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Abstract 
Climate change is pushing to rethink the paradigm of anthropic 

activities. From a society strongly based on fossil fuels and their 

exploitation, there are many initiatives that aim at a transition towards 

sustainable energy sources such as the European Green Deal and the 

European Taxonomy on sustainable finance that aim to promote 

sustainability and circular economy. Thanks to technological 

improvements over the past decade in electric storage systems, one of 

the initiatives is related to the electrification of road transport. It is 

precisely in this transition that lithium-ion batteries have found ample 

space thanks to their energy density, which allows the accumulation of 

energy in weights and volumes that are no longer prohibitive. Looking 

at global electric vehicle adoption trends, it is possible to identify an 

exponential growth in battery demand and consequently in the 

consumption of raw materials such as lithium, cobalt, manganese and 

nickel. The extraction of these raw materials has strong environmental 

and social impacts and the availability of these raw materials is limited. 

To reduce the environmental impacts related to the extraction of raw 

materials and the production of lithium-ion batteries and to make supply 

chains more sustainable and circular, it is possible to think of recycling 

processes that allow the recovery of materials contained within them. 

The current state of the art in lithium-ion battery recycling technology 

involves two types of metallurgical processes: pyrometallurgy and 

hydrometallurgy. The former involves the use of heat to alloy the metals 

of interest while the latter involves the use of organic/inorganic acids 

for the selective extraction of those metals. This Ph.D. thesis is one of 

the first available works on the topic that aims to assess the techno-

economic and environmental sustainability of those lithium batteries 

recycling processes considering different chemistries, plant scales and 

an Italian scenario. This dissertation is organized in three Chapters.  

Chapter I describes the state of the art about the application of LCA to 

lithium-ion batteries and electric vehicles through a critical review of 

papers published on the topic. The chapter points out the criticalities of 

LCA applied to the LIBs and to EVs. Furthermore, to highlight 

strengths and weaknesses of the assessment procedures adopted, the 

analysis of the reviewed studies was carried out also from a 

methodological point of view. From a practical perspective, some LCA 

results were analysed and discussed. From a methodological point of 

view, an in-depth analysis of the reviewed papers was carried out to 
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highlight the different methodological approaches followed as well as 

the key aspects of variability based on the LCA phases (Goal and scope 

definition; Inventory Analysis; Life cycle Impact Assessment; 

Interpretation). 

Chapter II deals with the technical confrontation among electric and 

thermal vehicles and the methodological confrontation between two 

LCA software tools: Simapro and Greet. The aim of this section is to 

firstly obtain data regarding the use phase of lithium-ion batteries to be 

used in the overall life cycle assessment in chapter III. Secondly the 

comparison aims to understand if the electrification of the mobility is 

the solution to reduce the environmental impacts related to the 

transportation sector. The comparison shows that electric vehicles are 

better than thermal one only when looking at Climate change impact 

categories. Performing a broader analysis shows that thermal vehicles 

represent non the worst solution. 

Chapter III presents the assessment of the environmental and economic 

performances of all the lithium-ion batteries chemistries and recycling 

processes considered. About the environmental evaluation, Chapter III 

reports a comparative LCA two recycling processes (i.e., 

pyrometallurgical and hydrometallurgical ones) in Italy focusing on 

different lithium-ion battery chemistries that are the best solution 

available nowadays. The main aim of this LCA study was to identify 

how the recycling processes contribute to reduce environmental burden 

related to lithium-ion batteries production and exploitation. Both 

processes shows results in the same order of magnitude in the overall 

LCA analysis. For the economic analysis Chapter III shows the results 

in terms of the plant cost and related economic indicators such as the 

Return on Investment (ROI), the Discounted Cash Flows (DCF) and the 

Net Present Value (NPV). The choice of the recycling process for 

lithium-ion batteries, indeed, in a cleaner production and sustainability 

perspective, should consider not only economical aspects but 

environmental performances of the whole system. The case study was 

set in Italy. Data for environmental analysis are obtained thanks to the 

technical design of battery recycling processes. The process is 

simulated using a spreadsheet in which adjustable parameters are plant 

capacity and battery chemistry. From an economic point of view the 

hydrometallurgical process performs better than the pyrometallurgical 

one. 
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Introduction 
 

 

 

 

The human society is urgently in need for green electric energy. Mobile 

and stationary applications require advanced batteries capable of 

providing high power and energy density but fulfilling highest safety 

standards (Hausbrand et al., 2015). 

Lithium-ion cells were the best candidate for fulfilling these duties. 

Lithium-ion cells are electrochemical cells and consists of two 

electrodes, the anode (the negative electrode) and the cathode (the 

positive one) and an electrolyte. The two solid electrodes are kept apart 

from the liquid electrolyte by an electrolyte-permeable separator. This 

electrolyte conducts the ionic component of the chemical reaction 

between the anode and the cathode and forces the electronic 

components to flow through an external circuit (Goodenough & Park, 

2013). The material components constituting lithium-ion batteries 

(LIBs) obviously depends on chemistry and manufacturer. 

Nevertheless, considering an average of different LIBs chemistries 

available on the market, the cathode material represents about 50% of 

mass fraction, the anode about 30%, adhesives and plastics about 7%, 

the electrolyte about 4% and, finally, the remaining percentage 

represents other components (Wang et al., 2014). The cathode 

generally consists of an active material.The most used material are  

lithium metal oxide,  lithium-cobalt-oxide, LCO, lithium-manganese-

oxide, LMO, lithium-nickel-manganese-oxide, LNMO, lithium-

titanate-oxide, LTO, lithium-nickel-cobalt-manganese-oxide, NCM, 

lithium-iron-phosphate, LPF, lithium-nickel-cobalt-aluminium, NCA 

and lithium-vanadium-phosphate, LVP.  Above materials are coupled  

with a 10 microns aluminium foil as current collector. The anode is 

generally made of graphite in which, recently, additional active 

components (i.e., SiOx) are added to improve the capacity. The anode 

is also coupled with a 10 microns copper foil as current collector. 

Generally current collector and electrode are held together by PVDF-

based adhesive. 

The electrolyte consists of lithium salts (i.e., LIPF6, LiBF4, LiClO4) in 

organic solvents (i.e., propylene carbonate, PC, ethylene carbonate, EC, 

ethylmethyl carbonate, EMC, dimethyl carbonate, DMC, diethyl 
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carbonate, DEC) and acts as conductive pathways for li-ions movement. 

The separator is normally a microporous layer consisting of either 

polymeric or non-woven matrix, placed between cathode and anode to 

prevent their physical contact (Zhu et al., 2021).  

In a standard arrangement, li-ion battery operates according to the 

“rocking-chair” principle.  

Li-ion are transferred between two materials that can intercalate them 

into non-occupied lattice site. During the charging phase of the cell the 

electron flux, coupled to the ion flow, is directed towards the anode 

while during the discharging phase it is directed to the positive electrode 

(Zhao, 2017).  

 

Lithium-ion cells are widely used in portable instruments, 

communication equipment and so forth while in the past few years they 

became pivotal in the transportation sector electrification process 

because of their high specific energy and high specific power and long 

life (Deng et al., 2021). Moreover lithium-ion batteries show low 

tendency to self-discharge, it is interesting for the absence of heavy 

metals and for high operating temperature range as well as good 

longevity in terms number of recharge cycles (Chandran et al., 2021). 

Lithium-ion cells, assembled together in modules and battery packs, 

have been extensively applied in automotive sector for hybrid electric 

vehicles (HEVs), plug-in hybrid electric vehicles (PHEV) and battery 

electric vehicles (BEVs) (Lin et al., 2015) where the research for 

renewable energy use has been crucial over the last twenty years. 

Lithium-ion batteries - coupled with renewable electric energy 

production - granted the opportunity to contribute to reduction of the 

dependence on fossil fuels and greenhouse gases (GHGs) emissions. 

The transportation sector, in fact, accounts for 23% of global CO2 

emissions related to energy activities (Helmers et al., 2020). On 

average, from 2015 to 2020, transportation-related emissions increased 

by 2.5% year-over-year (Helmers et al., 2020). The other sectors, 

however, have decreased over time (Helmers et al., 2020). 

In the European Union (EU), the transport sector is responsible for 

about one-quarter of greenhouse gas (GHGs) emissions and the share is 

growing rapidly (Habib et al., 2015). Cars accounted for about 45% of 

these emissions in 2017 (Andersson & Börjesson, 2021). To achieve 

climate neutrality in 2050, a 90% reduction in transportation sector 

emissions will be required. The European Commission (EC) plans a 
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clear path, for cars and vans, to zero-emission mobility starting from 

2025 (Andersson & Börjesson, 2021). 

The market of electric vehicles has grown exponentially since 2010 and 

many studies have been performed to evaluate the benefits of 

electrification of transportation in terms of energy and emission 

reduction (Camus et al., 2011). 

Even though the adoption of EVs could have many benefits in terms of 

energy consumption and reducing local environmental impacts related 

to climate change depending on renewables share of energy generation 

mix, most studies doesn’t consider other environmental impacts that 

could be negatively affected from EVs adoption. Moreover the 

transition from ICEVs to EVs will require a large production of LIBs 

and thus large quantities of metals such as lithium, cobalt, manganese 

and nickel (Dunn et al., 2012). The European commission forecasted 

that the demand for lithium would increase by 18 times in 2030 and by 

60 times until 2050 compared to the current supply (Keersemaker, 

2020). To avoid criticality in the lithium supply chain, a great effort 

should be made because of the low recovering rate of lithium in Europe 

(Sun et al., 2019). Sonoc et al. (2015) predicted that to ensure a stable 

supply chain of lithium in Europe, the minimum recovery rate should 

be 90%.  

Waste electrical and electronic equipment (WEEEs) is one of the 

potential sources for valuable materials recycling. WEEEs sector is 

growing quickly and has a serious problem in terms of sustainability 

(Menikpura et al., 2014). At the same time, they have a high economic 

potential that comes from their high intrinsic value (Sarath et al., 

2015), that imposes to study, first among all, the processes to make 

battery material recycle. However, in recent years only 20% of WEEEs 

is collected and recycled, while the rest is sent to thermal recovery or 

stored in landfills (Baldè et al., 2017). 

 

One of the most important and used tools of Industrial Ecology is the 

Life Cycle Assessment (LCA) methodology, an environmental 

accounting and management approach for assessing industrial systems 

(Curran, 2008). 

LCA allows to evaluate the environmental performances of alternative 

systems (products, processes, or services) looking at consumption of 

resources as well as the emission of pollutants that may occur during 

their life cycle from cradle to grave. For LIBS this approach includes 

the extraction of raw materials, the processing and production of 
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materials, the transportion, the phase of use and, finally, the end of life 

(ISO 14040, 2006; ISO 14044, 2006). 

Since the term “life cycle assessment” was coined, in the early 90s, 

(Bjørn et al., 2018a) the methodology was applied to many industrial 

and economic sectors. 

 

The overall scope of this Ph.D. work is the techno-economic and 

environmental analysis of recycling processes for LIBs from 

automotive sector. In order to achieve this overall goal, the first part of 

my Ph.D. work was focused on a critical review about the application 

of LCA methodology to the EVs and LIBs, in order to point out the 

most important results achieved until now as well as strengths and 

weaknesses of the assessment procedures adopted. 

 

Therefore, the following research activities of this Ph.D. work focused 

on techno-economic and environmental assessment of the lithium-ion 

batteries.  

In this regard, the specific objectives of these research activities were: 

To design recycling process solution for lithium-ion batteries 

considering the processes family that are already available on pilot or 

industrial scales (pyrometallurgy and hydrometallurgy). 

To perform an economic analysis of both processes to evaluate the most 

profitable one. 

To perform a comparative LCA of recycling processes to assess the 

most environmentally sound. 

 

This dissertation is organized as following:  
• Chapter I describes the state of the art about the Life Cycle 

Assessment application to the lithium-ion batteries and electric 

vehicles through a critical review of papers published on the topic. 

Chapter I points out the criticalities of the LCA applied to the LIBs 

and to EVs. Furthermore, to highlights strengths and weaknesses of 

the assessment procedures adopted, the analysis of the reviewed 

studies was carried out also from a methodological point of view. 

From a practical perspective, some LCA results were analysed and 

discussed. From a methodological point of view, an in-depth analysis 

of the reviewed papers was carried out in order to highlight the 

different methodological approaches followed, as well as the key 

aspects of variability based on the LCA phases (Goal and scope 

definition; Inventory Analysis; Life cycle Impact Assessment; 

Interpretation). 
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• Chapter II deals with the technical design of battery recycling 

processes. The process is simulated using a spreadsheet in which 

adjustable parameters are plant capacity and battery chemistry. The 

main output of the model is the plant cost and related information 

(ROI, DCF) The main aim of this design phase was to obtain technical 

parameters that are going to be used for economic and environmental 

analysis. Chapter II also reports LCA results applied to battery 

recovery. In such a manner environmental and economical are 

evaluated in order to help in the selection of the recycling processes. 

About the economic evaluation, the analysis was performed based on 

two main indicators: the return of investment (ROI), return on 

investment, and the net present value (NPV) calculated according to 

chemical engineering standards. Sensitivity on plant capacity and 

LIBs chemistry was performed. The case study was set in Italy. 

• Chapter III presents the assessment of the environmental 

performances of all the lithium-ion batteries chemistries and recycling 

processes considered. About the environmental evaluation, Chapter 

III reports a comparative LCA two recycling processes (i.e., 

pyrometallurgical and hydrometallurgical ones) in Italy focusing on 

different lithium-ion battery chemistries that are the best solution 

available nowadays. The choice of recycling process for lithium-ion 

batteries, indeed, in a cleaner production and sustainability 

perspective, should consider not only economical aspects but 

environmental performances of the whole system. The main aim of 

this LCA study was to identify the way recycling processes contribute 

to reduce environmental burden related to lithium-ion batteries 

production and exploitation. The case study was set in Italy.  
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Chapter I 

State of the art of LCA application 

to li-ion batteries 

 

 

 

 
I.1 Introduction 

Stationary and mobile application needs advanced power storage devices. 

High safety standards and high energy and power density are required for the 

more recent mobile. The older batteries, on the contrary, that are characterized 

by long life and reliability are more suitable for energy stationary storage 

applications (Hausbrand et al., 2015). The lithium ion batteries (LIBs) are 

most promising candidates for both applications, thanks to their power and 

energy density as well as their low self-discharge rate (Ioakimidis et al., 

2019). 

During the past decade, lithium ion cells have been widely used in the 

automotive sector as energetic sources for electric vehicles (EV), hybrid 

electric vehicles (HEV) and plug-in hybrid electric vehicles (PHEV) (Lin et 

al., 2015). Total production LIB has been 103 GWh or 11,400 tons in the year 

2017, and a quick increase in the future is expected. It is forecasted an annual 

demand for LIBs of 1,300 GWh (145,000 tons) in 2030 (Curry, 2017). 

The annual demand for LIBs and for raw materials as its consequence, is 

related to the market penetration of EVs, batteries lifespan and recycling 

capacity. Therefore, considering the importance of electric mobility in 

economic and social terms, it is important to evaluate it from an environmental 

point of view. 

In this context, the application of basic principles of industrial ecology and 

the use of its application tools can be a valid help for industries.  

Industrial ecology (IE) can be seen as an emerging framework for 

environmental management, seeking transformation of the industrial system 

in order to match its inputs and outputs to planetary and local carrying capacity 

(Lowe & Evans, 1995). In the industrial ecology context, the Life Cycle 

Assessment (LCA) methodology can be used to evaluate the potential 
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environmental impacts. The LCA method grants a complete vision of the life 

cycle of products, processes, or services during all the life cycle (Cradle to 

Grave approach) or only some parts of it (Cradle to Gate, Gate to Grave, etc.). 

The use of a ‘Cradle to Gate’ approach considers all processes from resource 

extraction to the factory gate. A ‘Cradle to Grave’ approach considers 

processes of Cradle to Gate approach to which are added use and disposal 

phases. The ‘Well to wheel’ approach is usually used for fuels. Inputs and 

outputs of an LCA study must be referred to a Functional Unit (F.U.), which 

is a measure of the function of the studied system. The International Standards 

Organization (ISO) provides the general guidelines to perform LCA in the ISO 

14000 series (International Standard Organization, 2006a, 2006b). 

The “Life cycle assessment” was coined, in the early 90s, (Bjørn et al., 

2018) and starting from that period, the methodology was applied to many 

industrial and economic sectors.  

Being an under-development sector that is undergoing an exponential 

growth, the electric mobility is starting to be assessed with this method too. 

Figure 1 shows the shares of batteries produced by countries in the world. 

 

 

 

 
  

Figure 1: Shares of batteries produced by countries in the world (Mayyas et 

al., 2019) 
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Environmental evaluations are crucial to ensure that the battery recycling 

industries are not only economically but also environmentally sustainable. 

Although is still in a developing phase, several studies have been carried 

out about the application of LCA to the electric mobility and lithium-ion 

batteries. In December 2020 there were 916,000 papers available on LIBs and 

the 2% was related to LCA or energetic and environmental analysis.  

Therefore, studies published on the topic have been analysed in this 

Chapter in order to conduct a critical review useful to point out the most 

important results achieved until now as well as the main environmental 

hotspots of LCA application to electric mobility and LIBs sector. The analysis 

of the considered studies was carried out from a methodological point of view 

(concerning the application of LCA). 

 

I.2 Methodological approach 

 

LCA allows to compare different systems considering the consumption of 

resources as well as the emission of pollutants that may occur during their life 

cycle, which include the extraction of raw materials, the production and 

processing of materials, the transport, the phase of use and, finally, the end of 

life (ISO 14040, 2006; ISO 14044, 2006). 

LCA is a good relation tool; this means that its purpose is the realization 

of comparisons between alternatives, and does not provide absolute 

evaluations (Curran, 2008). Therefore, it can be used to judge which products 

or systems are better for the environment or to point to the processes that 

contribute the most to the overall impact and should receive attention (Bjørn 

et al., 2018). LCA results are calculated by mapping all emissions and 

resources used and, if possible, the geographical locations of these, and use 

factors derived from mathematical cause/effect models to calculate potential 

impacts on the environment from these emissions and resource uses (Bjørn et 

al., 2018). 
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Figure 2: Life Cycle Assessment (International Standards Organization 

(2006) phases as described in ISO 14040. 

 

Figure 2 shows the framework structure of an LCA study according to ISO 

14040 standard composed of four main phases, and its different applications. 

An LCA starts with the definition of the goal of the study. The goal 

definition sets the context of the LCA study and is the basis of the scope 

definition where the assessment is framed and outlined (Hauschild, 2018). 

In the goal definition phase, it is necessary to define: 

- what activities belong to the life cycle of product that is studied; 

- the function unit: a quantitative measure of the function of the studied 

system; 

- the geographical, temporal, and technological boundaries; 

- the impact categories that shall be assessed in the study; 

- a choice between consequential or attributional approach. 
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The phase of goal and scope definition is very important since it the choices 

that are made influence the data collection and the way in which of modelling 

and assessing the system. This phase, therefore, affects a lot the validity of the 

conclusions and recommendations that are based on the results of the LCA 

(Hauschild, 2018). 

The goal and scope definition phase is followed by the inventory analysis. 

It is a process of in which energy and raw material requirements, pollutants in 

air, soil, and water as well as solid wastes production for the entire life cycle 

of the product system are quantified. The collected data are scaled in 

accordance with the reference flow and the functional unit. 

A list of the material and energy flow is the result of inventory analysis 

phase. This list will be translated in impacts on the environment, during the 

impact assessment phase, using a characterization model (Hauschild, 2018). 

Finally, according to ISO 14040:2006, the last phase of LCA is the the 

interpretation phase. This phase should include:  

• the identification of significant issues based on the results of the 

inventory analysis and impact assessment phases;  

• the evaluation of the study considering completeness, sensitivity, 

and consistency checks;  

• the conclusions, limitations, and recommendations. 

To guide the formulation of conclusions from the results sensitivity and 

uncertainty analysis are applied as part of the interpretation phase (Hauschild, 

2018). 

LCA methodology allows the comparison of environmental impacts of 

products, process and systems made up of hundreds of processes thanks to 

elementary processes contained in dataset accounting for thousands of 

resource uses and emissions that are taking place in different places at 

different times (Bjørn et al., 2018). 

The broadness and comprehensiveness are the strength of the LCA 

methodology but, at the same time, it is also a limitation, as it requires 

simplifications and generalisations in the modelling of the product, process or 

service and the environmental impacts. It is more accurate to say that 

performing an LCA calculates potential environmental impacts (Bjørn et al., 

2018). 

 

I. 3 Practical aspects resulting from the LCA application to electric 

vehicles and lithium-ion batteries 

Fifty-nine papers and studies on the topic, among the papers available in 

literature have been considered in this study. As a rule, papers with no original 

results as well as papers with no faithfully proved results have not been 
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considered. The research of these papers has been conducted on the main 

available scientific databases (Scholar, Scopus, Science Direct, Web of 

Knowledge, etc.) using different key words such as LCA, life cycle 

assessment, electric vehicle, battery, lithium-ion battery, hydrometallurgy, 

pyrometallurgy, recycling, second life, end of life, etc. as well as combining 

them with the ‘and’ boolean operator.  

The main characteristics of the studies considered in this review are 

reported in Table I. In the Table I the analysed papers are divided into three 

categories: vehicle studies, battery studies and other studies.  
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Table I: Main characteristics of the studies considered 

LCA APPROACH FUNCTIONAL 

UNIT (F.U.) 

MAIN TOPIC LOCATION REFERENCES 

 

BATTERY 

 

CRADLE TO 

CRADLE 

1 kWh LCA analysis on recycling and reuse of 

lead acid, LIBs, and vanadium redox 

flow batteries 

Germany (Unterreiner et 

al., 2016) 

CRADLE TO GATE 1 kg of cathode Different impact assessment methods 

comparison 

- (L. Wang et al., 

2019) 

1 kg of raw material Real energy demand and GHGs 

emission comparison to GREET 

China (Yin et al., 2019) 

1 kWh LCA on NMC battery US (Dai et al., 2019) 

100 kg of batteries Production environmental impact of 

different batteries (LIBs and non-LIBs) 

UK (Mcmanus, 2012) 

1000 kWh LCA comparison among LIBs, NMHs 

and solar cells 

China (Liang et al., 

2016) 

Local energy demand 

[MWh] 

Optimized consequential LCA for ESS 

application 

FR (Elzein et al., 

2019) 

CRADLE TO GATE 

+ END OF LIFE 

17 kWh LCA on innovative LIB chemistry - (Raugei & 

Winfield, 2018) 
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CRADLE TO GATE, 

CRADLE TO 

GRAVE 

1 battery pack (250 

kg) 

LCA approach and EIO-LCA UK (S. Zhao & You, 

2019) 

CRADLE TO 

GRAVE 

1 battery Complete LCI for NCM battery - (Ellingsen et al., 

2014) 

1 battery pack (346 

kg) 

LCA on LithoRec project for LIBs 

recycling 

Germany (Cerdas et al., 

2018) 

1 battery pack (43,2 

kWh) 

LCA on battery with silicon nanowire 

anode 

- (Li et al., 2014) 

1 battery pack (43,75 

mAh) 

LCA on SSBs manufacturing Germany (Troy et al., 2016) 

1 kWh LCA on different battery types - (Hammond & 

Hazeldine, 2015) 

LCA on battery reused for ESS 

application 

Canada (Ahmadi et al., 

2015) 

LCA on new advanced material for 

LIBs 

EU (Kushnir & 

Sandén, 2011) 

Environmental burdens of used 

batteries 

JP (Ishihara et al., 

2002) 

1 MWh LCA comparison between LIBs and 

LMPs 

Canada 

(Quebec) 

(Vandepaer et al., 

2017) 

50 kW power / 450 

kWh capacity 

Energy analysis on eight battery 

technologies  

- (Rydh & Sandén, 

2005) 
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Average yearly 

energy balance 

LCA of repurposed EV batteries in ESS 

applications 

Netherlands (Bobba et al., 

2018) 

END OF LIFE 

(RECYCLING 

PHASE) 

1 ton of batteries LIBS recycling processes investigation 

and LCA 

Australia (Boyden et al., 

2016) 

WELL TO WHEEL - Different battery chemistries 

assessment 

EU (Gerssen-

Gondelach, 2012) 

1 km LCA study Sweden (Zackrisson, 

2016) 
 

VEHICLE 

 

CRADLE TO GATE - Energy consumption and GHGs 

emissions evaluation of ICEVs and 

BEVs production 

China (Qiao et al., 2017) 

100,000, 150,000 and 

200,000 km 

Impact of driving patterns, geographic 

locations, and heating/cooling use on 

energy consumption of EV. LCA 

approach 

Germany, 

Brazil and 

Spain 

(Egede et al., 

2015) 

150,000 km LCA study on BEV and ICEV EU (Pero et al., 2018) 

CRADLE TO 

GRAVE 

- LCA on BEV, HEV and PHEV with 

LMO batteries 

US (Dunn et al., 

2012) 

LCA study for different LIB chemistry 

in PHEV 

US (Gaines et al., 

2011) 



 

10 

 

Energy use and GHGs emission of 

vehicle 

US (Sullivan et al., 

2010) 

1 km LCA on five different powertrain 

scenarios 

Brazil (Souza et al., 

2018) 

LCA comparison between ICEVs and 

BEVs 

EU (Tagliaferri et al., 

2016) 

LCA on different EV types and LIB 

chemistries 

US (Ambrose & 

Kendall, 2016) 

1 kWh Different impact methods sensitivity on 

electric powertrains LCA 

EU (Hernandez et al., 

2017) 

1 mile LCA analysis on different advanced 

powertrains 

US (Mayyas et al., 

2019) 

100 km Carbon and water footprint analysis Czech (Jursova et al., 

2019) 

120,000 km Batteries production impact on EV life 

cycle 

US (Lastoskie & Dai, 

2015) 

150,000 km LCA with present and future energy 

mixes 

Czech and 

Poland 

(Burchart-Korol 

et al., 2018) 

160,000 km LCA on electric vehicle and LIBs 

second life scenarios 

Canada (Ahmadi et al., 

2014) 

200,000 km Comparative LCA on two batteries 

type: LFP and LMO 

China, 

Germany, 

France, 

Portugal 

(Marques et al., 

2019) 
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200,000 km CO2 emissions comparison between 

BEVs and ICEVs 

US, EU, JP, 

China, 

Australia 

(Kawamoto et al., 

2019) 

4,000 days Second life scenarios LCA Spain (Ioakimidis et al., 

2019) 

GATE TO GATE 1 km Impact of different vehicle technologies 

on online shopping using LCA 

Thailand (Koiwanit & 

Hamontree, 2018) 

WELL TO WHEEL - LCA study on different size segments 

EVs 

EU (Ellingsen et al., 

2016) 

- Environmental profile for EV Germany (Held et al., 2011) 

1 kg of battery Exergetic efficiency analysis on 

thermal management system for EV an 

ICEV 

EU (Hamut et al., 

2014) 

LCA on ICEV and BEV - (Frischknech, 

2011) 

ICEVs and BEVs environmental 

comparison using LCA 

Switzerland (Notter et al., 

2010) 

1 km LCA comparison between EVs and 

ICEVs 

EU (Hawkins et al., 

2013) 

Evaluation of GHGs emission for 

PHEV 

US (Samaras & 

Meisterling, 

2008) 

10 kWh LCA on LFP batteries in PHEV 

application 

EU (Zackrisson et al., 

2010) 
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180,000 km LCA on electric, hybrid and fuel cell 

vehicles 

EU (Van den Bossche 

et al., 2006) 

180,000 miles Energy inputs and GHGs emission for 

ICEVs, HEVs and BEVs 

US 

(California) 

(Aguirre et al., 

n.d.) 

200,000 km LCA on automotive and second life for 

LIBs and sensitivity on energy mixes. 

Portugal, 

France and 

Poland 

(Faria et al., 

2014) 

230c,500 km Environmental impact of conventional 

and electric vehicles. 

- (Van Mierlo et 

al., 2011) 

50 MJ (equivalent to 

100 km) 

Environmental comparison between 

LIBs and NMHs in EV applications. 

EU (Majeau-Bettez et 

al., 2011) 
 

OTHERS 

 

CRADLE TO 

GRAVE 

kg of batteries Material and energy flows for different 

LIB chemistries. 

US (J. B. Dunn et al., 

2014) 

20 kWh Material and energy flow for NMC 

production 

- (Simon & Weil, 

2013) 

- Energy and mass flow EU (Hischier et al., 

2007) 

- Cost analysis for LIBs US (Gaines & 

Cuenca, 2000) 
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Seventeen percent of the reviewed studies considered a Cradle to Gate 

approach. For example, Liang et al. (2016) focused on the evaluation of 

emissions related to the batteries production. The last 7% is made of different 

approaches such as Gate to Gate, Cradle to Cradle and End of Life only. The 

impact categories of all the studies in this review have been collected and are 

shown in Figure 3. 

 

 

Figure 3:Most used impact categories. 

 

Climate change and energy use are the most common impact categories in 

the LCA studies taken into consideration. They are useful to evaluate technical 

and environmental performances of products and processes. The climate 

change category is related to the Greenhouses Gas Emissions (GHGs), whilst 

the energy use category gives an indication of the harvested energy across the 

life cycle of the process considered. There is a strong relevance between 

climate change impact category and energy use; therefore, it is possible to 

speculate that energy intensive processes are likely to be more impacting from 

a climate change perspective (Yin et al., 2019) and the magnitude of this 

correlation is related to the energy mix composition selected to perform the 

study. The more the energy mix relates to non-renewable sources, the higher 

is supposed to be the climate change category. 

The LCA studies on LIBs appeared in the early 2000s and their number 

increased over time. Among the considered studies, 38% is an LCA study on 

lithium-ion battery, while 55% is an assessment on the electric vehicle 

powered by a lithium-ion battery pack. The first noticeable fact that appears 

from the studies considered is the geographic location in which the LCA is 

performed. As can be seen in Figure 4, more than half (57%) of the studies are 
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conducted considering a European energy mix, 21% of the studies considered 

a US energy mix and about 6% used a Chinese energy mix. Other small 

contributions come from Canada, Brazil, Japan, and Australia. 

 

 

Figure 4: Geographic location considered in the LCA studies. 

 

A second important aspect concerns the cathode chemistry of the lithium-

ion batteries. The LIBs are classified on the base of chemical composition: 

lithium iron phosphate (LFP), lithium nickel cobalt manganese (NCM), 

lithium manganese oxide (LMO), lithium cobalt oxide (LCO), lithium nickel 

cobalt aluminum (NCA); lithium cobalt phosphate) (LCP); lithium iron 

manganese phosphate (LFMP); lithium metal polymer (LMP); lithium cobalt 

nickel (LCN). In about 6% of the papers, the chemistry of the battery is not 

specified. The range of chemistry considered in the remaining papers is shown 

in Figure 5. 
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Figure 5: Considered LIBs chemistries: LFP (lithium iron phosphate); NCM 

(lithium nickel cobalt manganese); LMO (lithium manganese oxide); LCO 

(lithium cobalt oxide); NCA (lithium nickel cobalt aluminum); LCP (lithium 

cobalt phosphate); LFMP (lithium iron manganese phosphate); LMP (lithium 

metal polymer); LCN (lithium cobalt nickel). 

 

Lithium iron phosphate (LFP) and nickel cobalt manganese (NCM) are the 

most analyzed chemistries. LFP batteries are made of cheap, nontoxic and 

easily accessible materials like iron and phosphorus (Wang et al., 2019). The 

cobalt based chemistry batteries show high environmental impacts to human 

and ecosystems because of the metal extraction process (Kallitsis et al., 

2020). Furthermore, LFP batteries are safer than cobalt based batteries (Sun 

et al., 2019). For these reasons, LFPs are the best candidates to be used for 

next generation green LIBs. NCM is the most diffuse cathode chemistry in the 

EVs sold in Europe, Japan and United States (Dai et al., 2019). 
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Figure 6:  Lithium-ion battery pack capacity versus the battery pack weight. 

 

Figure 6 show the LIB and its capacity as a function of their weight.  On 

the above data it is possible to assess an average value of the ratio 

capacity/weight [kWh/kg] equal to 0.1103. The inverse value is equal to 9.066 

kg/kWh and gives an indication of the average energy density. The batteries 

with NCM and LMO cathode chemistry have values of the weight/capacity 

ratio lower than the average. Other chemistries, such as LFP, have higher 

values than the average one, and the reason for this is related to the different 

energy densities among different chemistries. It is possible to state that, from 

a size point of view, batteries with a lower value of weight/capacity are 

preferable for automotive applications. Lighter batteries are less impacting on 

vehicle electrical consumption. 
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I. 4 Methodological aspects resulting from the LCA application to 

electric vehicles and lithium-ion batteries 

In this section, the reviewed studies are presented from a methodological 

point of view. The approaches adopted in the LCA main phases (Goal and 

scope definition, Inventory Analysis, Life Cycle Impact Assessment, 

Interpretation) are going to be underlined 

The most common Functional Unit in the cited literature (33.90% of the 

studies) is the distance travelled by the vehicles. It is a common choice when 

comparing the environmental behaviour of  internal combustion engine 

vehicle and electric vehicle) (Tagliaferri et al., 2016). The second most 

common FU (30.51%) is the total amount of energy provided to the vehicle 

by the batteries. It is a correct choice when it is necessary to consider the 

influence of parameters such as lifetime, efficiency and Depth of Discharge 

(DOD) on the output delivered by the batteries (Vandepaer et al., 2017). The 

third most common FU (16.95%) is the battery pack mass. This type of FU is 

commonly used when it is necessary to compare different cathode materials 

(Wang et al., 2019) or when the work mainly relies on LIBs production 

phases focusing on raw materials acquisition, transportation, production (Yin 

et al., 2019) and EoL recycling phases.  

There are other possibilities for choosing a FU to perform an LCA study. 

Ioakimidis et al. (2019), for example, have chosen an amount of time (4,000 

days) as FU. In their work, they considered a second life repurposing for 

batteries as energy storage units in building. They were able to compare the 

two scenarios (base case and repurposing scenario) on a time basis. All the FU 

definitions are valid because the choice depends on which is the focus of the 

analysis. 

The inventory analysis phase (LCI) is one of the most crucial in performing 

an LCA study. The study performed must afford the problems of data quality 

and their availability. The primary data, collected from stakeholder of lithium-

ion batteries supply chain, can be subject to non-disclosure agreements and 

cannot be easily accessed. The recycling of lithium-ion batteries is a novel 

problem, and it is likely to experience lack of data. Another way to obtain 

primary data is to perform experimental procedures. Databases on which LCA 

software tools are built can be considered a sort of benchmark for data. These 

are the so-called secondary data. It would be preferable to perform LCA 

studies using inventories only made of primary data because they are more 

reliable since their operational origin. Secondary data present a valid 

substitute if based on robust models and assumptions.  

 

Among the reviewed papers, 83% used a mix of primary and secondary 

data, 12% used only primary data and 5% only secondary data, as shown in 

Figure 9. 
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The most cited articles are Majeau-Bettez et al. (2011) (in 19% of the 

papers), Hischier et al. (2007) (in 13% of the papers) and Zackrisson et al., 

(2010) (in 10% of the papers). 

Around 41% of the reviewed papers (i.e., 24) do not precisely state which 

database is used to perform the LCI phase. Among the remaining ones, 

Ecoinvent is chosen in 66% of the studies, while BatPac is preferred in 17% 

of the studies. Ecoinvent is developed by the Swiss Centre for Life Cycle 

Inventories. It contains around 17,000 LCI datasets in many areas such energy 

supply (Swiss Centre for Life Cycle Inventories. Ecoinvent 2017—Ecoinvent 

Database v3.6, 2019). 

Finally, another important aspect that can be underlined is related to the 

software tool used to perform the LCA. In 49% of the reviewed studies, it is 

not specified. In these cases, it would be useful to know why it was chosen 

not to use any software and what calculations were made. Among the 

remaining 51%, SimaPro is used in 38% of the cases, GREET in 31%, GaBi 

in 25%, and OpenLCA in 6%. 

In the Life cycle impact assessment phase (LCIA), the potential 

environmental impacts are calculated in relation to the LCI phase results. In 

the Life cycle impact assessment phase (LCIA), the potential environmental 

impacts are calculated in relation to the LCI phase results.  

In 23% of the reviewed papers, it is not clearly expressed which LCIA 

method is used. Other than these studies, the most used LCIA method is 

ReCiPe (19%) developed by PRè Sustainability in collaboration with Dutch 

National Institute for Public Health and the Environment (RIVM), Radboud 

University Nijmegen and Norwegian University of Science and Technology 

(ReCiPe | PRé Sustainability). The ReCiPe method can determine 

environmental impacts category on two levels: Midpoint and Endpoint. 

Midpoints indicators focus on an environmental problem while Endpoint 

show the impact from a higher aggregation level. The passage from Midpoint 

to Endpoint simplifies the LCIA phase but the uncertainty increases due to the 

aggregation process. Other LCIA methods used are IPCC (9%) and CML-IA 

(9%).  

Among the reviewed studies, 22.8% consider only one impact category 

(i.e., global warming, potential or cumulative energy demand, CED, etc.). The 

remaining 77.2% consider more than one impact category. 

The representation used to show the statistical data is the named block box, 

that provides a synthetic description of a data distribution and are based on 5 

numbers: minimum, first quartile (q1), median, third quartile (q3) and 

maximum. The light grey rectangle represents the distance between q3 and 

median, while the dark grey rectangle is the distance between q1 and median. 

The interquartile range (q3–q1) is a measure of the distribution dispersion. 

50% of the observations lie between these two values. The bars (“whiskers”) 

above and below the box show the locations of the minimum and maximum. 

The lengths of the two bars and the heights of the two rectangles provide 
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information on the symmetry of the distribution: this is more symmetrical as 

the lengths of the bars are like each other and the heights of the two rectangles 

are similar to each other. 

 

 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 7: Some results derived from papers in terms of impact categories per 

kg of LIBs: (a) Climate change value, , per kg of batteries; (b); Energy use, 

per kg of batteries; (c) resource depletion, per kg of batteries; (d) 

Eutrophication, per kg of batteries. 

The types of graphs in Figure 7 are box plots.  

The process of data obtained from the reviewed papers was not 

straightforward and the value gained shows a lot of variability. This variability 

can be related to the different system boundaries among the different studies 

and to the lack of precise numerical data. 

 

The interpretation phase is the last phase of an LCA study. Usually, it 

includes a sensitivity analysis and a discussion on the results reliability. Most 

of the reviewed papers did not provide the numerical values of the 

environmental results. This makes the results comparison difficult to perform. 

When hypotheses are made, it is important to check the influence of the input 

parameters on the obtained results. To quantify this influence, a sensitivity 
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analysis is conducted. As matter of fact, it is noticeable that in 51% of the 

reviewed studies a sensitivity analysis is performed while in the remaining 

49% it is not. 

 

From a practical point of view, theErrore. L'origine riferimento non è 

stata trovata. Table II shows the main outcomes of this study.  

 

Table II: main outcomes of the literature review 

LITERATURE ANALYSIS HIGHLIGHTS 

1 No environmental impacts analysis in countries where 

batteries manufacturing takes place 

2 Increasing awareness of lithium-ion batteries environmental 

burdens 

3 Usually the environmental assessment of lithium-ion batteries 

is performed looking at climate change impact category 

4 Distance travelled by electric vehicles, mass or capacity of the 

battery pack are the most used FU 

5 Lack of primary data 

6 Many of the LCA study are not showing numerical results and 

this make it difficult to perform a complete and reliable meta 

analysis 

 

 

More than half of the studies considered a European energy mix. Other 

studies are necessary to quantify the LIBs environmental impacts in countries 

in which battery production takes place. Lithium iron phosphate (LFP) and 

nickel cobalt manganese (NCM) are the most analysed chemistries for electric 

batteries, but it is likely to happen that in the future different chemistries will 

be analysed as long as they become more widespread. In fact, as emerged from 

the analysis, batteries with a lower value of weight/capacity are preferable for 

automotive applications, while lighter batteries are less impacting on vehicle 

electrical consumption. New chemistries are necessary to meet these 

requirements. The Cradle to Grave approach was adopted in around 50% of 

the case studies, while climate change and energy use were the most used 

impact categories. The performed review emphasizes the potentiality of EVs 

and LIBs to reduce the overall contribution of the transportation sector to the 

GHGs emissions. 

From a methodological point of view, the followings are the main outcomes 

of the review. In the Goal and scope definition, the distance travelled by the 

vehicles is the most used FU because the studies focused mainly on comparing 

the different vehicles. In the Inventory Analysis, Ecoinvent is the preferred 

database, while SimaPro is the preferred software tool. The lack of primary 

data is a crucial concern. It is likely that the more the EVs will be widespread 
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the more data will be accessible. In the Life Cycle Impact Assessment, ReCiPe 

is the most used method. In the Interpretation, many articles do not provide all 

the numerical values, thus not allowing an easy comparison of the 

environmental results. 
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Chapter II 

Comparative LCA between BEV 

and ICEV in Italy 
 

 

 

II.1 Introduction 

Climate change is more than ever a guiding factor on several aspects of 

society these days. People are becoming more conscious of the real impacts 

of this change and want to play an active role in mitigating this issue. Seeking 

more energy efficient and environmentally friendly products can also result in 

lower energy bills (Faria et al., 2013). 

The transportation sector accounts for 23% of global CO2 emissions related 

to energy activities. On average, from 2015 to 2020, transportation-related 

emissions increased by 2.5% year-over-year. While, the other sectors have 

decreased over time (Helmers et al., 2020). 

In the European Union (EU), the transport sector is responsible for about 

one-quarter of greenhouse gas (GHG) emissions and the share is growing 

rapidly (Faria et al., 2012; Habib et al., 2015). Road transportation 

accounted for about 71% of these emissions in 2018 (Greenhouse Gas 

Emissions from Transport in Europe — European Environment Agency) 

To achieve climate neutrality in 2050, a 90% reduction in transportation 

sector emissions will be required. The European Commission (EC) plans a 

clear path, for cars and vans, toward a zero-emission mobility starting from 

2025 (Andersson & Börjesson, 2021).  

In recent decades, energy uses for electricity generation and transportation 

have more than doubled and now face several challenges related to reliability, 

safety, and environmental sustainability. Scientific evidence on climate 

change has called for urgent cross-sector emission reductions (Camus et al., 

2011). 

 

 

 

II.1.1 Electric vehicles 

 

The categories of electric vehicles that are widely commercialized are as 

follows: Battery Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs) 

and Plug-in Hybrid Electric Vehicles (PHEVs). Electric vehicles use electric 
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motors driven by rechargeable batteries and inverters (Rezaee et al., 2013). 

These technological solutions have advantages over conventional ones such 

as being noiseless, requiring less maintenance, and not emitting harmful 

substances (Ma et al., 2012). Electric vehicles can be powered by battery 

packs, some acquire power from a combustion engine (ICE), while some 

employ both (Un-Noor et al., 2017).  

Battery electric vehicles (BEVs) are one of the most promising vehicle 

types for reducing greenhouse gases (GHGs) emissions in the transportation 

sector. Only recently, with the development of battery technology, electric 

cars have entered the scene again and many studies have been done to evaluate 

the benefits of electrification of transportation in terms of energy and 

emissions reduction (Wang et al., 2020). In fact, BEVs are particularly 

beneficial because they are highly efficient and do not produce local 

combustion-related emissions. However, electricity, which is the fuel for 

BEVs, is generated from various primary energy sources (coal, natural gas, 

crude oil, uranium, etc.), and thus, driving BEVs still causes emissions related 

to the conversion of primary energy to electricity (Choi & Song, 2018). Series 

or parallel HEVs are powered by an electric motor and an ICE, both of which 

are connected to the wheels via a torque coupling and complement each other 

when needed. 

Series or parallel PHEVs have a small battery that provides a range of 

between 30 and 80 km (Onwunta, 2021). When the battery charge is depleted, 

the propulsion system uses an ICE motor to recharge it and extend the range 

(Tran et al., 2021). PHEVs are an evolution of HEVs and can be connected 

to the grid to recharge the batteries, increasing the overall energy efficiency. 

BEVs are powered only by an electric motor and a battery pack, providing an 

autonomy range of up to 450 km (Sagaria et al., 2021). 

 

Numerous studies have demonstrated the potential environmental benefits 

of electric vehicles. For instance, the potential reduction in GHGs through the 

introduction of PHEVs in the U.S. was already in 2011 was evaluated of 42% 

per mile driven on the average (Brady & O’Mahony, 2011) More recently 

Burchart-Korol et al. (2018) showed that in terms of GHGs emissions and 

fossil resources depletion, electric vehicles perform better than the thermic 

counterpart. In addition, Onat et al. (2018) showed that when the energy mix 

used to recharge the batteries is highly composed of renewable energy, the 

environmental impact of the electric vehicle are better performing with respect 

to thermic vehicles in all the environmental impact categories.  

The European Commission is currently working on proposals regarding 

electric vehicles, which are described as a “very important” part of its green 

strategy, and the European Parliament has launched a resolution supporting 

development and innovation on this issue (Baptista et al., 2013). The 

European Union aims to halve vehicles with combustion engines by 2030 and 

phase them out in cities by 2050. Sales of electric vehicles are increasing 
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worldwide, with China and Norway leading the technology changes main 

drivers. Over the next few years, electric vehicles are expected to increase 

tremendously to reach about 18 million in 2025, and 21 million in 2030 

(Dolganova et al., 2020). 

 

 
 

II.2 Literature review 

A sample of 35 papers published between 2009 and 2021 has been 

considered and among them only 19 are LCA studies with well-to-wheel 

(WTW) or cradle-to-grave (CTG) approaches and only 9 papers of them 

presented a multicategory LCA analysis. The other 10 papers analysed only 

the Climate Change impact category which tends to favour the results of 

analysis of the electric vehicles.  

Petrauskienė et al. (2020) stated in their work that the climate change 

category must not be the only one to be considered when assessing the 

environmental sustainability of electrical and internal combustion engines 

vehicles (Petrauskienė et al., 2020). In fact, when two or more categories are 

considered, there is not a precise winner in the comparison between ICEVs 

and BEVs. The parameters influencing the preferable vehicle category are the 

energy mix, the driver behaviour, the driving cycle, and the vehicle segment. 

influences the BEVs emissions (Weldon et al., 2016). 

Over the 60% of the analysed studies states that the energy mix is the most 

important variable that influence the results of the LCA. For example, Faria et 

al., 2013 highlighted that the fundamental variable to be considered for 

determining the environmental performance is the national energy mix (Faria 

et al., 2013) and the study confirmed that BEVs can be compared with ICEVs 

when the energy mix is based mainly on solar energy. Choma & Ugaya (2017) 

as well as Rupp et al. (2019) stated that to compare BEVs and ICEVs the 

functional unit to be chosen is the “transportation of a passenger on a certain 

distance”. Hofmann et al. (2016) highlighted that the mere introduction of 

electric vehicles in the transportation sector do not produce positive results 

reducing GHGs emissions if the energy mix is not sufficiently decarbonized. 

Woo et al. (2017) analysed over 70 countries showing that BEVs emissions 

can be higher than ICEVs emissions when the energy mix is based on fossil 

fuels energy generation systems. These results are also confirmed by 

Burchart-Korol et al. (2018) and Wilken et al. (2020). In any case, the results 

of comparison are not far. Weldon et al. (2016) in their paper demonstrated in 

fact that the driving style of the driver influences the BEVs emissions.  

Girardi et al. (2015) showed that BEVs have better environmental profile 

than ICEVs in some of impact categories regarding “in air emissions” as 

acidification, particulate matter formation potential and photochemical 

oxidant formation because they do not have direct emissions deriving from 
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combustion. Pero et al. (2018) proposed a study in which the complete life 

cycle of vehicles was analysed. In their study, BEVs were better than ICEVs 

only in climate change category while ICEVs performed better in 

acidification, human toxicity, particulate matter, photochemical ozone 

formation and resource depletion. 

On the base of the above literature, it is possible to conclude that BEVs are 

a valid alternative to ICEVs to reach the goal of achieving a sustainable 

mobility with respect the climate change. Nevertheless, to assess the effective 

environmental sustainability it is important to include in the input data set for 

analysis also other parameters. 

 

 

II.2 Methodology 

II.2.1 Life Cycle Assessment 

As stated before, LCA is a standardized methodology that allows to 

evaluate potential environmental impacts of products, processes, or services. 

To perform an LCA, it is necessary to follow the framework of ISO 14040 and 

ISO 14044. 

According to the literature, SimaPro and GREET are the software tools 

most used (60% of the studies) in comparative LCA analysis between BEVs 

and ICEVs. Among the reviewed papers, 21% used the ReCiPe 2016 method 

in the Life Cycle Impact Assessment phase (LCIA). 

In this study the life cycle impacts of the vehicles are estimated using the 

ReCiPe 2016 evaluation method with the hierarchist perspective (H) 

(Huijbregts et al., 2017).  

This method allows for the consideration of two evaluation approaches: a 

problem-oriented approach (midpoint level) that contains 18 impact 

categories and a damage-oriented approach (endpoint level) that considers 3 

damage macro-categories (Huijbregts et al., 2017). The midpoint impact 

categories are the following: Global Warming Potential (GWP); Stratospheric 

Ozone Depletion (SOD); Ionizing Radiation (IR); Ozone Formation, Human 

Health (OF-HH); Fine Particulate Matter Formation (FPMF); Ozone 

Formation Terrestrial Ecosystems (OF-TE); Terrestrial Acidification (TA); 

Freshwater Eutrophication (FE); Marine Eutrophication (ME); Terrestrial 

Ecotoxicity (TEcotox); Freshwater Ecotoxicity (FEcotox); Marine 

Ecotoxicity (MEcotox); Human Carcinogenic Toxicity (HCTox); Human 

non-Carcinogenic Toxicity (HnCTox); Land Use (LU); Mineral Resource 

Scarcity (MRS); Fossil Resource Scarcity (FRS); Water Consumption (WC). 

The three endpoint damage macro-categories are Human health, Ecosystems, 

and Resources (Huijbregts et al., 2017). Both approaches are used in the 

study. 
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The last phase is the Life Cycle Interpretation in which conclusions and 

recommendations are produced based on the obtained results. 

 

 

II.2.2 Software tools 

The two software tools used in this work are SimaPro and GREET. 

SimaPro is a professional software tool released in 1990 by PRè 

Sustainability based in Netherlands which allow to collect, analyse, and model 

the sustainability performance of product and service. It is a generalist 

software suitable for modelling every type of system. The software version 

used in this study is the SimaPro 9.1.1. 

The GREET software tool (Greenhouse gases, Regulated Emissions, and 

Energy use in Technologies Model) made by Argonne is specific for the 

transportation sector. It permits to model different vehicles and fuels. It is 

largely used because it is sponsored by the US Department of Energy 

(Anderson et al., 2018). GREET 2020 is the software version used in this 

study. 

 

 

II.2.2.1 Assumptions and inventories 

 
In this study, ten BEVs and ten ICEVs were modelled for different market 

car segments. According to the European Commission, the main categories of 

vehicles are M (vehicles carrying passengers), N (vehicle carrying goods), L 

(2- and 3-wheel vehicles and quadricycles), T (agricultural and forestry 

tractors and their trailers). Vehicles that belong to M or N categories are 

classified as light-duty vehicles (passenger cars and vans) or heavy-duty 

vehicles (trucks, buses and coaches) (European Commission, 2016). 

According to the UNECE standard, vehicles carrying passengers are M 

category vehicles. The M category is divided in nine categories named A, B, 

C, D, E, F, S, J and M. The differences between vehicles in these categories 

are typically in term of power and weight (Classification and Definition of 

Vehicles | UNECE). 

The electric vehicle data were obtained from the EV database (ev-

database.org). The internal combustion engine vehicle data are obtained from 

the auto-data database, which is a daily updated car specifications database 

with more than 41,000 automobiles (www.auto-data.net). 

 

Table III and Table IV show the electric and thermic vehicles considered 

and their main parameters. Where possible, the same vehicle with different 

powertrain system have been selected and chosen. Where some 
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correspondence was not found, a vehicle with similar characteristics has been 

selected to obtain the comparison. 

 

Table III: Selected BEV models and their main characteristics 

SEGMENT VEHICLE NAME POWER 

(HP) 

WEIGHT 

(KG) 

BATTERY 

CAPACITY 

(KWH) 

A 2014 Smart Fortwo III 

cabrio Brabus 17.6 kWh 

(82 CV) electric drive 

82 945 17.6 

A 2020 Renault Twingo III 

(facelift 2019) Z.E.  

81 1208 22 

B 2020 Opel Mokka-e B  136 1523 50 

B 2019 Peugeot 208 II e-

208  

136 1530 50 

C 2017 Volkswagen Golf 

VII (facelift 2017) e-

Golf  

136 1540 35.8 

C 2019 Nissan Leaf II 

(ZE1) e+  

218 1756 62 

D 2020 BMW iX3 (G08) 

80 kWh (286 CV) 

286 2185 80 

E 2018 Audi E-tron 

Quattro 

408 2400 95 

L 2020 Porsche Taycan 

Turbo  

680 2305 93.4 

N Opel Zafira-e Life L  136 2167 75 

 

 

Table IV: Selected ICEV models and their main characteristics 

SEGMENT VEHICLE NAME POWE

R (HP) 

WEIGHT 

(KG) 

FUEL 

A 2014 Smart Fortwo III 

cabrio 0.9  

90 920 Petrol 

A 2019 Renault Twingo III 

(facelift 2019) 0.9 TCe 

EDC 

92 999 Petrol 

B 2020 Opel Mokka B 1.2 

Turbo  

130 1200 Petrol 

B 2019 Peugeot 208 II 1.2 

PureTech Stop&Start 

Automatic 

130 1158 Petrol 
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C 2017 Volkswagen Golf VII 

(facelift 2017) 1.4 TSI  

147 1336 Petrol 

C 2015 Nissan Pulsar (C13) 

1.6 DIG-T  

190 1363 Petrol 

D 2017 BMW X3 (G01) 30i 

xDrive Steptronic 

252 1790 Petrol 

E 2019 Audi Q5 II 50 TDI 

quattro Tiptronic 

286 1860 Diesel 

L 2014 Smart Fortwo III 

cabrio 0.9  

630 2185 Petrol 

N 2019 Renault Twingo III 

(facelift 2019) 0.9 TCe 

EDC 

120 1735 Diesel 

 

 

The weight distribution of the components is calculated according to total 

weight reported in Table III and percentage given in Table V. The lithium-ion 

battery weight is calculated from the capacity parameter using the energy 

density value defined in (Tolomeo et al., 2020). 

 

 

Table V: Weight percentual distribution of components in BEVs. 

COMPONENT % 

VEHICLE BODY 49.9 

CHASSIS 24.0 

POWERTRAIN SYSTEM 4.6 

TRANSMISSION SYSTEM/GEARBOX 5.5 

VEHICLE TIRE REPLACEMENT 0.7 

ELECTRONIC CONTROLLER 5.7 

BRAKE FLUID 0.1 

TRANSMISSION FLUID 0.1 

POWERTRAIN COOLANT 0.5 

WINDSHIELD FLUID 0.2 

ADHESIVES 1.0 

LEAD ACID BATTERY (ASSEMBLY) 0.8 

TRACTION MOTOR 6.9 

 

 

The values in Table V are the same for all the BEVs and are not related to 

the vehicle segment. When modelling ICEVs, weight distribution changes as 
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a function of market segment parameter. The values of percentage of weight 

are shown in Table VI, whereas total weight is reported in Table IV. 

 

 

Table VI: Weight percentual distribution in ICEVs 

COMPONENT MARKET 

SEGMENTS 

A, B, C N, D E, L 

VEHICLE BODY 50.5% 50.1% 40.5

% 

CHASSIS 24.2% 25.4% 34.9

% 

POWERTRAIN SYSTEM 14.6% 13.6% 14.7

% 

TRANSMISSION 

SYSTEM/GEARBOX 

6.0% 5.6% 5.3% 

VEHICLE TIRE REPLACEMENT 0.6% 0.8% 0.7% 

LEAD ACID BATTERY 

(ASSEMBLY) 

1.1% 1.4% 1.2% 

ENGINE OIL 0.3% 0.3% 0.2% 

POWER STEERING FLUID 0.0% 0.0% 0.0% 

BRAKE FLUID 0.1% 0.1% 0.0% 

TRANSMISSION FLUID 0.8% 0.8% 0.7% 

POWERTRAIN COOLANT 0.7% 0.7% 0.6% 

WINDSHIELD FLUID 0.2% 0.3% 0.2% 

ADHESIVES 0.9% 1.0% 0.9% 

 

 

The aim of this part of study was to perform a comparative LCA between 

electric and thermic vehicles. A cradle-to-gate plus use phase approach was 
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used and the chosen functional unit (FU) is 150,000 km. The driving cycle 

considered is mixed: urban for the 50% and extra-urban the remaining 50%. 

In the GREET software tool the confrontation between BEVs and ICEVs 

was performed considering the climate change category that is the only one 

that can be evaluated. In the software tool SimaPro the confrontation between 

BEVs and ICEVs was performed considering the ReCiPe 2016 method for the 

impact assessment. The comparison between GREET and SimaPro was 

performed only using the climate change category. 

 

II.3 Results and discussion 

II.3.1 SimaPro results 

 

Table VII summarizes the results of the one-to-one comparison between 

the midpoint impacts of BEV and ICEV. The ratio between the impact value 

for BEV and ICEV for all the eighteenth midpoint categories of ReCiPe 2016 

Midpoint (H) was calculated. If the ratio is less than one, the BEV vehicle is 

the most environmentally sound for that midpoint impact category, otherwise 

it is the ICEV the preferable option for the environmental problem considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

32 

 

 

Table VII: Ratio between the impact value for BEV and ICEV for all the 

eighteenth midpoint categories of ReCiPe 2016 (H). Global Warming 

Potential (GWP); Stratospheric Ozone Depletion (SOD); Ionizing Radiation 

(IR); Ozone Formation, Human Health (OF-HH); Fine Particulate Matter 

Formation (FPMF); Ozone Formation Terrestrial Ecosystems (OF-TE); 

Terrestrial Acidification (TA); Freshwater Eutrophication (FE); Marine 

Eutrophication (ME); Terrestrial Ecotoxicity (TEcotox); Freshwater 

Ecotoxicity (FEcotox); Marine Ecotoxicity (MEcotox); Human Carcinogenic 

Toxicity (HCTox); Human non-Carcinogenic Toxicity (HnCTox); Land Use 

(LU); Mineral Resource Scarcity (MRS); Fossil Resource Scarcity (FRS); 

Water Consumption (WC). 

MIDPOINT IMPACT VALUE (BEV)/MIDPOINT IMPACT VALUE(ICEV) 

Segment A A B B C C D E L N 

GWP 0,63 0.58 0.75 0.72 0.69 0.61 0.78 0.9 0.62 0.82 

SOD 1.28 1.25 1.37 1.39 1.31 0.97 1.48 1.19 1.27 1.16 

IR 1.85 1.79 2.04 1.97 2.08 1.52 3.36 1.94 2.00 2.44 

OF-HH 1.18 1.13 1.23 1.25 1.21 1.02 1.42 0.72 1.19 0.81 

FPMF 1.14 1.06 1.16 1.18 1.12 0.95 2.10 0.98 1.04 1.21 

OF-TE 1.25 1.21 1.30 1.32 1.27 1.09 1.46 0.78 1.23 0.88 

TA 1.19 1.14 1.22 1.24 1.15 0.94 4.24 0.95 1.08 1.23 

FE 1.82 1.63 1.54 1.51 1.46 1.43 1.62 1.31 1.22 1.65 

ME 1.80 1.68 1.75 1.74 1.70 1.51 1.96 1.54 1.42 1.76 

Tecotox 0.56 0.45 0.19 0.18 0.12 0.35 0.09 0.00 0.01 0.22 

Fecotox 1.14 0.95 0.66 0.64 0.53 0.80 0.50 0.38 0.36 0.61 

Mecoto

x 

1.15 0.95 0.67 0.66 0.55 0.81 0.52 0.40 0.37 0.63 

HCTox 1.31 1.16 1.27 1.29 1.22 1.15 0.89 1.16 1.04 1.29 

HnCTo

x 

1.33 1.11 0.83 0.82 0.69 0.99 0.76 0.55 0.50 0.83 

LU 2.02 1.92 1.72 1.64 1.65 1.50 1.46 1.26 1.31 1.63 

MRS 0.89 0.77 0.91 0.94 0.89 0.86 1.62 0.87 0.80 0.91 

FRS 0.77 0.77 0.84 0.90 0.76 0.57 0.82 0.66 0.74 1.05 

WC 14.6

8 

15.3

2 

31.9

3 

32.6

4 

35.3

8 

21.2

1 

56.9

9 

38.9

4 

35.9

2 

33.5

1 

 

Ten market segments for eighteen impact categories corresponds to 180 

comparisons. In 74 cases, corresponding to 41.1%, the ratio was less 

than one and, therefore, BEV was the best option. Consequently, in the 

other 106 cases, corresponding to 59.9%, the ratio was more than one 

and, therefore, ICEV was the best option. In terms of Global warming 

and Terrestrial ecotoxicity, BEV was the best option for all the market 

segments. In fact, when the energy mix has an high share of renewable 

energy generation, as showed by Hofmann et al. (2016), the global 

warming performance of the electric vehicles are better than the thermic 
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one. Woo et al. (2017), conducted an analysis over 70 countries and 

showed that non decarbonized energy mixes led to thermic vehicles to 

perform better than electric in the GWP impact category. 

On the contrary, in terms of Ionizing Radiation, Freshwater 

eutrophication, Marine eutrophication, Land use, and Water 

consumption, ICEV was the best option for all the market segments. As 

reported in the study of Burchart-Korol et al. (2018), the electric 

vehicles, in fact, seems to perform worser that the thermic ones when 

looking at acidification, eutrophication and human toxicity categories. 

Therefore, only in numerical terms, by assigning the same importance 

to each impact category, it should be concluded that ICEV vehicles are 

better than BEVs in environmental terms. However, such an argument 

cannot be made since some environmental problems have greater 

priority than others. To overcome this issue, the comparison was 

repeated at the endpoint level, in terms of environmental damages. 

Therefore, the comparison was performed using the ReCiPe 2016 

Endpoint (H) method and Table VIII shows the obtained results. In this 

case there is a perfect balance between ICEV and BEV. The BEVs win 

all the one-to-one confrontations in the damage category Resources 

because they do not need fossil fuels. The ICEVs win all the one-to-one 

confrontations in the Ecosystem category because of the environmental 

burden related to battery production for BEVs. In the Human health 

category, there is a tie. Therefore, overall, in terms of damages, there is 

a perfect balance between the two vehicle categories in terms of 

damages of their life cycles. 

 

Table VIII: Ratio between the damage value for BEV and ICEV for the 

endpoint categories of ReCiPe 2016 (H). 

ENDPOINT DAGAME VALUE (BEV)/ENDPOINT DAMAGE 

VALUE(ICEV) 

Segment HUMAN 

HEALTH 

ECOSYSTEMS RESOURCES 

A  0.97   1.17   0.57  

A  0.88   1.10   0.57  

B  1.05   1.32   0.62  

B  1.04   1.30   0.67  

C  0.98   1.26   0.55  

C  0.89   1.08   0.41  

D  1.22   1.94   0.60  

E  1.12   1.39   0.64  

L  0.88   1.12   0.54  

N  1.11   1.35   0.78  
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Figure 8 makes clearer the comparison between BEVs and ICEVs in 

terms of impact on climate change. As it can be seen, for the same 

vehicle segment, thermal vehicles emit more than their electric 

counterparts. Therefore, if the choice only depended on the global 

warming issue, there is no doubt that the best choice would be that of 

electric vehicles. 

 

 

Figure 8: GWP comparison between electric and thermic vehicles in SimaPro. 

 

As last step of the analysis performed with the software tool SimaPro, 

the FU was varied from 150,000 km up to 1,000,000 km, according to 

recent results on BEVs batteries lifespan by Tesla, Toyota and CATL, 

to evaluate the impact of this parameter on the GHGs emissions 

confrontation with respect to ICEVs. From Figure 9 it can be deduced 

that an increase of the life cycle of the BEVs increases their potential to 

reduce GHG emissions. 
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Figure 9: Global warming potential (expressed as kgCO2eq vs travelled 

kilometers) trend for electric and thermal vehicles. 

By interpolating the values obtained in Figure 9, equations can be 

derived to calculate CO2eq emissions as a function of vehicle 

kilometres travelled. By doing so, it is possible to identify the crossover 

point between the line for ICEV and the line for BEV for the same 

vehicle segment. 
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Figure 10: Climate change (espressed as kg CO2 equivalent) vs travelled 

kilometers for ICEV and BEV comparison. Crossover point individuation. 
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The crossover point, highlighted with a red cross in Figure 10, is found 

for all the confrontation between 35000 km and 76000 km. Just 

recently, Volvo published a paper comparing its electric and thermal 

vehicles using primary CO2 emission data (Volvo Recharge – Our 

Range of Pure Electric and Plug-in Hybrid Cars, 2021). 

 

 

Figure 11: Tons of CO2 equivalent as a function of travelled thousands 

kilometer, from Volvo LCA results 
 

As can be seen in Figure 11, Volvo found that the crossover point at 

which the BEV are environmentally sounder than ICEV is at 77000 km 

using an EU-28 electricity mix. That result isn’t too different from the 

one obtained by SimaPro modeling.  

 

 
II.3.2 GREET results 

 

With GREET it is possible to evaluate only the climate change impact 

category in terms of kgCO2eq. Figure 12 shows the results obtained by 

using this software tool. Using the GREET software tool the ICEVs 

emission of greenhouse gases are higher than their electric counterparts. 
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Figure 12: Climate change (expressed as kg CO2 equivalent) as a function of 

vehicle segment, comparison between BEV and ICEV in GREET. 

 

In addition, the energy mix in the GREET software tool has been 

changed from 41% of renewables to 55%. This value of renewables 

share is expected by 2030 for Italy. The modification to the energy mix 

was performed increasing the share of renewable that are not in 

saturation condition. Table IX shows the variation of the energy mix. 

 

Table IX: Percentage contribution of the various sources in the two energy 

mixes considered in the study. 

ENERGY 

SOURCE 

MIX WITH 41% OF 

RENEWABLES 

MIX WITH 

55% OF 

RENEWAB

LES 

COAL 6% 5% 

OIL 4% 3% 

NATURAL 

GAS 

49% 37% 

BIOFUELS 6% 6% 
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WASTE 2% 2% 

HYDRO 16% 16% 

GEOTHERMA

L 

2% 2% 

SOLAR PV 8% 15% 

WIND 7% 13% 

OTHER 

SOURCES 

0% 1% 

 

The results in terms of kgCO2eq shows that an increase of the 

renewable share generation in energy mix from 41% to 55% reduces 

the GHGs emissions between the 10% and 15% as can be seen in Figure 

13. 

 

 

Figure 13: Climate change (expressed as kg CO2 equivalent) as a function of 

vehicle segment for a BEV vehicle. The parameter is the effect of different 

electric generation energy mixes.  
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II.3.3 Confrontation among Greet and SimaPro results 

 

To perform a methodological confrontation between the two software tools 

SimaPro and GREET the climate change/global warming potential category 

has been used. The FU is 150000 km and the energy mix considered is the one 

with 41% of renewable energy. The confrontation results are shown in Figure 

14 and Figure 15. The two figures show the one-to-one confrontation between 

BEVs in GREET and SimaPro and ICEVs in GREET and SimaPro. 

 

 

Figure 14: Climate change (expressed as kg CO2 equivalent) as a function of 

vehicle segment. Results comparison for BEV vehicle, calculated by SimaPro 

and GREET. 

The difference in value between BEVs in the two software tools varies 

from 36% to 52% but the order of magnitude of the results is the same. 
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Figure 15: Climate change (expressed as kg CO2 equivalent) as a function of 

vehicle segment. Results comparison for ICEV vehicle, calculated by 

SimaPro and GREET. 

The difference in value between ICEVs in the two software tools varies from 

the 20% to the 60% but the order of magnitude of the results is the same. The 

results obtained with GREET are always lower than the results obtained with 

the SimaPro. 

 

 

II.4 Conclusion 

 

The aim of this study was to perform a comparison between electric and 

thermic vehicles and a methodological confrontation between two different 

software tools as SimaPro and GREET. 

Looking at the comparison between ICEVs and BEVs analysing only the 

kgCO2eq both the software tools showed that the BEVs performed better than 

ICEVs. Moreover, the results obtained from the two software tools are of the 

same order of magnitude and differences are related to the different grade of 

details that is possible to model. These results are confirmed varying the 

energy mix and the travelled distance. 

Looking at this result only, however, may lead to inaccurate conclusions. The 

SimaPro software tool permits to analyse all the midpoint impact categories. 

Looking at these results the ICEVs performs better than the BEVs in over 60% 

of the considered categories. 
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Chapter III 

Economic and environmental 

assessment of lithium-ion battery 

recycling processes for 

electric vehicles 
 

 

 
III.1 Introduction 

LIBs made their name in the electric vehicles sector (Sambamurthy et al., 

2021), where the research for renewable energy use, instead of the traditional 

thermic engine, has been crucial over the last twenty years. Thanks to the high 

potential energy storage in lithium-ion batteries, they can also be used as 

energy storage systems (ESS) to store energy when available and to distribute 

it when not available, overcoming an intrinsic limitation of the renewable 

sources due to their intermittent availability (Zheng et al., 2018). This 

opportunity can even contribute to reduce the dependence on fossil fuels and 

greenhouse gas (GHG) emissions.  

Against the growing fossil fuel consumption in the transport sector, a 

pivotal role in the global fight against climate change (CC) is taken by the 

electric vehicles (EVs). EVs appear to be a possible solution to the problem 

of fossil fuel consumption and GHGs emissions from internal combustion 

vehicles (ICEVs) (Lutsey & Hall, 2018).  

The market for electric vehicles is growing exponentially since 2010. 

Considering the average life and the recent extended life for newer batteries 

(now it is usual an eight-year warranty on LIBs), it is expected to soon dispose 

of a large quantity of retired LIBs (Ciez & Whitacre, 2019; Luo & Zeng, 

2017). Despite the fact that the adoption of EVs has many benefits in terms of 

energy consumption and reduced local environmental impacts, the transition 

from ICEVs to EVs will require a large production of LIBs and thus large 

quantities of metals such as lithium, cobalt, manganese and nickel (Dunn et 

al., 2012). Availability of natural sources of lithium and cobalt deserve to be 

briefly discussed. 

There are two main natural sources for lithium: brines and hard rock. The 

most important source of lithium is the brines, through the evaporation of 
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saline waters containing lithium; a lithium precipitate is obtained when the 

concentration overcomes saturation. The second lithium source is inside the 

rock, where, in geological eras, sea or lake water containing lithium has 

deposited (Tadesse et al., 2019). The recovery of lithium by this way has a 

high environmental impact, especially due to the energy consumption 

(Kushnir & Sandén, 2011). Considering both the sources, lithium reserves 

do not show geopolitical criticism and then no availability problems are 

expected soon. 

On the contrary, availability potential risks are related to the extraction of 

cobalt. In fact, the sources of this metal are located in a restricted area, in 

politically unstable countries (Schmuch et al., 2018). For this reason, cobalt 

extraction has already suffered many ethical, social and environmental 

concerns (Banza Lubaba Nkulu et al., 2018).  

Therefore, in addition to the increased awareness of environmental 

sustainability and the forecast of an increase in battery production in the near 

future, there is concern about the scarcity of raw materials that pushes the 

reuse of materials present in batteries at the end of their life.  

Moreover, the United States of America (USA) and the European Union 

(EU) have defined lithium and cobalt as critical materials for their availability 

as a resource as well as for the criticality of the supply chain. The concept of 

“critical material” was first introduced in the USA in 1939. This concept aims 

to identify those materials that are of critical importance and that are not 

produced in the USA in sufficient quantities to meet requirements. In 2011, 

the European Commission identified 14 critical raw materials (CRMs) 

(Directive 2008/98/EC of the European Parliament and of the Council of 19 

November 2008 on Waste and Repealing Certain Directives (Text with EEA 

Relevance), 2008) comparing two parameters: the economic importance and 

the supply chain risk. The most recent list has been published in 2020 and has 

finally included lithium among the CRMs because of the increasing demand 

for vehicle batteries and energy storage systems. The European commission 

forecasted that the demand would increase by 18 times in 2030 and by 60 

times until 2050 compared to the current supply (Keersemaker, 2020). 

Lithium should be recovered to close the loop for a circular economy in 

Europe and prevent supply chain problem related to the aspect that lithium 

resources are mainly located in South America. To avoid criticality in the 

lithium supply chain, a great effort should be made because of the low 

recovering rate of lithium in Europe (Sun et al., 2019). Sonoc et al. (2015) 

predicted that to ensure a stable supply chain of lithium in Europe, the 

minimum recovery rate should be 90%.  

Waste electrical and electronic equipment (WEEEs) is one of the potential 

sources for valuable materials recycling. WEEEs sector is growing quickly 

and has a serious problem in terms of sustainability (Menikpura et al., 2014). 

At the same time, they have a high economic potential that comes from their 

high intrinsic value (Sarath et al., 2015), that imposes to study, first among 
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all, the processes to make battery material recycle. However, in recent years 

only 20% of WEEEs is collected and recycled, while the rest is incinerated or 

stored in landfills (Baldè et al., 2017).  

Nowadays, the techniques for recovering valuable metals from WEEEs can 

be divided into three different categories. The first one is the category of 

pyrometallurgical processes. They are conventional processes that have been 

used over the last two decades for recovering valuable metals from e-wastes 

(Iannicelli-Zubiani et al., 2017). The second technique is the category of 

hydrometallurgical processes. These processes are becoming widespread due 

to their high material recovery efficiency (Dutta et al., 2018). The latter one 

is a combination of pyrometallurgical and hydrometallurgical processes. 

In the light of the above introduction, WEEEs experience in recovery of 

valuable material recovery from the end-of-life of battery and their reuse is 

essential also for LIBs batteries. It is also important, due to the absence of 

similar studies in literature, to identify the best process to recycle LIBs, 

considering both economic and environmental approach.  

For this purpose, the methodological section of the chapter is organized in 

three main subsections: 1) LIBs recycling processes; 2) economic model; 3) 

Life Cycle Assessment (LCA). In particular, the pyrometallurgical and 

hydrometallurgical processes are described to be subsequently analysed and 

compared both in economic and environmental terms by means of the LCA 

methodology. This approach was applied to four different nickel-manganese-

cobalt (NMC) and lithium-iron-phosphate (LFP) chemistries. For the NMC 

batteries, the chemistries NMC(111), NMC(622) and NMC(811) were chosen. 

The numbers in brackets indicate the molar ratio for cathodic metals. For 

example, in NMC(111) the molar ratio among nickel, manganese and cobalt 

is 1:1:1 whereas in NMC(811) is 8:1:1. 

 

 

III.1 Methodology 

III.1.1 LIBs Recycling processes 

 
The main target of recycling technologies is to recover the valuable 

materials present in the end-of-life of LIBs batteries. Recovery can be 

obtained by using alternative processes (Alessia et al., 2021): 

hydrometallurgy, pyrometallurgy and combined processes. The first step of a 

recycling process is always a full electric discharge, necessary to avoid 

possible explosions of combustible gases and material triggered by electric 

short-circuiting during dismantling (Sun & Qiu, 2011). To discharge 

batteries, the most used techniques are the cryogenic freezing (Dorella & 

Mansur, 2007) and the chemical discharging where LIBs are soaked in 

conductor solution where NaCl and Na2SO4 are used as salts (Pinna et al., 
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2017). After discharge, LIBs are submitted to some preliminary treatments to 

increase the recovery efficiency of valuable materials.  

The biggest problem in the pre-treatment phase is the electrolyte disposal 

because it contains lithium compounds and upon degradation could generate 

harmful gases (Cao et al., 2019; Cheng et al., 2017; Tornheim et al., 2019).  

The most common pre-treatments are crushing, shredding, sieving, air 

magnetic separations and manual dismantling, which generally separate the 

material on the basis of physical properties (density, magnetic behaviour and 

conductivity) (Golmohammadzadeh et al., 2018; Hu et al., 2017). Thermal 

pre-treatments, applying high temperatures (150-500 °C), are mostly used for 

removing binders, solvent and electrolyte solvents (Diekmann et al., 2016). 

 

 

III.1.2 Pyrometallurgical process 

 

The pyrometallurgical processes are based on the thermal degradation of 

the battery components occurring at high temperatures. The first phase can be 

either an incineration pre-treatment or a pyrolytic pre-treatment. Incineration 

is the phase in which plastics and organic compounds are burnt at high 

temperature (700-800°C) in air or oxygen. This phase is effective in reducing 

the volume the material to be treated. The pyrolytic pre-treatment focuses on 

the thermal degradation of organic compounds in low molecular weight 

products to be used as fuel or chemical feedstock. It is carried out in an inert 

atmosphere or under vacuum condition. The main phase is 

roasting/calcination and smelting and it is used to recover active cathode 

material using a reducing agent as carbon, charcoal, or coke. The result is a 

mixture of alloys containing copper, cobalt, nickel and iron and a slug phase 

where lithium is discarded (Makuza et al., 2021). Lithium and aluminium, 

although 100% recoverable from a technical point of view, are generally not 

recovered because they are not economically viable and are left in the slag 

phase and used as an aggregate in the cement industry (Rahman, 2017). The 

economic feasibility of the pyrometallurgical process strongly depends on the 

chemistry of LIBs, mainly in terms of cobalt content. 

The economic and environmental impacts related to the treatment of 

lithium-manganese-oxide (LMO), lithium-iron-phosphate (LFP) and nickel-

manganese-cobalt-oxide (NMC) with low cobalt grade is not better than 

mining the necessary resources (Winslow et al., 2018). 

The LIBs recovery plants based on pyrometallurgic technology show very 

flexible processes, able to treat all LIBs chemistries without critical parameter 

adjustment (Jha et al., 2013). Nevertheless, pyrometallurgic plants have high 

capital cost, high energy consumption and significant emissions of hazardous 

gases. Figure 16 shows a generic pyrometallurgical process layout in which 

the mass balances are highlighted on the black connection arrows, where the 

actual mass flows are reported; the boxes represent unit operations. The feed 
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is considered 10,000 kg (corresponding to 20 conventional battery packs, 

according to our hypothesis of 500 kg/battery pack). The result of mass 

balance is different considering different chemistries. In Figure 16 it is shown 

the process for NMC111 chemistry. The furnace is the core unit operation of 

the process. It is an electrical furnace designed to consume 30 kW of power. 

Another important phase is the recovery one in which Fe and Cu are separated 

from the “matte” phase. 

 

 

Figure 16: Generic pyrometallurgical process: flow sheet. 

 

III.1.3 Hydrometallurgical process 

 

After the pre-treatment already described, an alternative route to the 

pyrometallurgy is the hydrometallurgy, based on chemical leaching and 

separation as main phases (Gao et al., 2017). The active powder of the 

cathode, obtained from the pre-treatment, is leached to separate and purify 

LIBs metals (Gaines, 2018). The leaching phase involves the use of an 

aqueous acid solution to extract the desired metal. H2SO4/H2O2 is the most 

common combination on reagent reported in literature (Ferreira et al., 2009). 
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The role of the additive H2O2 is to be a reducing agent converting the insoluble 

Co(III) into Co(II), soluble in water.  

Other parameters that influence the leaching stage efficiency are 

concentration of leaching acid, temperature, time, solid to liquid ratio (He et 

al., 2017). After leaching a series of precipitation reaction can select the 

solution pH suitable for the recovery of valuable metals. As a function of acid 

used, the metals are usually recovered as sulphate, oxalate, hydroxide or 

carbonate (Gao et al., 2017; Yongxia et al., 2017). Compared to the 

pyrometallurgical process, the hydrometallurgical processes require less 

energy because of the lower temperature involved. Moreover, this process 

allows lithium recovery in carbonate form and have a good efficiency on 

different LIBs chemistries. At the end, the leached metals could be used for 

new cathode production (Gaines, 2018). Figure 17 shows a generic 

hydrometallurgical process layout for NMC111 chemistry processing. The 

core unit operation is the leaching phase in which a solution of H2SO4 and 

H2O2 selectively leachs the metal of interest. 

 

 

 

Figure 17: Generic hydrometallurgical process: flowsheet. 
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III.2 Economic and environmental models 

The section is organized as follows: the first part reports all data and 

information needed to carry out the economic evaluation of the study. The 

second part reports all data and information used to perform the environmental 

analysis. 

 

III.2.1 Economic model 

 

A successfully industrialization of a process must be economically and 

environmentally suitable (Fontana et al., 2019). Accordingly, our aim was to 

assess the economic feasibility of hydrometallurgical and pyrometallurgical 

processes. To do this, the Liu et al., 2020 economic model, originally set up 

for battery waste from mobile phones, has been adapted in this work to 

evaluate the recovery cost of LIBs and adapted to the Italian financial rules 

and scenario. The model allows the calculation of the Return On Investment 

(ROI) according to equation (1): 

ROI = Revenues - Expenditures – Taxes / (Expenditures + Taxes)    (1) 

 

Where: 

• Revenues are the total yearly benefit obtained from the sale of 

recycled materials; 

• Expenditures are the yearly total costs; 

• Taxes are the mandatory taxes and fees that should be paid, per year. 

 

The Revenues was calculated applying equation (2): 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠 =  ∑ 𝑝𝑘 ∗ 𝑊𝑘
𝑛
𝑘=1                                                        (2) 

 

Where: 

• k is the index representing the k-th material; 

• n is the total number of materials; 

• pk represents the specific sales value of the k-th material (the adopted 

values are reported in Table XV in the Appendix A); 

• Wk represents the mass flow of the k-th material. 

 

The Expenditures, all evaluated on a year base, were calculated with 

equation (3): 

𝐸𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒𝑠 =  𝐶𝑝 + 𝐶𝑓 + 𝐶𝑑 + 𝐶𝑀 + 𝐶𝐷 + 𝐶𝐿                             (3) 

 

Where: 
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• Cp is the total cost of material procurement, including raw materials 

and auxiliary materials (the adopted values are reported in Table S1 in the 

Supplementary material); 

• Cf is the cost of fuel and power (the adopted values are reported in 

Table S2 in the Supplementary material); 

• Cd is the total cost of depreciation and amortization, including 

construction and equipment; 

• CM is the total cost of maintenance; 

• CD is the total cost of environmental disposal; 

• CL is the total labour cost, calculated according to Italian CCNL 

(national collective labour agreement). 

 

The total cost of material procurement (Cp), including raw materials and 

auxiliary materials, is calculated with equation (4) 

𝐶𝑝  =  ∑ 𝑝𝐽 ∗ 𝑄𝑗
𝑛
𝑗=1                                                                                   (4)                                                                            

 

Where: 

• j is the index representing the j-th material; 

• n is the total number of materials; 

• pj is the cost of procurement for the j-th material (the adopted values 

are reported in Table XV in the Appendix A); 

• Qj is the mass flow of the j-th material. 

 

 

The total cost of fuel and power (Cf) is calculated with equation (5) 

𝐶𝑓  =  ∑ 𝑝𝑚 ∗ 𝑄𝑚
𝑛
𝑚=1                                                                                  (5) 

 

 

Where: 

• m is the index representing the m-th combustible material or power; 

• n is the total number of materials; 

• pm represents the cost for fuel and power procurement (the adopted 

values are reported in Table XVI in the Appendix A); 

• Qm represents the specific quantity combustible or power to be 

purchased. 

 

The total cost of depreciation and amortization, including construction and 

equipment (Cd) calculated with equation (6) 

𝐶𝑑  =  𝐶𝑅 + ∑
𝑄𝑔∗𝑃𝑔

𝑁𝑔

𝑧
𝑔=1                                                                                 (6) 

 

Where: 

• g is the index representing the g-th equipment; 

• z is the total number of equipment; 



 

51 

 

• CR is the cost of buildings per year; 

• Qg is the number of the g-th equipment; 

• Pg is the cost of the g-th equipment (the rating equation parameters for 

equiments are reported in Table XVII in the Appendix A); 

• Ng is the number of years considered for the amortization (lifespan of 

equipment) and it is 10 years in the base case. 

 

The total cost of maintenance (CM) calculated as the 5% of the Cd, 

according to Dai et al. (2019). 

 

The total cost of environmental disposal (CD), considering the hypothesis 

that the environmental disposal cost varies linearly with the scale of the plant, 

are calculated with equation (7) using the Liu et al., 2020 plant as reference. 

 

𝐶𝐷 = 𝐶𝐷0
𝑄𝐷

𝑄𝐷0
                                                                                             (7) 

 

Where: 

• CD0 is the cost of environmental disposal in the reference plant; 

• QD is the capacity of the considered plant; 

• QD0 is the capacity of the reference plant. 

 

The total labour fees (C_L) are calculated on Italian CCNL (national 

collective labour agreement) basis (Italian Ministry of Labor and Social 

Policies) . The labor fees used to perform calculation are reported in Table 

XVIII in the Appendix A. 

 

The Taxes were calculated as sum of IRES and IRAP which are Italian 

taxes on production. IRES is calculated as 27.5% of the gross profit while the 

IRAP is calculated as the 4% of the difference between revenues and 

expenditures.  

Summarizing, p represents the unit price of the substance; W represents the 

weight of the substance; Q represents the mass flow of the material; Ng 

represents the lifespan of the equipment. 

 

The operability range of the model is between 0 and 100,000 t/y 

(corresponding to 200,000 batteries standard packs/y). The analysed 

chemistries are nickel-manganese-cobalt chemistries NMC(111) and 

NMC(811) and lithium-iron-phosphate (LFP). The difference between 

NMC(111) and NMC(811) is the cobalt quantity which is lower in the 

NMC(811). The NMC are chosen because are the most used and the LFP are 

chosen because they show the highest potential of substituting the NMC 

(Tolomeo et al., 2020). 
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III.2.2 Life Cycle Assessment 

 

Life cycle assessment is a methodology that can be used to assess and 

quantify potential environmental impacts related to the life cycle of a product, 

process, or service. The approach can be from cradle to grave (full life cycle) 

or from cradle to gate, from gate to gate, etc. (i.e., considering only a portion 

of the life cycle). Using the cradle to gate approach considers all energy, 

material, and manufacturing and assembly transformations from resource 

extraction to the gate of the manufacturing facility. A cradle to grave approach 

considers the cradle to gate to which it adds use and disposal phase (Tolomeo 

et al., 2020). 

The main goal of the LCA was to compare the potential environmental 

impacts of the hydrometallurgical and pyrometallurgical processes. The 

analysis follows the methodology defined under the ISO 14040 and 14044 

standards (International Standard Organization, 2006), which define four 

main phases: (1) goal and scope definition; (2) life cycle inventory (LCI), (3) 

life cycle impact assessment (LCIA); and (4) interpretation. The approach 

used is cradle-to-grave considering the batteries production phase, the use 

phase, and the end-of-life recycling processes. To model the use phase of 

lithium-ion batteries, a life cycle of 150,000 km is considered. The energy mix 

considered is the Italian one which account for 55% of non-renewable energy 

sources. 

In this study, the chosen functional unit is 20,000 battery pack/y (10,000 

t/y). The data relating to the processes and necessary for the LCI phase were 

obtained from literature as well as from Batpac (BatPaC) and Everbatt 

(EverBatt | Argonne National Laboratory) databases, while the Ecoinvent 3.6 

database was the main source of the background data and processes. The study 

was performed using the SimaPro 9.1.0.8 software tool.  

Table X shows the bill of materials for the chosen LIBs chemistries (NMC 

(111), NMC (811) and LFP) derived from the Everbatt model and used in the 

LCI phase. 

Table X: Bill of materials (BOM) for the chosen LIBs. 

MATERIALS NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

CATHODE 34.7% 32.4% 31.1% 32.7% 

ANODE 19.4% 21% 20.6% 16.8% 
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CARBON 

BLACK 

2.3% 2.2% 1.7% 2.2% 

BINDER 3.0% 2.9% 3.6% 2.7% 

COPPER 15.7% 16.1% 15.7% 13.9% 

ALUMINIUM 8.2% 8.4% 8.2% 7.5% 

ELECTROLYTE 14.6% 15.2% 17% 22.2% 

PLASTICS 2.1% 2.2% 2.1% 1.9% 

 

Table XI shows the material input requirements for the recycling processes 

used in the LCI phase derived from Everbat. 

 

Table XI: Recycling processes, material requirements. 

MATERIAL 

INPUTS/ENERGY 

CONSUMPTION 

PYROMETALLUR

GY 

HYDROMETAL

LURGY 

LIMESTONE 

(KG/KGBATTERY

) 

0.30 - 

SAND 

(KG/KGBATTERY

) 

0.15 - 

HYDROCHLORIC 0.21 0.012 
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ACID 

(KG/KGBATTERY

) 

HYDROGEN 

PEROXIDE 

(KG/KGBATTERY

) 

0.06 0.366 

SODIUM 

HYDROXIDE 

(KG/KGBATTERY

) 

- 0.561 

AMMONIUM 

HYDROXIDE 

(KG/KGBATTERY

) 

- 0.031 

SULFURIC ACID 

(KG/KGBATTERY

) 

- 1.08 

SODA ASH 

(KG/KGBATTERY

- 0.02 
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) 

WATER 

(KG/KGBATTERY

) 

- 3.79 

DIESEL 

(MJ/KGBATTERY

) 

0.6 0.6 

ELECTRICITY 

(MJ/KGBATTERY

) 

4.68 0.125 

NATURAL GAS 

(MJ/KGBATTERY

) 

- 2.5 

 

Table XII shows the material recovery efficiencies for the different 

recycling processes. 

 

Table XII: Material recovery efficiencies for pyrometallurgical and 

hydrometallurgical processes. 

MATERIAL PYROMETALLUR

GY 

HYDROMETALLUR

GY 

COPPER 90% 90% 

LITHIUM - 90% 
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PLASTICS - 50% 

ALUMINIUM - 90% 

CO2+ IN 

OUTPUT 

98% 98% 

NI2+ IN 

OUTPUT 

98% 98% 

MN2+ IN 

OUTPUT 

- 98% 

ELECTROLY

TE 

SOLVENTS 

- 50% 

 

 

The potential environmental impacts of the two recycling processes were 

estimated with the ReCiPe 2016 method considering a hierarchist perspective 

(H) using both the midpoint and endpoint levels. The ReCiPe 2016 method is 

a new version of ReCiPe 2008, and it was created by RIVM, Radboud 

University, Norwegian University of Science and Technology and PRé 

Consultants. ReCiPe 2016 combines a midpoint problem-oriented approach 

with an endpoint damage-oriented approach, comprising two sets of impact 

categories with associated sets of characterization factors. At the midpoint 

level, eighteen impact categories were considered, whereas, at the endpoint 

level, twenty-two categories were grouped into three macro-categories: 

human health (eight categories), ecosystems (twelve categories), and 

resources (two categories) (Huijbregts et al., 2017). 

The damage unit for human health is DALYs (disability adjusted life 

years), which represents the years that are lost or that a person is disabled due 

to a disease or accident. The damage unit for ecosystem quality is local relative 

species loss in terrestrial, freshwater, and marine ecosystems, respectively, 

integrated over space and time (potentially disappeared fraction of 

species∙m2/year or potentially disappeared fraction of species·m3/year). To 
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aggregate the impacts of terrestrial, freshwater, and marine ecosystems into 

one single unit (species/year), the ReCiPe 2016 method includes species 

densities for these three types of ecosystems. Finally, the damage unit for 

resource scarcity is dollars (USD2013), which represents the extra costs 

involved for future mineral and fossil resource extraction (Huijbregts et al., 

2017). 

 

III.3 Results and discussion 

III.3.1 Economic model 

 

After the creation of the model, we evaluated the variation of ROI, revenues, 

and expenditures as a function of battery chemistry and the quantity of 

batteries processed per year. 

 

III.3.1.1 Revenues 

 
The revenues were calculated, according to equation (2) for every considered 

chemistry and for all the plant treatment capacities considered. Figure 18 

shows the modelling results. 

 

 

 

Figure 18: Revenues calculated as function of number of battery pack 

processed by the recycling plant (1 battery pack = 500 kg of batteries). 

Parameters are the battery chemistry and recycling process 
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A few papers in literature explicitly estimate economic aspects related 

to LIBs recycling processes. In particular, a sensitivity analysis done by 

Wang et al (X. Wang et al., 2014) shows that the profitability of a 

recycling process depends primarily on the chemistry of the LIBs for 

each recovery technology. As can be seen in Figure 18, the chemistry 

with the higher quantity of cobalt shows the highest revenues in both 

the considered processes: pyrometallurgy and hydrometallurgy. This is 

related to the fact that cobalt is the material with the highest reselling 

price and grants the highest income. 

 

 

III.3.1.2 Expenditures 

 

The expenditures were calculated according to equation (3) for every 

considered chemistry and for all the plant treatment capacities 

considered. Figure 19 shows the modelling results. 

 

 

 

Figure 19: Expenditures calculated as function of number of battery pack 

processed by the recycling plant (1 battery pack = 500 kg of batteries). 

Parameters are the battery chemistry and recycling process. 

 

 

Figure 19 shows that the curves of pyrometallurgy and hydrometallurgy 

revenues crosses among each other, for example for the NMC(111) 
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chemistry this happens at 40,000 battery pack. This aspect could be 

related to the fact that as the plant increases its treatment capacity, the 

expenditures increase as consequence. In fact, the hydrometallurgical 

process needs more chemicals and in higher quantities than the 

pyrometallurgical one that uses high temperature to perform recycling. 

Moreover, the expenditures are function of the cost of investment that 

are nonlinear with the plant recycling capacity because of economies of 

scale. The hydrometallurgical process, in fact, has more unit operations 

than the pyrometallurgical one. The combination of these two 

contributions determines the overlapping, in one point of the two 

curves. This phenomenon happens in all the considered chemistries. 

 

 

III.3.1.3 Return On Investment (ROI) 

 

The ROI is calculated according to equation (1) for every considered 

chemistry and for all the plant treatment capacities considered. Figure 

20 shows the modelling results. 

 

 

 

Figure 20: ROI calculated as function of number of battery pack processed 

by the recycling plant (1 battery pack = 500 kg of batteries). Parameters are 

the battery chemistry and recycling process. 
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Apart from LFP, the NMC chemistries have a positive ROI value early 

within the validity range of the model. The ROI calculated for NMC 

chemistries, in fact, became positive in the range of 3000-7500 battery 

packs/y while the ROI calculated for LFP batteries became positive in 

the range of 20000-48000 battery packs/y. As it can be seen from Figure 

5, the ROI curves show that the pyrometallurgy and hydrometallurgy 

plots have a crossing point, as for expenditures curves. In the modelled 

range it happens only for NMC(111) and NMC(622) chemistries but, 

looking at the other chemistry curve trends, it seems likely to happen. 

Well-established battery recycling plants such as Umicore, one of the 

largest recyclers in Europe, revealed that “the profits from selling 

recovered metals are not major drivers for [their] recycling operation” 

and that they charge service fees to battery manufacturers or collectors 

(Gies, 2015). The ROI curves graph seems to confirm the fact that if 

these plants treat few thousand tons of battery per years, the process is 

not more profitable than other investment alternatives. Moreover, the 

hydrometallurgical process seems to be the one to prefer if the number 

of battery packs to be treated is less than 80,000/y (40,000 t/y). Now, in 

the world, there is no recycling plant operating at that scale of capacity. 

In fact, according to data from Sommerville et al., 2021, the medium 

recycling plant capacity is around 13,000 t/y. 

If considered, the lithium-cobalt-oxide chemistry (LCO) would have 

shown the best economic results. NMC and LFP chemistries are, 

indeed, the most used ones (Tolomeo et al., 2020). Among those two, 

the latter is based on phosphate chemistry which contains no valuable 

metal and the economic performances are the lowest indeed (Richa et 

al., 2017). 

 

 

III.3.2 LCA 

 

A Life Cycle Assessment has been performed to evaluate the potential 

environmental impacts generated in the phases of battery production, 

use and recycling for both the hydrometallurgical and pyrometallurgical 

processes. Obviously, the absolute values for the use phase do not 

change between the two recycling processes, but they have been 

considered to perform a contribution analysis for the different battery 

chemistries considered: NMC (111), NMC (622), NMC (811), and 

LFP. 
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Table XIII and Table XIV contains the absolute values of the LCA 

results in terms of the ReCiPe 2016 Endpoint (H) and ReCiPe 2016 

Midpoint (H) methods, respectively. The five midpoint impact 

categories considered in Table XIV are those accounting on the macro-

areas of protection at the endpoint level the most. Climate Change and 

Human carcinogenic toxicity are the two midpoint categories (out of 

eight at the endpoint characterization level) with the highest incidence 

on the Human health macro area of protection. The midpoint 

characterisation factor used by ReCiPe 2016 for Climate change is the 

global warming potential (GWP), which quantifies the integrated 

infrared radiative forcing increase of a greenhouse gas (GHG), 

expressed in kg CO2-eq. The fate and effects of chemical emissions 

expressed in kg 1,4-dichlorobenzene-equivalents (1,4DCB-eq) is used 

as characterisation factor at the midpoint level for Human carcinogenic 

toxicity (Huijbregts et al., 2017) 

Land use and Water consumption are the two midpoint categories (out 

of twelve) with the highest incidence on the Ecosystems macro area of 

protection. In terms of Land use, the midpoint characterisation factor 

(in m2/yr annual crop equivalents) refers to the relative species loss 

caused by a specific land use type. While, for Water consumption the 

characterisation factor at midpoint level is m3 of water consumed per 

m3 of water extracted (Huijbregts et al., 2017). 

Fossil resource scarcity is the midpoint category (out of two) with the 

highest incidence on the Resources macro area of protection. The 

midpoint indicator for fossil resource scarcity, expressed in terms of kg 

oil eq., in ReCiPe 2016 is defined as the ratio between the higher 

heating value of a fossil resource and the energy content of crude oil 

(Huijbregts et al., 2017). 

 

 

Table XIII: Absolute values of the three ReCiPe 2016 endpoint (H) categories 

for the battery production (a), use phase (b), hydrometallurgical recycling (c), 

pyrometallurgical recycling (d), total life cycle including the 

hydrometallurgical recycling (a+b+c), total life cycle including the 

pyrometallurgical recycling (a+b+d). 

 

PHASE HUMAN HEALTH (DALY) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 
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BATTERY 

PRODUCTION 

1332,30 1687,32 1912,34 760,70 

USE PHASE 403,21 403,21 403,21 403,21 

HYDRO -644,91 -898,10 -1043,89 -351,14 

PYRO -645,53 -916,50 -1066,65 -303,80 

TOTAL (HYDRO) 1090,60 1192,42 1271,65 812,76 

TOTAL (PYRO) 1089,97 1174,03 1248,89 860,10 

PHASE Ecosystems (species/yr) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

4,33 4,88 5,18 2,78 

USE PHASE 1,51 1,51 1,51 1,51 

HYDRO -1,79 -2,21 -2,41 -1,02 

PYRO -1,76 -2,22 -2,42 -0,86 

TOTAL (HYDRO) 4,05 4,18 4,28 3,27 

TOTAL (PYRO) 4,08 4,17 4,27 3,43 

PHASE Resources (USD2013) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

1173514

3 

1255191

4 

1403684

9 

916475

7 

USE PHASE 1733697

5 

1733697

5 

1733697

5 

173369

75 

HYDRO -662563 -

1411898 

-

1790297 

-

178376

6 

PYRO -

1737924 

-

2570496 

-

2991742 

-

365764 

TOTAL (HYDRO) 2840955

5 

2847699

2 

2958352

7 

247179

66 

TOTAL (PYRO) 2733419

4 

2731839

3 

2838208

2 

261359

68 

     

 

 

Table XIV: Absolute values of the five most impacting ReCiPe 2016 midpoint 

(H) categories for the battery production (a), use phase (b), 

hydrometallurgical recycling (c), pyrometallurgical recycling (d), total life 
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cycle including the hydrometallurgical recycling (a+b+c), total life cycle 

including the pyrometallurgical recycling (a+b+d). 

 

PHASE CLIMATE CHANGE (KG CO2 EQ.) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

1035549

30 

1094282

30 

1205312

20 

804414

34 

USE PHASE 6393203

58 

6393203

58 

6393203

58 

639320

358 

HYDRO -

2374326 

-

8333792

,5 

-

1127736

8 

-

124883

41 

PYRO -83954 -

6692430 

-

9970517 

-

114066

23 

TOTAL (HYDRO) 7405009

62 

7404147

96 

7485742

10 

707273

451 

TOTAL (PYRO) 7427913

34 

7420561

58 

7498810

61 

708355

169 

PHASE Human carcinogenic toxicity (kg 1,4-

DCB) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

1041438

2 

1208551

4 

1344858

5 

108109

57 

USE PHASE 5209484

6 

5209484

6 

5209484

6 

520948

46 

HYDRO -

6561321 

-

7743190 

-

8260762 

-

763608

9 

PYRO -

6404900 

-

7670987 

-

8214341 

-

402007

9 

TOTAL (HYDRO) 5594790

7 

5643716

9 

5728266

8 

552697

13 

TOTAL (PYRO) 5610432

7 

5650937

3 

5732909

0 

588857

24 

PHASE Land use (m2a crop eq.) 
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NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

1787394

00 

1936173

60 

2000685

00 

893067

80 

USE PHASE 2077873

91 

2077873

91 

2077873

91 

207787

391 

HYDRO -

1319820

30 

-

1474336

60 

-

1511002

90 

-

761163

96 

PYRO -

1285146

80 

-

1452669

60 

-

1492013

40 

-

699962

45 

TOTAL (HYDRO) 2545447

61 

2539710

91 

2567556

01 

220977

775 

TOTAL (PYRO) 2580121

11 

2561377

91 

2586545

51 

227097

926 

PHASE Water consumption (m3) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

1087492

60 

1110163

40 

1089260

10 

100073

810 

USE PHASE 8918930

1 

8918930

1 

8918930

1 

891893

01 

HYDRO -84502 -157820 -183852 -707541 

PYRO -336312 -417119 -446201 -126987 

TOTAL (HYDRO) 1978540

59 

2000478

21 

1979314

59 

188555

570 

TOTAL (PYRO) 1976022

49 

1997885

22 

1976691

10 

189136

124 

PHASE Fossil resource scarcity (kg oil eq.) 

NMC 

(111) 

NMC 

(622) 

NMC 

(811) 

LFP 

BATTERY 

PRODUCTION 

3097584

4 

3229989

2 

3493860

2 

242973

03 

USE PHASE 1860412

83 

1860412

83 

1860412

83 

186041

283 

HYDRO -779855 -

1215948 

-

1871537 

-

309897

3 
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PYRO -

3083055 

-

4702648 

-

5472666 

-50566 

TOTAL (HYDRO) 2162372

72 

2171252

27 

2191083

48 

207239

613 

TOTAL (PYRO) 2139340

72 

2136385

27 

2155072

19 

210288

020 

 

Table XIII and Table XIV point out that the life cycle of the LFP battery 

with the hydrometallurgical recycling was the most environmentally 

sound for all the endpoint and midpoint categories taken into 

consideration. On the contrary, the situation was diversified in terms of 

the worst environmental alternative. NMC (811) + pyrometallurgy was 

the worst combination for all the damage categories as well as in terms 

of Climate change and Land use. The other worst environmental 

combinations were LFP + pyrometallurgy for Human carcinogenic 

toxicity, NMC (622) + hydrometallurgy for Land use, and NMC (811) 

+ hydrometallurgy for Fossil resource scarcity. In any case, for both the 

endpoint and midpoint categories considered the percentage differences 

between the average total life cycle impacts of the two types of batteries 

were less than 2%. 

Figure 21 gives an overview of the situation for all the impact categories 

and battery chemistries considered. As it can be seen, the environmental 

performances of the life cycles of the batteries were very near for all the 

impact and damage categories except for Resources (Figure 21c), 

Human carcinogenic toxicity (Figure 21β), Land use (figure 21γ), and 

Fossil resource scarcity (Figure 21ε). In terms of Resources and, 

obviously, in terms of Fossil resource scarcity, the quadrilateral 

representing the life cycles with the hydrometallurgical recycling goes 

out the margins of the quadrilateral representing the life cycles with the 

pyrometallurgical recycling, except for the LFP battery. 
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(δ) 

 

(ε) 

Figure 21: Potential environmental impacts calculated with the ReCiPe 2016 

(H) method for the four battery chemistries considered. Endpoint categories: 

a) Human Health; b) Ecosystems; c) Resources. Midpoint categories: α) 

Climate change; β) Human carcinogenic toxicity; γ) Land use; δ) Water 

consumption; ε) Fossil resource scarcity. 

 

Figure 22 shows the percentage contribution analysis for the four 

battery chemistries considered. Figures 22a and Figure22b show that 

when looking at the Human health and Ecosystems damage categories, 

the production phase is that with the highest contribution. This is due to 

the metal extraction performed with non-environmentally friendly 

processes (Yuan et al., 2021). It is in these damage categories that the 

recycling processes show the highest contribution in terms of avoided 

damages. The production of secondary raw materials avoids the 

production of virgin raw materials (Dunn et al., 2021). 

In the Resources damage category, in Figure 22c, the use phase is that 

with the highest contribution because of the energy generation and 

consumption for batteries charging over their life cycle. Recycling 

processes contribute for less than 10% of avoided damages because 

themselves consume resources to be performed. 

Climate change and Fossil resource scarcity are shown in Figure 22α 

and 22ε. As for the Resource damage category, the highest contribution 

is due to the use phase and is related to the electricity generation with 

the Italian energy mix. The hydrometallurgical and pyrometallurgical 

processes shows no contribution in avoiding global warming impacts.  

Figure 22β shows that the use phase contributes the most in terms of 

Human carcinogenic toxicity. Both the recycling processes shown in  
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Figure 22γ have a high contribution in avoiding Land use impacts. Their 

contribution is related to the production of secondary raw materials. The 

Water consumption impact category, shown in Figure 22δ, has no 

benefits from the recycling processes of LIBs because both the 

recycling processes use water to perform the materials recovery. 

Moreover, there is no significant difference in the magnitude of avoided 

impacts shown from both processes. Finally, in terms of Fossil resource 

scarcity, as shown in Figure 22ε, there is a great predominance of the 

use phase due to the non-renewable share of the Italian energy mix used 

in LIBs charging phase. 
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(ε) 

 

Figure 22: Contribution analysis for the four battery chemistries considered. 

Endpoint categories: a) Human Health; b) Ecosystems; c) Resources. 

Midpoint categories: α) Climate change; β) Human carcinogenic toxicity; γ) 

Land use; δ) Water consumption; ε) Fossil resource scarcity. 

 

 

III.3.3 Conclusions 

The hydrometallurgical process is often subject to criticism because of 

its complexity if compared with the pyrometallurgical process. On the 

other hand, the pyrometallurgical process is energy intensive and can’t 

be used to recover all the valuable materials. However, the obtained 

results confirm that the economic profitability of the hydrometallurgical 

process is significantly superior to the pyrometallurgical process due to 

the higher purity and larger number of recoverable materials. Therefore, 

from an economic point of view the hydrometallurgical process is the 

preferable one. Instead, from an environmental point of view, for both 

the endpoint and midpoint categories considered the percentage 

differences between the average total life cycle impacts of the two types 

of batteries were less than 2%. In more details, the life cycle of the 

lithium-iron-phosphate (LFP) battery with the hydrometallurgical 

recycling was the most environmentally sound for all the endpoint and 
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midpoint categories taken into consideration. This result is related to 

the utilization of cheap, largely available and environmentally sound 

materials.  Overall, we can conclude that the hydrometallurgical process 

was the best option when looking at both economic and environmental 

aspects and the LFP batteries will be a candidate solution to reduce the 

environmental burden related to the electrification of transportation 

sector.
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Conclusions 
 

The recovery processes of valuable materials from LIBs are of great 

interest in the perspective of circular economy and in view of the reuse 

of rare metals they contain. 

At present, the recovery processes ready for industrial development can 

be divided into two families: pyrometallurgy and hydrometallurgy. The 

first technique is based on the preliminary high-temperature thermal 

destruction of every organic compound present in the batteries, 

followed by the selective recovery of what is contained in the unburned 

residue; the second technique is based on selective extractions of 

precious metal compounds, using inorganic and organic solvents.  

A first aim of this thesis was to evaluate, on the basis of the existing 

literature, whether one technique was preferable to the other, evaluating 

them first in terms of environmental impact and then in terms of cost 

and profitability. 

We therefore proceeded to carry out an evaluation of the environmental 

impact for both processes, using the SimaPro software and the relative 

databases (Ecoinvent). In detail, the analysed processes are therefore 

those experimentally more mature, which are already present in the 

Ecoinvent database. Apart from the thermal destruction phase, which is 

based on an incineration furnace, both the processes examined 

essentially involve extraction with inorganic acids for the selective 

recovery of precious metals. In the hydrometallurgical process, the 

extraction units are more numerous than in the pyrometallurgical 

process, allowing the recovery of a greater number of materials.  

The comparative environmental assessment of these processes resulted, 

with reference to the main impact factors, in a substantial balance. The 

advantages of recovering a greater number of materials from the 

hydrometallurgical process are offset by the need for greater use of 

solvents, chemicals whose production nevertheless has an 

environmental impact. 

From an environmental point of view, therefore, the two processes are, 

to date, quite equivalent.  

 

From the point of view of economic investment, the results have been 

obtained from a home-made model that takes into account the chemistry 

of LIBs and evaluates the investment costs of individual equipment and 

their operating costs (energy consumption, raw material costs and the 



 

76 

 

value of the products obtained). All results are evaluated as a function 

of plant capacity. 

The analysis of the economic results shows that both processes have 

their own profitability, starting from a certain minimum capacity (break 

even production). The Return Of Investment (ROI) depends on the 

chemistry of the spent batteries treated.  

The hydrometallurgical plant has lower investment costs than the 

pyrometallurgical ones. Moreover, the ROI - with the same chemistry 

of spent batteries - is higher and the investment is profitable starting 

from plants with lower capacity (if the capacity is expressed in terms of 

quantity of treated batteries). 

Finally, it should not be overlooked that the hydrometallurgical process, 

also allowing the recovery of precious lithium, which is impossible with 

the alternative process, fully meets the requirements of the draft 

European regulation for battery recovery, which provides for an 

obligation to recover also this material in the coming years. 

 

The impact of battery recycling compared to the use of virgin mining 

materials has also been assessed. The result shows a reduction in 

impact, which obviously depends on the impact categories analyzed. 

Taking Acidification, Eutrophication and Ecotoxicity categories as 

examples, there is a reduction in impact more than 50%. Although the 

percentage is significant, it is believed that in the near future this 

percentage may increase, thanks to the development of new and more 

selective processes for extracting precious metals from spent batteries. 

 

 

The use in automotive applications is the main destination of lithium-

ion batteries. In this PhD thesis a technical comparison has been carried 

out, therefore, between thermal and electric vehicles belonging to all 

consumer segments, in order to understand if the latter represent an 

environmentally sounder alternative and a methodological comparison 

between LCA software tools has been carried out between a generalist 

professional tool (SimaPRO) and a specialized and open-source tool 

(GREET). 

 

The results of the methodological comparison show that the two 

software tools provide results with the same trends and of the same 

orders of magnitude. Comparing those vehicles using climate change 

impact category, electric vehicles are the undisputed winners. The 
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sensitivity analysis conducted on the energy mix, increasing the content 

of renewables, also shows how this range can widen, disfavoring 

thermal vehicles. 

Moreover, by analysing emission trends as a function of kilometers 

driven, it is possible to identify a crossover point between thermal and 

electric vehicles, below which (number of kilometers driven lower than 

that of this characteristic point) thermal vehicles are to be preferred to 

electric vehicles. This crossover point varies according to the chosen 

segment of the vehicle but, in general, it is in the range between 35000 

and 76000 kilometers.  

It is precisely the upper end of this range that, when compared to the 

value of 77000 kilometers declared by Volvo in its official comparative 

LCA document, provides value and robustness to the modelling carried 

out. 

 

In any case, relying only on climate change does not provide a complete 

picture. In fact, looking at all impact categories of the ReCiPe method, 

thermal vehicles come out as winners in 11 out of 18 categories. Finally, 

considering the damage categories, the comparison between the two 

classes of vehicles is perfectly balanced.   
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Appendix A 

 
Table XV: Specific sales values and costs adopted in the economic model (“BatPaC” ) 

Element Price (€/kg) 

Co 44.00 

Ni 11.00 

Mn 2.53 

Hydrochloric Acid 0.36 

Hydrogen Peroxide 0.58 

Lime 0.12 

Limestone 0.12 

Sand 0.042 

Sodium Hydroxide 0.40 

Sulfuric Acid 0.06 

Aluminum 1.45 

Copper 5.43 

Steel 0.28 

Plastics 0.10 
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LCO 40.00 

NMC(111) 21.00 

NMC(532) 20.00 

NMC(622) 20.60 

NMC(811) 22.00 

Lithium carbonate 14.73 

Ni2+ in Ni salt/oxide 13.00 

Co2+ in Co salt/oxide 43.00 

Mn2+ in Mn salt 3.00 

LMO 16.00 

NCA 21.50 

LFP 14.00 

Electrolyte organics 0.15 

Graphite 0.20 

 
Table XVI: Cost for fuel and electricity adopted in economic model. 

Element Price (€/kWh) 

Diesel 1 

Natural gas 0.0071 
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Electricity 0.16 

 
Table XVII: Equipment costs and power rating parameters adopted in the economic model (Couper et al., 2005; Peters et al., 2003) 

Equipment Cost coefficient Power consumption Notes 

a b c adj m n p 
 

Ball mill 61000 0.69 0 1.412 34 1.006 0 (0.25 inch x 200 mesh) 

Brine Soak 31862 0 0 1.412 7.5 0 0 Screw conveyor, stainless steel, 0.3048m 

diameter 

Briquetter 16048 0 0 1.435 75 0 0 Roll type extruder 

Calciner 1313832 0.512 0 0.985 5861 1 0 Incinerator, cylindrical, low-hazard feed 

material 

Cell perforator 17636 0 0 1.435 75 0 0 Roll crusher 

Conveyor 102600 0 0 0.985 15 0 0 Belt, open, short, 1 m widht and 30.5 m 

lenght 

Crusher 106512 0 0 1.435 75 0 0 Giratory crusher 

Density 

Separator 

2760 0.96 0 1.412 75 0 0 Cyclone separator, heavy duty 

Dryer 591236 0.6 0 1.412 729 1 0 Steam tube dryer, class II, 304 stainless 

steel 

Filter press 173000 0 0 0.985 15 0 0 Plate and frame, 18.58 m2 area, stainless 

304 
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Froth flotation 

cell 

131410 0.5301 0 0.985 75 0 0 Jacketed and agitated, stainless 304, 

atmospheric to 1.72 bar 

Gas treatment 3000000 0 0 1 1000 0 0 
 

Granulator 29902 0.6671 0 0.985 1.361 1 -0.5806 Agglomerator, disk with motor, stainless 

steel 304 

Hopper 38700 0 0 0.985 15 0 0 With bottom, bolted, carbon steel, 

141.5842m^3 bin volume 

Hydrocyclone 50300 0 0 0.985 75 1 0 Cyclone, wet, ceramic lined, 0.762 m 

diameter 

Leaching tank 473892 0.4481 0 0.985 15 1 0 Mixer/settler, stainless 304, atmospheric to 

1.72 bar 

Mixin (g tank 473892 0.4481 0 0.985 15 1 0 Mixer/settler, stainless 304, atmospheric to 

1.72 bar 

Oxidizer 494284 0.7601 0 0.985 5861 0 0 Incinerator, catalytic, low-hazard feed 

material, atmospheric pressure 

Precipitation 

Tank 

473892 0.4481 0 0.985 15 1 0 Mixer/settler, stainless 304, atmospheric to 

1.72 bar 

Pump 3009 0 0 1.435 3.192 1 0 Centrifugal, cast iron, 1035 kpa 

Screener  1218 1 3752.8 0.985 15 1 0 DSM screen, stainless steel, with medium 

carbon steel wire 

Skid steer 40000 0 0 1 0 0 0 Diesel-fueled 

Smelter 6137979 0.48 0 0.985 0 0 0 Incinerator, rotary kiln, hazardous feed 

material, atmospheric pressure 
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The costs of the equipment have been evaluated with equation (S1): 

 

 Cost ($2017) = (a*capacityb+c)*adj                    (S1) 

 

Where: 

• Cost ($2017) is the cost of the equipment as a result of the calculations; 

• capacity is the flow mass entering the equipment expressed in t/hr. 

• a, b, c, adj are the coefficients reported in Table XVII and deduced from Couper et al., 2005 and Peters et al., 2003. 

 

The power required by equipments have been evaluated with equation (S2): 

 

  Power (kW) = m*(capacityn)+p       (S2) 

 

Where: 

• Power (kW) is the power required for the equipment operation. 

• capacity is the flow mass entering the equipment expressed in t/hr. 

• m, n and p are the coefficients reported in Table XVII and deduced from Couper et al., 2005 and Peters et al., 2003 

 

Table XVIII: Labor fees derived from italian national collective labour agreement (Italian Ministry of Labor and Social Policies). 

Element Labor fee (€/hr) 

Specialised worker 18.97 
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Management figures 30.21 
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