technologies can be used as a guide to battery choice for specific conditions.

From the variety of methods available for environmental systems analysis (Wrisberg et al.
2000), appropriate methods have to be chosen to assess the environmental performance of
batteries. The choice of method for analysis at different spatial and temporal levels has been
discussed by Bouman et al. (2000). However, there seem to be no practical experience of
applying and comparing different methods to the analysis of batteries.



1.2 Goal and scope
The objectives of this work were:

e to identify and quantify environmental aspects of established and emerging battery
systems, and

e to assess how different parameters influence the environmental impact of and energy
flows resulting from battery systems.

Based on experience of analysis, methods for environmental assessment of battery systems
will be discussed. Energy and material flows are assessed using substance flow analysis,
energy analysis and life cycle assessment. Safety, health and working environment aspects
are not considered. Environmental consequences due to power failures of battery systems in
applications are not included.

Case studies were performed for portable and industrial rechargeable® batteries. The studies
on portable batteries (Papers I & II) include the following technologies: nickel-cadmium
(NiCd), nickel-metal hydride (NiMH) (ABs, AB,,’) and lithium-based batteries (Li-ion: Co,
Ni, Mn; Li-polymer: V). Eight different battery technologies for stationary energy storage
were analysed regarding use in stand-alone photovoltaic systems: lithium-ion: Ni (Li-ion),
sodium-sulphur (NaS), nickel-cadmium (NiCd), nickel-metal hydride ABs (NiMH), lead-
acid (PbA) and three types of redox flow batteries (regenerative fuel cells): polysulphide-
bromide (PSB), vanadium-redox battery (VRB) and zinc-bromine (ZnBr) (Papers III & V).

Depending on the particular battery application, different battery technologies may not be
practically interchangeable with each other due to financial aspects and/or differences in
technical performance characteristics (e.g. robustness, temperature range, etc.). However, in
Papers II and V different technologies were assumed to be interchangeable in order to
enable comparisons. In Paper II, metal flows arising from portable batteries are presented
for the battery market 1999 (Case 1). In Case 2, it is assumed that different battery
technologies replace the market share of NiCd batteries, and Case 3 represent a projected
battery market for 2009.

In Paper I, the functional unit is defined as “a battery with an energy storage capacity of 1.0
Wh of electrical energy”. The functional unit in Papers III and V is defined as “an
electricity storage system with a power rating of 50 kW, a storage capacity of 450 kWh and
an output of 150 kWh electricity per day”.

A method of obtaining estimates of life cycle assessment data on materials in mechanical
design is proposed and LCI data are presented (Paper IV). The life cycle of battery systems

% Although the amount of portable non-rechargeable batteries (zinc-carbon) is three times that of
portable rechargeable batteries in Europe, by weight (BIO 2003), they were excluded since no other
alternative technologies are emerging. Automotive starter (SLI) batteries, in which approx. 50% of
the globally mined lead is used (Paper III), were excluded since no alternatives are currently on the
market.

7 ABs alloy contains mischmetal, which is a mixture of lanthanides (rare earths). In AB, alloys, A
stands for a hydride forming element (e.g. zirconium or titanium) and B other metals, such as Ni, Co,
V, Mn, Al, Cr or Fe.



is analysed from cradle to grave. The geographical scope is global in Paper II and Sweden
in Papers I and III. Life cycle inventory data are representative for 1995-2002 (Papers 111 &
V). The temporal scope is 1998 in Paper I.

1.3 Overview of the appended papers

The appended papers focus on portable and industrial batteries. The methods used in the
papers are given in the left column in Fig. 3. In order to identify and quantify
environmental aspects of portable batteries, a life cycle inventory of portable nickel-
cadmium batteries in Sweden was made (Paper I). Activities with significant impact were
identified by varying the recycling rate of batteries and the different time boundaries for
emissions of landfilled metals.

The use of portable rechargeable battery cells and their effects on global metal flows were
assessed for three cases (Paper II). Based on the lithospheric extraction indicator (LEI),
which is the ratio of anthropogenic to natural metal flows, and the significance of battery
production related to global metal mine production, the potential environmental impact of
metals used in different types of battery was evaluated.

_____________________________ A
Methods : Portable batteries : :— Industrial batteries :
: : : Photovoltaic applications :
| |
Life cycle | ! ! Paper 111 |
assessment | [ Environmental Assessment of Vanadium :
—_— : : : Redox and Lead-acid Batteries for Stationary :
: : : Energy Storage :
Substance : Paper I1 : : :
flow : Impact on Global Metal Flows Arising from the : : :
analysis : Use of Portable Rechargeable Batteries : : :
: N L !
Energy : : : Paper V :
analysis : : : Energy Analysis of Batteries |
| [ in Photovoltaic Systems :
i N !
| e = -
Life : Paper I : Paper IV
cycle 1 Life Cycle Inventory of Recycling 1 Life Cycle Inventory Data for Materials
inventory : Portable Nickel-Cadmium Batteries : Grouped According to Environmental and
> : : Mechanical Properties

Fig. 3. Structure of the research presented in the appended papers. Arrows denote informa-
tion flows. Portable batteries were studied in Papers I & 11, industrial batteries were stud-
ied in Papers IlI & V. Paper IV provided data for the study in Paper V.

The environmental impact of using vanadium redox batteries and lead-acid batteries in PV
applications was evaluated by using LCA (Paper I11). LCI data from Paper III were used in
Paper V where the energy analysis of eight different battery technologies was performed,
from cradle to grave, of a PV-battery system. Energy return factors and overall battery
system efficiencies were calculated for different operating conditions and assumptions. The
energy return factor was calculated by dividing the fossil energy replaced by operating the
PV-battery system with the fossil energy required for the production of the PV-battery
system.

Paper IV describes how life cycle assessment data for materials can be combined to give
groups which are represented by average environmental values. Life cycle inventory data
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for material groups (Paper IV) were then used to estimate energy requirements for the
production of batteries (Paper V).

1.4 Outline of the thesis

The choice of different types of batteries and their applications are briefly described and the
methods used for environmental assessment of battery systems are presented in Chapter 2.
The methods described are substance flow analysis, energy analysis and life cycle
assessment. The history, purpose and use of the results, methodology, and limitations of the
different methods are discussed.

In Chapter 3, quantitative data on material and energy flows are presented for portable and
industrial batteries. The influence of different parameters is analysed.

In Chapter 4, uncertainties in data and methodological choices in environmental assessment
of batteries are considered. The relevance and the implications of the results are discussed.
Recommendations for future research are made. The conclusions of the work are
summarised in Chapter 5.






2 Method

2.1 Selection of type of battery for different applications

Different types of batteries have characteristics that make them more or less suitable in
particular applications. This section provides a short overview of different rechargeable
battery technologies and the requirements on batteries in some applications. Batteries can
be categorised as portable if their mass is below one kg, otherwise they are regarded as
industrial. Automotive lead-acid starter batteries (SLI) and batteries for traction
applications are categorised as industrial batteries but they are outside the scope of this
work.

Different types of portable rechargeable batteries include nickel-cadmium, lead-acid, nickel
metal-hydride, lithium-ion and lithium-polymer batteries. The market for portable batteries
has been dominated by sealed NiCd batteries for many years (Fig. 1). In applications of
portable electronic products (footnote 2, page 1) consumers are willing to pay for batteries
with low weight and high energy storage capacity, which has led to the emergence of
NiMH and Li-ion batteries. Sealed portable NiCd batteries are used particularly in
applications with high discharge rates, temperature extremes and where long cycle life is
required, e.g. in power tools and emergency lighting. The financial cost of portable NiCd
batteries is lower than for NiMH and Li-batteries, which makes them attractive in portable
consumer products. Portable sealed lead-acid batteries are used as back-up power supplies
in electronic products.

In battery applications for load-levelling, power quality, UPS and stand-alone systems, the
European market is dominated by lead-acid batteries (97%) and the rest is made up of NiCd
batteries (BIO 2003). Industrial NiCd batteries have higher investment costs than PbA, and
NiCd batteries are used in niche applications where the batteries are exposed to mechanical
strain, temperature extremes, limited maintenance and in applications with high reliability
requirements e.g. offshore oil rigs, lighthouses and aviation. Several battery technologies
suitable for stationary energy storage are emerging, including high-temperature sodium-
sulphur batteries and redox flow batteries based on redox couples of, e.g. sulphur-bromide,
zinc-bromine and vanadium-vanadium. The PSB, VRB and ZnBr batteries are based on
liquid electrolytes which are pumped into the battery stack. The size of the stack determines
the power rating and the volume of the electrolyte determines the storage capacity. Large
battery systems can be constructed from Li-ion and NiMH cells, but their relatively high
production costs have led to their being seldom employed in applications for storage of
several hundreds of kWh.

The choice of battery technology from an environmental perspective should be assessed for
each specific application. In particular applications only one type of battery technology can
meet the demands. The environmental impact arising from the use of a battery system must
be related to the avoided environmental effects that could be the consequence of a power
failure, e.g. interruption of industrial processes and traffic accidents. However, the use of
electricity from the PV-battery system is outside the scope of this work. The influence of
the performance characteristics of different types of batteries on energy use is analysed in
Paper V. It is assumed that the different technologies can be designed to meet the battery
requirements of a PV-battery system in Paper V.
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2.2 Selection of method

The choice of method for environmental assessment is determined by the information needs
and the resources available (Wrisberg et al 2000). The information needs related to the
actions that will follow, e.g. strategic planning, capital investments, design and
development, communication and marketing, and operational management. The
information needs in this study are dictated by different decision situations depending on
the user, which may range from policy decisions to practical technical changes of a battery
design. Available resources include: data, time, knowledge available to apply the method,
the number of people involved, software and data processing resources. Data availability is
a crucial aspect when assessing emerging technologies for which limited amounts of data
are available.

Substance flow analysis (Paper II), energy analysis (Paper V) and life cycle assessment
(Paper 1, III) were applied in this work to assess the potential environmental impact of
battery systems. The methods were chosen in order to focus on different environmental
aspects and geographical scales of battery applications (Bouman et al. 2000).

Substance flow analysis (SFA) was used in Paper II to assess whether or not a technical
option could solve a problem in principle on a macro level. Energy analysis was applied in
Paper V since battery systems require energy for production and in order to function, and
the use of energy is coupled with resource use and emissions. Life cycle assessment was
used in Papers I and III in order to identify significant environmental aspects of different
battery technologies. Compared with other methods (e.g. material flow analysis and energy
analysis) it includes potential environmental impact connected to both material and energy
flows, and it can be used to determine whether decreased emissions or resource use are
shifted to other environmental problems.

To allocate resources to areas where the greatest benefits can be gained, parameters or
activities with major influence should be identified (the Pareto principle®). In environmental
assessment, several different physical parameters have to be compared. In order to do this,
physical flows can be compared with some kind of reference values. One way of doing this
is to relate to assessments of social or political priorities for various forms of recognised
problems. Reference values can also be related to natural science, e.g. by relating a
substance to biogeochemical cycles, eco-toxicity, reserve-to-use-ratio etc. In LCA,
environmental impact assessment seeks to identify and quantify the most important
resource uses and emissions. Different characterisation and weighting methods can be used
for this purpose. Weighting methods for environmental impact assessment can be based on,
for example monetary values, expert panels, distance to political targets, or critical
environmental load (Bengtsson 2000).

¥ The Pareto principle, also known as the 80-20 rule, or "vital few and trivial many", states that a
small number of causes (20%) is responsible for a large percentage (80%) of the effect (Chen et al.
1994). In 1906, Italian economist Vilfredo Pareto created a mathematical formula to describe the
unequal distribution of wealth in his country, observing that twenty percent of the people owned
eighty percent of the wealth. Pareto has also formulated the economic definition of Pareto efficiency
“Resources are allocated (Pareto) efficiently when no person can be made better off without some
other person being worse off” (Fischer et al. 1988).
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Limited data availability on battery system performance and metal toxicity may force the
use of a simplified method for environmental assessment. In Paper II, substance flow
analysis was chosen for the evaluation of emerging technologies since the use of metals in
batteries is of environmental concern. The ratio between anthropogenic and natural flows
gives an early indication as to whether an activity may cause environmental impact. The
method provides a rapid means of analysis with small data needs. The focus is early in the
cause-effect chain and gives an early warning of the potential impact of a new technology.

Energy use in batteries is not significant in comparison with energy use in other sectors of
society (Paper I). However, the use of energy is related to significant environmental impact
throughout the battery life cycle (Paper III). Depending on the source of energy and
conversion efficiency, emissions and resource use may differ significantly. Since the
generation of net energy is an important purpose of large PV systems, it is important to
consider the effects on energy flows when PV systems are used in combination with
different battery technologies (Paper V).

In the study on recycling portable NiCd batteries (Paper I), a life cycle inventory was made
since the potential environmental impact is strongly related to metal emissions and energy
use. Metal use in batteries causes a significant addition to the overall societal and natural
flows of cadmium and lead (Papers II and III, Rydh 1999a). According to impact
assessment weighting with the ET and EPS methods, the potential environmental impact of
these metals is greater than any other emissions or resource use (Paper III). The use of
primary metal resources is strongly connected to energy use (Papers III & IV). LCA was
applied in Paper IIl to provide a comprehensive overview of different environmental
aspects related to the use of battery systems. In Paper IV, the weighting of material
inventory data was used as one criterion for grouping.

The following sections give an overview of different battery types and applications and a
description of the methods regarding (1) their historical development, (2) their purpose and
how the results can be used, (3) the principles of the method, (4) the specific methods used
for the assessment of batteries and grouping of materials, and (5) limitations of the method.

2.3 Substance flow analysis

2.3.1 History

The principle of substance flow analysis (SFA) is based on the Lavoisier’s law of mass
conservation which was formulated in 1789 (Lavoisier 1789). Early applications of
substance flow analysis can be found in ecology and studies of nutrient budgets (Lotka
1924). Later examples are studies of biogeochemical cycles, the availability of resources
and pollution problems. During the past decade there has been a certain development
towards a general methodology of SFA (van der Voet 2002, ConAccount 2003).

2.3.2 Purpose and use of results

Material flow analysis aims at specifying the pathways of materials in, out and through the
technosphere of a given region and over a given period of time in order to provide relevant
information for overall management strategy. The method can be used to trace the direct
causes and origin of certain emissions and the fates of accumulated stocks. Two main
complementary approaches exist: material flow analysis (MFA) and substance flow
analysis (SFA).
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MFA includes flows of materials (chemical compounds e.g. coal, wood, plastics; and
products e.g. batteries) to direct priorities for policy measures towards increased resource
efficiency. MFA follows a cradle-to-grave approach for all processes connected with the
material flow studied. Material flows may be traced beyond the system boundary in order
to detect unexpected side effects. (Wrisberg et al 2000)

SFA includes the assessment of a single substance, or a group of substances, that is
associated with specific environmental effects. The relationship between industrial
metabolism and environmental effects allows quantitative cause-effect modelling. The
results of SFA may be linked to environmental risk assessment methods. SFA only
considers the flows and accumulation in the technosphere in as far as they are connected to
the substance under study.

2.3.3 Method

Quantitative relationships for substance flows are established based on mass balance
principles. No standardised method has been defined, but the general procedure includes
the following steps (van der Voet 2002): (1) definition of system boundaries (space,
function, time, materials), (2) quantification of stocks and flows, and (3) interpretation.

Different modelling techniques for material flow analysis include (van der Voet 1996)
bookkeeping, and static and dynamic modelling. In bookkeeping, flows and stocks are
registered in order to identify trends and evaluate steering effects. Static modelling is based
on linear equations that are used to describe steady-state relations between stocks and
flows. This modelling technique can be used to the trace origins of pollution problems and
to estimate the effectiveness of abatement measures. Dynamic modelling includes time as a
modelling parameter, which makes it possible to predict future situations and the effects of
polices. Future situations can be modelled with scenarios where the fate of accumulated
stocks is estimated based on leaching (emission factors) or delay in the technosphere
(residence time).

2.3.4 Indicators for assessing impact on global metal flows arising from the
use of portable rechargeable batteries

The aim of this method is to provide a simple assessment of technologies when only few
data are available. It has its focus early in the cause-effect chain and detects potential
problems rather than actual problems. An early indication regarding metals of concern can
be used to direct research and further actions. Here the method is used to assess potential
effects on global metal flows arising from different market cases of portable batteries.

The potential environmental impact resulting from the use of metals in batteries is assessed
from the mobilisation of metals. Lithospheric extraction indicators (LEIs) are calculated for
each metal as the ratio between the anthropogenic metal flow and natural metal flow
(Lantzy and Mackenzie 1979, Benjamin and Honeyman 1992). LEIs and mine production
for the year 1999 were used as the reference, and all changes due to battery use were
relative to these values. The lithospheric extraction indicator, iz, is calculated from

Ip =—— (1)
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where F; is the annual metal flow from mine production and the mobilisation of metals due
to combustion of fossil fuels (kton/y) and Fy is the natural turnover of metal due to
weathering and volcanic activity (kton/year). The calculated LEIs indicate potential
problems’. They do not represent absolute values of environmental impact, but provide a
simple system for environmental ranking of different metals.

By assuming that the use of metals in batteries influences the amount of metals mined
annually, while other metal use is constant, the LEI at a certain time, ¢, and for a certain
metal can be calculated from

ip(t) = Fat by g) ~F () , Fy(t) 2 Fy(t,) 2)

where Fp(¢) and Fp(t,) are the virgin metal flows due to battery production (kton/year) in a
specific year, ¢, and a reference year (#,= 1999), respectively. The metal flow may end up in
products or be emitted to air, soil, water or sediment. The fraction of recycled metal used in
batteries, R, reduces the metal flow required for manufacturing of batteries, Fg g5
(kton/year), resulting in the net metal flow

FB = FBgmss (I_R) . (3)

The metal demand for the manufacture of a specific battery, Fp 45, is calculated from

FB gross = nCells : mCell ) cMetal (4)

where n¢.y, is the number of batteries manufactured annually (cells/year), m,; is the mass
of a battery cell (g/cell), and ¢, is the metal content of a battery (wt%).

To calculate the metal demand for an equivalent energy capacity (Case 2 in Paper II),
different energy densities and cycle lives were considered for the various battery
technologies in order to make the battery technologies comparable.

To compare the magnitude of battery metal flows to other anthropogenic and natural flows
three complementary indicators where calculated: iy compare battery metal flows to natural
flows

iN = )

i, is the contribution of batteries to anthropogenic flows

% If LEIs should also be an indicator of actual future environmental impact the following general
assumptions must apply: (1) all mined metals will be released to the environment in the future due to
geological processes, (2) anthropogenic emissions of metals are distributed in the same way as
naturally occurring elements and have the same degree of bio-availability, (3) organisms and
ecosystems have adapted to natural background concentrations of metals and would be harmed by
increased levels.

13



Q==L (©6)
F,

and iy, is the fraction of mine production () used for batteries

. _F,

Iy =——. (M
Fy,

With the equations above, the change in anthropogenic mobilisation of metals for the cases
concerning different battery types was calculated. The values for 2009, iz09, (Eq. 2) were
related to the values for reference year 1999, iz99, and the change compared with the
reference year is given as ((iz09-i£99)/iz99).

Metals of special interest were identified according to: (1) ig or iy >1 and/or (2) iy ,or iy
>1%. The value of LEI was chosen as an arbitrary limit to distinguish between low and
high impact on natural flows. A value of iy >1 indicates that the anthropogenic use of a
metal exceeds the natural turnover and thus indicates a risk for substantially increased metal
concentrations in the environment and thus increased environmental impact.

High values of i; and iy imply that the use of the metal in batteries may result in increased
background concentrations. If i is high but iy is low for a particular metal, the impact of
batteries is low but some concern is warranted, since uses in other products may slander the
metal, which may have consequences for its use in batteries.

If iy is high, the use of the metal in batteries has the potential to significantly influence
anthropogenic metals flows. A high value of i), means that the demand for metals in
batteries may have substantial influence on the mining of that metal.

2.3.5 Limitations

Indicators of metal flows can be used for the identification of metals that may warrant
further investigation. Indicators of metal flows are only indicative, while actual emissions
of metals are highly depended on the type of application. LEIs do not consider the chemical
properties of different metals or their distribution between air, soil, water and sediment.
LEIs do not assess actual toxicological effects or temporal aspects. Therefore, it can not be
assumed that a high LEI for a certain metal will automatically result in high environmental
impact, since some metals may have low toxicity or may be present as a chemical species
that is not bio-available.

2.4 Energy analysis

2.4.1 History

During the 1960s, awareness of the risk of exhaustion of fossil fuels and the scarcity of
metal resources, as well as increasing environmental pressure society increased. This
resulted in need to describe the behaviour of industrial systems, resulting in energy
analysis, resource analysis and environmental profile analysis. One of the earliest reports
concerned some aspects of the chemical industry (Smith 1969). Energy and resource
analysis were used in decision making which led to the implementation of legislation
regarding the recycling of packaging materials.
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At the height of the energy crisis during the 1970s, policies affecting the use of energy were
implemented throughout the world (Spreng 1988). Net energy analysis (NEA) provides a
method of assessing how much energy an energy system requires to maintain itself, and,
was one of the methods that gained great prominence at that time. The US congress (1974)
required every governmentally sponsored scheme for producing energy to be subjected to
net energy analysis.

Net energy analysis is also known as energy analysis, full fuel cycle analysis (FFCA) and
cumulative energy requirement analysis (CERA). The method of energy analysis has
become standardised through the work of VDI (1997) and ISO 13 600 (1999).

2.4.2 Purpose and use of results

Energy analysis is used to quantify the primary energy requirement for products and
services in a life cycle perspective. The primary energy requirement represents the sum of
the energy required for production, use and disposal of a product. Energy analysis can be
used to (Spreng 1988): (1) quantify the energy requirement of products, services and
national economies, (2) analyse options for energy savings in industry, and (3) provide
energy requirement data for base materials to support engineering and construction of
products.

2.4.3 Method

An inventory of energy flows is conducted within the life cycle from cradle to grave for a
product. Primary energy is defined as the energy content of energy carriers that have not yet
been subjected to any conversion (Boustead and Hancock 1979). Converted energy can be
divided into the categories thermal, electrical and feedstock energy. Feedstock energy
accounts for the heating value of an input material if this material may also be applied as an
energy carrier. Primary energy is assumed to be the heating value for fuels (gross calorific
value i.e. the combustion enthalpy).

The primary energy requirements are made comparable and are aggregated into one number
by ensuring homogeneity between different energy qualities. This is achieved by
multiplying energy of different qualities with specific conversion efficiencies (see page 18).
The amounts and types of primary fuels used for the production of secondary energy forms
will be quite different for each secondary form, but may also differ between production
sites. This means that not only conversion efficiencies but also environmental effects will
show large variations. To improve the transparency of energy analysis, Fritsche et al.
(1999) suggested that the total result should be presented for different energy sources: Exgp.
renewable (including nuclear and fossil fuels), Egrenewabie, (renewable fuels), Eopers (energy of
rest products) and Ery, (sum of all components).

As for all methods described in this chapter, the choice of system boundaries and allocation
principles is important to ensure a reliable assessment. The system boundaries can be
defined for different orders, where the first order includes direct energy, the second order
also includes energy for materials production, the third order also includes the energy
required for capital equipment and the fourth order also includes the energy required for
machines to make the capital equipment (Boustead and Hancock 1979).

If a process has multiple outputs, the inflow of energy or material must be divided between
them. Within the development of LCA, the following allocation principles have been
proposed (ISO 14 041:1998): (1) regard only one main product, (2) expand the system to
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avoid allocation, (3) allocate on mass basis and (4) allocate on the basis of economic value
or other parameters describing the quality of each product.

2.4.4 Energy efficiency indicators for batteries in photovoltaic systems

Energy efficiency can be defined in many ways, but in all cases it is a measure of the
amount of energy inputs that is needed to provide an energy service (output). Two
complementary indicators for the calculation of energy efficiency are presented, the energy
return factor and the overall efficiency.

Direct and indirect energy requirements

The gross energy requirement, Eg, of an energy conversion device with an energy output
Ey can be decomposed into two parts (Fig. 4): the direct input, Ep, of energy during
operation and the indirect energy requirement Ej, i.e. the energy required to produce the
device and transport it to the site of operation.

E,=E,+E, @®)

E, Ep

Production and transport [ —| Energy conversion
of energy conversion device device

Fig. 4. The general energy balance for an energy conversion device.

From these energy flows three measures of energy efficiency can be calculated: the direct
(or normal) energy efficiency of the device

E

n=—2, O0<n<l )
E,

the overall energy efficiency,

* E *
n=-2, 0<n" <1 (10)
E;

and the energy return factor
E

f=-2. >0 (11)
E,
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Energy return factor

The most common way to describe the energy balance of a PV system (or any other energy
flow conversion technology) is by calculating energy payback times, ¢* (Alsema 1998). A
diesel engine with a generator continuously converts fossil fuel into electricity. To produce
a PV array and a battery that could replace the diesel generator requires energy (assumed to
be fossil energy), while only solar energy will be used during operation (Fig. 5). After a
certain time, the energy payback time, the energy that was used to produce the PV-battery
system will have been paid back by not using the diesel generator.

I

\
N Solar energy P

v
Production & transport | —| PV-battery system Diesel generator
PV-battery system, Q t m

use

Fig. 5. The energy flows of the PV-battery system and the reference system (the diesel gen-
erator).

Both systems have the same output, £, (MJ./year). The average annual gross primary
fossil energy use of the diesel system, Egy (MJy¢/year) is calculated from

E se
Egy = (12)

o
where, 1%, is the overall efficiency of the diesel generator. The energy payback time is
then calculated from:

t* _ % (13)
EGO

where Qs (MJ) is the energy (Q) given as primary fossil energy that is required to produce
the PV-battery system.

The energy return factor, f, 10'is then the ratio between the service life of the PV-battery
system ¢ (year), and the energy payback time or, to put it differently, the ratio between the

!9 The net energy (output) is defined in some studies as Eo-Ey, in relation to the indirect energy
requirement (Eg-E;)/ E; = f-1 or to the energy output (Eo-E;)/ Eq = 1-1/f. The indirect energy
requirements can also be expressed as percentage of the energy output, E/ Eg = 1/f.
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replaced fossil energy (diesel) and the fossil energy required to produce the PV-battery
system:

f:L f:EGo't:EGo

4 pr E 1,pf

where Ej,¢ (Mlydyear) is the average annual energy required to produce and replace the
PV-battery system. Eq. 14b is a version of Eq. 11 where the energy flows have been
transformed into a common energy “currency”. Since the service life of the components in
the PV-battery system differs, the meaning of an energy payback time becomes ambiguous
and the energy return factor is then a better measure.

(14a, 14b)

Overall battery efficiency

The overall efficiency of the battery system, 7]2 , s the ratio between the output from the

battery system, E,,, (MJ./year), and the sum of the electricity input to the charger from the
PV array and total inputs for production and transportation of the charger, the battery and
inverter transformed into an electricity equivalent, E; (MJ./year) (see Paper V, Fig 4).

773 — use (15)

When calculating the energy return factor the solar electricity was implicitly regarded as an
abundant free resource. When calculating the overall efficiency the electricity input is seen
as the scarce resource worth saving.11 The overall efficiency could be a relevant measure of
efficiency in a closed solar energy system. For the designer of a PV-battery system the
direct efficiency of the battery system is of interest. A large direct efficiency would save
resources (materials, energy, capital and labour) used to produce the PV-system and space
taken up by the PV-arrays. In a world that relies largely on solar energy, the battery system
must also be produced from solar energy (we can no longer borrow fossil fuels to build the
system). Thus, more PV-systems (or other solar energy technologies) would have to be
produced. The total electricity input can thus be interpreted as the output from PV arrays at
the site and from PV arrays producing electricity that is used to produce and transport
batteries. The closed solar energy system is just an example. The overall efficiency measure
is valid for electricity produced from any energy source.

Energy quality and conversion factors

The fact that energy may take different forms poses a problem. The gross energy
requirement and the indirect energy requirement are normally made up of many different
kinds of energy inputs. To be able to define single measures for the overall efficiency or the

! The overall efficiency of the PV-battery system can be calculated by taking into account the direct
efficiencies and indirect energy requirements of the PV array. This would then become a measure of
how efficiently the solar irradiation is used. However, the focus is on battery performance in this
work.
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energy return factor, different energy forms need to be converted to a common energy
currency.

In the calculation of the energy return factor, primary fossil energy was used as currency.
The energy replaced by the PV-battery system (diesel) is derived from primary fossil
energy and the available data for indirect energy requirement is given in terms of primary
energy (implicitly assumed to be fossil). However, this is not the only possible choice.
There are for example great differences between coal, oil and gas (e.g. with regard to CO,
emissions or resource availability). However, in principle, the diesel oil saved could be
used for the heat, electricity and motor fuel production required for the production and
transport of the PV-battery system.

Since the direct energy input and the output of the battery system are electricity, electricity
is used as the energy currency for the calculation of the overall efficiency. The energy
requirements for production and transport given in the currency primary fossil must be
converted into electricity equivalents. To do this, it is assumed that electricity and thermal
energy are used for the production of the components and transport fuel is used for
transport. The energy requirement for producing and transporting component i is calculated
from the gravimetric energy requirement for production gp ¢ (MJ/kg), and transport to the
site of operation gr s (MJ/kg):

A s el A rin
Apie = 49p,ipf (B 7t (- ﬁi)L) (16)

Q) el oy

apf Jtr

Are =47 - (17

el tr

where the conversion factors a are given in Table 1. The factor f; is the estimated
proportion of primary fossil energy used to generate the electricity used in the production of
component i.

Table 1 shows that the average conversion efficiency for electricity generation from fossil
fuels is estimated to be 0.35. Losses in distribution and conversion of primary fossil fuel to
thermal energy result in a conversion efficiency of 0.95 (NTM 2003). The efficiency for
refining and distribution of primary fossil fuel to diesel for transportation is 0.88 (Ahlvik
and Brandberg 2001).

When PV generated electricity is used to produce the PV-battery system, electricity has to
be converted into thermal energy and fuels for transportation (diesel or hydrogen), since
different forms of energy are required in the production processes. Two extreme cases are
investigated for the conversion of solar electricity, the Reference case and the A/l PV case.

In the Reference case, the PV-battery system is open to other fuels and the electricity
produced can be used to replace a certain amount of primary fossil energy, which in turn
can be used to produce heat and transport fuel. When electricity replaces the need for the
combustion of fossil fuels for electricity generation, the conversion factor for electricity to
heat is 2.71 (e, w= 0.95/0.35). For transportation, the primary fossil fuel includes 12%
losses for refining and distribution of diesel fuel (Ahlvik and Brandberg 2001), resulting in
an energy conversion factor of 2.51.
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The All PV case corresponds to a closed renewable energy system where solar electricity
cannot be traded and has to be used directly to produce heat and a transport fuel. Electricity
is then used directly for the generation of high temperature thermal energy (heat pumps not
considered) with the conversion factor 1. Transportation in a renewable energy system may
be based on vehicles powered by fuel cells and electrical motors where hydrogen is used as
a motor fuel. The conversion efficiency of electricity to hydrogen by electrolysis of water is
estimated to be 80% and the efficiency in the distribution of hydrogen fuel is 80%. A fuel
cell vehicle could thus be 33% more energy efficient per ton km transported goods than a
conventional diesel truck (Ahlvik and Brandberg 2001), resulting in a conversion factor of
0.85.

Table 1. Energy conversion factors.

Conversion from Conversion from
primary fossil energy electricity
Reference case All PV case
Electricity Ot el 0.35 Clel, ol 1.0 1.0
Thermal energy o 4 0.95 Oel, th 2.71 1.0
Transport fuel Olpf, ir 0.88 el tr 2.51 0.85

Source: Paper V

2.4.5 Limitations

The energy requirement indicates a basic environmental pressure associated with the use of
energy. As in the case with material flows, the energy requirement cannot be used to
quantify specific environmental effects (e.g. ozone depletion) without characterisation of
inventory data.

Energy analysis suffers from limitations, as do other environmental systems analysis
methods, in that it is difficult to confirm that all significant impact is within the system
boundary definition. The principles for allocation of energy between joint products should
be justified. A serious problem lies in the aggregation of energies of different qualities into
a single homogeneous entity (Chwalowski 1996). The effects of choice of system
boundaries, allocation and energy qualities in the energy analysis of PV modules are
discussed by Alsema (1998).

2.5 Life cycle assessment

2.5.1 History

Local environmental problems caused by human activities, e.g. smog, and acid rain,
showed that international measures were also required to curb such problems. In the 1980s
the potential threats of global warming and ozone depletion added to the need to consider
emissions to air and water. Initially, end-of-pipe measures were employed to decrease
environmental impact but the focus later shifted to the analysis and improvement of
products. The methodology for evaluating emissions from a product system is similar to
that for calculating energy requirements (Section 2.4.3). Energy analysis was therefore
expanded to include more environmental data categories in the calculations. The method
has been described as ecobalance, ecoprofile, cradle to grave analysis, life cycle analysis
and life cycle assessment, all essentially describing the same type of approach. At a
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workshop in 1990, SETAC (1991) recognised the need to describe the causal link between
inputs and outputs of a product system and the potential environmental impact. The method
was divided into three phases, namely inventory, interpretation and improvement. The
method of life cycle assessment has become standardised within ISO 14 040-14 043 (ISO
1997, 1998, 2000).

2.5.2 Purpose and use of results

The goal of LCA is to present a comprehensive evaluation of flows of material and energy
throughout the life cycle of a product. LCA can be applied to hot spot identification in
product systems, product development, product comparisons, green procurement and
market claims. It can also be used on the strategic level for business or policy development.
LCA is a comprehensive method that covers the product chain from cradle to grave. LCA is
normally used to assess the flows that cause global and regional environmental effects, such
as global warming and acidification. In principle, it can include all material flows, and even
potential toxicological impact can be assessed.

2.5.3 Method

LCA is a method that aims at analysing and evaluating the environmental impact of
products or services. The whole chain of activities required for the production of a certain
product or service is taken into consideration. Both emissions of potentially harmful
substances from these activities and their consumption of natural resources are analysed. In
this way, different technical systems producing a comparable utility (product or service)
can be followed from cradle to grave (from extraction of natural resources, transport,
production, and use, to recycling/disposal), and can be compared with regard to their
impact on the environment.

LCA is described as a four-step procedure (ISO 14 040, 1997) including the following
steps:

o Goal and scope definition, in which the purpose of the study is presented and
the system boundaries are defined. The functional unit, i.e. the basis for
comparison, is defined.

e Life cycle inventory is the phase in which information on the emissions and
the resource consumption of the activities in the system is collected from
various sources. Relationships between different activities are identified.
Where reliable data are unavailable, assumptions may have to be made.

o Life cycle impact assessment is the phase in which the environmental
consequences of the inventory data are assessed. Characterisation and/or
weighting methods are used for aggregation of inventory data.

o [nterpretation of data is carried out for all phases. Often, some kind of
sensitivity analysis or discussion of uncertainties is included in this step.

A further description of the LCA methodology is given by Rydh et al. (2002), Guinée
(2002) and Baumann and Tillman (2004).

2.5.4 Specific method - grouping of life cycle inventory data

Compilation of quantified inventory data for LCAs may be difficult since information about
products may be confidential or unknown, particularly in the case of emerging
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technologies. Average inventory data (Paper IV) can be used as estimates when specific
data are unavailable (Paper V, Rydh 2003). The more specific the material data that can be
used in an analysis, the more accurate the result will be. Little specific data on materials are
available early in the design phase, and thus data representative of average materials can be
used.

Grouping of materials and identification of the number of material groups that can be used
to present average environmental data with low standard deviation (SD) have been
presented in a previous study by Sun ef al. (2003). The materials were grouped to increase
data availability for product designers. The criteria for grouping were based firstly on
environmental properties and, secondly, on the mechanical and physical properties of the
materials. Cluster analysis and scatter plots of weighted environmental impact were used to
identify groups of different materials. Data consistency for the LCIs of material was
ensured regarding the system boundaries and allocation principles used (Sun et al. 2003).
When a particular group of materials had a standard deviation greater than 30% of the
group average, analysis of material properties (e.g. material composition or density) was
conducted for further sub-division (Sun et al. 2003).

As a measure of overall environmental impact, LCI data for 407 different materials were
weighted with the ECO’99 weighting method. They were initially arranged in 41 material
groups according to the mechanical properties of the materials. The groups were based on
classification and grouping by Ashby (1999). The further merging of material groups was
based on similar environmental performance and affiliation to material classes.

The standard deviation (expressed as the coefficient of variance = SD/ average - 100%) was
calculated for ECO’99 scores for each group. The average standard deviation was
calculated for each number of material groups. Fig. 6 shows that 17 groups have a relatively
low standard deviation (22%), and further division into more specific material groups gives
only a marginal improvement in accuracy. The five groups were composites/paper, metals,
polymers, porous ceramics/glass and wood.
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Fig. 6. Average standard deviation of ECO’99 weighted impact for different numbers of
material groups. (Sun et al. 2003)

22



2.5.5 Limitations

An advantage of LCA is that it is a standardised method, which means that the method is
known and accepted. A broad perspective is considered in LCA, which makes it possible to
avoid sub-optimisation and problem shifting from one stage in the product life cycle to
another.

The limitations and drawbacks of LCA are mainly due to its broad scope. Because all
processes and environmental consequences have to be specified, LCA has extensive data
requirements which, in practice, often cannot be fully met. The considerable need for data
tends to require the involvement of many organisations. The high degree of detail and
consideration of methodological issues requires expert knowledge and a great deal of time.
To assess the influence of variations in data, uncertainties in LCA are dealt with by
sensitivity analysis. Methodological choices such as allocation procedures and decisions on
system boundaries may alter the outcome of the study.
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3 Results

In this chapter, quantitative data on energy and material flows are presented for portable
and industrial batteries, and the influence of various parameters is analysed.

3.1 Portable batteries: energy and material flows

3.1.1 Effects of battery recycling

The results of the life cycle inventory of portable NiCd batteries include primary energy,
emissions of CO,, SO, and NO,, and metal flows of nickel and cadmium. When excluding
the user phase, the greatest energy use is in battery manufacturing. Fifty-five per cent of the
CO, emission originates from battery manufacturing, 44% from raw materials production
and 0.8% from battery distribution, collection and sorting. Transportation in the materials
production phase contributes 1% to the total CO, emission. Consumption of metal
resources is ascribed to unit processes, which disperse concentrated metals and make them
difficult to recover. Consequently, the greatest resource use is found in incineration and
landfilling (Table 2).

Model simulations of the NiCd battery life cycle shows a minimum at 90% recycling rate
for energy use and NOx emissions (Table 2). This minimum is due to the fact that recycling
materials and longer transportation distances have less impact than extraction and refining
of virgin materials. At recycling rates greater than 90%, local transport resulting from
emptying collection boxes and delivery of batteries to sorting plants is modelled to increase
rapidly.

The use of energy decreases by 13% when increasing the recycling rate from 25% to 90%.
The difference between 25% and 90% recycling corresponds to a decrease of
approximately 87% in cadmium and nickel resource use and emissions. CO, and SOy
emissions decrease by 30% and 80%, respectively. Extraction and refining of virgin nickel
give rise to high SO, emission, which decreases significantly at higher recycling rates.

Table 2. Selected inventory data for the NiCd battery life cycle (excluding user phase) for
different end-of-life treatment methods.

Landfill. 100% Incineration 60% Recycling 90% Recycling 100%
Landfill. 40%  Incineration 6%
Landfill. 4%

Renewable energy (MJ/Wh) 0.16 0.16 0.14 0.14
Non-renew. energy 5.18 5.15 4.29 4.32
(MJ/Wh)

CO, (kg/'Wh) 0.41 0.41 0.26 0.26
NOy (g/Wh) 0.56 0.56 0.34 0.47
SO, (g/Wh) 545 5.45 0.83 0.32
Cd (resource) (g/Wh) 4.1 4.1 0.41 0
Ni (resource) (g/Wh) 5.1 5.1 0.51 0

Source: Paper |
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As shown in Fig. 7, an increase in recycling rate from 0 to 90% decreases the total primary
energy use by 17%. Expressed as a percentage of the total energy use, the energy required
for collection and sorting increases from 0.6% to 5%, while energy use in raw materials
production decreases from 36% to 15%. By using recycled metals, the energy required for
the processing of raw materials used in batteries is reduced by 65% compared with virgin
materials only. Energy use in battery manufacturing remains constant irrespective of the
recycling rate.

Energy flows in the user phase of rechargeable batteries varies significantly depending on
the way of use (Rydh 2001). For a battery and charger, the energy requirement may be 2-32
times higher during use than the energy for manufacturing of the battery. The energy
efficiency of the charger and it no-load loss plays an important role in the overall energy
use (Rydh 2001).
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Fig. 7. Primary energy use in the NiCd battery life cycle (excluding user phase) at different
recycling rates (Paper I).

The method of electricity generation may alter the absolute values of primary energy use. If
all electricity is generated by hydropower, the total primary energy will be 2.1-2.8 MJ/Wh
and NO, emission 0.17-0.31 g/Wh. Corresponding values for coal power are 8.4-10 MJ/Wh
primary energy and 91-107 g NO,/Wh. Compared with the country-specific electricity mix,
primary energy use is reduced by half or doubled, due to the different energy conversion
efficiencies of the different power sources. Assuming that electricity is generated by
hydropower, the contribution of energy required for transportation increases to 10% of the
total energy use at 100% recycling. However, recycling is still energy efficient.

To quantify the energy savings made by using secondary materials, the total energy
required for recycling should be allocated (Section 2.4.3) between the nickel and the
cadmium recovered. Allocation on a mass basis is preferable to economic allocation since
physical parameters are constant. Economic values of recovered metals fluctuate over time
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and do not follow open market prices since the Swedish battery fund pays for the recycling
of NiCd batteries. Boustead and Hancock (1998) used mass allocation when calculating the
energy required to produce cadmium as by-product from zinc production. Considering the
primary energy expended in the collection and recycling of 1 kg of cadmium (mass
allocation Cd/Ni= 44/56), 19 MIJ is needed for transportation and 19 MJ for the recycling
process. Corresponding values for 1 kg nickel are 20 MJ for collection and 20 MJ for the
recycling process. Compared with the extraction and refining of virgin metal, 54% and 75%
less primary energy is needed to recycle cadmium and nickel, respectively. Economic
allocation may be used if physical relationships cannot be established between co-products
(ISO 14 041, 1998). If economic allocation is used, the calculated result show 90% and
59% lower primary energy requirement to recycle cadmium and nickel, respectively, than
for virgin metal production (Cd/Ni= 7.6/92, metal prices USD 98/kg (USGS 1999, LME
2000)).

3.1.2 Impact on global metal flows arising from the use of portable
rechargeable batteries

Case 1-3: Summary of metal flows of portable batteries

Based on the material composition of portable batteries and their mass introduced on the
global market annually, the total amounts of metals used in batteries were calculated and
related to anthropogenic and natural metal flows (Eqs 1-7). Table 3 shows that the average
LEIs range from 0.07 to 5.6 for the different metals used in batteries. Bold numbers
indicates values of particular interest.

Changes in the metal indicators for the different cases are exemplified for nickel and
cadmium due to their high LEIs, and for cobalt because of batteries high contribution to
global mining demand. All these three metals are used in the different battery technologies.
Fig. 8 shows that the LEI for cadmium decrease 31% in Case 2, when assuming
replacement of NiCd batteries with NiMH and Li-ion, respectively. At the same time, the
LEIs increase 0.5% for nickel and 7% for cobalt. For the other metals studied, the LEIs of
which increase by 0.1-7% compared with 1999, the LEIs do not exceed 0.7, which indicates
low potential environmental impact of these metals.
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Fig. 8. Lithospheric extraction indicators for Case 1-3 (Paper II).
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Table 3. Indicators of metal use in portable batteries for 1999 (Case 1). (Average values)

Element ig (F/Fy) iy (Fp/Fy) iy (Fp/F)) iy (Fp/Fy) Fp (ktons/year)  F, (ktons/year) Fly (ktons/year) F), (ktons/year)
Ni 5.6 0.073 0.013 0.020 7.1-36(22) 1670 300 1100
Cd 4.4 1.4 0.31 0.37 2.6 -12(7.3) 23 5 20
Li 0.65 0.0016 0.0025 0.038 0.14-1.0(0.58) 235 360 15
A% 0.33 0.0022 0.0066 0.065 1.4-3.7(2.6) 390 1200 40
Zr 0.27 0.00002 0.00007 0.0001 0-0.13 (0.063) 960 3500 820
Co 0.18 0.0076 0.042 0.15 2.0-6.2(4.1) 98 540 28
Nd 0.18 0.0013 0.0076 0.084 0.13-1.9(1.0) 132 750 12
La 0.10 0.0030 0.031 0.095 0.19-3.0(1.6) 52 540 17
Ce 0.083 0.0011 0.0013 0.044 0.11-2.5(1.3) 100 1200 30
Pr 0.073 0.0019 0.026 0.094 0.042 - 0.60 (0.032) 12 170 3

Table 4. Indicators of metal use in portable batteries for 2009 (Case 3). (Average values)

Element  iggg (Fa99/Fv) inog (F's09/Fn) i409 (F'poo/F 409) ino9 (Fpoo/Fgg)  Frog (ktons/year) Fyp9 (ktons/year) Fypo (ktons/year)
Ni 5.7 0.18 0.031 0.048 19 - 88 (53) 1702 1132
Cd 34 0.37 0.11 0.097 0.70-3.2(1.9) 18 15
Li 0.66 0.011 0.017 0.27 1.0 - 7.0 (4.0) 238 18
\' 0.34 0.015 0.044 0.44 9.9 -26(18) 405 55
Zr 0.27 0.00002 0.00009 0.0001 0-0.17 (0.085) 960 820
Co 0.21 0.039 0.18 0.75 10-32 (21) 115 45
Nd 0.18 0.0041 0.023 0.25 0.38-5.7(3.0) 134 14
La 0.10 0.0090 0.088 0.29 0.58-9.2 (4.9 55 20
Ce 0.086 0.0033 0.039 0.13 0.34-7.6 (4.0) 103 33
Pr 0.077 0.0057 0.074 0.28 0.13-1.8(1.0) 13 4.0
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The use of cadmium in portable batteries only, results in an LEI of 1.4 (Fig. 9).
Consequently, a change of the use of NiCd batteries has significant influence on the total
LEI of cadmium. Nickel and cobalt have low impact only on the ratio and a replacement of
NiCd batteries (Case 2) indicates low potential impact for the other metals studied. The use
of nickel in batteries has a relatively small influence (2%) on the nickel demand since the
largest fraction of mined nickel is used in stainless steel production.
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Fig. 9. Lithospheric extraction indicators, iy,, arising from the use of metals in portable
batteries in Case 1-3 (Paper II).

Case 1: Metal flows of portable batteries in 1999

The contribution of battery metals to the total anthropogenic flow is 31% for cadmium and
4.2% for cobalt, while it is below 3.1% for the other metals (Table 3). This indicates that
particularly the use of cadmium in portable batteries influences anthropogenic metal flows.

The metal demand for batteries can be obtained by relating the mass of battery metals to
annual mining production (Eq. 7). Fig. 10, shows that metals contributing more than 1% to
the global mining production are: Cd, Co, La, Pr, Nd, V, Ce, Li and Ni.
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Fig. 10. Case 1: Metal demand for the manufacture of portable batteries as a percentage
of global mining production in 1999. The bars indicate uncertainties in the demand of each
battery technology. The lithospheric extraction indicator and the 1999 mining production
for each metal are also given (Paper II).

Fig. 10 shows that cadmium in portable NiCd batteries constitutes 13-60% of the total
cadmium mining production, corresponding to 2.6-12 ktons cadmium per year. The broad
ranges represent uncertainties due to variations in average cell weight, energy density and
assumed recycling rate (5-50% for NiCd and NiMH). Literature data indicate that
approximately 70% of the cadmium mined is used in the manufacture of NiCd batteries
(Plachy 2000). Of the cadmium used in batteries, 75-80% is used in the production of
portable NiCd batteries, while the rest is used in industrial NiCd batteries (Plachy 2000,
Nilsson 2001). This means that the calculated high estimate (60%) of mining demand for
cadmium is likely to correspond to the actual demand.

The major end use of nickel is in the steel industry. Portable batteries account for 0.6-3.3%
of the end use. Of this, NIMH batteries make up 53% and NiCd batteries 35%. Cobalt use
in batteries constitutes 7.2-22% of global Co mining production. Fifty-eight percent of this
cobalt is used in Li-ion(Co) and 33% in NiMH(AB:) batteries.
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Case 2: Different battery types replace NiCd batteries

Changes in LEIs were calculated for cases in which NIMH(ABs), NIMH(AB,) or Li-based
batteries, respectively, were assumed to replace NiCd batteries'. It was also assumed that
changes in demand for metals on the battery market would be reflected in corresponding
changes in global mining production.

Replacement of NiCd batteries by other battery technologies would result in a decrease in
LEI for cadmium from 4.4 to 3.0. The replacement of NiCd batteries by NiMH(AB:5)
batteries would lead to the greatest increases in LEIs for La (4.1%), Pr (3.4%), Ce (1.7%)
and Co (1.4%). Metal flows resulting from the introduction of NiMH(AB,) batteries would
result in increases in LEI for Co (0.6%), V (0.3%) and Ni (0.2%). Replacing NiCd batteries
by Li-based batteries would result in an increase in LEI for Co (7.1%) and V (1.9%). The
small increases in LEIs of metals resulting from a replacement indicate that the potential
increase in environmental concentrations is low compared with background concentrations
of these metals.

Case 3: Projected battery market in 2009

Metal flows were calculated for the projected battery market in 2009 in which the total
number of cells has increased 2.2 times (Paper II). The assumed market shares are 6% for
NiCd, 53% for NiMH and 41% for Li-based batteries. The assumed market share of Li-
based batteries (+6.1 times compared with 1999) may increase the demand for mining of
several metals (Fig. 11).

The LEI for cobalt would increase by 15% from 0.18 to 0.21. Li-polymer (V) batteries
contribute 78% to the battery-related cobalt flow. For the other metals studied, the relative
changes in LEI are below 6.3%. The LEIs (igy) for other metals are below 0.66 and the
ratios of battery metal flows to natural flows (iyg) are below 0.06, which means that their
material flows would be expected to have only a slight impact on the global level.

A growing battery market shows that portable batteries may be an important end-use for
Co, Nd, La, Ce, Pr and Li. Increasing demand for these metals may result in higher metal
prices, which may limit the growth of Li-ion(Co) and NiMH(ABs) technologies. Higher
prices for metals used in batteries may create incentives for battery collection and
recycling.

12 Small sealed lead-acid batteries may be the most practical alternative to NiCd batteries in many
applications (BIO 2003). To estimate the potential impact of the use of lead in portable batteries,
indicators of metal use were calculated based on the following estimates: m ;= 50 g/cell, cpy=
65wt%, R=30%, F = 3 085 ktons/year, F= 290 ktons/year (Paper 11, Table 4). Case 1: nc.;= 0.3x10°
(NRI 1999), Fp= 2.9 ktons/year. Case 2: No. of cells (NiCd replacement) = 1.7x10°- 3.0x10°, Fj cuse
= 17-30 ktons/year. The ratios for battery metal flows to natural flows were calculated and found to
be iygo= 0.01 and iy ¢y 2= 0.06-0.1. Small lead-acid batteries have no significant influence on global
lead flows, since the greatest lead use is in SLI-batteries. However, the LEI for lead is very high (iz=
11, Paper II, Table 4) and all dissipative uses of lead should be avoided.
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Fig. 11. Case 3: Projected metal demand of portable batteries in 2009 as a percentage of
global mining in 1999. The bars indicate the uncertainties in demand of each battery tech-
nology. The lithospheric extraction indicator and the 1999 mine production for each metal
are also given (Paper II).

Parameters influencing metal indicators for portable batteries

Important parameters influencing metal flows arising from the use of portable batteries are
service life, energy density and recycling of metals, while the natural occurrence of metals
influences the relative contribution of anthropogenic metal flows.

Development of battery technologies should aim at high energy density and long service
life. Only one third of the metal is required for storing electrical energy with rare earths
than with cadmium. The metal intensity is 1.2 kg/kWh for rare earths, 0.14-0.52 kg/kWh
for lithium and 3.4 kg/kWh for cadmium (Réde and Andersson 2001). The turnover of
batteries and metals decreases with increasing service life.

Metals with high natural occurrence should be used to decrease their relative contribution to
natural flows. For example, the natural occurrence of rare earths '* in the earth’s crust is
about 100 times higher than that of cadmium.

Metals from spent batteries should be recovered and regulations implemented to decrease
the need for mining of virgin metals. In order to control the mobilisation of certain metals,
interactions with other metal use must be addressed. For example, the demand for zinc also
leads to mining of cadmium, since it is a by-product of zinc'*. A way of avoiding the

13 AB;s alloy contains mischmetal, which is a mixture of rare earth metals. Rare earths include the
following 17 elements: scandium, yttrium (the lanthanides): lanthanum, cerium, praseodymium,
neodymium, promethium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium,
thulium, ytterbium and lutetium.

'40.4 kg cadmium is recovered as by-product per 100 kg zinc produced from zinc concentrate
(Boustead and Dove 1998).
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mobilisation of metals is to deposit low-demand metals at the extraction mine to avoid
dissipative losses. Problems associated with the collection of spent batteries and the small
quantities of metals available for recycling make it difficult to realize commercial recycling
of batteries. Replacing NiCd batteries would lead to a decrease in the demand for cadmium
metal and consequently lower prices and costs for safe storage. Regulations would have to
be implemented to ensure that cadmium in products and from mining were collected and
stored safely. The use of cadmium in industrial NiCd batteries, a product application where
high collection efficiencies are achievable, may give market incentives for continued
collection of cadmium containing products.

3.1.3 Summary of environmental aspects for portable batteries

For portable batteries, the small size of each battery unit, the large number of battery users,
the low concentration of economic value and type of application are examples of product
characteristics that are related to losses of metals. Portable batteries also have a short
effective service life, which increases the turnover of materials.

Dissipative losses of cadmium and nickel from incineration and landfills are of
environmental concern. Emissions and resource consumption of metals are significant in
the end-of-life treatment, regardless of whether short- or long-term emissions are
considered. The collection of spent batteries is more important than the technical efficiency
of recycling processes in decreasing losses of metals to the environment. NiCd battery
recycling is energy efficient at transportation distances greater than 10 000 km at collection
rates of 10-85%. Transportation for the collection of spent NiCd batteries has low
environmental impact compared with the impact throughout the whole life cycle and thus
NiCd batteries can be transported long distances for recycling and this would still be
beneficial from an environmental perspective.

Energy losses arising from the standby mode of the charger and also the losses during
charging of portable batteries contribute significantly to the total energy use due to the low
efficiency of many commercially available chargers. Excluding the usage phase, primary
energy use and the emission of CO, are most significant in battery manufacturing. Batteries
manufactured with recycled cadmium and nickel have 16% lower primary energy
requirements than if only virgin metals are used. Using recycled cadmium and nickel
requires 46% and 75% less primary energy respectively, compared with extraction and
refining of virgin metal, considering allocation on mass basis.

The assessment of global metal flows arising from the use of portable rechargeable batteries
shows that cadmium and nickel are of concern due to their high LEIs (4.4-5.6). The ratios
of battery metal flows to natural flows are 1.4 for cadmium, 0.07 for nickel and below 0.01
for other metals, indicating that cadmium use in batteries may have an environmental
impact. Battery metal demand for cadmium and nickel constitute 37% and 2% of global
mining production in 1999, respectively.

To decrease the impact on global metal flows arising from the use of portable batteries the
following points should be considered.

1. The development of battery technologies should aim at high energy density and
long service life.

Metals with high natural occurrence should be used.

3. Metals from spent batteries should be recovered and regulations implemented to
decrease the need for virgin metals.
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3.2 Industrial batteries: energy analysis of batteries in photovoltaic
systems

This section presents the results of the energy analysis of eight different battery
technologies used in a stand-alone PV-battery system (Paper V). The battery technologies
analysed are: lithium-ion Ni (Li-ion), sodium-sulphur (NaS), nickel-cadmium (NiCd),
nickel-metal hydride ABs (NiMH), lead-acid (PbA) and three types of redox flow batteries
(regenerative fuel cells): polysulphide-bromide (PSB), vanadium-redox (VRB) and zinc-
bromine (ZnBr). The uncertainties, contributing components and the influence of different
parameters and conditions of use are assessed. The design of the PV-battery system and the
input data are described in detail in Paper V.

3.2.1 Uncertainties and contributing components

To show the uncertainties and the contribution of different components to the gross energy
requirement, the results for the reference case (Case 1) are presented when the battery
service life is limited by cycle life and the temperature is 25°C (Paper V). It is assumed that
the batteries are produced from 100% recycled materials and that the different components
are transported 3 000 km by heavy truck. The solar irradiation is assumed to be 1 700 kWh/
m" year.

Fig. 12 shows that the energy return factor for the PV-battery system ranges from 2.3 for
NiMH batteries to 12 for the Li-ion batteries. The PV-array excluding batteries has an
energy return factor of 10-19. This means that 8.1-44% of the energy output is required to
produce the PV-battery system. The Li-ion battery has the highest average energy return
factor (9.8), which means that the PV-Li-ion battery system will replace 9.8 times more
energy throughout its life time than the energy required for production of the PV-battery
system.

For a PV-battery system with a service life of 30 years and taking into account the different
service lives of the components, the energy payback time is 2.4-13 years, depending on the
battery technology used. With a service life of 30 years, the energy payback time is 1.6-3.0
years for the PV-array. The energy payback time is 0.55-10 years for the different battery
technologies, showing the energy related significance of batteries in PV-battery systems.

The uncertainty in the average value of the energy return factor is +/- 14-53%. The greatest
uncertainty in f'is found for the PbA battery, due to its high variability in cycle life. Fig. 12
shows the importance of using specific data when comparing different battery technologies,
due to the high variability.
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Fig. 12. Energy return factors for the PV-battery systems. Case 1: T=25°C, 100% recycled
battery materials, service life limited by cycle life and transportation by heavy truck. The
variation in the average value is +/-14 to 53%. (Paper V).

Production and transportation of batteries contributes 25-70% to the total production energy
of the PV-battery system, also underlining the energy related significance of batteries in PV
systems (Fig. 13). The relative contribution due to the production of batteries is lowest for
the ZnBr battery and highest for the NiMH battery.

The contribution of production and transport of the PV array is 26-70% (NiMH-ZnBr). The
highest absolute energy requirement for PV array production is 80-87 GJ/year for the redox
flow batteries due to their relatively low efficiency, resulting in the need for a larger PV
array and charge regulator.

Production and transport of the charge regulator contribute 1-4% (NiMH-ZnBr) to the gross
energy requirement. The corresponding figures for the inverter are 2-5%.

The contribution of transport of all the components to the gross energy requirement is low
(1.0-9.2%) for 3 000 km transport by heavy truck. The lowest energy requirement for
transport is for the ZnBr battery due to its high energy density and the possibility of
recycling the electrolyte. The transport of PbA batteries contributes 9.2% to the gross
energy requirement since these batteries have a relatively low energy density and cycle life,
and therefore a larger mass of batteries has to be transported.
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Fig. 13. Energy requirements for production and transport of various PV-battery systems.
Case 1: T=25°C, 100% recycled battery materials, service life limited by cycle life and
transportation by heavy truck. The uncertainty is +/- 14 to 53%. (Paper V).
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3.2.2 Comparison of indicators of energy efficiency

Depending on the origin and availability of energy resources, different energy indicators
can be used to evaluate PV-battery systems. In applications where both solar and non-
renewable energy are used as input energy to the PV-battery system, the energy return
factor and the overall battery efficiency can be combined in order to make trade-offs
between competing interests.

In cases where the focus is on using fossil fuels efficiently, a high energy return factor is
important. This measure may be important in the expansion phase of PV-battery systems.
PV-battery systems with similar energy return factors (e.g. ZnBr and Li-ion, in Fig. 14)
may have different overall battery efficiencies. If electricity generated by solar energy can
be considered as a free energy source, this measure would be less important. In the case of
battery systems being charged with electricity generated from fossil fuel, the direct and
overall battery efficiencies are important measures.

The overall battery efficiency is an important measure of the efficiency of a closed
renewable system, where renewable energy has to be used as efficiently as possible, for
example due to limited area for energy production.

Fig. 14 shows that the most energy-efficient battery technologies are found in the upper
right hand corner. The Li-ion and NaS battery have low energy requirements for production
and high charge-discharge efficiency. The direct efficiency of the charger, battery and
inverter is 0.50-0.85. When considering the charger-battery-inverter system including their
production, the corresponding figure for the overall battery efficiency is 0.41-0.82, which is
an average decrease of 8.7%. The average efficiency of the NiMH battery decreases by
18%, from 0.65 to 0.53, which shows the effect of high energy requirements for battery
production on the overall battery efficiency.
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Fig. 14. Relation between energy return factor and overall battery efficiency (Paper V).

Three battery technologies that represent different performance characteristics have been
compared: Li-ion batteries have a high direct efficiency and low energy requirements for
production, PbA batteries have low direct efficiency and high energy requirement for
production, while PSB batteries have a low direct efficiency and low energy requirements
for production. The output energy corresponds to the functional unit and differences
between the batteries in gross electricity input are mainly determined by the battery

36



efficiencies (Table 5). The relative contribution of output energy to gross electricity input is
71% for Li-ion 53% for PbA and 51% for PSB. The relative contribution to output energy
decreases with increasing number of days of storage capacity, i.e. the size of the battery.

Low battery efficiency influences the power of the charger and the PV array, resulting in
higher energy requirements for their production, which can be seen in the row
“E Production PV, charger & inverter” in Table 5. The ranking of the battery technologies
in Table 5 according to the energy return factor is Li-ion, PSB and PbA. When considering
the overall efficiency, the batteries are ranked Li-ion, PbA and PSB in the Reference case.

In cases when specific output energy is required and the area for mounting of PV arrays is
limited, for example to one roof only, batteries with low direct efficiency may not be
practical to use. For example, a PV-battery system with a PSB battery requires a PV array
with an area of 484 m?, while a Li-ion battery requires 337 m* (Table 5).

The PbA battery uses the gross energy input more efficiently than the PSB battery in the
Reference case. In the All PV case, solar electricity is used for production and
transportation of the batteries resulting, in higher gross energy input than in the Reference
case. Since the PbA battery requires more energy for its production than that for the PSB
battery, its overall battery efficiency decreases more than for the PSB battery. The
comparison of PSB and PbA batteries shows how the overall battery efficiency can be used
as a measure that take into consideration both energy requirements for battery production
and battery efficiency.
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Table 5. Indicators of the energy efficiency of a PV-battery system (Case 1).

Li-ion PbA PSB

Exchange of fuels * Reference All PV Reference Reference All PV Reference Reference All PV Reference

(GJy/ year) (Gly/year) (Gl,/year) (GJgy/ year) (GJo/year) (Gl year) (GJgy/ year) (Gly/year) (G, year)
E use 197 197 ° 986 197 197 ° 986 197 197 ° 986
E losses ° 59 59 104 104 171 171
E production battery 21 32 50 68 122 186 19 36 44
E production PV, charger & 70 81 98
inverter
Area PV array (m®) 337 337 337 397 397 397 484 484 484
Direct efficiency, 7 ° 0.78 0.78 0.66 0.66 0.54 0.54
Overall battery efficiency,
n*g 0.71 0.68 0.53 0.47 0.51 0.49
Energy return factor, f° 8.2 3.7 7.0
Energy payback time, ¢* 3.7 8.1 4.2
(years) d
E production of E use (%) ° 13 27 14

Source: Paper V

Note: Case 1: T=25°C, 100% recycled battery materials, service life limited by cycle life and transportation by heavy truck.
* Reference case:= the electricity produced can replace a certain amount of fossil fuel. All PV case:= closed renewable energy system where electricity is
used for production and transportation of the PV-battery system. See explanation on page 18.

b Primary fossil fuel replaced by the PV-battery system, Egy= E,;/ 1%, where 7%*,=0.20.
¢ Efficiency of charger, battery and inverter.

4 PV-battery system service life= 30 years

°Ei/ Bo=1/f
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3.2.3 Influence of service life

To evaluate the influence of depth of discharge and battery temperature on the battery
service life, four different cases were analysed with the energy model of the PV-battery
system. The effects of using air conditioning (AC) on the total energy efficiency were
evaluated to assess for which batteries the installation of AC can be motivated.

Battery service life was limited by cycle life except in Case 2, where it was limited by float
service life'. The battery temperature in the various cases was set to (1) 25°C, (2) 25°C,
float, (3) from 40°C to 25°C by using active cooling with AC, and (4) 40°C. The other
parameter settings are the same as in the previous section, i.e. it is assumed that the
batteries are produced from 100% recycled materials and the different components are
transported 3 000 km by heavy truck.

Considering one cycle per day, float service life is longer than cycle life according to Case
2 for NiCd, NiMH and PbA batteries. The energy return factors are in this way increased by
10% for NiMH, 23% for NiCd and 52% for PbA. For Li-ion batteries, the energy return
factor decreases by 14% for float service life compared with cycle life. Float service life
will be the life-limiting factor for NaS, PSB, VRB and ZnBr batteries.

Fig. 15 shows that the energy return factor for the PV-battery system ranges from 2.7 (PbA
at 40°C) to 9.8 (Li-ion at 20°C) for Case 1, 3 and 4. The uncertainty is +/- 14 to 61%. The
greatest uncertainty is for the PbA battery due to the great variability in cycle life.

Increasing the temperature from 25°C to 40°C, causes the energy return factor to decrease
by 0-47% for the different battery technologies. For batteries whose service life is
temperature dependent, cooling of the batteries by operation with AC improves the service
life compared with operation at 40°C. The effect of increased battery service life has to be
related to the energy losses due to operation with AC, to ascertain whether if active cooling
results in improved efficiency.

Operation with AC increases the energy return factor for NiCd from 4.6 to 5.2 (+14%), for
NiMH from 3.0 to 3.8 (+27), for Li-ion from 6.8 to 9.3 (+37%), and for PbA from 2.7 to
4.9 (+79%). AC is therefore beneficial for these technologies. NaS and PSB batteries are
excluded from Case 3 with external AC, since these technologies have built-in thermal
management systems. VRB and ZnBr batteries are excluded from Case 4 since these
technologies require AC at temperatures above 30°C, and it is therefore not possible to
evaluate the use of AC.

15 Service life of a battery due to corrosion processes.
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Fig. 15. Energy return factors for the PV-battery systems at different temperatures. The
uncertainty is +/-14 to 61% (Paper V).

The difference in overall battery efficiency between service life limited by cycle life and
float life is -2 to 10%. Float service life is longer than cycle life for NiCd, NiMH and PbA
batteries, resulting in 2-10% higher overall energy efficiency for these batteries.

Fig. 16 shows that the overall energy efficiency of the PV-battery system ranges from 0.46
to 0.73. The uncertainty is +/- 9 to 33%. When considering the energy return factor,
operation with AC is motivated for NiCd, NiMH, Li-ion and PbA batteries, but this
situation changes when evaluating the overall efficiency. A comparison with AC turned on
with 40°C shows that AC results in higher efficiency for PbA batteries, while it decreases
the overall efficiency for Li-ion, NIMH and NiCd batteries (Fig. 16). A high energy return
factor is important in an expansion phase of PV-battery systems while the overall battery
efficiency is important when considering the efficient use of solar energy in a long-term
perspective.

The direct energy requirement for operating AC is 21-60 Gl /year, corresponding to 98%
of the direct and indirect energy requirements of the AC unit. To improve the overall
efficiency, it is most effective to decrease the energy use in the usage phase of the AC
system.
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Fig. 16. Overall battery efficiencies at different operating temperatures. The uncertainty is
+/- 9 to 33% (Paper V).
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3.2.4 Influence of material recycling and transport

The relative importance of using battery materials of recycled or virgin origin, and transport
by plane instead of truck from the battery manufacturer to the site of operation, have also
been analysed. The temperature assumed was 25°C and the transportation distance for the
PV-system components 3 000 km.

Fig. 17 shows that batteries with low energy density and short cycle life are most
influenced by air transport. Air transport decreases the energy return factor for PbA
batteries by 70%. Although redox flow batteries have a low energy density, the energy
requirements for their transport are reduced since distilled water can be supplied at the site
of operation and the active materials in the electrolyte can be recycled on site. With no
recycling, the energy return factor of the ZnBr battery is reduced by 35%.
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Fig. 17. Relative changes in the energy return factor for different recycling rates and
modes of transportation compared with Case 1 (Paper V).

The overall battery efficiency decreases by 1-6% when using virgin material production
compared with recycled material production. The greatest change in the overall battery
efficiency is seen for the ZnBr battery, for which the value decreases from 0.55 to 0.52
(Paper V, Table 10). Air transport decreases the overall battery efficiency by 3-33%. The
overall battery efficiency of the PbA battery decreases from 0.56 to 0.38 (Paper V, Table
10).

3.2.5 Influence of battery parameters

Improvement in the battery efficiency has the greatest influence on the energy return factor
for Li-ion, NaS, PSB, VRB and ZnBr batteries (Table 6). The battery efficiency is the
second most important parameter for NiIMH, NiCd and PbA batteries. An improvement in
the battery efficiency by one percent results in an increase in the energy return factor of
0.40-0.73%. Since losses in the battery must be compensated by higher energy input, low
battery efficiency results in a larger PV-array and charger, which means higher indirect
energy requirements for their production.

For NiMH, NiCd and PbA batteries, the energy density and the service life have greatest
influence (0.51-0.63 % f/ %An;). The substantial influence of these parameters is explained
by the energy requirement for battery production, which is 56-70% of the gross energy
requirement for NiMH, NiCd and PbA, compared with 25-35% for the other battery
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technologies. Low energy density results in higher material intensity and energy
requirements for the production of materials, as well as a higher battery mass to be
transported. Short battery service life means that batteries have to be replaced more often,
resulting in higher energy requirements for battery production and transport.

The energy requirement for battery manufacturing is an important parameter for NiCd and
NiMH batteries. Energy requirements for battery production, gp;, have a 4-16% smaller
influence than d and ¢, 3, since gp; does not influence the energy requirement for battery
transport.

Table 6. Percent change in the energy return factor when changing various battery pa-
rameters (% [/ %oAn;).

Technology n d, Leycte qr

Li-ion 0.42 0.28 0.28
NaS 0.65 0.26 0.25
NiCd 0.40 0.52 0.50
NiMH 0.30 0.63 0.61
PbA 0.41 0.51 0.43
PSB 0.66 0.26 0.25
VRB 0.62 0.29 0.28
ZnBr 0.69 0.23 0.23

Source: Paper V

Note: Case 1: T=25°C, 100% recycled battery materials, service life limited by cycle life and trans-
portation by heavy truck. #...= cycle life, d= gravimetric energy density, #= battery efficiency, gp=
energy requirements for battery production. Bold face indicates the highest values.

The battery efficiency, #, has the greatest influence (0.69-0.96%/%n) on the overall battery
efficiency. This is due to the high energy turnover in the battery (50-72% of the total
turnover). Changes in the efficiency of the Li-ion battery have a relatively small influence
compared with the other battery technologies. This is because the losses in the Li-ion
battery correspond to 9% of the total gross energy requirement, compared with 19-33% for
the other technologies. This results in a smaller improvement than for the other battery
technologies and a relatively small change compared with the already high efficiency of the
Li-ion battery.

Improvement of energy requirements for production, service life and gravimetric energy
density by one percent change the overall battery efficiency by 0.03-0.15%. All these
parameters influence the indirect energy requirements for production and transport. Since
the electricity output from the PV array is partly converted to other energy carriers (thermal
energy and transport fuel), the output energy for production and transportation gives 2.5-2.7
times higher energy yield, which decreases the relative importance of production and
transport of the batteries and charger.
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3.2.6 Summary of environmental aspects for industrial batteries

Industrial batteries are generally made for high-power applications and have a high energy
turnover compared with batteries in portable applications, and analysis of energy flows is
therefore an important aspect when assessing industrial batteries. The energy return factor
and the overall battery efficiency were estimated for eight different battery technologies
used in a stand-alone PV-battery system. With a battery storage capacity three times higher
than the daily energy output, the energy return factor for the PV-battery system ranges