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PREFAZIONE

I1 X Convegno dell’Associazione Rete Italiana LCA (XV Convegno della Rete Italiana LCA)
si ¢ svolto a Reggio Calabria nei giorni 22, 23 e 24 settembre 2021, sul tema “Innovazione e
Circolarita: il contributo del Life Cycle Thinking nel Green Deal per la neutralita climatica”. Il
Convegno ha ricevuto il patrocinio del Ministero del’Ambiente e della Tutela del Territorio e del
Mare (MATTM), dell’Associazione Condizionamento dell’Aria Riscaldamento e Refrigerazione
(AICARR), SETAC lItalia, Citta Metropolitana di Reggio Calabria, ARPA Calabria, Confindu-
stria Reggio Calabria, Camera di Commercio di Reggio Calabria, e con il sostegno di CNR-ITAE
di Messina.

In linea con gli obiettivi dell’Agenda 2030, che si pongono alla base delle politiche di ripre-
sa post-Covid, il Green Deal europeo rappresenta la nuova roadmap della strategia di crescita
sostenibile per raggiungere una giusta transizione energetica e la neutralita climatica entro il
2050. In tale contesto, I’approccio del Life Cycle Thinking (LCT), diventato uno dei pilastri prin-
cipali delle politiche strategiche europee orientate alla decarbonizzazione dell’economia, rappre-
senta un supporto metodologico efficace nell’innovazione, coerente con la transizione ecologica,
non solo di cicli produttivi e modelli di consumo, ma anche di approcci culturali e stili di vita.

11 X Convegno dell’Associazione Rete Italiana LCA (XV Convegno della Rete Italiana LCA)
si ¢ focalizzato sul ruolo dell’LCT come approccio integrato: 1) nella valutazione della sostenibil-
ita che le complesse sfide della transizione verso la neutralita climatica e I'uso efficiente del-
le risorse impongono; 2) nella definizione di strategie per il raggiungimento degli obiettivi di
sviluppo sostenibile nelle sue varie dimensioni ambientali, economiche e sociali, stimolando la
creazione di valore e la resilienza dei sistemi economici.

I contributi scientifici, presentati durante le sessioni tematiche orali e le sessioni poster, tes-
timoniano il grande interesse della comunita scientifica nazionale verso tali tematiche, ponendo
anche grande attenzione all’impiego dell’LCT per il raggiungimento dei SDG, all’integrazione
con altri strumenti per la sostenibilita, e alla crucialita della metodologia LCA nel supportare le
imprese nell’intraprendere un percorso piu green, come metrica delle proprie prestazioni energe-
tiche e ambientali.

11 volume raccoglie i contributi scientifici, presentati a seguito di un processo di double peer
review gestito dal Comitato Scientifico. I suddetti contributi sono stati inviati sui seguenti temi:
® Metodi e strumenti LCT — based nelle politiche ambientali.

e Impiego del LCT nelle strategie di mitigazione e adattamento ai cambiamenti climatici.

e  Sviluppi metodologici di LCA, LCC e SLCA e integrazione con altri strumenti per studi di
sostenibilita

e Impiego del LCT per il raggiungimento dei Sustainable Development Goals

LCT ed Economia Circolare: casi studio di eco-design e di produzione e consumo sostenibili

Impiego della LCA e degli strumenti LCT - based nei settori alimentare e agroindustriale,

energetico, chimico, edilizio, turistico, gestione dei rifiuti, infrastrutture viarie e trasporti.
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Un’ultima sezione riporta i contributi presentati dai primi due classificati della dodicesima
edizione del Premio Giovani Ricercatori LCA, rivolto ai giovani ricercatori, che operano nel
campo dell’analisi del ciclo di vita al fine di promuovere la ricerca e divulgare le loro attivita.

I1 Chair del Convegno I1 Presidente dell’Associazione Rete Italiana LCA

Marina Mistretta Bruno Notarnicola
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Environmental Impact Evaluations of automotive Lithium-ion
Batteries’ first and second life

Silvia Colnago", Giovanni Dotelli?

Abstract: In the transition to cleaner mobility, electric vehicles and their pri-
mary power source, batteries, are of paramount importance. Depending on
the degrees of hybridization of an electric vehicle, the battery can have dif-
ferent sizes. Usually, lithium-ion batteries are employed. Several life cycle
assessment studies have been performed to compare these vehicles with the
internal combustion engine vehicles and understand the environmental im-
pact of this battery technology production. This article aims to review life
cycle assessments on lithium-ion batteries for automotive application, with a
focus on the European scenario. The first part is a critical analysis of papers
performing a life cycle assessment of the battery technologies for electric
vehicle application. The second part of the paper will be devoted to the bat-
tery’s end of life, analyzing the different recycling methods and the possibi-
lity of a second life for the used battery.

1. Introduction

In recent years, the growing concern towards high environmental pollution spurred governments
to promote and encourage green mobility development. In this scenario, batteries play a crucial
role, and a considerable effort has been made from the industries to satisfy the growing demand.
Among the various technologies of rechargeable batteries, the most widely employed are lithi-
um-ion batteries thanks to high energy density, high power density, low self-discharge, and long
lifecycle (Xiong and Shen, 2019). There is a large variety of lithium-ion batteries that differs for
electrodes and electrolyte materials. For traction applications, typically lithium nickel cobalt alu-
minum oxide (NCA), lithium manganese oxide (LMO), lithium iron phosphate (LFP), and lithi-
um nickel manganese cobalt oxide (NMC) technologies are preferred because of their excellent
performance in terms of specific energy and specific power and safety (Ding et al., 2019). These
different technologies are made on different raw materials and have different production chains
and different environmental impacts. Several studies were performed to analyze the ecological
consequences of electric vehicles’(EVs) production in general and specifically on the different
types of lithium-ion batteries. The Life Cycle Assessments (LCA) in literature differ for func-
tional unit (FU), system boundaries, and region. Some of them focus just on the production, some
others take into account also the use phase and the end of life (EOL) of the battery.

The automotive industry stated that a battery reaches the EOL when its capacity is 80% of
the initial capacity or the internal resistance is doubled with respect to the initial one (Hesselbach
and Herrmann, 2011). However, batteries that have reached the EOL for the traction application

! Politecnico di Milano, Dipartimento di Elettronica, Informazione e Bioingegneria
2Politecnico di Milano, Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”
* Email: silvia.colnago@polimi.it

-307 -


mailto:silvia.colnago@polimi.it

X Convegno dell’Associazione Rete Italiana LCA INNOVAZIONE E CIRCOLARITA
XV Convegno della Rete Italiana LCA

still have some residual capacity that can be used in a stationary application. The degradation of
the aged battery and the technical feasibility of the battery’s second use has been discussed in
many articles, and the so-called “second life” of the battery seems to be a promising alternative
to immediate recycling. Several researchers have investigated the possible applications and the
environmental impact of using aged batteries, and the European Union started in 2016 SASLAB
project for this aim.

This article provides a review of the LCA studies made on the aforementioned types of lith-
fum-ion batteries for automotive applications, giving an overview of the possible second-life use
of the batteries. The article is organized as follows: in section 2, a review of the LCA on automo-
tive batteries is accomplished, considering European panorama. In section 3, studies on second
life and EOL of the batteries are analyzed and in section 4, conclusions are presented.

2. Lithium-ion batteries Life Cycle Assessment

Among the numerous studies available online, different goals and system boundaries definitions
can be found, which causes different impact results. Results show a strong influence of the elec-
tricity mix on the total impact, both for production and for the use phase (Hawkins et al., 2013).
Towards more significative and comparable results, this review focuses on European panorama,
so studies that consider the European electricity mix are included. Moreover, just papers related
to traction application were selected. A total of 18 papers were selected.

2.1. Goal and Scope defintion

The starting point of an LCA is the goal and scope definition, which defines the target of the
study, the FU, the system boundaries, and the impact categories. In the following, a breakdown
of the chosen goal and scope definition for the analyzed studies is reported.

The system boundaries determine the unit processes that are included in the assessment.
14 of the analyzed papers perform a cradle-to-grave assessment, considering raw material ex-
traction, manufacturing phase, use phase, and end of life, 3 perform a cradle to gate, that does
not take into account the use phase and end of life, and the remaining one analyses the production
and end of life phase, without considering the use phase. Two of them also perform an analysis on
tank-to-wheel or well-to-wheel environmental impact.

The FU is the key element of an LCA and needs to be defined at a very early stage. It is the
reference to which all the impact results are related. The most used and recommended FU for
batteries in automotive applications are kilometers driven or energy delivered. However, some of
the literature studies focus on a battery pack with specific characteristics of weight or energy or
days of operation. In Figure 1 an overview of the functional units chosen in the analyzed papers
is reported.

Figure I: Functional unit of the analysed papers.
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Despite the limited number of papers analyzed, a widespread of goals can be found. (Van
Mierlo et al.,2017) perform an environmental comparison of different alternative fuel-powered
vehicles, while (Hawkins et al.,2013), (Notter et al.,2010), (Tagliaferri et al.,2016) and (Helmers
et al.,2017) focus on the comparison between battery electric vehicle (BEV) and internal com-
bustion engine vehicle. (Marques et al.,2019), (Zhao and You, 2019), (Majeau-Bettez et al., 2011),
and (Oliveira et al., 2015) perform a comparative LCA of different types of batteries employed in
traction application, (Accardo et al.,2021) perform a comparison between two different battery
types and then compare vehicles powered by these two batteries with a similar vehicle with an
internal combustion engine while (Sanfelix et al., 2015) carry out a comparison of different BEV
concepts. (Philippot et al.,2019) and (Buchart-Korol et al.,2018) study the influence of the pro-
duction location on the emission, (Buchart-Korol et al.,2018) also focuses on different results ob-
tained with different renewable power sources. (Faria et al.,2014) and (Genikomsakis et al.,2013)
perform an LCA of a lithium-ion battery considering the first and the second life. (Mohr et al.,
2020) carry out a comparison of different battery technology with a focus on different recycling
methods. The other two papers (Ellingsen et al., 2014) and (Zackrisson et al.,2010) assess an LCA
of a specific battery pack.

In some of the papers, more than one battery type is analyzed. In this study, just the results
of the four battery types mentioned in section 1 are reported. In Figure 2 an overview of the an-
alyzed batteries is reported.

Figure 2: Overview of the analysed battery technologies.

CA
7%

2.2. Impact assessment

The impact assessment is another fundamental step of an LCA that aims at understanding and
evaluating the potential environmental impacts for the analyzed product. There are different
methods to perform a life cycle impact assessment. In literature, most of the studies are carried
out following the ReCiPe method. Life cycle impact assessment results are classified and aggre-
gated per impact categories previously chosen. The impact categories considered in the papers
under analysis are reported in Figure 3. All the investigated studies focus on the global warming
potential, but the other impact categories analyzed are different from an assessment to another. In
the next paragraph, the results of the different assessments will be analyzed.
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Figure 3: Overview of the analysed impact categories: global warming potential (GWP), human toxicity
potential (HTP), freshwater ecotoxicity potential (FETP), terrestrial ecotoxicity potential (TETP), ma-
rine ecotoxicity potential (METP), eutrophication (EUT), freshwater eutrophication (FEP), marine eu-
trophication (MEP), particulate matter formation (PMFP), photochemical oxidation formation (POFP),
terrestrial acidification potential (TAP), ionizing radiation (10), land occupation (LO), energy con-
sumption (EC) , mineral depletion potential (MiDP), fossil depletion potential (FDP), ozone depletion
potential (ODP), metal depletion potential (MDP), abiotic depletion potential (ADP), water depletion

potential (WDP).
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2.3. Results

Greenhouse gas emission is investigated in all the analyzed papers. Due to different FUs, it is not
immediately possible to compare all the results, Figure 4 presents some of the results grouped
per FU. Outcomes of (Tagliaferri et al., 2016) and (Burchart-Korol et al., 2018) are not reported
because they consider the entire vehicle and not just the battery, (Notter et al., 2010) and (Geni-
komsakis et al., 2013) report just the result of the whole lifetime, so are not directly comparable
with the other studies, while (Oliveira et al., 2015) and (Van Mierlo et al., 2017) are not reported,
since results are not comparable with the average of the others. Looking at the different results
and analyzing the average, LFP type production is the one creating more emissions (207.4 kg-
CO,eq/kWh) followed by NMC (144.2 kgCO,eq/kWh), NCA (96.9 kgCO,eq/kWh), and LMO (70
kgCO,eq/kWh).

Figure 4: GWP of different type of batteries.
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Results show that most of the studies have a production impact with the same order of magni-
tude, while the use phase differs from study to study. This is due to a different modelization of
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the use phase. Some of the studies perform a New European Driving Cycle calculating the power
needed, some other use a mean value consumption, some other use customized driving cycles.
This results in a different amount of energy requested. Moreover, even if just European countries
are considered in this review, different countries in Europe can have different electricity mixes.
(Burchart-Korol et al., 2018) study the influence of the electricity mixes on the entire life cycle of
an EV. They analyze the electricity mix of the Czech Republic (mostly fossil and nuclear), Poland
(85% fossil), and then electricity produced just with hydropower, wind, or solar. The result of
their study is depicted in Figure 5.

Figure 5: Impact of different electricity mix on electric vehicles’ lifetime.
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As expected, the usage of renewable and green sources allows halving the global warming poten-
tial, the human toxicity potential, and the fossil fuel depletion.

Terrestrial acidification results are reported in Figure 6. This impact category is not estimat-
ed in the analyzed studies for NCA type.

Figure 6: Terrestrial acidification impact of different types of batteries.
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Regarding the other impact categories, the different hypotheses, different types of battery consid-
ered, and different FU do not make possible a direct comparison of the values. An estimation of
the impacts, whenever significative is reported in Table 1.

Table 1: Environmental impact of different types of battery

LMO NMC LFP NCA

HTP [kg 1.4-DCB,_ | 505.5 /kWh 750/kWh

MDP [kg Fe_] 150/kWh 100/kWh

PMFP [kg PM, | 6.5¢-5/km 0.715/kWh 0.39/kWh

POFP [kg NMVOC] 6.6e-5/km 0.955/kWh 0.52/kWh

FDP [kg Oil | 89/kWh 52/kWh

FETP [kg 1.4-DCB_| 1.24/km 9.85/kWh 7.1/kWh

ODP [kg CFC-11_] 1.17¢-9/km 0.001/kWh 0.002/kWh
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Table 1: (continued from previous page)

FEP [kg P, | 3.6e-5/km 0.38/kWh 0.45/kWh

TETP [kg 1.4-DCB_| 0.043/kWh 0.041/kWh

EUT [kg PO, | 0.64/kWh 1.23/kWh

MEP [kgN_ ]| 0.36/kWh 0.29/kWh

ADP [kg Sb_| 0.5/kWh 0.035/kWh 0.018/kWh 0.024/kWh
EC [GJ/KWh] 1.01 2.035 3.04 0.5
METP [kg 1.4-DCB_| 10.1/kWh 9.1/kWh

3. Batteries End of Life

In some of the analyzed articles, the battery’s EOL is considered. In particular, 13 of them focus
on the possibility of recycling the battery at least partially after the usage in EV. In 5 of them,
for some impact categories, recycling has a negative impact because it prevents resource deple-
tion and energy consumption from extracting new raw materials. The most common recycling
methods for lithium-ion batteries are pyrometallurgical and hydrometallurgical treatment, (Mohr
et al.,2020) analyses the impact and the benefit of these recycling processes on three different
batteries. Results are shown in Figure 7.

Figure 7: GWP of hydrometallurgical and prometallurgical recycling.
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On the other hand, (Faria et al., 2014) and (Genikomsakis et al., 2013) investigate the possibility
of a second life for the battery with an application on residential storage. (Genikomsakis et al.,
2013) combine batteries with renewable sources in smart buildings resulting in an environmental
benefit avoiding producing a new battery for the building. (Faria et al., 2014) analyses two different
secondary use in buildings, for load shifting and peak shaving and compare them with the impact
of buying the energy directly from the grid. In both scenarios, the battery is charged at night and
delivers power during the day. The study evidence that for this secondary use to be beneficial, the
emission of power generation at night must be lower than the one during the day by a factor equal to
the battery system’s efficiency loss. Although it is not beneficial in terms of environmental impacts,
the study underlines that this second use is economically profitable for the consumer and grid own-
ers. The feasibility and the condition of an aged battery are analyzed in (Pfrang et al., 2018), where
the aged batteries are used to decrease the peak power demand during work hours. This investi-
gation was carried out in the context of the SASLAB project of the European Union that aims to
understand the impact of batteries’ second life. The study underlines that the battery’s usability for
a second life depends strongly on the operating conditions during the first use; therefore, it is crucial
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to implement in the EV a battery management system able to record the electrical performance of
the battery and predict the remaining useful life. Regarding the environmental impact of this appli-
cation, using a repurposed battery is beneficial only if used instead of a new battery. This result is
affected by the energy mix and the feedstock providing energy during peak hours.

4. Conclusions

This review analyses eighteen studies on automotive batteries used in Europe. The analyzed assess-
ments have different goals, and four different FUs can be found: km of service, energy delivered,
one battery pack, or days of operation. A lot of different impact categories can be found in the
reviewed assessments, but global warming potential, human toxicity potential, and terrestrial acid-
ification are the most frequently used. The studies’ results are not always comparable due to many
differences in system boundaries, FUs, and LCA approaches. The significant results are reported
in this study. The second part focuses on the EOL of the traction batteries analyzing two recycling
methods and the possibility of a second life for the used batteries. Recycling involves some impacts
due to the recycling process itself but can also bring benefits since it can avoid re-extracting raw
materials. The technical feasibility of the reuse of the battery depends on the usage during the first
life; therefore, it is essential to predict and manage the remaining useful life when the battery is
onboard. The battery’s secondary usage is environmentally beneficial only if used to replace a new
battery. However, load shifting is economically profitable for both the grid owner and the consumer.
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