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SUMMARY 
With the release of the 6th assessment report from IPCC, there is a larger need 
than ever to invest in climate change mitigation. This can be seen in the company 
Aurobay which develops combustion engines primarily for Volvo Cars. Last year 
they conducted an LCA on the mild-hybrid VEP MP Gen3, and are now aiming to 
understand and quantify the impact of the emissions based on the results.  
 
This thesis explores the possibility of directly comparing the impacts of climate 
change and mineral resource depletion. A literature study was conducted 
evaluating midpoint impact categories by using the RACER criteria. Three methods 
suitable for climate change (IPCC, Environmental Footprint and ILCD) and mineral 
resource depletion (CML, Environmental Footprint and ILCD) were found during an 
organised workshop. The next step focused on endpoint methods, where the aim 
was to find two methods able to incorporate both impact categories. Context-
specific criteria were derived for this purpose. A second workshop was organised 
where it was decided to use Environmental Footprint and Ecological Scarcity. 	
 
Normalisation approaches for the two selected endpoint categories were presented and 
used to calculate final scores. For climate change, yearly budgets and total budgets 
based on IPCC’s SSP1 scenarios 1.9 and 2.6 were used. For mineral resource 
depletion, yearly budget and total budget based on the different reserve estimates, 
ultimate, reserve base and economic reserve were used. In addition, an Aurobay 
approach was created, based on their sustainability targets using simple linear 
reduction. The results showed that the chosen normalisation reference alters the 
severity to a high degree where larger budgets result in lower impacts. This can also be 
seen in the way that there are clear budgets for climate change in contrast to mineral 
resource depletion where there are no such targets. It was concluded that at this stage, 
this should not be used as an indicator within development, more research is needed 
along with extensive work on other impact categories. However, this approach could be 
applied when comparing different substances within an impact category, if one were to 
use the same method and budget. 	
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1
Introduction

This chapter aims to introduce the reader to the topic and provide a basis for under-
standing the aim and question framing of the thesis.

1.1 Background

With the release of the 6th assessment report from the IPCC, there is a larger need
than ever to invest in climate change mitigation. Contribution from all di�erent
kinds of actors, from transnational cooperation down to individual level, are needed
to reach the current climate targets as the world is currently on the path towards
failing the Paris Agreement [1]. However, in the current public discourse, there is
a lack of focus on other environmental targets. This is illustrated by some of the
currently defined planetary boundaries such as biosphere integrity, nitrogen, and
phosphorus emissions from use in industry and agriculture [2], that have already
crossed the boundary of what is considered safe.

Sustainable development entails that future generations should not be limited by
our actions today. The impact of the current resource use must be properly assessed
in comparison to the climate change mitigation techniques being adopted, to realise
how to preserve the planet most optimally for future generations.

In the automotive sector, where road transport is responsible for 11.9% [3] of
the global greenhouse gas (GHG) emissions, the current electrification strategy is
widespread to combat climate change and accelerated by regulations such as the ban
on fossil-fueled cars in the EU [4]. However, it lacks the nuance of other targets,
in particular mineral resource depletion which is highly relevant. Battery electric
vehicles are usually favoured compared to pure internal combustion engine vehicles
in terms of life cycle GHG emissions [5]. However, in terms of resource use and
contribution to mineral resource depletion, and especially critical raw materials such
as cobalt, neodymium, nickel, graphite, and lithium [6], the internal combustion
engine vehicle impacts are generally lower.

Aurobay has recently conducted an LCA of their most sold engine, the mild-hybrid
petrol (VEP) middle power (MP) Gen3 [7] and has assessed seven midpoint impact
categories achieving an overview of life cycle emissions and impacts. However, to be
able to prioritise the impacts that are causing the most damage, there is a need to
understand how the impact categories compare with each other by using comparable
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1. Introduction

endpoint categories. Several di�erent midpoint and endpoint categories are being
used by several di�erent methods related to all or some of the environmental emissions
and damages. For climate change and ozone depletion categories there is consensus
on which method should be used [8] for calculation but the outcome can still vary
quite a bit depending on the approach in using the methods [9].

Understanding which methods and emissions that are most relevant for a specific
industry is key to acquiring reliable results, and can enable data-driven sustainability.
This is precisely what Aurobay is after; information to guide them in their e�orts to
become sustainable and knowing where their e�orts should be focused to achieve the
most e�cient damage reduction. To be able to do this, a comparison of the impact
categories is needed and an indicator that includes all relevant impact categories has
to be used [10].

1.2 Aim

This thesis aims to explore and understand how the selection of life cycle impact
assessment methods influences the result of analysed inventory data of an engine,
and to determine what criteria should be used when choosing a method in an au-
tomotive context. Furthermore, the thesis aims to find environmental boundaries
as a normalisation reference to be able to compare the severity between climate
change and mineral resource depletion. The resulting approach will be applied
to a cradle-to-grave life cycle inventory analysis already conducted on Aurobay’s
mild-hybrid engine, VEP MP Gen3, to determine within which impact category
mitigation e�orts should be focused.

1.3 Question framing

With previous background as a basis, the following questions have been constructed
in line with the aim.

• What LCIA methods are available for product evaluation which are suitable
for the automotive industry and how can they be selected?

• Using normalisation; can climate change and mineral resource depletion impact
categories be directly compared?

• Is it possible for Aurobay to use impact assessment as a prioritisation strategy
in product development?

2



2
Theory

The following chapter describes concepts which increase the understanding of both
the background as well as the topic itself. It is assumed that the reader has basic
knowledge of climate science.

2.1 Life Cycle Assessment

The life cycle assessment (LCA) is a standardised methodology which is developed
to calculate and identify environmental impacts associated with a specific product or
service [11]. The LCA methodology is divided into four steps where each contributes
with di�erent parts that together cover the entire life cycle. These are the goal and
scope definition, inventory analysis, impact assessment and interpretation of the result
[12]. Together the four steps can identify and educate industry, non-governmental
organisations (NGOs), and other notified bodies which are described in more detail
below.

The first step of the LCA, the goal and scope definition, aims at defining the study
[11]. This includes the methodology as well as the system boundary amongst other
details such as functional units and data required [13].

The second step of the LCA is the life cycle inventory analysis (LCI). The purpose of
this step is to collect all data necessary for the study but also to work as an inventory
of all the input and output related to the life cycle [11]. This could for example
include emissions, raw material or other environmental aspects [13].

The life cycle impact assessment (LCIA) aims to provide information about the
impact categories and indicators to get a better understanding in regards to the
LCI result [11]. Here, LCIA methods are used as a tool which can be applied at
both the midpoint level which is emission-oriented and the endpoint level which is
damage-oriented to get a final indicator which is more convenient for comparison [13].

The LCIA consists of two mandatory steps, classification, and characterisation, and
two optional steps normalisation and weighting. The classification is used to cate-
gorise di�erent emissions, such as CO2 and CH4 which are included in the impact
category climate change or di�erent raw materials included in mineral resource
depletion [14]. Next, the characterisation is used to calculate the magnitude of
each substance included in each category, which results in a total impact from the

3



2. Theory

categories in equivalent units, i.e. CO2 eq. or Sb eq.. The normalisation is then used
to calculate and compare the magnitude of each impact category in relation to a
target, budget, or such. Lastly, the weighting, which is an optional stage is where
the normalised results are multiplied by a weighting factor (%) which represents the
relative importance of the category.

The final stage of the LCA is the interpretation where the result from the LCI and
LCIA is concluded [11]. This is done in accordance with the goal and scope definition
and is the part of the LCA that works as a basis for conclusion and discussion [13].

2.2 Aurobay and OpenLCA Model

Aurobay develops and produces powertrain solutions and originates from Volvo Cars
and Geely. Their mild-hybrid VEP middle power (MP) Gen3 engine was modelled
in an SUV-type car. They have two main assembly sites, one located in Skövde,
Sweden and another site located in Zhangjiakou, China. They are on a journey to
completely transform into a circular business and reach net zero emissions by 2040 [15].

Open LCA is an open-source software designed for sustainability assessment and
life cycle modelling. Creating a model makes it possible to investigate the total
impact as well as the di�erent processes included in the life cycle. The software
provides the model; however, the data comes from a database for both the underlying
manufacturing processes and the resulting impacts.

Aurobay used this software to create a model of the mild-hybrid VEP MP Gen3
engine to assess its environmental impact in a previous project. The model uses a
weight allocation to derive impacts related to the user phase. The car that the engine
powers and the basis for the use phase weight allocation is the Volvo XC60 AWD
2020. It was modelled with a total life cycle driven distance of 200,000 km using the
Worldwide Harmonised Light Vehicles Test Procedure (WLTP) as the driving cycle.

For a manageable workload during the creation of the model in OpenLCA, the
authors made a cut-o� of components weighing less than 1 gram meaning these were
not included in the final midpoint impact calculations [7]. For most impact categories
this is an e�ective approach to minimise work while still retaining most of the results,
which was found in a study by Volvo using a 1 % cuto�. For climate change, the
results were almost unchanged for some of the other impact categories in the worst
case. For mineral resource depletion, however, the results were rendered close to
unusable when evaluating an internal combustion engine with the most simplified
approach [16]. Although the 1-gram cuto� is not directly comparable to the 1 %
cuto� in the study, the results show that caution is advisable when aggregating
and/or removing substances when modelling products. It also shows that the results
from this thesis will have considerable uncertainties from the starting point hence
the main focus will be on the overall approach rather than specific numbers at this
stage.

4



2. Theory

2.3 RACER

Deciding on methods suitable to evaluate impact categories at midpoint should be
based on well-defined criteria which disclose the choice of methods. By using such
criteria, it can be ensured that the methods are suitable for the impact categories
considered, i.e. climate change and mineral resource depletion. The RACER method
for impact assessment was recommended by the European Commission in 2006 and
is a method to assess and compare impact methods. The approach entails that each
method should be evaluated from the perspectives of Relevance, Acceptability, Cred-
ibility, Easiness, and Robustness with relevant sub-criteria within each perspective
[17]. These criteria can be used to decide on methods suitable for evaluating climate
change and mineral resource depletion at midpoint and will be described further
below.

The first criterion, relevance, focuses on how well a method covers the life cycle of a
specific product or sector [18] [19]. This implies that the evaluation method should
be closely linked to the objectives and be suitable for the intended impact categories,
i.e. climate change and mineral resource depletion [17] [20]. It also implies that the
specific method can be applicable on the relevant endpoint or planetary boundaries,
i.e., same functional unit, similar scope, etc.

The second criterion, acceptability, aims at that the method should be widespread
and well-known within the industry or scientific community as well as used by other
relevant stakeholders such as policymakers and regulatory bodies [18] [20]. This
criterion also highlights the importance of well-defined roles and responsibilities for
the indicator [17].

The credibility criterion can be described as how well defined the method is, for
example, is the method clear and can it easily be interpreted by non-expert [17].
This could also aim at the method should not be any older than ten years unless
there are standards such as the IPCC [8]. Apart from that the method should be
transparent in regards to where the data is sourced [18].

The perspective of easiness aims at simplicity. Meaning, easy to access data, limited
workload, has low costs and in this case, specifically, is compatible with relevant
software [17] [18].

Lastly, there is the perspective of robustness. This criterion highlights how the
method responds to input change but also its comparability via normalisation
[18]. Furthermore, the robustness focuses on how reliable the method is, including
how it responds to manipulation, i.e., if the method will perform as intended [17] [20].

With the perspectives above as a basis, sub-criteria have been adopted to identify
each method’s characteristics. These can be found in table A.1 and work as a method
to find suitable LCIA methods.
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2. Theory

2.4 Climate Change impact assessment

The International Panel on Climate Change (IPCC) measures climate change contri-
bution from greenhouse gases (GHG) into the atmosphere which are published as AR
reports. Their latest report, AR6, has updated the characterisation factors which
are used to convert every other contributing GHG into carbon dioxide equivalents,
CO2 eq. to have a more manageable basis for understanding and comparison. Each
gas remains in the atmosphere for a di�erent amount of time which depends on several
factors such as how reactive it is with other gases in the atmosphere, what natural
processes incorporate these gases removing or changing them in the process, and
many others. Even the warming e�ect of these gases can impact the uptake of them
in a wide variety of ecosystems and Earth processes. The IPCC has modelled these
processes to estimate the impact the release of GHG has on Earth’s climate in the
shared socioeconomic pathways, SSPs which are further described in section 2.7.1 [21].

Even though AR6 has brought many major improvements over the last report,
uncertainties are still unavoidable. To give a few examples, the projected amount
and timing for ice loss from Antarctica still have a low confidence which will directly
a�ect the sea-level rise projections in turn. Some uncertainties regarding aerosol
projections and trends are also still present due to, among other things, a lack of
adequate observations. One of the dominating uncertainties when projecting global
warming is the future anthropogenic CO2 emissions which surpasses the uncertainties
in climate-feedback projections [21].

2.5 Mineral Resource Depletion impact

To measure the amount of minerals in the crust there are di�erent methodologies
available. These methods could be based on di�erent factors, such as the estimated
total amount of minerals in the crust, or be based on the future e�ort to extract
minerals or even future competitiveness. The most common one is Abiotic Depletion
Potential (ADP) used in several life cycle impact methods within the LCA community.

ADP was first proposed by Guinée & Heijungs in 1995 [22] and is a method to
measure the severity of depletion of a specific substance within an LCA context.
It utilises yearly extraction rates along with reserve estimates of the substance in
question to derive a depletion potential. Antimony is used as a reference substance
to which all other resources are converted by using an equivalency factor, similar to
Global Warming Potential in the climate change category.

The depletion equation is defined as follows:

ADPres(uref · u≠1

res) = productionres(ures · yr≠1)
productionref (uref · yr≠1) · reserveref (uref )2

reserveres(ures)2
(2.1)

Where ures defines the unit of the resource evaluated and uref denotes the reference
resource unit for yearly production of the resource and the estimated reserves for
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2. Theory

said resource. By calculating the ADP for each relevant mineral within a product an
aggregated ADP value can be derived according to the equation:

equivalent abiotic use(uref ) = � ADPres(uref · u≠1

res) · extractionres(ures) (2.2)

The abiotic reserves are considered non-regenerative meaning that no new natural
formation of these substances is incorporated into the above equations [22].
CML 2002 which is an impact method from Leiden University, uses a 500-year time
horizon where, just as Guinée & Heijungs stated, no regeneration of any mineral
reserve will occur [23]. CML mentions three di�erent reserve types that can be
used for deriving an ADP value of a mineral. Ultimate reserves which is based on
the concentration of that substance in Earth’s crust with a constant assumed crust
depth. This assumes no limitation on the accessibility of the substance. Reserve
base is another way of measuring which is based on current mining capabilities and
identified resources that fulfil the mining requirements. The last type is Economic
reserves which is the part of the reserve base that can be economically mined. This
approach will be subject to not only mining capabilities but also market variations
at the time of reporting [23].

The incorporation of anthropogenic stocks can also be included according to the
authors but raises a few di�culties in properly implementing these stocks. Estimating
the quality and amount available for use is not trivial and was deemed out of the
scope of this report.

The term ultimate extractable reserves has also been up for discussion in the literature
where it is proposed as an alternative to the ultimate reserves. This estimate would
take into account only the upper crustal reserves, approximately 3 km, that would
reasonably be available for extraction by humans in the coming centuries [24].

The method has since updated its characterisation factors and reserve estimates from
several di�erent contributors. In 2019, van Oers and colleagues updated the reserve
and production estimates to better handle the time variation of these variables on
a yearly basis. This revisit was partly done to provide a more robust basis for
the Product Environmental Footprint (PEF) guidance that utilises the category
total ADP for impact assessment. Moving average of production and cumulative
production are considered as potential improvements but for use of longer term with
ultimate reserves cumulative approach is recommended although the two approaches
vary by only small amounts. The choice of reference substance was found to be less
relevant compared to antimony and tantalum which varied by a factor of 4 and 3
respectively [25]. The updated characterisation factors along with the older numbers
are available in appendix F.

Using ADP in a policy context requires the characterisation factors to be regularly
updated to represent the current situation properly and accurately. A proposal
to update ADP characterisation factors every fifth year similar to global warming
potential (GWP) by the IPCC was made by van Oers in 2019 to make it suitable
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for use in PEFs or Environmental Product Declarations (EPDs). The update also
included new basic earth data among other things, an average upper crust estimation
of 12 km was used [25].

2.6 Normalisation and Weighting

Normalisation is a way to achieve comparable impacts when dealing with multiple
di�erent impact categories and units [26]. It can be described by the below equation:

NI = CI

NR
(2.3)

where NI is the normalised impact, CI is the characterised impact from an impact
category and NR is the normalisation reference within that impact category. The
result is the unit-less score that can be compared to other normalised results from
other impact categories, given that the references and underlying model have been
matched. It is strongly recommended to weigh the scores when comparing across
impact categories and even more so between entire product systems to ensure proper
aggregation [26].

An example of a complete weighting set has been provided by the Environmental
Footprint method which is based on several surveys and workshops with scientists,
industry representatives and NGOs [27].

Impact Categories WF [%]

Acidification 6.20%
Climate change 21.06%
Ecotoxicity, freshwater 1.92%
EF-partuculate matter 8.96%
Eutrophication, freshwater 2.80%
Eutrophication, marine 2.96%
Eutrophication, terrestrial 3.71%
Human toxicity, cancer 2.13%
Human toxicity, non-cancer 1.84%
Ionising radiation 5.01%
Land use 7.94%
Ozone depletion 6.31%
Photochemical ozone formation 4.78%
Resource depletion, fossils 8.32%
Resource depletion, minerals and metals 7.55%
Water use 8.51%

Table 2.1: Weighting set by the LCIA method Environmental Footprint.

It can be seen that climate change is by far the highest-ranking impact category with
21.06% and mineral depletion ranks 6th with 7.55%. These percentages are used in
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the aggregation step where climate change in this case will contribute almost three
times as much towards the final aggregated score compared to the mineral depletion
impact category results.

2.7 Environmental boundaries

This section aims to describe current boundaries for climate change and mineral
resource depletion categunitlesst could potentially be used as normalisation references.

2.7.1 Climate Change

During the UN Climate Change Conference (COP21) in 2015, the Paris Agreement
was agreed on by 195 nations [28]. Here, it was decided and also legally binding
that the temperature on earth should stay well below 2 degrees with an aim at 1.5
compared to pre-industrial levels. These temperatures can be described according
to the Shared Socio-economic Pathways (SSPs) scenario 1-1.9 and 1-2.6 [29]. The
SSPs were first introduced in 2017 by the IPCC to function as a prediction of how
developments in society can a�ect the level of GHG emissions [30]. That means that
the 1.5-degree target can be described using a very low SSP1-1.9 scenario and the
2-degree target using a low SSP1-2.6 scenario and are both a part of the SSP1 scenario.

The SSP1, also referred to as Taking the Green Road, is described as a scenario
where all parts of society work towards sustainable development by investing in
both education and health [31]. This implies that the industry shifts towards more
sustainable materials resulting in a more sustainable consumption which eventually
will reach financial turnover. Lastly, inequality will be reduced, both in countries but
also across the world. For SSP1-1.9, this means that the radiative forcing on earth
must be kept below 1.9 W/m2 or a remaining carbon budget (RCB), calculated from
the beginning of 2020, estimated to be around 510 GtCO2 with a 50% likelihood
[29]. For the SSP1-2.6 scenario that instead implies that the radiative forcing should
be kept below 2.6 W/m2 and that the RCB should stay within 890 GtCO2 with a
likelihood of 67%. Depending on non-CO2 warming, such as methane and nitrous
oxide, this implies that scenarios would result in net zero sometime around 2050-2070.

The planetary boundaries (PB) are another way of potentially gaining a normalisation
reference and were first developed in 2009 by Johan Rockström together with 28
internationally renowned scientists. The aim was to identify nine processes that
regulate the stability and resilience of the Earth’s system [32]. The purpose of the
boundaries is to determine global environmental limits and from that guide in regards
to keeping man-made damage within a safe operating space [33]. As an example,
out of the three zones, safe, increasing risk and risk, climate change is identified as
an increasing risk. Even though nine processes have been identified, some of them
remain to be quantified such as biotic integrity within biosphere integrity as well
as atmospheric aerosol loading [32]. However, not all impact categories are seen as
a process within the PBs such as mineral and metal scarcity as they do not have
direct Earth-regulatory properties [34]. The proposed boundary for carbon dioxide
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concentration by Rockström was 350 ppm with pre-industrial levels of 280 ppm
and for radiative forcing, a proposed boundary of 1 W/m2 increase compared to
pre-industrial levels.

2.7.2 Mineral Resource Depletion

As stated previously, the planetary boundaries do not include mineral resource
depletion which requires other forms of references for normalisation. The Environ-
mental Footprint method proposes normalisation based on global emissions and
global resource use according to the normalisation set developed by Sala et al [27].
The di�erent reserve estimates used by the ADP methodology is another basis that
provides a budget-like approach similar to that of carbon budgets widely used in
current literature [23].
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3
Method

The following chapter covers the necessary steps of deciding on methods for both
midpoint and endpoint as well as budgets and normalisation which is a necessary
part of the result. The workshops as well as the RACER criteria will be described
briefly during this chapter and are described in depth in Appendix, A, C and, D.

3.1 Selection of midpoint methods

The selection of midpoint methods was conducted out of two steps. The first was
to gain an understanding of which midpoint LCIA methods applied to the model
and the automotive context. A literature study of available methods was conducted
where two criteria were used for a first screening: the method along with its database
had to be freely available in OpenLCA and GaBi software, and also that the method
should not be outdated hence a 10-year limit was set. A collection of all methods
explored can be found in Appendix B.

After the first screening was done a workshop was conducted together with represen-
tatives from Aurobay based on the RACER approach conducted by the European
Commission. The approach lists five main criteria, Relevance, Applicability, Credi-
bility, Easiness, and Robustness with sub-criteria which can be found in Appendix
A. From the workshop, three methods were selected for climate change and mineral
resource depletion.

The workshop focused on comparing all impact methods and evaluating them. Each
midpoint method that was deemed suitable for evaluation, was evaluated on each
of the RACER criteria. A pair-wise comparison was used which put every method
against every other method for the categories of climate change and mineral scarcity
respectively. In the end, the top three methods were selected based on a win rate,
meaning one point was awarded for each match-up win between the methods. Then
they were used in the OpenLCA software to derive midpoint impact results that
could then be used in the subsequent steps. The Midpoint workshop is only described
briefly during this chapter and can be read in further detail in Appendix C.

Based on the results from the midpoint workshop, results for the di�erent impact
categories using the di�erent methods came directly from the OpenLCA cradle-
to-grave model. The results were derived using the ’middle’ calculation accuracy
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which is the step below Monte Carlo simulation to save time. Then the calculation
was done for each of the midpoint methods selected to extract climate change- and
mineral resource depletion impacts in GWP100, CO2 eq. and Sb eq. using ultimate
reserves, reserve base and, economic reserve estimates where available. The methods
were either available in the Ecoinvent 3.8 and 3.9.1 database or the OpenLCA LCIA
methods v2.2.1 pack.

3.2 Selection of endpoint methods

The selection process for endpoint impact methods was somewhat similar to the
previous step but due to the nature of the endpoint methods, there were significant
di�erences as well. The similar criteria used from the previous step were frequency
of updates, age, responsible body/organisation, availability of relevant software and
transparency. However, endpoint-specific criteria had to be derived as well. These
were, that the methods had to be able to assess both impact categories while minimis-
ing workload. At the same time, the normalisation and weighting approaches needed
to be easily accessible which by extension means more useful for Aurobay. These
were, in addition to those criteria, the ability to utilise some form of environmental
boundary was also included in the evaluation and comparison between these endpoint
methods.

Here a workshop was conducted which was done in the same way as for the midpoint.
For endpoint evaluation, two methods were selected which needed to work together
with all the midpoint methods. Compared to the midpoint, the results from the
endpoint had to be calculated by hand, which uses normalisation described further
below together with targets that are also described below. The Endpoint workshop
is further described in Appendix D.

3.3 Normalisation

Environmental Footprint and Ecological Scarcity were chosen for endpoint evaluation.
Environmental Footprint normalise impacts based on current global emissions or
current resource use which was one of the adopted approaches for deriving the single
score indicator. The method itself had normalisation values which can be found
in table B.1 and are based on emissions and resource extraction in the year 2010.
Normalisation using budgets based on SSP1-1.9 and SSP1-2.6 for climate change,
and three reserve estimates for mineral resource depletion were also approaches
adopted to reflect environmental boundaries. In addition to these approaches, a
budget approach based on Aurobay 2040 targets was also adopted reflecting company
targets of net zero emissions and zero primary material dependency, further described
in section 3.3.3.

The normalisation in the Ecological Scarcity method was applied through the critical
flows which corresponded to reduction targets for climate change and mineral resource
depletion. The di�erent targets for climate change were SSP1-1.9 and SSP1-2.6
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scenarios due 2050 and current emissions represented by the year 2020.

3.3.1 Yearly budgets and targets

When modelling the yearly emissions for climate change the SSP1-1.9 and SSP1-2.6
were used. CO2, CH4 and, N2O which are the largest contributors to the total GHG
in the atmosphere were calculated for the year 2020 according to the CIMP6 data
[35] used for AR6, see Appendix E. Based on that, the yearly emissions in CO2 eq.
could be calculated according to;

Emissions2020 = CO2,2020,X ·CFCO2 +CH4,2020,X ·CFCH4 +N2O2020,X ·CFN2O (3.1)

where X represents the emissions in 2020 given the SSP scenario and CF is the char-
acterisation factor for each of the anthropogenic gases. In addition to the calculated
yearly emissions, Environmental Footprints’ normalisation factors could be applied,
both for climate change and mineral resource depletion. These can be found in table
B.1 and are based on emissions and resource extraction in 2010.

Mineral resource depletion could also be modelled with the yearly extraction, based
on the di�erent approaches according to ADP, ultimate reserves, reserve base, and
economic reserve. The modelling of the total yearly mineral resource extraction
based on di�erent reserve estimates and figures from CML, uses the reference year of
2000. The total resource extraction for that year concerning ultimate reserves was
given but the total for the economic reserves and reserve base was lacking. The total
production of each substance in antimony equivalents was available however and
could be easily summed up for a total mineral resource depletion (MRD) estimate
for that year [36], according to equation 3.2.

MRDyearly total =
Iÿ

i

Pi (3.2)

Where P is the yearly global production in kg Sb eq. of a specific mineral i for a
given year and I is the total number of included minerals. Only an estimate for
world production using ultimate reserves for 2015 was available in the literature and
directly provided by the report in which the ADP method was updated [25]. Similar
numbers for the other reserve estimates were not available.

3.3.2 Total budgets

By using the CIMP6 data covering the SSP1-1.9 and SSP1-2.6 scenarios for the
years 2020, 2030, 2040 and, 2050 a simplified model of the total remaining CO2 eq.
budget until 2050 could be calculated. This was done by summarising the top three
anthropogenic gases, CO2, NH4 and, N2O for each year according to equation 3.1
followed by a simple linear extrapolation which estimated a cumulative budget for
each target that was used to normalise the results from each midpoint category. The
linear extrapolation was calculated according to equation 3.3.
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q
3

n=1
Yn + Yn+1

2 · 10 = 5 · (Y1 + 2 · (Y2 + Y3) + Y4) (3.3)

where Y represents the years 2020, 2030, 2040 and 2050. The result, i.e. a total
budget until 2050, could be applied to both endpoint methods. For Environmental
Footprint by dividing on the normalised budget and for Ecological Scarcity by using
the 2050 budget as a critical flow and the emissions in 2020 as a reference and
normalisation flow.

For mineral resource depletion the total reserves in Sb eq. were estimated and used
as a normalisation basis according to ADP, ultimate reserves, ultimate recoverable
reserves and economic reserves using 2015 reference year. The ultimate reserves
were estimated using available data belonging to the updated ADP method [25].
Estimations for total available mass Mcrust,i of each mineral i in the Earth’s crust
were available along with the updated characterisation factors, CFi making it possible
to estimate the total ultimate reserves in mass of antimony equivalents as seen in
the equation 3.4.

Ultimate reservecrust total =
ÿ

Mcrust,i · CFi (3.4)

As the concentration of each substance is assumed evenly distributed in the crust,
the ultimate extractable reserves are a simple re-scaling of the ultimate reserves
with a ratio of 1/10000 solely based on the di�erence in crustal depth and the
resulting volume. The total economic reserves for 2015 are based on a summary of
the reported reserves for each mineral from the Mineral Commodity Summaries from
the United States Geological Surve (USGS) [37]. Due to the lack of updated ADP
values using economic reserves, the ADP values concerning ultimate reserves were
used in combination with the total economic reserve estimates for each mineral to
create a total economic reserve estimate in antimony equivalents for the year 2015.
Where reserves were absent, a 20 times yearly production was used as an estimate
for those specific minerals which are described in the equation 3.5.

Economic reserve2015 total =
ÿ

R2015,i · CFi (3.5)

Where R2015,i is the estimated economic reserve for the reference year 2015 for
a specific mineral i and CFi is the characterisation factor converting the reserve
estimate to antimony equivalents for that mineral.

3.3.3 Aurobay Targets

Aurobay has a goal of reaching net zero GHG emissions by 2040 and independence of
primary materials in the manufacturing of its products. To reflect these goals in the
normalisation process, a budget was created by assuming a linear reduction each year
from 2020 levels down to zero in 2040 based on 2020 world emissions of GHG and
2015 world use of minerals. The 2020 GHG emissions were based on the SSP1-1.9
scenario and the 2015 ADP yearly mineral usage based on the latest available world
production numbers for which the method was updated. Equation 3.6 describes the

14



3. Method

simple linear reduction model which is used to estimate the world GHG budget when
applying Aurobay targets.

Aurobay GHG≠Budget = SSP1 ≠ 1.9 2020

2 · 20 (3.6)

Using the same approach as for climate change, the mineral budget can be calculated
using ADPs CFs for ultimate reserve based on the reference year 2015 as can be seen
in equation 3.7.

Aurobay Mineral Budget 2015 = Pultimate, 2015

2 · 20 (3.7)

The same calculation is conducted in equation 3.8. However, instead of using 2015
as the reference year, the year 2000 is used, together with updated ADP CFs in
antimony equivalents using ultimate reserves.

Aurobay Mineral Budget 2000 = Pultimate, 2000

2 · 20 (3.8)

To introduce a few more results on the mineral side, economic reserves and reserve
base can be used where world production from the year 2000 was available. The
below two equations, eq 3.9 and eq 3.10, will assume that the current production
is replaced by that of the year 2000 levels and calculate a budget for the coming
20 years based on the 20-year target to completely remove primary materials from
Aurobay’s production.

AurobayReserve base budget = Preserve base, 2000

2 · 20 (3.9)

AurobayEconomic reserve budget = Peconomic, 2000

2 · 20 (3.10)
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4
Result and Discussion

This chapter first present the main demarcations followed by the result retrieved from
the midpoint and endpoint workshops. A longer version including a discussion which
is the basis for the results can be found in Appendix C and Appendix D. Furthermore,
this chapter covers the data collected from the OpenLCA model as well as results for
each endpoint method based on di�erent budgets and targets. In addition to the results
a discussion that comments the results. Further, it reflects on the result using the
question framing as well as the aim to review and reflect on what has been achieved.
Lastly, a shorter discussion on further research is presented.

4.1 Demarcations

Keeping the time span in mind the thesis will investigate the impact categories of
climate change and mineral resource depletion. The LCIA methods chosen for both
midpoint and endpoint must be available in both openLCA and Gabi, however, the
result will only be applied to the model conducted on Aurobay’s engine VEP MP
Gen3 which is constructed in openLCA. Furthermore, the midpoint results will all
be gathered from the model. The thesis will not perform an inventory analysis but
rather use the one already in place because of a former thesis.

There was no weighting approach adopted apart from the one included in the
Environmental Footprint method. The reason was that the normalisation already
was subjective. Lastly, when estimating budgets based on reduction targets those
will be simplified and linearised.

4.2 Midpoint method selection

Based on the midpoint workshop detailed in Appendix C a pair-wise comparison
was conducted for mineral resource depletion where CML, ILCD and Environmental
Footprint were chosen, as can be seen in table 4.1. The comparison was enabled
by using the RACER framework with custom sub-criteria for the context-specific
purpose of the thesis. All methods competed against each other based on their
performance in fulfilling the set criteria. In some cases, there was no need for a direct
comparison and some methods won by default due to former results which also helps
avoid contradictory results.
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CML ReCiPe IW+ ILCD EF

CML - - - - -

ReCiPe CML - - - -

IW+ CML ReCiPe - - -

ILCD ILCD ILCD ILCD -

EF EF EF EF EF -

Table 4.1: The pair-wise comparison between midpoint methods intended for
mineral resource depletion.

As described in section 3.1, a pair-wise comparison was used to derive the afore-
mentioned outcome. A similar pair-wise comparison was done intended for climate
change. As can be seen in table 4.2 IPCC, Environmental Footprint and, ILCD were
chosen. The workshop is described further in Appendix C.

CML ReCiPe EcoFoot IW+ ILCD TRACI EF IPCC

CML - - - - - - - -

ReCiPe ReCiPe - - - - - - -

EcoFoot CML ReCiPe - - - - - -

IW+ CML ReCiPe IW+ - - - - -

ILCD ILCD ILCD ILCD ILCD - - - -

TRACI CML ReCiPe TRACI IW+ ILCD - - -

EF EF EF EF EF EF EF - -

IPCC IPCC IPCC IPCC IPCC IPCC IPCC IPCC -

Table 4.2: The pair-wise comparison between midpoint methods intended for
climate change

Based on the selected midpoint methods for both mineral resource depletion and
climate change, results from the OpenLCA model were retrieved and are displayed
in table 4.3. These results are the total modelled cradle-to-grave emissions of the
mild-hybrid VEP MP Gen3 Aurobay engine using the selected impact assessment
methods from the midpoint workshop for both impact categories. The model from
Aurobay has been completely untouched and only changes in the impact assessment
step have been made by using di�erent methods.
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Method CC (kg CO2 eq.) MRD (kg Sb eq.)

IPCC2021 4218.1 GWP100

CML-IA

Baseline
0.0402 Ultimate reserves

CML-IA Non-

Baseline
0.1033 Reserve base

CML-IA Non-

Baseline
0.2191 Economic Reserves

EF3.1 4218.1 (0.0392) GWP100 and Ultimate
reserves

EF3.0 4218.1 0.0406 GWP100 and Ultimate
reserves

ILCD 2011

Midpoint+
4158.1 0.1095 GWP100 and Reserve

base

Table 4.3: Midpoint impact results for both Climate Change (CC) and Mineral
Resource Depletion (MRD) retrieved from the model in OpenLCA, based on the
methods selected in the midpoint workshop

When using the selected methods on the LCA model a few observations can be made.
IPCC2021 and both versions of Environmental Footprint (EF) use AR6 as a basis
for their impact assessment meaning they are identical. ILCD is based on the AR5
report and that version’s GWP values which results in a slightly di�erent outcome.
For the mineral resource depletion results, it can be seen that the main di�erence is
caused by the referenced reserve estimate. Within the reserve estimates, the results
are similar between the di�erent methods. The reason as to why they di�er mainly
depends on the number of substances included in the assessment method. In general,
the results from the di�erent reserve estimates behave as expected. Using large
reserves results in a lesser as in the ultimate reserve case, and using smaller reserves
results in a larger impact as in the case of economic reserves.

The main contributor to the climate change category is the user phase where around
80% of the total impact comes from. On the mineral side, around a similarly sized
share of the impact, based on ultimate reserves, comes from the metal tellurium
which is not included in the final engine as it is a by-product of copper refinement.

The Environmental Footprint 3.0 is included as well even though the successor 3.1
version is already implemented in the latest Ecoinvent database. The results di�er
where contributions from five substances are missing in the 3.1 version including
gold which has the highest ADP value of all minerals according to the ADP method.
The other missing substances are colemanite, tungsten, gangue, and yttrium. The
di�erence in the results however is low and could potentially be attributed to the
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present weight cut-o� in the LCA model. As the original LCA model was created
using Ecoinvent 3.8 and contains Environmental Footprint 3.0, the introduction of
Ecoinvent 3.9.1 and Environmental Footprint 3.1 seem to have introduced issues
with certain processes and will not be used further in that category. Or at the very
least introduced changes that require an investigation out of the scope of this report.
For climate change, there was no di�erence between the two versions.

As can be seen in the table above, the results within the same impact- and subcate-
gory are of the same magnitude. The midpoint results vary at most 5.6% for each of
the di�erent reserve types within mineral resource depletion and 2.7% in the climate
change category. This means that a few select results will be used to evaluate the
large amount of normalisation approaches presented below.

The midpoint results that will be used are the following:
• Climate Change, IPCC 2021 AR6
• Mineral Resource Depletion, EF 3.0 Ultimate Reserves Ref. The year 2000
• Mineral Resource Depletion, CML-IA Reserve Base Ref. The year 2000
• Mineral Resource Depletion, CML-IA Economic Reserves Ref. The year 2000

The selection of midpoint impact methods using the same underlying models calcu-
lated results that for climate change were very similar while in the mineral resource
depletion category, reserve type was the most defining characteristic. As the IPCC
method is the global standard, all methods used for midpoint evaluation use AR5
and AR6 to calculate climate change. The same standard does not apply to the
mineral resource depletion category where a variety of di�erent sub-categories are
used. As an example, ReCiPe or Impact World+ uses surplus ore potential or
material scarcity index which has several di�erences and would generate a completely
di�erent result compared to using the abiotic depletion potential (ADP). The main
reasoning behind using ADP was that it uses the static ultimate reserve estimates
hence being less dependent on economic circumstances. However, dependence on
production will still heavily influence the results and is directly linked to the selected
reference year. The static nature of the reserve estimates only adheres to the ul-
timate reserves as reserve base and economic reserves tend to change over time as well.

Another important aspect when working with mineral resource depletion is to make
sure that high-impact substances are included in both impact categories. These are
mainly rare earth metals and metals with a generally high ratio of production versus
reserves such as gold. This is also closely tied to how the engine is modelled in
OpenLCA. What processes are available for use in the Ecoinvent database and how
well they represent reality will also have a considerable impact on the magnitude of
the results and the number of substances included in the final impact assessment.
One demarcation in the LCA model is a 1-gram cut-o� which could alter the result
significantly. Failing to include a small amount of a high-impact metal such as
gold, platinum, tellurium, and other rare earth metals could potentially result in
a completely di�erent outcome. A thorough review of the discarded or aggregated
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components could mitigate this uncertainty although time consuming. The included
impact from tellurium is another large and uncertain variable now as it represents
almost 70% of the total impact in the ADP ultimate reserve category without being
included in the final engine. Looking into copper production more would be ideal
to conclude whether tellurium is completely discarded as a by-product or recovered
and used for other purposes. If that is the case, the inclusion of the metal should be
reconsidered.

The RACER criteria that were used covered multiple perspectives and were con-
structed by the European Commission. The use of well-thought-out questions can
favour the project in making sure that all relevant areas are covered in the decision-
making process. However, it could be beneficial to modify the criteria to be better
suited for the intended area. While can also lead to value choices steering the project
in a certain direction. This will introduce some form of bias already in the midpoint
selection process.

The time limit of the project made it more convenient to use the set criteria by
RACER. No other relevant approach could be identified for this purpose which
a�ected mainly the midpoint workshop. Having several approaches for method
selection could have validated the choice of RACER since that methodology is not
widespread in the literature. If there would have been more time, a larger number
of methods could have been investigated as opposed to the methods mentioned
in the project which are all to some extent well used and common in literature.
A more in-depth study of a broader number of methods could also generate the
discovery of newer methods which have not yet been used, hence the limited amount
of information about them.

For the midpoint impact evaluation using the latest IPCC method along with the
updated ADP values which reference ultimate reserves would be ideal. The issue
that remains here is that the updated ADP values have not been incorporated into
the Environmental Footprint method yet. This means that the method still uses
the year 2000 as a reference year which is an important note. Using RACER with
similar sub-criteria to evaluate methods not included in this report is a recommended
approach. However, looking at other impact categories the sub-criteria will have to
be revised.

4.3 Endpoint method selection

The second workshop aimed to decide which two endpoint methods should be used
to evaluate the midpoint results. Table 4.4 shows the full pair-wise comparisons
between the endpoint methods presented.
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ReCiPe EF IW+
Eco

Scarcity

Eco-

Indicator
EPS

CE

Delft

ReCiPe - - - - - - -

EF EF - - - - - -

IW+ IW+ EF - - - - -

Eco

Scarcity
Scarcity TIE Scarcity - - - -

Eco-

indicator
ReCiPe EF IW+ Scarcity - - -

EPS ReCiPe EF IW+ Scarcity Eco-
indicator - -

CE

Delft
ReCiPe EF IW+ Scarcity CE CE -

Table 4.4: The pair-wise comparison between endpoint methods intended for both
mineral resource depletion and climate change.

The two methods selected for further evaluation were Environmental Footprint which
uses a basic normalisation approach and Ecological Scarcity which uses a distance-
to-target approach to derive single scores. See Appendix D for further details on the
selection process.

The choice of midpoint methods is to some extent stable for the two impact categories,
given the guidance of established organisations such as the European Commission
aiding the selection process. However, for endpoint evaluation, there is much less
guidance and research. In addition, the choice of method could be of even greater
importance for the results. For this project, Environmental Footprint and Ecological
Scarcity were used partly because of their ability to calculate comparable single-score
results that were dimensionless and in the number of eco-points (UBP) respective.
In addition, those methods were selected based on their ability to normalise global
emissions and resource extraction in the form of budgets as well as using a distance-
to-target approach. The choices are characterised by the time frame of the project as
well as the collaboration with Aurobay. At this stage in the LCIA process, there was
little guidance from established institutions in the field and a lack of consensus. This
makes the selection of normalisation and weighting approaches generally challenging.
A key criterion was that the methods should be transparent and easily reproducible
meaning that cost estimations or areas of protection approaches were rejected.
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4.4 Normalisation approach result

In table 4.5 below, the di�erent normalisation values are shown. Both as budgets
from the year 2020 to 2050 and from 2020 to 2040 based on Aurobay targets but also
as yearly emissions for the year 2020 and 2050. The methodology used to acquire
these numbers is described in more detail in section 3.3.

Normalisation reference Gt CO2 eq. Reference year

Total

SSP1-1.9 Budget 810.95 2020-2050

SSP1-2.6 Budget 1198.1 2020-2050

Aurobay Budget 526.30 2020-2040

Yearly

SSP1-1.9 Current 52.630 2020

SSP1-2.6 Current 52.421 2020

SSP1-1.9 Yearly 9.0029 2050

SSP1-2.6 Yearl 26.058 2050

Table 4.5: Overview of derived climate change normalisation references both as
total budget and yearly based on current emissions and estimated emissions in 2050.
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The Aurobay target aims for net zero approximately ten years earlier than that of the
1.5-degree target, corresponding to SSP1-1.9, which results in a significantly lower
GHG budget. The yearly emission targets for 2050 reflect this as well where net zero
has been reached for CO2 but not for the other two contributing gases, hence the 9
Gt yearly emissions.

In table 4.6, the normalisation values for mineral resource depletion are displayed.
Ultimate reserve, reserve base and economic reserves are being used as references to
estimate the amount of available minerals in the crust as a total budget using 2015
as a reference year and as a basis for the yearly extraction using 2000 and 2015 as
reference years.

Normalisation reference kg Sb eq. Reference year

Total

Ultimate Reserve Budget 3.35 · 1016 2015

Ultimate Recoverable Reserve 3.35 · 1012 2015

Aurobay Ultimate Budget 58.8 · 109 2015

Yearly

Ultimate Reserve Yearly 3.61 · 108yr≠1 2000

Reserve Base Yearly 2.30 · 109yr≠1 2000

Economic Reserve Yearly 2.54 · 109yr≠1 2000

Ultimate Reserve Current 5.88 · 109yr≠1 2015

Table 4.6: Derived mineral depletion normalisation references using the three
reserve estimates. Both as a total budget using 2015 as the reference year but also
based on yearly resource use, using 2000 and 2015 as the reference year.

The reference year 2015 refers to the world production and estimated ultimate
reserves that year. This results in total world production of 5.88 · 109 kg Sb eq. per
year. The equivalent numbers for the reserve base were not calculated because USGS
stopped reporting this category in 2011. The economic reserves were not updated
either in this publication leaving only ultimate reserve-based results for the year 2015.

Using total reserve estimates as budgets in the normalisation step instead of per-year
production, is another approach used in this report. Using the total ultimate reserves,
the reserve estimate was 3.35 · 1016 Sb eq. Re-scaling that to Ultimate Recoverable
Reserves with an assumption of humanity only being able to reach down to around 3
km deep into the crust for resource extraction, the reserve estimate lands on 3.35 ·1012

kg Sb eq.

As said the updated ADP values for the year 2015 did not update economic reserves
meaning this had to be done manually by gathering published data on estimated
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economic reserves from USGS and converting them using the new values from 2015.
Where reserve data was missing, 20 times the world extraction was used if available.
The result is a total estimated economic reserve of 2.77·1012 kg Sb eq. or 2.77 Gt Sb eq.

Normalising using world yearly emissions or extraction is problematic both for the
sake of trying to reduce emissions also when used to compare the severity using
di�erent reference years. This can be misleading because the engine can have a
constant impact, however, if the yearly world emissions increase then it will result in
a decreased severity. Resulting in an indication that the performance of the engine
has improved even though it is only based on a change in the relation between engine
impact and emissions.

Using a distance-to-target method might be a more robust way of evaluating each
category to its reference target making them comparable in some sense. Ecological
Scarcity could be used for this purpose given that equivalent targets have been set.
This also holds for Environmental Footprint where a reduction target could be used
as a normalisation basis. For both methods, an approach where each evaluated
substance has its reduction target would be ideal giving more insight into potential
hot spots about the di�erent targets.

Given the lack of established global mineral boundaries or budgets, the final nor-
malised result will be almost exclusively determined by the chosen reference. This is
an issue in several ways. Leaving the choice of reference up to the authors themselves,
which the midpoint results will be evaluated and normalised with, making bias
unavoidable. Basing these boundaries on something like the global normalisation
factors from the Environmental Footprint could mitigate some of that bias, even
though those numbers have flaws as well. The Environmental Footprint normalisa-
tion factors are conservative in comparison with yearly estimates from both IPCC
and existing ADP values regardless of the chosen reserve estimate. Most likely it
lacks data for the regionalised approach which they chose to use, meaning less data
qualifies for inclusion in the data set.

The report only investigated normalisation based on global targets or budgets as
opposed to the share of a single person or industry. The reason is the decreased
risk for bias as well as aiming at a result that is somewhat robust despite the many
demarcations which is the very nature of this project. By assigning a yearly share
to a person or industry the choices must be justified and since resources are far
from evenly distributed over the world it would be di�cult to argue for anything.
Perhaps such a budget could be more justified for climate change, however for mineral
resource depletion there isn’t an established equivalent. As seen in the planetary
boundaries there are no targets for mineral resource depletion which implies the
complexity. With the previous as background, it was chosen to calculate the Aurobay
target by applying their target for 2040 to the whole world, i.e., still using global
values as a basis but with stricter reduction targets which shows the severity of the
engine comparing the Aurobay targets with SSP1-1.9 and SSP1-2.6.
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For this project, climate change is compared to mineral resource depletion. Compar-
ing a global standard such as IPCC with reserve estimates and budgets using ADP
raises a few questions. Is it currently possible to match the IPCC environmental
boundaries with equivalent boundaries of mineral resource depletion? They are not
equivalent and the question that has to be answered then is, how close to equivalency
the boundaries must be to be useful at all in a comparison.

An alternative to using aggregated total antimony and greenhouse gas budgets would
be to look at specific substances in the two categories and set individual targets
accordingly. This makes the normalisation for each target more specific and arguably
more equal for comparison. This also makes it possible to concentrate e�orts on
substance-specific hotpots regardless of which impact category they belong to. For
this purpose, as mentioned, the Ecological Scarcity method is well-suited and enables
comparisons between substances as well as between impact categories.

Looking at table 4.6, the updated values used for the di�erent versions of ADP are
from 2000 and 2015 respectively where only the values based on ultimate reserves
were updated. A part of the demarcations was to use the most recent updated
method and data available which compared to resource depletion, is AR6 from 2021
for climate change. This again, shows the di�culties with estimating mineral resource
use which also further proves the complexity of comparing the severity between the
two impact categories.

As previously mentioned, the use of di�erent reference years for the same product
could indicate that the product has improved, when it is the relation between
emissions and product that has changed. To prevent this issue when comparing
generations of products and measuring their improvement over time, using an identical
approach and reference is vital. Even in the case when updated numbers are available
it should be used as a tool for relative improvement rather than absolute performance.
This emphasises the aim of the entire project at large, to provide a framework to
guide Aurobay’s e�orts at mitigating the most severe impacts.

4.5 EF 3.0 endpoint result

This sub-chapter presents selected results from using the Environmental Footprint
normalisation approach for obtaining comparable single score results. The results
shown in the figures below are dimensionless and the figures should be used as an
indication of relative impact in relation to the normalisation approach rather than
their calculated score.

4.5.1 Yearly world emission normalisation

This part goes through the normalised, single-score results based on yearly emissions
using di�erent scenarios and reference years for both impact categories.
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4.5.1.1 Climate Change

Figure 4.1 below shows the impact of one engine using emissions in the year 2020
as normalisation according to the two predicted SSP1 scenarios compared to the
Environmental Footprints own normalisation factor for the reference year 2010.
In addition, the global emissions from the year 2000 have been added as well for
reference. The EF 2010 result has a considerably higher impact compared to the
SSP scenarios. This is directly influenced by the di�erence in the reference year
a�ecting the estimated emissions. In addition, EF 2010 normalisation factors are
based upon AR5 while the SSP scenarios are based on AR6. Compared to emissions
in the year 2000, EF 2010 results are much closer to those emission levels compared
to SSP levels, indicating uncertainty.

Figure 4.1: Impact of an engine based on normalised results using emissions in
2000, EF 2010’s normalisation factors and, yearly budget based on SSP1-1.9 and
SSP1-2.6 in 2020.

By using a standard normalisation approach based on world emissions for a specific
year, the result can vary significantly depending on the reference year where the
selected budget completely dictates the outcome. A higher total budget results in a
lower relative impact from the engine. This indicates that using a specific year and
budget will only indicate the severity compared to the budget itself and not to the
severity of the product.

4.5.1.2 Mineral Resource Depletion

Figure 4.2 shows similarities to the previous figure when comparing the results from
the impact of EF 2010 normalisation factors. Due to the much lower extraction
estimates, the engine makes up a larger share of the total world extraction compared
to the other normalisation numbers, hence the large impact. As the EF 2010 normal-
isation basis is based on the same ADP CFs as the ultimate reserve world extraction

26



4. Result and Discussion

estimates with reference year 2000, the extraction estimate is what controls the total
impact - which is much lower. This entails that either EF 2010 normalised values
are conservative or that the 2000-year references gathered from CML authors have
generous estimates. The di�erence between the three results using the reference year
2000 is mostly attributed to their inherent di�erence in the estimated reserves used
to calculate the ADP values.

The ultimate reserve extraction estimates with the reference year 2015 is approxi-
mately 16 times higher than the same estimate for the year 2000. This is mainly
because the extraction ratio has changed and is less attributed to the ultimate
reserves as the concentration in the crust is not time-sensitive.

Figure 4.2: Impact per engine based on normalised results using world production
for economic reserves, reserve base and, ultimate reserves in 2000, EF 2010 and,
ultimate reserves using 2015 as the reference year.

Much like the climate change category, reference year makes a large di�erence. In
the mineral resource depletion category, there is also the choice of reserve estimate
that influences the results additionally.

4.5.2 Normalisation with total budgets

Figure 4.3 shows the impact of the engine normalised using the calculated total
greenhouse gas (GHG) emissions and mineral resource budgets. The climate change
budgets are calculated using the total per-year emission budget from 2020 to 2050
when adhering to the respective scenario. The ultimate mineral reserve budget
is based on the total available minerals in the earth’s crust whilst the ultimate
recoverable reserves reference the top 3 km layer of the crust. The economic reserves
are the total available, economically viable to mine, mineral resources in 2015.

27



4. Result and Discussion

Even though the economic reserves are much smaller than the ultimate reserves,
when compared to the SSP scenarios which are indirect reduction targets, there is a
significant di�erence. The result shows that the engine has a climate change impact
several orders of magnitude greater than any of the current impacts based on these
mineral reserve estimates when using this perspective.

Figure 4.3: Normalised impact of the engine using the EF method for climate
change 2020-2050 budget and di�erent mineral reserve budgets from 2015.

4.6 Ecological Scarcity endpoint result

The Ecological Scarcity method heavily relies on reduction targets where the critical
flow and the reduction target, are completely vital for the result to be relevant.
Due to the lack of political reduction targets within the mineral resource depletion
category, the method lacks purpose and makes the result more ambiguous. The
method supports normalising with current emissions, but the Environmental Footprint
method can be used for this purpose as well with minimal e�orts with equivalent
outcomes. In section 4.7.2, the Ecological Scarcity is used with internal Aurobay
reduction targets and SSP scenarios to derive the single score in a number of UBP.

4.7 Aurobay result

This section contains the results of using both endpoint methods with the 2040 Aurobay
targets as a normalisation basis. The approach for simplicity’s sake assumes that the
global targets and budgets all adhere to the Aurobay 2040 targets.
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4.7.1 Aurobay Targets using Environmental Footprint

Figure 4.4 shows the engine impact based on budgets which are calculated using a
net-zero approach for both impact categories by the year 2040. Although they are
displayed in the same figure, it does not necessarily mean that they are directly com-
parable but rather based on the same approach. The starting point for climate change
is essentially the same for SSP1-1.9 and SSP1-2.6 hence only the SSP1-1.9 is used to
estimate a budget until 2040. For mineral resource depletion, the categories di�er
significantly due to di�erent reference years used and reserve estimates. The di�erent
reference years and their production estimates to align with climate change, are all as-
sumed to adhere to 2020 and 20 years forward when calculating the budget until 2040.

As stated prior the mineral world production in 2015 was much greater than in the
year 2000 hence ultimate reserve for the latter reference year was much larger and
the total impact was much lower. The world production based on ultimate reserve
2000 in Sb eq. is lower than the economic and reserve base estimates for the same
reference year. Because of that the resulting budget will be lower for the ultimate
reserves than for the economic reserves and reserve base. The smaller the budget the
larger the resulting normalised impact will be, meaning that the approach will alter
the severity of the impact category and the allowed resource use. This approach will
result in a larger reserve that leads to a larger impact whereas prior results show the
opposite.

Figure 4.4: Normalised impact of the engine using EF method with Aurobay 2040
budgets.

Environmental Footprint can be a suitable choice of impact assessment method for
an environmental evaluation of the engine. As mentioned, it can be done using a
simple normalisation approach that is not especially time-consuming as it can use
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current emissions which are readily available. The method however is less robust
when used for evaluation against targets.

4.7.2 Aurobay Targets using Ecological Scarcity

As seen in table 4.5, the yearly budget in 2020 used for climate change was practically
the same for both SSP1-1.9 and SSP1-2.6 hence only SSP1-1.9 was shown for climate
change. For Ecological Scarcity, however, the estimated yearly budget in 2030 was
set as the critical flow, resulting in di�erent yearly budgets for SSP1-1.9 and SSP1-2.6.

In addition, the halved SSP1-1.9 budget was used for the Aurobay result which is
equivalent to reaching halfway to net zero emissions in 2030. The equivalent 2030
target is a product of simplifying the 2040 target and not an actual o�cial target
from Aurobay. This shows that a greater budget as used in the SSP1-2.6, will result
in a lesser impact compared to the Aurobay target.

Figure 4.5: Normalised impact of the engine using the Ecological Scarcity method
with SSP and Aurobay targets.

When using Ecological Scarcity to calculate the severity, 1 UBP is divided by the
normalisation factor which for the year 2015 is much greater than in the year 2000,
hence the severity using ultimate reserves in 2000 will be significantly larger than
when using 2015. The reduction target for all five approaches is the same, meaning
that the contribution from the fraction of current flow divided by critical flow will be
identical. This results in that only the normalisation flow will contribute to di�erent
impacts on the results in this comparison.

Compared to the Environmental Footprint approach for the Aurobay approach, this
could be an alternative way of estimating the severity of the engine. The ability to
incorporate both aggregated emissions as in entire impact categories, and substance-
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specific emission targets, generating a comparable result in UBP is advantageous for
this purpose.

Regarding normalisation, it is of utmost importance to be consistent with approach
and reference years as it can heavily impact the results as we’ve shown above. Using
the normalised results as anything else than a relative comparison between impact
categories or between substances within the context of the same product is not
recommended. The results say little about the absolute sustainability of the product.

4.8 Areas of Improvement

An area of improvement is that the di�erent high-impact minerals should be inves-
tigated. As an example, tellurium which is not used in the engine means that the
tellurium in the Ecoinvent process is just counted as waste when refining the copper
needed for the engine. If tellurium is not wasted and used for other purposes, it
should not be attributed to the engine. More research is needed here.

The linearised approach used to calculate the di�erent normalisation budgets is a
large uncertainty that could be modelled much more closely to a real-life scenario.
No reduction of this sort is linear in reality and instead of using 10-year increments,
a yearly resolution such as is available for the SSP scenarios could be used and would
better reflect a future reduction scenario. More research is needed on the mineral
side where specific minerals could be individually mapped and evaluated instead of
using an aggregated indicator.

Given the lack of targets for mineral resource depletion in general and among most
methods evaluating this category, a more extensive comparison of methods and
available normalisation approaches would be a good approach moving forward. A
workshop could be one approach including many more relevant stakeholders and
experts to decide upon a framework to measure and evaluate the severity of the
mineral resource depletion category - ideally not for a specific industry or sector.
But for the LCA community as a whole.
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5
Conclusion

When choosing relevant midpoint LCIA methods the RACER framework is recom-
mended. Since the IPCC is the global standard, it should be selected to calculate
climate change impacts. For mineral resource depletion, the choice of method will
alter the results because di�erent methods use di�erent sub-methods. To compare
impact categories within an Aurobay context, ADP is recommended as it provides a
good basis for further normalisation.

Choosing an endpoint evaluation method is even more context-specific. Depending
on the goal of the evaluation the selection will vary. For this report, simplicity and
transparency were prioritised along with the possibility to incorporate reduction
targets. For these purposes, the Environmental Footprint and Ecological Scarcity
endpoint methods were chosen.

The Environmental Footprint method as an endpoint method is useful when a base-
line normalisation reference is needed. This baseline can be comprised of current
world production or relevant budgets and can be used for comparison with the
next-generation products to measure relative environmental impacts. Even reduction
targets if available can be used with the method to gain insight into which impact
category performs the worst.

The Ecological Scarcity method is less flexible but under certain circumstances it can
prove useful. Its distance-to-target approach emphasises the set reduction targets
when available and magnifies the di�erences between targets within and between
impact categories.

Given the above, for Aurobay, both methods can be used where Environmental
Footprint is more flexible but Ecological Scarcity has its uses when proper targets
have been set. A single final approach cannot be recommended as it solely depends
on the circumstances and what comparison is desired.
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A
RACER

A table showing the RACER criteria together with a number of the sub-criteria. Some
of the sub-criteria are marked in bold; this highlights the criteria that Aurobay finds
most interesting and relevant from a business standpoint for the mild-hybrid VEP
MP Gen3.

RACER
(MID) Climate Change Mineral Resource Depletion

Relevant

• How well it covers the life cycle
of the product

• Sectoral and geographical cover-
age

• How well it utilises IPCC model
with regards to the automotive
industry

• Number of considered substances
• Midpoint indicators available for end-

point use

• How well it covers the life cycle of the

product

• Sectoral and geographical cover-
age

• Coverage of vital engine materials
• Utilises a suitable method for the

automotive industry (ADP, SOP,
etc)

• Midpoint indicators available for end-

point use

Acceptability

• Widely accepted by relevant
stakeholders (Industry, public ad-
ministration, scientific commu-
nity etc)

• Widely accepted by relevant
stakeholders

Credibility

• Applicable on state-of-the-art technolo-

gies, i.e. the engine (age/updates)

• Clearly defined methodology
• Transparency (documentation of

assumptions and limitations)
• Unambiguous

• Applicable on state-of-the-art technolo-

gies, i.e. the engine (age/updates)

• Clearly defined methodology
• Transparency (documentation of

assumptions and limitations)
• Unambiguous

Easiness

• Data should be accessible and
easy to implement with regards
to formatting and automation

• Cost

• Data should be accessible and
easy to implement with regards
to formatting and automation

• Cost

Robustness

• Responsiveness to input changes
• Consistency and accuracy

• Against manipulation (bias, selection

of boundaries etc)

• Responsiveness to input changes
• Consistency and accuracy

• Against manipulation (bias, selection

of boundaries etc)

• Comparability against targets (can

the results be normalised or evaluated

towards any existing targets, SDGs,

PBS)

Table A.1: RACER-criteria with sub-criteria conducted for midpoint evaluation.
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B
LCIA methods

The LCIA of the Life Cycle Assessment can be conducted using di�erent methods, as
described in 2.1. The selected methods for the purpose of this thesis are described in
more detail below.

B.1 CML

The CML impact assessment method is a part of the Handbook on Life Cycle
Assessment - Operational Guide to the ISO Standards released in 2002 by the In-
stitute of Environmental Sciences (CML) at Leiden University in the Netherlands.
They include nine impact categories for their baseline approach with recommended
evaluation methods for each category. Apart from the baseline methodology, the
authors describe alternative methods for impact assessment for all nine categories
although the baseline methods have been selected based on current best practices. A
non-exhaustive list of criteria includes linearity of models for ease of use, indicator
should have minimal uncertainty while maintaining relevance and data both with
and without spatial information should be applicable [36].

For the impact category of abiotic resource depletion the method proposed as a
baseline is the ADP as described by Guinée & Heijungs (1995) [22] where ultimate
reserves, extraction rate and antimony as reference substance are used. At the time
of adopting the ADP method it was not authorised by any international body but
recently the proposed depletion method has been recommended by both ILCD 2011
[38] and for use in recent EF [39] updates. The authors also state that the problem
definition itself is a value-choice which should be noted as well as the lack of com-
petitive aspect of resources. The other alternatives proposed for impact assessment
and mainly sensitivity analysis are the use of economic reserves instead of ultimate
reserves, only based on ultimate or economic reserves disregarding extraction rates
and lastly, an approach based on exergy content as described by Finnveden 1996b
and Ayres et al 1996 [36].

For climate change, the indicator proposed in the baseline method is GWP100 by
the IPCC with alternatives of using a 20 or 500-year-long time horizon. The authors
also state that the upper and lower limit of net GWP could be used as a third and
fourth alternative to the baseline approach (based on the discussions of that time
regarding ozone-depleting gases which may not be of interest today). Value choices
of the method are acknowledged but deemed acceptable due to the acceptance by
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B. LCIA methods

the authoritative body IPCC. Using the latest estimates for GWP is recommended
and no further research was explicitly stated because of the already ongoing work by
the IPCC [36] which holds today with the release of AR6 with updated GWP values
[21].

B.2 Eco-indicator 99

Eco-indicator 99 is an LCIA method that can be applied at both midpoint and
endpoint. It is a follow-up on the Eco-indicator 95 but is also the method together
with CML 2002 that both ReCiPe and IMPACT 2002+ are based on [40].
The method itself is available in Ecoinvent 3.8 and is based on three steps, the
collection of relevant data, calculations of the damages to human health, ecosystem
quality and mineral and fossil resources, and lastly the weighting of the damages [41].
Regarding the impact categories of climate change and mineral resource depletion,
climate change can be linked to the endpoint of human health and ecosystem quality,
whilst mineral resource depletion is only connected to mineral resources.

In many other LCIA methods panel weighting is used to rank di�erent impact
categories. However, for Eco-indicator 99 the weighting is used to compare the
di�erent endpoint categories, i.e. human health, ecosystem quality and mineral
resources [41].

B.3 Ecological Footprint

The ecological footprint impact assessment method is based on the biologically
productive land along with water resources a population needs for its production
and waste absorption [40] [42]. The impact of a product would be calculated in the
following way:

EF = EFdirect + EFCO2 + EFnuclear (B.1)

Where EF is the total time-integrated land use related to direct and indirect land use,
CO2 emissions from fossil energy use and related to nuclear energy use. To convert
CO2 emissions to land use the method uses the additional biologically productive
land needed to sequester the additional atmospheric CO2 released [42].

The method can be used to conduct a so-called ecological footprint analysis which
compares the derived footprint of a country or product with the available biocapacity
that is renewable. This analysis makes it possible to distinguish what is sustainable
on a basic level and to estimate the global ecological overshoot which has been
estimated to be around 23 % according to Loh & Wackernagel in 2004 [43].
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B.4 Ecological Scarcity

This distance-to-target endpoint impact assessment method derives its magnitude
of severity based on political targets or policies specific either to countries or larger
entities such as the EU. The baseline method uses Swiss environmental targets as the
reference for calculating so-called Eco-factors or points, UBPs. These are calculated
by using the following equation:

Eco ≠ factor = K · 1 UBP

Fn
· ( F

Fk
)2 · c (B.2)

where K is an optional characterisation factor of the pollutant e.g. CO2 eq per kg
pollutant, Fn is the normalisation flow, F is the current flow, Fk is the critical flow
and c is a constant. By flow the authors refer to any type of load of a pollutant or
quantity of any type of resource released or used up within a set period, often annually.

The authors mention the use of planetary boundaries to approach global targets and
refer to articles such as Doka 2016, Sala 2016 and Frischknecht & Büsser Knöpfel
(2015). There are a few considerations when comparing the current Swiss targets and
that global approach. The Swiss targets include the planetary boundaries directly or
indirectly but also feature many other impacts not covered by the PBs. Uniformity
across regions is not considered in the PBs and no way to do so has been adopted
as of this report. The formality of the targets di�ers as some of the PBs have been
internationally agreed upon such as climate change and stratospheric ozone depletion
while all Swiss targets have been legislated into o�cial law [44].

B.5 Environmental Footprint

The Environmental Footprint (EF) methods adopted by the European Commission
aim to assist actors that want or need to calculate their environmental performance.
This is achieved by proposing a harmonised methodology that is comparable and
reliable enabling actors to make better informed decisions in the quest for sustain-
ability. The EF methods include both the Product Environmental Footprint (PEF)
and the Organisation Environmental Footprint (OEF) which has an additional set of
rules and guidelines available [45].

EF follows the classical LCA approach but has standardised all parts of the process,
from inventory modelling to single indicator impact assessment for use in decision-
making. The approach is generally in line with the UNEP Life Cycle Initiative
although some di�erences might exist due to the European context targeted by
the Commission. For some product categories, there are specific rules, PEFCRs,
that have been developed to further harmonise footprint calculations and ensure
that especially harmful or impactful products are highly comparable to assist better
decisions and trigger development towards sustainability [39].

The method has a set of criteria that decides what data is deemed appropriate and
of high enough quality to be used for assessment and must comply with specific
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B. LCIA methods

data formats as well. The requirements of the data used are evaluated based on,
completeness, methodology, and representativeness in areas of technology, geography,
precision, and time. Apart from having to also fulfil proper documentation and
nomenclature a review by a qualified expert is needed to verify the data along with
a report on that subject. All these criteria will result in an overall data quality score
of 1-5 to indicate to users who have free access to the EF database for PEF/OEF
evaluations [39].

The impact assessment included in EF covers 16 di�erent impact categories where
the EU Commission recommends what impact method should be used for the
respective category. For climate change contribution to the global warming potential,
GWP100 (CO2 eq.) is recommended as a measure of increased global radiative
forcing. For mineral and metal use the abiotic depletion potential, ADP (kg Sb eq.)
is recommended. Additionally, EF provides a normalisation and weighting step based
on impact assessment to derive a single score indicator for hotspot identification
and decision-making. To be able to compare single score indicators of products
within the same product category, e.g. between two companies, only products that
are applicable for PEFCRs should be compared to ensure consistency [39]. The
normalisation numbers can be found below [27]:

Impact category Model Unit global NF

Climate change IPCC (2013) kg CO2 eq 5.79E+13

Resource use, minerals

and metals

ADP ultimate re-
serve (2002) kg Sb eq 4.39E+08

Table B.1: Proposed global normalisation values for climate change and mineral
resource depletion in the environmental footprint method using regionalised CFs,
reference year 2010.

B.6 EPS

Environmental Priority Strategies, EPS is an endpoint method and started its devel-
opment during the 90s as a collaboration between Volvo who requested the project,
IVL and the Swedish Federation of Industries [46] [47]. EPS had a goal of being a
versatile tool during the product development stages as it should be able to quickly
in the early stages of a product point towards more sustainable options while being
able to analyse impacts more thoroughly in the later stages of development. EPS is
in line with the ISO-14000 series and is aimed towards companies’ internal product
development process as a guide rather than conforming to emission or quality stan-
dards [46].

The default indices of the original EPS were the ’WTP to avoid changes’ from the
reference present environment which did not include the cost of direct impacts as
the economic system was not included in the reference safeguard objects [46].
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An updated version released in 2015 instead uses monetary values derived from an
estimated market value of resources and functions of impacted safeguard areas. These
areas are ecosystem services, access to water, abiotic resources, biodiversity, and
human health. Emissions and resource use will impact some or all these categories
resulting in estimated monetary damage. This is expressed in Environmental Loading
Units, ELU which corresponds to 1 Euro under certain conditions per unit of emission
or resource used. A 0% percent discount rate was used when calculating impacts
with longer time horizons [48].

B.7 ILCD

The International Reference Life Cycle Data System (ILCD) is a paper conducted
by the European Commission in 2011 [8]. It can be used to assess impact categories
at the midpoint using openLCA, however, it is mainly conducted to be used as a
guidance for choosing methods for di�erent impact categories at midpoint and to
some extent, the endpoint. It is developed based on the international standards of
LCA as well as ISO 14040/44 which covers both emissions to air, water and soil, as
well as impact categories which have an e�ect on human health, environment, and
natural resources [40]. Furthermore, it does not cover recommendations for weighting
or normalisation within an impact category.

For the impact category climate change, ILCD presents methods that all use GWP100
according to IPCC AR4 2007 [38]. The following methods all refer to di�erent IPCC
reports, however, newer reports could be applied to each method, such as AR6, which
is the latest report.

• Eco-indicator 99 Mid- and Endpoint
• EPS2000 Mid- and Endpoint
• ReCiPe Mid- and Endpoint
• LIME Mid- and Endpoint
• IPCC Midpoint

All methods above could be applied to evaluate climate change at midpoint, however,
at endpoint, no method was recommended. Despite ILCD not recommending any
method for endpoint evaluation, the document still emphasises the benefits of evalu-
ating climate change at both mid- and endpoint [38]. If it is necessary to express the
impact in terms of DALY or species loss, they recommended ReCiPe, however, that
method is not recommended.

For mineral resource depletion, ILCD argues that there is a lack of consensus on
what the issue is [38]. The ILCD recommends CML for calculating mineral resource
depletion which uses ADP, given in kg Sb eq. The reason is that it includes extraction
as well as reserves of a given resource. Furthermore, CML covers most substances and
materials identified as critical by the European Commission. Again, ILCD argues
that no method could be recommended for endpoint evaluation, however, if one had
to be recommended they viewed ReCiPe as a solution.
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B.8 IMPACT World+

The Impact World+ impact assessment method combines and updates three former
methods, IMPACT 2002+, EDIP and LUCAS to achieve a globally regionalised
method [49]. It utilises 18 di�erent impact categories, both global and regional
which then translates to 21 damage level indicators. Furthermore, these damage level
indicators contribute to the three main areas of protection (AoP), human health,
ecosystem quality resources & ecosystem services. In addition to the three AoPs two
areas of concern are defined as water and carbon-related concerns with a total of
six subcategories which overlap with the AoPs but give other indications deemed
relevant by the authors.

At the midpoint level, GWP100 is used as a climate change contribution measure
while the GTP100 is used in addition to measure long-term impacts. For mineral
resource depletion, the material scarcity index is applied [49].

B.9 IPCC

The results from the latest assessment report from the IPCC, AR6 have been im-
plemented into software such as OpenLCA meaning it is now widely available for
midpoint impact assessment [50].

The IPCC 2021 method for climate change brings updates to the GWP and GPT
values over several di�erent time horizons which is the basis for many other impact
methods of climate change calculations. Updated carbon budgets, better accuracy
across many di�erent impact areas and the e�ects of COVID-19 are a few of the
many updates brought to the public [21].

To be able to meet the 1.5 degree target the estimated yearly maximum GHG
emissions in 2030 would have to be reduced to 25-30 GtCO2 eq. per year. This
is approximately half of the projected median emissions of 52-58 GtCO2 eq. per
year based on the current unconditional NDCs (nationally determined contributions).
The total carbon budget for keeping below 1.5 degrees (66% chance) is approximately
420 GtCO2 without including non-CO2 forcers. A high cost of emissions reflected in
policies is needed to cope with the 1.5-degree target, especially since the marginal
abatement cost (with discounting) compared to the 2-degree target is approximately
3-4 times higher modelled over the century [51].

B.10 LC-impact

Not included in any software. Potential to be an updated "version" of ReCiPe 2016
as they use the same methods of assessing damage for climate change and minerals
(roughly the same AoPs and uses SCP for minerals). One of the final deliverables of
the project "D1.9 Abiotic resource use impacts" is still being worked on according to
their website with a status ’coming soon’.
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B.11 ReCiPe 2016

A method, first developed in 2008 by RIVM, Radboud University Nijmegen, Leiden
University and PRé Sustainability [52]. Since the release in 2008, an updated version
was developed in 2016 and it now covers 18 indicators at midpoint and three at
endpoint.

To calculate the impact category climate change, ReCiPe 2016 uses IPCC, AR5
from 2014 [52]. ReCiPe uses global warming potential (GWP) to calculate the
characterisation factor and this could be applied to three di�erent time periods;
individualist which is 20 years, hierarchist which equals 100 years and egalitarian
which stands for 1,000 years. The GWP for each time period is calculated by dividing
the absolute global warming potential (AGWP), meaning the amount of radiative
forcing caused by 1 kg of GHG, with the AGWP for CO2 as follows;

GWPx,T P = AGWPx,T P

AGWPCO2,T P
(B.3)

Where x represents the GHG and TP the time period. By using the equation endpoint
results can be retrieved in DALY/kgCO2eq and Species.year/kgCO2eq [52].

When calculating the characterisation factors for mineral resource depletion two
di�erent approaches can be used. These are reserves, and ultimate recoverable
resources [52]. ReCiPe uses Surplus Ore Potential (SOP) which can be retrieved
by dividing the Absolute Surplus Ore Potential (ASOP), meaning the potential
concerning 1 kg of mineral resource extracted (x) and reserve type (R), and dividing
it with the potential concerning 1 kg of copper extracted (Cu) and reserve type.

SOPx,R = ASOPx,R

ASOPCu,R
(B.4)

Surplus Ore Potential (SOP) is a method based on future e�orts of extraction
rather than the current extraction of natural stocks as seen in ADP. It refers to the
surplus ore mined in the future and how that is a�ected by the ore degradation as it
diminishes over time [53] [54].

B.12 TRACI 2.1

TRACI short for Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts version 2.1 is an inherent impact assessment method that
aims to be a manageable approach that should be easy to use, cover perceived
important impact categories as well as be consistent with current legislation. The
tool aims to apply to LCIAs, process design and emission minimisation in the e�ort
to become more sustainable [55].

For the impact category Global Climate Change, the GWP100 published by the
IPCC is used and at the time of the report in 2012, the most updated values at the
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time were used. The impact category of resource depletion had no recommended
impact assessment approach in this version of the tool. It is stated that it is an
"...extremely important issue for the use and development of sustainability metrics
and LCA methodologies." However, because of the lack of international agreement
or policies and di�culty in minimising value choices, it was deemed too di�cult to
concretise in this version. E�orts to address subcategories of land use and water use
will be focused on within TRACI coming years [55].
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C
Midpoint workshop

Workshop together with Aurobay to decide on three midpoint methods suitable for
mineral resource depletion and climate change. The decisions are based on the
RACER method including sub-criteria. Due to the time constraints of the thesis, the
workshop was intended as a rough screening to decide which three midpoint methods
were suitable to use in the next stage of the thesis. A summary of the workshop can
be found below.

C.1 Mineral resource depletion

For mineral resource depletion, all methods were weighed against CML. ReCiPe was
weighed against IMPACT World+ and ILCD against PEF/EF. Product Environ-
mental Footprint (PEF) and Environmental Footprint (EF) have been investigated
separately; however, PEF is based on EF and will therefore be weighted as one.

CML ReCiPe IW+ ILCD EF

CML - - - - -

ReCiPe CML - - - -

IW+ CML ReCiPe - - -

ILCD ILCD ILCD ILCD -

EF EF EF EF EF -

Table C.1: Pair-wise comparison used to choose midpoint evaluation methods for
mineral resource depletion.

CML vs. ReCiPe 2016

CML and ReCiPe both have global coverage, but CML can also be applied in Europe
specifically on a regional scale, however, it was agreed that the decision was not
going to be based on that. CML and ReCiPe are both widely used and one of the
largest di�erences between them in calculating mineral resource depletion is the
sub-method they are using, CML uses ADP ultimate reserve and ReCiPe SOP. It was
discovered that most of all methods investigated were using ADP ultimate reserves,
and discussions about whether that is the best option for Aurobay took place. SOP
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C. Midpoint workshop

on the other hand investigates materials and how there might have to be an increased
number of ore to obtain the number of materials. The decision however landed on
CML, much because of ADP’s ability to estimate the total amount of metals on
earth which all agreed on to be a suitable choice for this topic.

CML vs. IMPACT World+

As contrary to CML, IMPACT World+ is still new and it was therefore discussed
if that was an argument not to choose it. IMPACT World+ might be interesting
when wanting to understand waste but that is not the purpose of this thesis. Lastly,
instead of using a method such as ADP or SOP, IMPACT World+ uses dollars/kg
dissipated, which was seen as a more complex method to use, hence, CML was
chosen.

CML vs. ILCD

ILCD was created by the European Commission and uses CML. One di�erence,
however, is that ILCD includes 20 extra substances and the impact of that was
discussed. ILCD was later chosen but not with regards to the substances, rather
to the fact that it is developed by the European Commission but also because it
incorporates CML as well. Thus, making the choice less relevant when only looking
at the impact part of the LCA.

CML vs. PEF/EF

Much like with ILCD, PEF/EF is developed by the European Commission and is
more recently published compared to ILCD which led to the workshop agreeing on
PEF/EF.

ReCiPe 2016 vs. IMPACT World+

Using the same argument as for CML vs. IMPACT World+, IMPACT World+ is a
newly developed method and ReCiPe is a more established, updated, and well-known
method, hence ReCiPe was chosen.

ILCD vs. PEF/EF

As mentioned above, both methods were developed by the European Commission.
Both use CML to some extent, however, there is a di�erence in sub-method, where
ILCD uses ADP reserve base and PEF/EF ADP ultimate reserves. It was discussed
that by using the ADP reserve base the numbers will di�er more depending on how
much is available at the time compared to the ultimate reserves where the numbers
will stay more consistent. ILCD was published in 2010 and the latest updates for
PEF in 2019. PEF/EF was therefore considered the better choice.
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C.2 Climate change

The procedure when comparing methods suitable to calculate climate change was
done on the basis that all methods use IPCC as a standard, which led to IPCC being
chosen above all other methods. In addition, TRACI 2.1 was not considered in any
other case than with Ecological Footprint, the reason being that TRACI 2.1 was
developed to fit the U.S. and Canada. Lastly, as mentioned in the section about
resource depletion IMPACT World+ is considered a new immature method and was
not considered other than with Ecological Footprint.

CML ReCiPe Fprint IW+ ILCD TRACI EF IPCC

CML - - - - - - - -

ReCiPe ReCiPe - - - - - - -

Fprint CML ReCiPe - - - - - -

IW+ CML ReCiPe IW+ - - - - -

ILCD ILCD ILCD ILCD ILCD - - - -

TRACI CML ReCiPe TRACI IW+ ILCD - - -

EF EF EF EF EF EF EF - -

IPCC IPCC IPCC IPCC IPCC IPCC IPCC IPCC -

CML vs. ReCiPe 2016

When comparing CML and ReCiPe 2016 it can be noticed that they di�er in the
number of substances. CML contain 42-188 whilst ReCiPe 2016 has 217 which is also
close to IPCCs 219 substances. Apart from that, ReCiPe 2008 was also recommended
by ILCD (2010) alongside IPCC2007. Lastly, ReCiPe 2008 was the most used method
in 2018, hence, ReCiPe 2016 which is the updated version was chosen.

ILCD vs. ReCiPe 2016

Similar to how ILCD refers to CML when calculating the impact category mineral
resource depletion, it refers to ReCiPe for calculating climate change. ILCD was
developed by an institution, leading to ILCD being chosen over ReCiPe 2016. This is
further strengthened by the fact that ReCiPe uses SOP to evaluate mineral resource
depletion which during this workshop was not preferred because of the uncertainties
it brings compared to ADP.

PEF/EF vs. ILCD

Much like the discussion between these methods about mineral resource depletion,
they are much alike. When calculating climate change, they both use IPCC (2013)
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AR5, GWP100, and since PEF/EF is more recently published it was chosen over
ILCD. EF 3.1 implements the latest AR6 report which furthers its lead over ILCD.

IMPACT World+ vs. Ecological Footprint

As mentioned, IMPACT World+ was cut for most of the cases because it is still
new, and many improvements will happen this year. However, when it comes to the
comparison with Ecological Footprint, IMPACT World+ could still be seen as more
robust since Ecological Footprint only looks at CO2 eq. and therefore needs another
method to first get CO2 eq. unlike IMPACT World+ which is a full mid-to-endpoint
method.
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Endpoint workshop

ReCiPe EF IW+
Eco

Scarcity

Eco-

Indicator
EPS

CE

Delft

ReCiPe - - - - - - -

EF EF - - - - - -

IW+ IW+ EF - - - - -

Eco

Scarcity
Scarcity TIE Scarcity - - - -

Eco-

indicator
ReCiPe EF IW+ Scarcity - - -

EPS ReCiPe EF IW+ Scarcity Eco-
indicator - -

CE

Delft
ReCiPe EF IW+ Scarcity CE CE -

Table D.1: Pair-wise comparison used for evaluation of endpoint methods

Survey-based monetary methods such as EPS and CE delft have two issues: The
estimation based on surveys (or partly on surveys) is uncertain and subjective by na-
ture and dependent upon the asked participants and their views. The measuring unit
itself can be a bit of a hindrance for use within a business as it can be misinterpreted
as an actual cost for the company and not a total societal/ecosystem cost that is paid
by society and the coming generations. Therefore, other single indicators were pre-
ferred in a business use case such as Environmental Footprint and Ecological Scarcity.

Environmental Footprint is scientifically robust as it stops at midpoint and normalises
based on emissions meaning that the main uncertainty is applied at weighting based
on panel and/or targets. The use of damage pathways and estimates incorporates
further uncertainties that must be accounted for. However, it normalises based on
current emissions since the goal is to lower them considerably.

ReCiPe is like Impact World+ in many ways although the impact category mineral
resource depletion comes out a bit below the MACSI index used by Impact World+.
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The SCP used by ReCiPe is based on current economic prices which will fluctuate
a lot over time and are hard to predict. MACSI index is interesting because of
the substitution part which Aurobay found interesting. Especially when choosing
between materials during development.

Eco-indicator is in part superseded by Impact World+ and in addition, their ap-
proach, much like EPS, is over 20 years old. Within a field that is 30 years old,
incredible progress and understanding have been gathered which they lack even
though their characterisation factors have been updated.

Ecological Scarcity uses a quite simple approach where the user selects a target and
that will change the points allocated to the emission. The method can be adopted
for the EU or perhaps a company depending on how the allocation is selected.

Another argument for Environmental Footprint and Ecological Scarcity is the fact
that the implementation of di�erent mineral reserves and estimates and climate
change targets or budgets could be done straightforwardly as this would have to be
at least in part manual work.
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CIMP AR6 data

Figure E.1: Data gathered from the CIMP6 model via the SSP Database 2.0 and
used for normalisation.

Data available at the SSP Database (Shared Socioeconomic Pathways) - Version 2.0
based on [35].
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ADP Characterisation factors

ADP characterisation factors based on ultimate reserve in 1999 [23] and updated
values in 2015 [25].

Element ADP 1999 ADP 2015

Aluminum 1.1E-09 4.2E-08

Antimony 1.0E+00 1.0E+00

Arsenic 3.0E-03 1.3E-03

Barium 6.0E-06 1.2E-05

Beryllium 1.3E-05 6.0E-05

Bismuth 4.1E-02 5.9E-01

Boron 4.3E-03 9.8E-03

Bromine 4.4E-03 1.5E-03

Cadmium 1.6E-01 3.2E+00

Calcium 5.4E-07

Carbon 3.8E-05

Cerium 1.5E-05

Cesium 2.8E-03

Chlorine 2.7E-05 5.3E-06

Chromium 4.4E-04 1.2E-03

Cobalt 1.6E-05 4.7E-04

Copper 1.4E-03 2.7E-02

Dysprosium 7.0E-05

Erbium 1.1E-04

Europium 4.2E-04

Fluorine 1.3E-05
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F. ADP Characterisation factors

Element ADP 1999 ADP 2015

Gadolinium 9.2E-05

Gallium 1.5E-07 1.7E-06

Germanium 6.5E-07 9.2E-05

Gold 5.2E+01 1.5E+03

Hafnium 2.9E-06

Holmium 1.9E-04

Hydrogen 8.5E-09

Indium 6.9E-03 2.3E-01

Iodine 2.5E-02 1.7E-02

Iridium 1.4E+02

Iron 5.2E-08 1.1E-06

Lanthanum 3.7E-05

Lead 6.3E-03 1.9E-02

Lithium 1.1E-05 5.2E-05

Lutetium 1.0E-03

Magnesium 2.0E-09 2.8E-07

Manganese 2.5E-06 3.3E-05

Mercury 9.2E-02 1.5E+00

Molybdenum 1.8E-02 2.2E-01

Neodymium 3.1E-05

Nickel 6.5E-05 1.2E-03

Niobium 1.9E-05 5.0E-04

Nitrogen 5.0E-05

Osmium 5.4E+01

Oxygen 3.2E-09

Palladium 5.7E-01 9.8E+02

Phosphorus 5.5E-06 8.6E-05

Platinum 2.2E+00 1.0E+03

Potassium 1.6E-08 1.9E-07
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F. ADP Characterisation factors

Element ADP 1999 ADP 2015

Praseodymium 1.4E-04

Rhenium 6.0E-01 1.4E+03

Rhodium 2.1E-03

Ruthenium 2.7E+02

Samarium 1.1E-04

Scandium 5.6E-08

Selenium 1.9E-01 3.1E-01

Silicon 1.4E-11 1.3E-09

Silver 1.2E+00 1.0E+01

Sodium 5.5E-08 1.9E-07

Strontium 7.1E-07 1.7E-06

Sulfur 1.9E-04 1.8E-04

Tantalum 4.1E-05 1.6E-03

Tellurium 4.1E+01 1.1E+02

Terbium 3.8E-04

Thallium 2.4E-05 1.4E-05

Thulium 7.2E-04

Tin 1.6E-02 7.4E-02

Titanium 2.8E-08 4.0E-07

Tungsten 4.5E-03 2.8E-02

Uranium1 9.4E-03

Vanadium 7.7E-07 9.3E-06

Ytterbium 1.5E-04

Yttrium 5.7E-07 1.6E-05

Zinc 5.4E-04 3.2E-03

Zirconium 5.4E-06 3.4E-05
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G
Economic Reserve 2015 Data

An estimate of the economic reserves with reference year 2015 based on the Mineral
Commodities Summary report by the USGS. For some substances an estimate of the
reserves is missing which depends on two things; the estimate is missing and would
need to be filled in by another data set or, they are not part of the substance list used
in the updated 2015 version of the ADP ultimate reserve [37].

Element Reserves [t] Sb eq. Comment kg Sb eq.

Abrasives 0

Actinium

Aluminium 65000000000 2,54E-08 1,65E+03

Americium 0

Antimony 2,00E+06 1,00E+00 2,00E+06

Argon 0

Arsenic 720000 0,002361424 world production x 20 1,70E+03

Asbestos 0

Astatine 0,00E+00

Barium 0

Barite 0,00E+00

Berkelium 0

Beryllium 0,00E+00

Bismuth 370000 0,295759095 109430,8651

Bohrium 0,00E+00

Boron 380000 4,98E-03 1892,184663

Bromine 0,00E+00

Cadmium 0

Calcium 0,00E+00
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G. Economic Reserve 2015 Data

Element Reserves [t] Sb eq. Comment kg Sb eq.

Californium 0

Carbon 0,00E+00

Cerium 0

Cement 0,00E+00

Cesium 210000 1,93E-03 405,7576975

Chlorine 0,00E+00

Chromium 480000 7,92E-04 "shipping grade" 380,382182

Clays 0,00E+00

Cobalt 7100000 2,51E-04 1780,335922

Copper 720000 2,13E-02 1,54E+04

Curium 0

Diamond 700 0,00E+00

Diatomite "large" 0

Dubnium 0,00E+00

Dysprosium 0

Einsteinium 0,00E+00

Erbium 0

Europium 0,00E+00

Fermium 0

Fluorine 0,00E+00

Francium 0

Feldspar "large" 0,00E+00

Flourspar 250000 0

Gadolinium 0,00E+00

Gallium 23200 8,42E-06 World production x 20 0,195398024

Garnet 0,00E+00

Gemstones 0

Germanium 3 300 000 1,40E-03 World production x 20 4,62E+03

Gold 56000 1,37E+03 76761496,31
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G. Economic Reserve 2015 Data

Element Reserves [t] Sb eq. Comment kg Sb eq.

Graphite 0,00E+00

Gypsum 0

Hafnium 0,00E+00

Hassium 0

Helium 0,00E+00

Holmium 0

Hydrogen 0,00E+00

Indium 15100 2,18E+00 World production x 20 32848,99322

Iodine 7500000 1,33E-02 1,00E+05

Iridium 0

Iron 0,00E+00

Iron and
Steel 0

Iron Ore 0,00E+00

Iron Oxide
Pigments 0

Kyanite 0,00E+00

Krypton 0

Lanthanum 0,00E+00

Lawrencium 0

Lead 89000 1,87E-02 1,66E+03

Lime 0

Lithium 14000000 2,57E-05 3,60E+02

Lutetium 0

Magnesium 2400000 1,75E-07 compounds 4,20E-01

Manganese 620000 2,51E-05 15,5312716

Meitnerium 0,00E+00

Mendelevium 0

Mercury 46800 5,41E+01 world production x 20 2,53E+06

Mica 0
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G. Economic Reserve 2015 Data

Element Reserves [t] Sb eq. Comment kg Sb eq.

Molybdenum 11000000 1,73E-01 1,91E+06

Neodymium 0

Neon 0,00E+00

Neptunium 0

Nickel 79000000 8,15E-04 6,44E+04

Niobium 4300000 2,87E-04 "larger than" 1232,753778

Nitrogen 0,00E+00

Nobelium 0

Osmium 0,00E+00

Oxygen 0

Palladium 0,00E+00

Peat 0

Perlite 0,00E+00

Phosphate
Rock 0

Phosphorus 0,00E+00

PGMs (Plat-
inum, Palla-
dium)

66000 9,66E+02 63735579,13

Potash 0,00E+00

Plutonium 0

Polonium 0,00E+00

Potassium 0

Praseodymium 0,00E+00

Promethium 0

Protactinium 0,00E+00

Pumice 0

Quartz Crys-
tal 0,00E+00

Rare Earths 0
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G. Economic Reserve 2015 Data

Element Reserves [t] Sb eq. Comment kg Sb eq.

Radium 0,00E+00

Radon 0

Rhenium 2500000 1,05E+03 2,61E+09

Rhodium 0

Rubidium 80000 0,00E+00 0,00E+00

Ruthenium 0

Rutherfordium 0,00E+00

Samarium 0

Salt 0,00E+00

Sand and
Gravel 0

Scandium 0,00E+00

Seaborgium 0

Selenium 120000 3,12E-01 3,75E+04

Silicon 162000 1,64E-08 world production x 20 0,002655439

Silver 570000 8,64E+00 4,93E+06

Soda Ash 0

Stone 0,00E+00

Sodium 0

Strontium 6800000 1,66E-06 1,13E+01

Sulfur 1402000 3,14E-03 world production x 20 4403,600547

Talc large 0,00E+00

Tantalum 100000 1,26E-03 "larger than" 125,785415

Technetium 0,00E+00

Tellurium 25000 1,70E+02 4257894,072

Terbium 0,00E+00

Thallium 200 3,85E-04 world production x 20 0,077083065

Thorium 0,00E+00

Thulium 0
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G. Economic Reserve 2015 Data

Element Reserves [t] Sb eq. Comment kg Sb eq.

Tin 4800000 8,15E-02 3,91E+05

Titanium 790000 3,79E-07 0,299406963

Tungsten 3300000 2,10E-02 6,94E+04

Uranium 0

Vanadium 15000 6,58E-06 9,87E-02

Vermiculite 0

Wollastonite 0,00E+00

Xenon 0

Ytterbium 0,00E+00

Yttrium 500000 1,11E-05 5,559299732

Zeolites 0,00E+00

Zinc 200000 2,76E-03 552,4084327

Zirconium 78000 2,63E-05 2,05E+00

Total 2,77E+12
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