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EXECUTIVBUMMARY

This deliverable addresses the European Union's shift to renewable energy sources, particularly
focusing on thechallenges faced by European islands in reducing environmental impact and limiting
global temperature increases. Energy System Modeling (ESM) is used to explosfferiste
decarbonization routes, with Life Cycle Assessment (LCA) applied to assasdriieneental impact

of decarbonized energy systems on European islands.

A set ofrepresentative and explorativeansformationconditionsfor the energy, policy, technolacal,

and socieeconomic context of Mayottewere defined The transformationconditions were
transferred intodistinctscenarios, which were integrated in teaergy system planning model{E3L

and the macroeconomic tool GEEBISL The toolswere specificallgesigned fothe particularities

of island energy systesnThemodelling exercise resulted ins#t of energy system topologiegth
distinct energy consumption, fuel mixand emissionspatterns An expost link to a LCA was
establishedy soft-linking the ESM to an LCA model developed in OpenLi@A_CAollows thelSO
14040/14044 LCA framework, employing OpenLCA v1.9 for evaluating five energy scenarios in
Mayotte in 2050.The outputs of the energy system model (i.e., energy balance, capacity of assets)
were integrated into the LCA model to expand the processésatirig the energy system of Mayotte,

and related upstream processes. Thus, the LCA captures the entire sape ®f2 (elie&system

¢ including the transport, household, service, industry, and agricultural sector with flows and assets
within.

The fndings offer vital guidance for policymakers, highlighting effective decarbonization strategies.
The study revealthat decarbonization measures are effective in reducing Global Warming Potential
(GWP) but can lead to tradgfs in other environmental catgpories.

- Notably, the electricity sector's environmental impact shifts from operational processes in

fossitbased systems to upstream processes in decarbonized systems, emphasizing the
importance of sustainable production methods. Transitioning to biodiéselelectricity
introduces tradeoffs.

- The transportation sector faces challenges with the environmental performance of Battery
Electric Vehicles (BEVS).

- Householdevel decarbonization measures prove effective.

- Extending asset lifetimes, promoting theatilar economy, and educating consumers are
recommended strategies.

- A civic orientation of the energy transiti@ttively involving the local populatiaffers cost
efficient decarbonization and overall environmental improvements bey@idP reduction

Overall, this study underscores the need for informed policymaking supported by comprehensive
environmental assessments such as LCA studies.
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1.1. BACKGROUND

The European Union (EU) has set ambitious goals to transition it's energy system fromtea$eskil

to a renewable energhased system towards achieving fedro emissions. The underlying motivation

is to decrease the environmental impact of the energstem and contribute to limiting the increase

of the global temperature to less than 1.5F1} in line with the Paris Agreemerin this discussion,
European islands and their inhabitants take a special seat at the ¢aidéng the most vulnerable
part of our Euopean community facing both the direct effect of climate change, i.e., sea level rising,
and economic impact of increasing energy costs in a foasid energy systefg]. At the ame time,

EU islands and their communities are seem &s/orable place for innovatiofi3] due to high costs of
energy and a strong sense of community/collective acfin

A successful transition towards sustainable energy, requires the transformation of the composition of
energy sector and the incorporation of novel and innovative, zemon technologies within the
energy sector and its interconnected domains. These teldgies play a crucial role in simultaneously
meeting the eveigrowing demand for energy and upholding the stability and resilience of the overall
system. They encompass both energy generation and storage solutions, enabling a dynamic
equilibrium in energysupply and demand. Moreover, given the intricate interdependence of the
energy sector with industries and transportation, it is essential to account for -cugieg
technologies in the strategic planning of the energy infrastrucfteHence, energy system planning
has become technically more integrated acomplexespecially in geographically isolated islands.
From a political perspective, the variety of technologies, their financial characteristics and relevant
policy support mechaesms have increased in complexity. The effect and timing of political
intervention, including fiscal support or emission constraints, are mutually interlinked with the
underlying energy system. There is an apparent need to incorporate these system dyimasniesyy
system planning.

Within the intention of energy system planning, a common approach involves exploring potential
technical routes that meet the energy demand at the lowest possible costs. Energy System Modelling
(ESM) has emerged as a widely guiaed and powerful tool in recent years for this purpasee(for
example Ref[6] for an overview of energy system modetlseir developmentnd their usg6]). ESM
enables the exploration of favorable configurations and modes of operation of an energy system and
facilitates the consideration of diverse technical and economic variables. M&t&¥ platforms offer

a flexible incorporation of energy and climate policy measures, which are typically integrated in the
form of modelling constraints. For example, a model may constrain the total amount@n@ssions
released within the energy systeof considerationNevertheless, C{ronstraints typically focus on

the immediate emissions stemming from the burning of fossil fuels in the operational phase of a
technology. They do not encompass thdirectemissions linked to both upstream and dowrestm
processes associated with the products or materials needed for the energy system being examined.
While stateof-the-art ESMs excel at providing detailed insights into the economic and technical
ramifications of energy system transitions, a comprehemsipproach to sustainable energy system
planning must also encompass additional criteria and dimensions for evaluating thedfifade
associated with various clean energy transition pathways. As the primary underlying rationale and key
objective for energ system transformation efforts are environmental considerations, it is of essential
relevance to further develop environmental assessment methodologies within energy system
planning.
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Life Cycle Assessment (LCA) has emerged as a widely adopted methoidolagydying the
environmental impact of energy systems. While conventional energy system models may account for
local emissions stemming from the operation of the energy system, LCA widens the analytical scope
to encompass environmental impact acrossstdiges of a system's life cyclérom the extraction of

raw materials for energy system components, through production, operation, and ultimately to end
of-life stages (see for example DIN ISO 14041 and DIN ISO[IA0R) enable an effective and
efficient transformation of energy systems, the analysis of both direct and indirect emissions,
stemming from upstream or downstream processes, is of essential importance. In fact, it must be
noted that the entire optimal decarbonization pathway may be influenced by indirect emisggpns

In addition to this crucial contribution, LCA encompasses the evaluation of various environmental
effeds that extend beyond climate change induced by greenhouse gas (GHG) emissions. As a result,
LCAs reveal the manifold impacts connected with energy systems beyond the direct release of GHGs.
According to Blanco et db] LCA stands oubf two primary reasons: firstly, by accounting for the
entire life cycle of the energy system it integrates environmental impact assessment into global
initiatives, guarding against the shifting of environmental burdens to other regions or life cycle.stage
Secondly, by introducing a diverse range of impact categories (e.g., impacts on human health, resource
utilization, land utilization, climate change, toxicity, etc.) in addition to global warming, LCA enables
the identification of tradeoffs across thes impact categories, thereby preventing the transfer of
burdens from one category to another (e.g., improving climate change metrics at the expense of
increased water usage or deteriorating biodiversity). In this way, LCA has demonstrated itself to be a
potent tool for evaluating the overall environmental impact of energy system technologies or
processes, as well as entire energy systf#3. Integrating ESM and LCA has the potential to offer a
holistic perspective on the ipacts of energy system interventions in the global picture of economics,
climate change mitigation efforts, environmental and even repercussions beyond.

1.2. AIM, AMBITION ANBDUTLINE

This report systematically establishes a systematic link between ESM andolL&¥sess the
environmental impact of energy system scenarios depicturing a-@ut#hal and decarbonized
solution of a geographically isolated European island. The analysis focuses on the case study of
Mayotte to demonstrate the methodology and derivestdts valid for geographical islands with
isolated energy systems. The scope of the analysis covers the entire energy system, iachadiof

final energy carriers to be imported and/or locally produced, but also the provision of energy services
within the five sectors of transport, households, indystagriculture, and services.

The specific research questions, hierarchically structured, are:
1) What is the environmental impact of a future, decarbonized energy system?

2) Which is the energy systestenario with the lowest impact across environmental impact
categories?

3) Whati) sectors and ii) technologieecisively contribute to the environmental impact of the
energy system?

4) Which tradeoffs occur between GHG emission reduction and o#rarironmental concerns?

5) What implications do policy interventions have on the environmental impact of the energy
system?

11



The findings of the study will be e$sentialvalue for policy makers and other deciding entities in the
energy sectolby providing gidance onsectors, processesnd technologies to be focused aio
decarbonize the energy system effectively and efficierithe report draws attention to hot spots of
the energy transition on Mayotte and potential follower islands, and the potentialrenriental
consequences resulting from energy sector policies or energy planning interventions.

The outline of the report is as follow€hapter 2 provides the theoretical overview of both ESM for
energy system planning, and LCAs of energy systems. Cl&atidors the theory of methods to the

case under investigation and details the applied methodology. Chapter 4 presents and interprets the
results of the LCA and provides conclusive recommendations for policy makers. The report closes with
a summary (Chater 5) and conclusion.
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2. THEORETICAACKGROUND

This sectiordescribes the overall theoretical background of the methodology applied in the analysis.
According to the different tools used, the section first provides an overview on ESM for sustainable
eneagy system planning (Secti@il) and overview of LCA of energy systems (Section 2.2), to
subsequently the methodological foundations of linking both disciplines (Sext)n

2.1. ESMFORUSTAINABLUENERGYSYSTEMPLANNING

In the pursuit of effective stragies for decarbonization of the energy sector, ESMs have emerged as
crucial tools for exploring diverse scenarios and shaping the future development of energy systems.
These models represent intricate mathematical depictions of energy systems, the madlaladable

in various configurations that offer a wide range of levels of complexity and are capable of accurately
capturing the intricacies of the depicted energy systems. They may also incorporate political,
technical, and human considerations. A keplication of ESMs is their utilization to advance climate
change mitigation objectives. Their aim is to minimize the overall system cost by identifying the
optimal combination of technologies to achieve predetermined goals, such as meeting specific energy
demands for final energy carriers. To utilize ESM as an analytical tool for dynamic scenario analysis, a
set of conditions and constraints, often of a technical, political, or environmental nature, is integrated
in the model. The costs subject to minintipa typically encompass expenses like fuel costs, other
operational outlays, and the investment costs for necessary assets and equipment. Moreover, these
costs might incorporate financial mechanisms such as a carbon price imposed emiS§ions. The
conceptual framework and intricacy of an ESM can vary significantly based on the primary objective
and the scope of the specific analysis.

ESMscan be used to examinimteractions across the energy system, possible pathways to
decarbonization, the impacts opolicy goals and objective¢e.g., energy security, economic
competitiveness) andosts associated with certain energy scenafidsdelling of energy systems aids
to derive thequantitative analysis of energy sector scenarfos longterm energy planningThe
models can be classified accordingvariouscriteria [10]:

A Purposec Scopec whether the purpose of the model is forecasting or back casting, whether
it is foaused on energy demand or energy supply, etc.

A Structurec which are theinternal and external assumptiorsSome variables within models
are determined by the model itself (endogenous) or are assumed to be determined by factors
outside of the mode(exogenous).

A Geographical coverageregionally, nationally, or locally oriented?

>

Sector coverage

A Time horizon and time stepthe time horizon can be shoterm 5 years or legs medium
term (between 5 and 15 yeaysor longer term (over 15 years)

A Techndogical detailc based on thetype of technologies allowedly the models, internal
databases can be uséalmodel specific technologies (with given parameters and limited user
interaction), or flexildity to new inputscould be introducedo that theusersmay even define
modules toinsertnew technologies

A Mathematical approaclt top-down models ¢omputable general equilibrium [CGE] and
macraeconometrig, bottomup models @ptimization or simulation approachgshybrid
models thatintroduce moderate technological detail within a maeezonomic approach
accounting models, multicriteria models, etc.
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An ESM is essential for the development of regional, national, or local decarbonization pathways,
providing the necessary analytical framework sgstematically explore the alternative system
transitions. This transition is particularly challenging for insular systems due to the structure of the
economy, the seasonality of electricity demand, the geographical location compared to the mainland,
etc. The island economies frequently rely on seasonal touristic activities, necessitating the over
dimensioning of energy systems to accommodate the seasonal -&rartin-flux of visitor needs and

the resulting load variation&specially for on-interconneced electricity gridsvith high load volatility
(e.g.,due to touristic season the balancingof supply and demandace great difficultiescausing
fluctuations in electricity load voltage and frequency or even interruptions in electricity supply.
Furthernore, the noninterconnected islandsely on imported fossil fuels (commonly diesel) for
electricity supply and transportatigrsubject toprice volatility, high electricity prices and increased
CQ emissionsresulting ineconomc and energy security probms[11].

Theseunique characteristics of neimterconnected islands should be considered in their energy
planningand decarbonizatiostrategies, along with the development of an appropriate energy system
modelling tool to assess the variodean technologyptions.Moreover, he shift from fossil fuels to
cleaner resources poses additional challenges as it requires a new energy planning agenda given that
renewable energy sources (RES) exhibit different characteristics from fossil fuels in their operation,
production vaiability, and local impacts. The effective energy system planning efmerconnected
islands requires the development of rigorous scientific methods that can comprehensively assess the
different aspects of the energy demand and supply sectors andadbgiplex interlinkageshe means
for smooth integration of variable RES, the necessary flexibility solytimmsthe impacts associated
with their deployment.

The modelling requirements identified for this purpose have been the following:

A Detailed and cmplete representation of the key driversf energy demand by sectd.e.,
sociaeconomic drivers likeggross domestic productgDB and population, sectoral value
added and industrial production, technology costs, heatiegree days etc.);

A Adequate sectal disaggregation to represent key dynamics shaping up future developments
in the energymarkets (i.e.,fuel competition indemand sectorsyptake of renewable energy
for electricity generationstorage and flexibility requirements, energy priceig.);

A Explicit representation of energselated and climate policies and their impacts on the
development ofenergydemandand supply and technology uptakg sector

A Engineeringbased representation of the power market to consistently simulate the energy
system @eration (i.e.,Levelized costs of electricit COEcosts of power plant types, Load
Duration Curves, technical constraints of pldimdustrial processes, substitution possibilities
by sector grid constraints, energy infrastructure, flexibility sergiead storage capacitigs

A Behavioral representation of economic agents (preferences of consumers over different types
of energy forms, what are the options for consummtr switch fuels in eacknd usée);

A Captures the inter-linkages between energy demansiipply and the formation of energy
pricesas well as the relations between the energy system, economy aner@iSsions

A Can le adapted and tailored tslandscalespecificities especially related to decarbonization
of islands with higlexpansion of variable renewables and flexibility services.

An overview of available models and methodological approaches, commonly used for energy planning
at national and local level, has been conducted in Task 2.1 of MAESHA, with a particular focus on
energy system models that use a bottemp approach with high technology details and have been
applied to geographic islands.
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Tablel: Alternative energy system modelling approaches used at insular leyablvantages and
disadvantageg12]1.

Model
LEAP

0SeMOSYS

MARKAL/TIMES

EnergyPlan

Description

Scenariebased model to track

energy demand anc
production, analyse energ
policies and provide
assessments  for  climat

change mitigation measures

Linear optimization mode
calculating the optimal
electricity investment subjec
to minimization of total
discouned costs

TIMES/MARKAL is line
optimization  model that

calculates the optimal energ
supply mix to meet giver
energy demand subject to cos
minimization.

The model aims to analyze th
energy, environmental, anc
economic impact of variou:
energy strategies. It is mostl
used to compare a variety
transition options, rather than

Y2RSt 2yS w2LJ
based on defined pre
conditions

Advantages

9 Medium to long term
energy planning

fCan be applied tc
various geographic
levels

9 Opensource modelling
system

9 Can be applied to
various spatial levels

9 Covers the entire
energy system

9 Can be utilized to
analyze the impacts of
energy and climate
policies

9 Combines a technical
engineering approach
and an econometric
approach

1 Includes both technical
and market exchanges

1 Its aim is to model the
WFAYAAKAY 3
energy system (rather
than the starting point)

9 The results include
detailed hourly
analyses of a complete
energy system

1 Allows the user to
define the energy
system design

Disadvantages

9 Exogenous energy
demand

9 Cannot project long
term development of
energy demand
under alternative
scenarios,

9 Not suitable for
socieeconomic
impact analysis

i Lacks a detailed
representation of
energy end uses

9 Energy demand is
fully exogenous

9 Cannot be used for
analyzing the long
term energy demand

 Non-economic
factors are difficult to
be integrated

9 Does not perform
explicit electricity
pricing by
sector/consumer
type

9 Cannot assess the
socieeconomic
effects of transition

9 Energy demand is
exogenous

9 It focuses only on the
technical side of the
energy system, and
does not cover socio
economic impacts of
transition

1 Projections only up
to 2030

1 Other models which do not have the characteristics necessary to model the energy sector at the required granularity are:
(i) MESSAGE: A system engineering optimization model, that focuses on eneegy plgtning and analysis of climate
policies. It covers a loAgrm time period of up to 120 years, with a-$@ar time step. Thus, it is not suitable to provide
consistent quantitative projections for energy demand for the next ten years. (i) IMAGEBeAgyeystem simulation model
covering the time period to 2100 but it is not suitable for islatdle analysis as it focuses on global level with limited analysis

at subnational level.
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CompactPRIME{ CompactPRIMES an energy { Fullyfledged energy 1 It cannot provide

system model that follows the demand and supply short-term energy

market equilibrium approach ~ model for single forecasting

The model accounts for thi ~ CoUnty projections {1t does not have
1 Captures interactions spatial resolution

energy demand by sector an
energy supply and thei
linkages through prices. Th and energy pricing
model is designed for.meldlurr 1 Medium to longterm
and longterm projections projections to 2050
providing analyticedata on an { Flexibility in scenario
annual basis. design and aassibility
by norrmodelers

9 Can assess the soeio
economic impacts of
different energy
system configurations

between energy
demand and supply

2.2. LCAOFENERGYSYSTEMS

¢ KS LIKSy2YSy 291 N¥RcyaR@riirdidus increase in the average atmospheric
temperature caused by to the increased anthropogenic GHG emisgjogsoften used as a
summarizing narrative for environmental effects related to climate change. However, there is a
growing recogition of other anthropogenic environmental challenges, including material and
resource depletion, ozone depletion, lande, biodiversity, or toxicity. These challenges have to a
varying degree geographic dependencies both in terms of their root causthamnesulting ecological
damages. To enable wdtiunded decisiommaking regarding the shaping of enengyated policies

and pursed future energy system configuration, it is imperative to develop effective and reliable
assessment methods and tools thatopgide comprehensive insights into various environmental
impacts. At the intersection of science, engineering, and policy, Life Cycle Assessment (LCA) stands
out as a scientifically substantiated, wd#fined, and wetestablished tool for evaluating
environmental impacts across the entire lifespan of a product system. The methodology to be
followed in an LCA is walkfined by standardizing bodies and is consistent for different scopes of
studies. The system comprised in an LCA may contain a single paydonay contain a complex
system of products. While ESM generally lack a systematic approach for environmental assessment,
LCAs are widely recognized as a thorough methodology for evaluating the diverse environmental
impacts that occur throughout variossages of a product's life cycle. This encompasses all stages and
phases from acquiring raw materials, production processes, transportation, use, and ultimately waste
management. The comprehensive representation of interconnected products and processi and
high granularity of determining underlying environmental impacts provides clarity on the distribution
of environmental burdens between different phases of the life cycle and among various
environmental impact categories. The systematic applicatiorarofLCA enables the deliberate
governance of environmental impacts.

The structure of LCAs is defined per DIN standards in DIN ISO EN 14040 and DIN ISO EN 14044.
According to these industry standards, a complete LCA includes four subsequent stepstipmefini

goal and scope, ii) lifecycle inventory (LCI) creation, iii) lifecycle impact assessment (LCIA) and iv)
interpretation of results. The theoretical foundation of the steps3.is described in the subsequent
subsections. Their implementation withthis analysis is elaborated in Chapter 3.

2.2.1. Goal and Scope
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While the definition of the goal (including aim, target group, and purpose) is application specific, the
definition of the scope of the LCA follows an established structure. DIN EN 1SO 140#dssheci
essential aspects that need to be covered within the scope of the LCA:

- the product system to be studied;

- the functions of the product system or, in the case of comparative studies, of the systems;

- the functional unit;

- the system boundary;

- the allccation procedures;

- the method for impact assessment and the impact categories;

- the methods for evaluation;

- the assumptions, values and optional components, the constraints;

- the data quality requirements;

- the type of critical review, if provided;

In the folowing, selected technical terms that are relevant to understanding LCAs and that are
continuously used in this document, are defined, and discussed.

Functional unit:

The functional unit (FU) can refer to variety of subject matters, including a proassttvice, or a
system. The environmental impacts calculated in an LCA is in direct reference to the respective subject
matter. The FU provides a reference for relating inputs and outputs, thereby facilitating the direct
comparison of alternative goods @ervices. By introducing a common FU for all alternatives to
compare, the alternatives are set functionally equivalenthereby a direct comparison of the
alternatives via reference to the FU is possible.

In the context of the energy sector, a variety ) have been suggested, with a comprehensive
overview provided if13]. Themost used quantity to define the FU is enefgy., kWh or 1 MJ))
followed by mass (e.g., of a specific fuflj]. Alternatively, Blanco et al[5], assessing the
environmental impat of technologies in different scenarios of the European energy sector in 2050,
propose to define the FU not as the production of a specific product or commodity but as the
satisfaction of all energy and services demands by 2050.

System boundaries

Thesystem boundary defines which process modules must be included in the LCA. The selection of

the systemboundary must be consistent with the objective of the studjithin the energy system

observed, any product, including materials and assets, may goghrthe five life cycle phases of 1.

wké YFEGSNAIfAa SEGNI OlGAzy olftaz OFffSR WONI RfSQUZ
FYR !'a4S LKFI&AS FYR pod 21FatS RAalLIRalt o6WaNI FSQuU
boundaries of an L&Lconsequently determines the life cycle phases to be included in the analysis. The

most prominent approaches for the definition of system boundaries are:

- Cradleto-gate: In an cradko-31 ¢S [/ ! Y2RSt I LINRPRdzOGQa Sy
assessed fromaw materials extraction until it leaves the productiana I 4 Sé @ ¢ KS | LILIN.

useful whenthere is a needo simplify the downstream process of produats when
downstream processes are irrelevaExample[15])

- Cradleto-grave: Cradldéo-grave includes all 5 life cycle stages, providing a complete
environmental footprint. The approach is useful when expecting environmental impacts to
potentially occur within any of the lifecycle phases. (Exampl#gd; [17] and[18])

- Cradleto-cradle: Cradldo-cradle is a variation of Cradte-grave but exchanges the waste
stage with a recycling/upcycling process that makes materials or components reusable for
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another product¢ SaaSyGAl ffe GOf2aiay3a GKS eftlavBen)é & ¢ KS

implementing circular economy mode(&xample[19])

Cutoff criteria

When gathering data for a Lif€ycle Assessment (LCA), it is essential to differentiate between
foregrounddata and background data. Foreground data constitutes primary information specifically
gathered, modified, or generated to depict the product system under investigation (i.egréaned
system). Conversely, background data or background systems provide the broader context for the
foreground system. Typically, background data is sourced from Life Cycle Inventory (LCI) databases,
industry norms, and other secondary references.

In this study, in addition to primary data derived from the ESbtnariooutput of E3ISL model
(developed b¥E3M), the LCA relies on the widely recognieedinvent3.9.1 database as a background
system. This database has been integrated into the egmurce sftware OpenLCAo facilitate the
creation of the LCI.

Allocation procedure

Theallocationprocedurerefers to the method used to apportion the environmental impacts among
different coproducts within an LCA. Given that a product system's life cycle oftenngpasses
numerous multifunctional processes, it is crucial to distribute the environmental impacts among the
various ceproducts generated by the same process in a justified marindine with the weHldefined
methodology of an LCA, distinctive alldoat approaches are definedEmploying theecoinvent
database necessitates making a methodological choice among three distinct allocation approaches,
namely "Allocation, cubff by classification”, "Allocation, at point of substitution (APOS)", and
"Substiution, consequential, lorgerm” [20]. The specified allocation approach consequently
establiskesthe linking rules for all processes within the background system. These rules, in turn, can
impact the final results of the Life Cycle Impact Assessment ([2Z]AEach allocation approach has
advantages and disadvantages that are highly dependent on the context and the purpose of the LCA.
The selected allocation procedure should be selected in alignmigimthe suitability and applicability

of the respective system to be investigat@?]. The three system modeépplicable to the ecoinvent
databaseexhibt variations in the following areas: a) treatment ofpsoducts, b) utilization of average

or unconstrained suppliers, and c) allocation of burdens fordrdfe (EoL) treatmentslescribed in

the table below{20].

Table2: ecoinvent allocation models.

Allocation, cut-off by Allocation, at point of Substitution, consequential,
classification substitution (APOS) long-term
. . Allocation (at point of _—
a) Handling of by-products Allocation (by cut-off) substitution) Substitution
Satic representation of Satic representation of Marginal/ unconstrained
b) Average or marginal average conditions average conditions consequences of change
conditions (evaluates the here and now) | (evaluates the here and now)
="attributional" ="attributional" ="consequential”
Waste producer Shared between all products Waste producer
¢) Who carries EoL burden?| (recyclable materials burden in the value chain (WithF::re dit)
free; no credit) (system expansion)
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2.2.2. Lifecycle Inventory analysis

The lifecycle inventory analysis (L@t)yolves the collection and quantification of all inputs and
outputs associated with the product system into a life cycle itmgnHence, theLCl phase provides
the balance of resources and emissions upon which the assessment will be caldetatdds study,
processbased data from the ecoinvent database v3.8 is embedded set into relationup#iieam
and downstream processds provided by the energystemmodel (e.g., the impact of gasboiler is
not fixed, but dependent on the gas source that comes fE8M mode). The development of the LCI
follows the logic of the EBSL model and will be detailed accordingly in Chaptevhich applies the
methodology.

Ecoinvent was selected for the application of this study, because it is a comprehensive, consistent, up
to-date, transparent and scientificallyw8l&d i 6 f AAKSR RI Gl ol &aSed LGQA SEG!
energyrelated technologies and processes surpasses other available databases. Because of the
complexity of the study and the large number of product and subsystems to be specified, the coverage

was a decisive criterion in the selection of the database.

2.2.3. Lifecyclampact assessment

During the Life Cycle Impact Assessment (LCIA) phase, a comprehensive inventory of elementary flows
(such as emissions and resource extractioiss)transformedinto a more condensed set of
environmental impact scoresThis transformationis accomplished using characterization factors,
which signify the environmental impact per unit of stressor (for instance, per kilogram of emitted
substance)The 1SO14044 standamandates thatthe characterization factors should be based on
environmentalprocesses linking human interventions to specific areas of protection. The conclusion
of such environmental processes is termed the endpoint, while an intermediate point along the
process, often referred to as the midpoint, can serve as an indicklbpect categories are designed

to address matters of direct environmental significance. This signifies, for instance, that waste is not
considered a standalone impact category, but rather the impacts of waste processing should be
integrated into the methodologin terms of their influence on climate change, toxicity, laise, and

so forth. The characterization factors can be calculated through two distinct approaehesd
midpoint methodsand endpointmethods Midpoint characterization factors are situatedbag the
impact pathway, typically occurring after the point where the environmental process becomes
uniform for all environmental flows assigned to the respective impact catef8y In contrast,
endpoint methods quantify the cumulated consequences in terms of human health, ecosystem
guality, and resource scarcity. Essentially, endpoint characterization quantifies the damage inflicted
by various stressors at the conclusion of the caefect chain

The selection of either a midpoint or an endpoint LCIA method is based on the context, in which the
LCA results are utilized. Midpoint methods have lower uncertainty levels, but their results are more
challenging to interpret, due to the multitude andiicacy of included impact categories. In contrast,

the conversion of indicators into three or four damage categories for the endpoint characterization
comprises a damage evaluation and allows a simplified interpretation of results. The disadvantage of
the endpoint methods is that, the additional steps fate and damage modeling, introduce additional
uncertainties [21]. Endpoint methods are therefore more concise, but at the same time less
comprehensive
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2.3. INTEGRATINGCAANDESM

The innovative approach of linkihng ESM and LCA has resulted in different methods, the most
prominent of which are according to Blanco et[8]:

- Expost analysesuse the generatedoutput from the ESM to perform an LCA for specific
techrologies[24,25] sectord26,27]or geographie§28]. The overarching goa to assess the
related environmental impactsf the energy system as optimized via ESMp&st analyses
usually do not entail a feedback loop to iteratively consider the obtained LCA results in the
ESM. Epost LCA evaluations are often static in timel@o not account for dynamic effects
resulting from technological improvements (which may be considered in the ESM).

- The monetization approach quantiEs environmental impacts, particularly emissions, by
assigning them a monetary valu¥et the focus hasprimarily been on air pollutants,
overlooking a more holistic set of impact categories. Researchers have extensively explored
power systemmodels at both regional and global scales within this framew@g30]
Furthermore, this approach has been applied to analyze energy sy§sdn32] heating[33]
and buildings[34]. The primary benefit of adopting the monetization appcbalies in its
capacity to offer insights back to the Energy System Model (ESM), enabling the optimization
of theenergy andechnology mix while integrating sustainability considerations. Nonetheless,
it's important to acknowledge that the monetizationegt introduces inherent uncertainty,
given that it relies on a damage cost methodology rather than conducting a comprehensive
analysis of factors such as dispersion and local environmental vulnerafpiyt from one
case[35] where two impact categories (climate change and human health) wnéeenalized
into the ESM through monetarization, the range of impact categories beyond air pollutants is
structurally neglected

- To reduce the uncertainty involved in monetizing externalitres|ti-objective optimization
treats each environmental impacategory as a separate objectivEhe inherent tradeoffs
and potential synergieamong various impact categories necessitate a process of weighting
to assess the relative significance of each category. This introduces a subjective element into
the analwis. Furthermore, many multibjective optimizations in the existing literature tend
to concentrate primarily on GHG emissions, often overlooking other important LCA impact
categories[36]. Owing to the increased model complexity, analyses have primarily been
limited to the power secto[37].

- Multi-criteria decision analysishares similarities with mulbbjective optimization, but it is
expanded by incorporating qualitative aspects (e.g., risk, social factors, political drigers).
contrast to multiobjective optimization, the environmental dimension is not considered
through impact indicator§38], and there is no feedback loop that integrates LCA results back
into the ESM28]. An advantage of multiriteria decision analysis is the holistic approach that
covers a wider set of dimensionklowever,weight allocation to each objectvas well as
selecting the most suitable solution from the Pareto front (which represents the set of optimal
trade-offs between different objectives) are rather subjective.

Linking ESM and LCA poses several methodological and practical challengesjom seledtich is
stated below with details provided irf5]: One fundamental principle for integrating and
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harmonization of ESM and LCA is the identification and systematic linking of key elements (e.g.,
variables and parameters). Becauserinciple, the research objectives and the scope of application

of ESM and LCA are inherently different, the respective data requirements can vary significantly.
Limitations in data compatibility can hamper the integration of ESM andlh@#e contexif energy

related activities, common elements encompass technical parameters like energy conversion
efficiency, lifetime of energy technologies, and the energy r@ikallenges arise not only from
generally identifying common elements, but also from idegfitiff relevant intersections
comprehensively. For examplencorporating the energy mix used in the upstream production of
assets, which are integral to the broader energy system, is frequently overlooked and poses a
harmonization challengéWwhen evaluatingthe life cycle impacts of a kilowaltour of electricity
generated from wind energy, it crucial to consider the upstream electricity mix used in producing
the wind turbines. Consequently, the installed capacity of these turbines will also influenceets
electricity mix. One approach to mitigate this issumisstablisifeedback loops betweethe LCA and
ESMimplementation steps, but this may be computationally intensive

A second significant challenge pertains to the potential for double cogniiVhen integrating LCA

into ESM, additional energy and material demands from upstream processes must be accounted for.
In their application, ESKlIready factosin these demands as part of the final demand. Adding the life
cycle demand in addition to thitnal energy demand specified by the ESM may result in a duplication
of countsfor some impactsAdditionally, some processes within the model rely on inputs from other
processes, potentially leading to double counting of energy or emissions.

It is commorpractice thatCQ targets considered by an ESM are set based on direct emissions within
a specific region. ESM models do not usually include energy anar@i€sions associated with
imported goods and commaodities. However, these emissions can be sighifica including them in

the expanded perspective of ESM through LCA can greatly impact overall [g8lilts

Another challenge arises frothe spatial differentiation in assessing environmental impacts. These
impacts can range from global concerns like global warming to more localized issues such as soil
pollution. Local impacts are affected by various factors including population density, atilitgr and
prevailing weather conditions, all of which influence the dispersion, fate, and effects of pollutants.
While certain LCA databases make efforts to distinguish impacts by country, there are still instances
where many processes lack specificiop@l coverage, leading to the reliance on global valdés

Furthermore, matching processes between LCA and ESM can be difficult when dealing with multi
functional processes (i.e., processes that have multiple outputs). Allocating the environmental impact
in such cases requires careful consideration and is onbeofrtost controversial issues in LgAE|.
Against his backdrop, some LCA databases offer their datasets in alternative versions, called system
models, which differ in their approach for handling multifunctionality within the background data
system (seé-ehler!'Verweisquelle konnte nicht gefunden werdeh.

Another challenge pertains to projecting the future performance of technologiks integration of

LCA and ESM introduces complexities in forecasting the future performance of technologies. While
some ESM models incorporate learning curves for emengiwecarbontechnologies, anticipating
increased efficiency, reduced fuel consumption, or higher output, uncertainties persist regarding the
comprehensive life cycle impacts of such technologies. iESldept at illustrating learning curves or
gradual efficiency enhancements, which can notably decrease resource demands, thanks to
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technological advancements. In contrast, LCA typically remains static.

3. APPLIEIMETHODOLOGY

3.1. OVERALPROCEDURESMLCANTEGRTION

The overall procedure of the study expands the processes within the energy system of-tBe E3
model to afull life cycle perspective by considerimgnufacturingconstruction and enaf-life stages
including disposal. Further, while the-E&L. mdel only accounts for G@missions as environmental
indicators, linking the ESM to the LCA addisoad range of impact categories besides climate change
caused by C{emissions. The general framework for the methodology is shoviaigarel followed

by a brief explanation of the main stepkhe figure showthe two main elements of this study: ESM
and LCATo link the ESM and the LCA, arpest softlinking approactwas chosen. This approach
utilizes the outputs of the energy system model (i.e., energy balance, capacity of assets, fuel mix,
technology mic) to expand the processes and perform an LCA. No feedback loop to manipulate the
ESM optimization results is fommsn. Hence, the cogiptimal configuration of the energy system as
modeled within the ESMs is not disturbed. The general structure dE8M(see Sectio.2simulates

all steps and processes of the energy system from enexggurceswith a respectivepotential and
associategrice curvesThe resources angsed to satisfy final demand services through primary (e.g.
power) or secondary (e.dhoilerg conversion processes. Multiple policies can be introduced as
constraints including C@emissions Themain outputs of the model includine energy balance, cost
breakdown technology mix neededand energy flows between assetde information used frorie
E3ISL modelor the LCA is mainly: (1) static, related to using efficiency, lifetime and capaxtitysfa

of energyrelated technologiesised to modify the original inventory from the databases and needed
to ensure consistency; (2) scenadependent §ee sectior8.2). The scenariglependent absolute
valuesare combined with the life cycle inventory tatanate the environmental impaaf energy
system developmentin this study, there is no feedback from LCA toESMoptimization process.
The main methodological steps followed are:
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Figurel: Framework for integrating LCA areghergy modeling followed in this studyAdjusted from
[5].

1. Model the energy system structure as suggested by théSE3nodel within an LCA modeling
environment. Doing so, the number of processes from the SE3model may be reducede,
clustered) tofacilitate inventory collection (see Sectior83.)

2. ldentify entries from the LCA databagecoinvent v3.8}hat are closest; more similar- to the
processes screened (see SectionB.3.

3. Augment LCA data with alternative souscand individual studies derived from a literature review
(see Section 3.3)

4. Harmonize data betweek3ISLand LCA. This refers tsingE3ISLdata forspecific technologies,
includingefficiency and lifetime and modifying the LCA data

5. Adjust LCA datasets to avoid double counting (see Sectit) 3or upstream emissions that are
also part ofE3I1SLmodelscope

6. Execute a set of predefined scenarios ushggE3ISL mode{see Setion 3.2)

7.Extract activity€nergyproduction level) and capacity number of asset®r selected technologies
in Step 1 fronE3ISL model. The step was facilitated by exporting relevant data in Excel format from
the E3ISL model (by E3M), and feediimgthe excelbased data into OpenLCA (TUB).

8. Calculate LCA migbint indicators for each scenar{eee sectiors.3.4)

9. Understand drivers for changes across indicators and run additional scenarios for confirmation
detection of hotspots and robustnesof results
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3.2. ENERGYSYSTEMMODELDESCRIPTION

The following section details the ESL ESM used within this study (Sec8c¢hl). The section will
essentially elaborate the energy system model scenarios specified (S&@&i@h which will be
further investigated regarding it’s life cycle impact within the LCA.

3.2.1. Description of E3SL

Considering the requirements of the energy system modelling tool for soalkk island systenfsee
Section2.1), the need for flexibility in the availability of data andethotential need to adapt the tool

in the future to facilitate the analysis for islands, a customized modelling tool, based on the
CompactPRIMES Model has been proposed according to the characteristics of the Mayotte island,
that, in parallel, could be edg adapted and used for MAESHA follower islands. The iskcald
version of the modelling tool is called 3. model, and its features are described belawletailed

model description can be found in the MAESHA Deliverable D2.2)

A Programming language3eneral Algebraic Modelling System (GAMSich isa standard
state-of-the-art interface and modelling language in modelling community.

A Fullyfledged energy system model covering both energy demand and supply to capture the
inter-sectoral trends and priedriven interactions;

A Basic modelling logic: market equilibrium with endogenously derived energy prices through
energy demaneupply inteactions to reach an equilibrium;

A Adjustment of the technological resolution of the model to those that are relevant for the
island; i.e. detailed calibration of the model to historic energy system data and energy
balances of Mayotte (and follower islandstustomized sectoral and technology
disaggregation to capture islarstale specificities, detailed modelling of energy policies,
decentralized renewable generation, demand response and flexibility services

A Sectoral coverage: industrial sector, buildingsidential sector, transport, agriculture,
electricity supply. The granularity depends on the availability of information for each sector,
and can expand to the level of different industrial ssdxtors (types of industries), energy
uses in the residentiadector, transportation modes (e.g., cars, busses, trucks) and power
plant types;

A Possibility for the user to model the impacts okpgcific energyelated policiedoth on the
energy demand and on the supply side (i.e., emission reduction pol&igsETS carbon
pricing, energy efficiency standards, phameé policies, RES promoting policies, energy taxes
or subsidies), 2galternative exogenous assumptions for key drivars. population, GDP
growth, industrial production, costs for RES or otheergy forms;

A Time horizon: 2012020 to 2050, 5earstep simulation.

A ¢KS Y2RSt A& 1)l belaccampanibed@ith hangsk téaining, tutorials, and
appropriate documentation to EDM and other relevant stakeholders and authorities of
Mayotte and follower islands.

A Capacity to soft link with a macroeconomic model.

The integrated islandcale modelling framework HSL/GEME3ISL has been developed and
customized to capture adequately the complex interlinkages of the energy system with the egconom
as well as the specificities of the economy and the energy system of @ntewoonnected
geographical island, i.e. serviogented economy, already installed fossied power plants, RES
potentials, load seasonality, costs of RES and fossil fursgeefficiency potential in industries and
households, flexibility services both on demand and supply side (i.e. demand response, rooftop solar
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PV, V2G, batteries, Powty-X), etc.The main purpose of this modelling suite is to quantify and assess
the energy and emissiorfrelated as well as soceconomic impacts of various sectoral technology
and policy pathways towards energy transition with optimal utilization of the available resources.

GEM-E3-ISL

Estimation of
impacts of energy &
climate policies on
the island economy:
trade, employment,
GDP, etc.

E3-ISL

Calculation of
energy demand &
supply, energy &
power mix,
investment
expenditures, etc.

Scenario-based
impact assessment
analysis of energy

transition policies &
technologies on
island scale systems

Figure2: Energyeconomy modelling framwork for islandscale systems

The energy system planning model3ISLis a fullyfledged energy demand and supply model for
detailed energy system projectioh®nergy demand forecasting, power sector planning, as well as for
impact assessment of natiohand local climate and energy policy decisions with a horizon up ta. 2050
Methodologically, it is customised to the specificities of geographical islands, and calibrated on the
energy system of Mayotte. The following Figure depicts the key componentgsiapd outputs of

the model.

LD M) input |

+ GDP and economic growth per sector

Output ))) ) |

Detailed energy balances

Capacity expansion

Power/Heat/eFuel
Unit Commitment

World energy supply outlook — world prices of
fossil fuels

* Taxes and subsidies
* Interest rates, risk premiums, etc.
* Environmental policies and constraints

+ Technical and economic characteristics of future
energy technologies

* Energy consumption habits, parameters about
comfort, rational use of energy and savings,
energy efficiency potential

* Parameters of supply curves for primary energy,
potential of sites for new plants especially
regarding power generation sites, renewables
potential per source type, etc.

Commodity Pricing

icity,
Steam & Heat

E-fuels (Liquid
and gaseous)

Demand Sectors

\es?

Detailed demand projections by sector including
end-use services, equipment and energy savings

Detailed balance for electricity and steam/heat,
including generation by power plants, storage and
system operation

Production of fuels (conventional and new)

Investment in all sectors, demand and supply,
technology developments, vintages

Transport activity, modes/means and vehicles
Association of energy use and activities

Energy costs, prices and investment expenses per
sector and overall

€O, Emissions from energy combustion and
industrial processes

Policy Assessment Indicators (e.g., imports, RES
shares, intensities, etc.)

Figure3 Structure, inputs and outputs othe E3ISLmodel.
¢tKS Y2RSft NBELINBASyia AYRAQDARdzZ f FOG2NARQ RSOA&AZ
balancing of their decisions in simultaneoarsergy markets cleared by prices. As economic theory
suggests, the simultaneous market clearing under perfect competition conditions leads to an overall
optimum of economic welfare, which coincides with the minimum cost of energy for thausers.
The moel explicitly projects electricity prices into the future as derived from cost minimization in the
supply side and the prieelastic behaviors of demanders for energy, thus achieving market
equilibrium.

2Model projections include structure of energy demandsegtor and by energy form, power generation mix by technology,
investments per energy sector, g€missions, explicit calculation of electricity prices and overall energy system costs.
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The model is executed inygar time steps from the base year (2015) up to 2050 and it is structured
in modular way allowing for different methodologies by sector depending on the specificities and the
decisionmaking principles of the various agents inclkasector. The Modules run sequentially,
performing usetinduced iterations. The Balancing and Reporting Modules produce the final results of
the E3ISL tool and reports them in uskrendly Excebased files, which can be customized to include
additionalenergy indicators relevant for Mayotte.

U Demand Module it projects the demand for energy commaodities and investments for energy
efficiency in the industrial, tertiary, agricultural, residential and transport sectors. The module
has also the capacityto¥sidzf  §S G KS AYySNIAlF 27F (K Selaid y & dzY S N.
options and decisions as well as the gradual change of their behaviours, habits and practices
towards cleaner and environmeffitiendly choices paving the way for a clean energy
transition,considering the impact of energy communities.

| *Metals
«Chemicals, Non-
Metallic minerals

* Passenger road,
rail, navigation

* Freight road, rail,
navigation

* Aviation

*Food, drink & tobacco
*Paper & pulp
sTextiles
*Engineering
+Other Industries

Households

*Services
sAgriculture

eHeating & Cooling
+*Cooking
sElectric applicances

Figure4 Sectoral coverage of EISL Demand Module.

U Supply Module This Module decides on how to casgtimally serve the energy demand
requirements for electricity and steam as wad hydrogen and clean fuels when eligible. The
Supply Module incorporates a separate subdule for commodity pricing. The Pricing sub
module calculates the tariffs of electricity and steam per sector of final demand considering
the differential grid cost, as well as the tariffs for green hydrogen and synthetically produced
fuels (clean fuels). The updated prices feed in the Demand Module in the next model iteration
and finetune/adjust accordingly the demand for energy commodities (pélzsstic behavior
of energy consumers).

Table3 E3ISL¢ Power generatiorand storagetechnologies
Power generation

Fuel Technologies

Gas Steam Turbine Combined Cycle Gas Turbine
Qil Internal combustion

wind Wind onshore Wind offshore

Solar Solar PV Solar thermal

Hydro Hydro dam Run of River

Biomass Biosolids fired Biogas fired Waste fired
Geothermal Steam turbine

Storage
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Batteries

Hydrogen

Demand response

Pump storage

Green hydrogen is anticipated to play a key role in the future as it is considered as a primary fuel for
AYRdza G NR Sa&
perspective, the Supply Module generates the quantithydrogen needed by the endse sectors,

to be channeled either for direct use or as feedstock for the production of synthetic liquids for

i KS doK [lONRI S

¢ asSoilz2Na

a dzOK

transport such as ammonia and synthetic kerosene.

E3ISL accommodates several climaad energyrelated policy divers that lead to reductions in GO
emissions, penetration of renewable energy sources and energy savings. These drivers represent
price-related and norprice-related policy instruments as well as regulatory standards. The most
significant policy driverare presented below. Among the pricelated policy drivers of EBSL, the

most significant one is carbon price. Tdebon pricerepresents either a carbon tax or the price of an
emission allowance in case of an emission trading scheme.

Table4 E3ISL modet, Policy drivers

a

YSal ¢

Policy driver

Description

Relevant Sector

Carbon price
Fuel Taxation

Discount rats

Subsidies

Support schemes for
RES, storage, Power-
X, CCS

Phaseout/Lifetime
extension

Enabling conditions

Regulation for ban of
equipmentor fuel

Regulations on
technology standards

Biofuel mandates

Implicit emission reduction target

Excise taxes imposed on fuel prices

Risk premium, which affects the weighted
average cost of capital (WACC) of an

investment
Promotion of efficient equ

Support for heat recovery

ipment

Promotion of renewable fuels¢lar, biofuels

etc.)

Feedin-Tariff/Feedin-Premium mechanism for

power generation by RES, battery storage,

Powerto-X facilitieqincluding hydrogen)

Policies fotifetime extension of power plants

and retrofittingor early retirementof plants

Removal of notprice-related barrierdmarket
failures, behawr/perception, etc.) associated
to the use of emerging technologies and fuels

Technology progress/Learniy-doing
reducing the technology costs over time

Policies to forbid the use of polluting

equipment/fuel

Emission performance standards

Demand and Supply sector
Demand and Supply sector

Demand and Supply sector

Demandside sectors
Manufacturing sector

Demandside sectors

Energysupply sector

Power supply sector

Demand and Supply sector

Demandside sectors

Transport sector

Mandatory Hending of conventional fuels with  Transport sector

conventional and advanced biofuels well as

e-fuelsin transport sector.

Other features, embedded in the model, that represent the islandle systems are:

1 Load seasonalityThe EdSL model accounts for the load variability within a year by using
representative daily hourly load curves with a specific frequency/occurrence. These
representative daily load curves vary according to season (winter, summer) and/or type
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of day (working day, holiday, peak, gffeak) to adequately capture the load variability
and the peak load demand in Mayotte. The current version uses 6 typical days with
average load, 1 typical day including the peak load of the power system, one typical day
with low generation from variable renewable energy sources (rainy days, etc.) and one
typical day with high RES generation (with increased flexibility needs).

1 Agent heterogeneity:The Demand Module distinguishes three (3) agent classes with
different preferences in the choice ohouse equipmenand private carsbased on the
housing living standards, used as proxy to the socioeconomic status. With respect to the
different agent classes, certain parameters in the model are differentiated across the
agent classesugh as the private discount rate for investment in energy technologies or
energy efficiency, the utilization rate of equipment implying that there are different levels
of demand for activity by agent class, etc.

1 Imports: Regarding international trade, H3L is linked with the international markets via
the international prices that are used to import oild and gas in Mayotte. As a single
country modelling tool, it does not account for the simulation of the regional electricity
markets.

1 Electricity tariff scleme: The model simulates a wéiinctioning market, where the tariffs
of electricity, hydrogen, and synthetically produced fuels per sector are calculated
assuming that total energy system costs are recovered by agents, including also possible
stranded inestment costs. The tariffs distinguish between electricity generation and the
provision of grid services (Transmission and Distribution). The price of electricity is
calculated by type of voltage (base, medium, high) and consumer (households, industries,
transport). Negative profit rate is used to simulate the current price subsidization scheme
in Mayotte. Crossubsidization between the sectors is used to calibrate the electricity
prices in the base year.

1 Flexibility and balancingVarious storage optiorare included in the model such as pure
pumped storage plants, batteries and powterX plants, including the production of
green hydrogen. Demand Response practices are embedded in the model and act as
demand shifting (e.g., shifting the use of equipmest, as to smooth the daily peak).
Another flexibility solution is the Hdirectional EV chargingelectricity can flow from the
grid to the vehicle and vieeersa. Thus, the electric car’s battery can be used as a
secondary home power source. Spinningerees as well as neoperating reserves are
considered to secure reliability of supply.

The following table shows the key outputs of thelGR

Table5 E3ISL modet Model outputs

Demand Module Power Module Balancing Module
i Energy Demand by sectc U Power & Heat/Steam G Energy balance fo
and fuel Generation by plant typeand each projection year

i CQ emissions by sector storage type

i Fuel Consumption by plargn

i E Savi E
u kEnergy oavings, neri storagetype and fuel

and Carbon Intensity

i Costs and cost break U Energyrelated CQ@emissions

down (capital, fuel, non 0 Carbon Intensity by plant type
fuel, emissions & taxatiol

i Costs of electricity & hea
costs)

supply and cost brealdown
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(capital, fuel, norfuel, emission

U Capacity Investments ¢ . .
pacity & taxation, grid costs)

Investment Expenditures

i Capacity Expansion |
Investment Expenditures b
plant type

In relation to an LCA, HSL, as other ESMSs, enables the evaluation of alternative policies, capacity
evolution, covering all endse sectors.Stages of the life cycle that are covetsdESMare generally
primary energy productiorfenergy and emission®r extraction of resourcebased on simplified
accounting method ¢ N/A for Mayottg, operational (e.g. energy efficiency and
conversioritransformation losses),fuel combustion (hedsteam supply andpower generation
chemicaltransformation). In terms of emissionsthe model accounts forCQ derived from fuel
combustionand industrial processeasnd does not include other energglated greenhouse gases
(CH, N:O), or GHG by other sources (waste, agriculture, LULU@GIFpoHutants (particulate matter,

NHs, SQ, volatile organic compounds, NOEmissiongrom imported materials or commodities
construction and decommissionirgisposal of assets are not considered

3.2.2. Scenaridescription

Multiple strategies towards nexeo with different technology and policy focus, horizon of policy
action, etc were examined within Task 2.3 to define feasible energy transition pathways for the island
of Mayotte. Based on a etesign approachvith the MAESHA partners involved in Work Package 2
and other Work Packages such as WP4 and,\wi®the local company BD several narratives and
variants were developed underpinning different future configurations of the energy system of
Mayotte towards carbon neutrality by 2050 or sooner.

These scenarios simulate alternative visions of how the energy, policy, technalodysocie
economic context of Mayotte might evolve in the medium and logrgn. Their impacts on energy
consumption, fuel mix, technology uptake, {&@ergyrelated emissions, required investment, energy
system costs and prices were quantified with the tise energy system planning model-E&. and

the macroeconomic tool GEH3ISL, and assessed against predetermined criteria for the future
energy system of Mayotte, including the project KPIs like share of renewable energy, reduction of CO
emissions, etcThe scenario analysis is focused on the assessment of the medndnongterm
energy system, technology, so@gonomic and emissions impacts triggered by the clean energy
transition of Mayotte,with the use of the integrated energgconomy modelling imework E3
ISL/IGEMES3ISL The projection horizon of this analysis is from 2015 up to 2050.

The following scenarios were simulated and quantified, capturing the local specificities,
circumstances, and priorities for the future development of the energg aconomic sectors of
Mayotte:

1 TheBaseline scenari@ase) that accounts for the existing energy and climate policies adopted
by the end of 2020 (Businegs-Usual scenario).

1 TheConsumedriven decarbonizatioscenario (Decarb_Demand) assumesdbtve role of
the local communities and consumers in the clean energy transition pathway, till 2050. The
citizendriven energy actions contribute to increasing public acceptance of émd zere
emission energy projects (especially srsathle rooftop PVefficiency actions, purchase of
electric cars) and provide direct benefits towards carbon neutrality by increasing energy
savings and lowering electricity bills. The activation and engagement of the local community
also supports the provision of cesfficient flexibility services to the electricity system
through demaneresponse and storage.
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1 TheSupplyside decarbonization scenatiDecarb_Supply) focuses on actions related to the
energy supply side with limited changes in energy demand dynaasiesfuly decarbonized
electricity sector is the essential foundation of a net zero energy sydtethis respect, this
scenario is more supplgriven and explores the potential of the local renewable energy
resources in Mayotte.

U TheEarly decarbonization scemafEarly Decarb) assumes the rapid enactment of transition
policies and measures from 2025 onwards, leading to a decarbonized energy system earlier
than 2050, in contrast to Decarb_Demand and Decarb_Supply scenarios that consider the
initiation of transifon efforts roughly from 2030 onwards. The clean energy transition by 2045
requires early and coordinated action in both the demand and supply sectors. The more rapid
nature of the emissions reduction affects particularly the carbuansive sectors, suchs
transport, leading to accelerated transformation dynamics in the meeigmm.

i TheMAESHA&ocused decarbonizatiascenario (MAESHAfocus) explores the impacts of a full
implementation of MAESHA project solutions by 2@230 as well as the achievemerittbe
relevant KPIs of the project, while intermediate targets for 2030 and 2040 are set before the
full decarbonization of Mayotte by 2050his scenario is characterized by high ambition in the
period until 2035 and finally results in early decarbon@atf Mayotte, since one of the most
carbonintensive sectors, transport is envisaged to be decarbonized by 2040.

The policies assessed cover a broad spectrum, including energy and carbon taxation, efficiency
standards, electrification programs, support the uptake of lowand zerecarbon technologies and
vehicles etc. EBSL allows for sectoral modelling accounting for sespmcific policies such as
technology performance standards in transport as well as econwidg policies such as carbon
pricing.The scenarios analyzed in this study differ in terms of policy focus and intensity.

Table6: Overview of the five scenarios of the ESM [42]

Identifier Name Policy Focus Decarbonization Horizon

No significant change in attitudes,
activities, and policies regarding the

Base

Baseline

energy system

Energy and climate policies
implemented to date continue to 2050
but do not intensify, including
reduction in low-carbon

technology costs

No long-term target
Used as benchmark/
business-as-usual case

Decarb_Demand

Decarb_Supply

Consumer-driven
Decarbonization

Supply side Decarbonization

Active involvement of communities
in the transition (energy savings,
demand response, V2G, car sharing,
high rooftop PVs, etc.), high
electrification on demand side
Policies: economy-wide carbon
pricing, enabling conditions !,
emission and technology standards

Moderate community response,
moderate electrification, and
extensive utilization of hydrogen,
e-fuels, and biofuels to decarbonise
Mayotte’s energy system

Policies: economy-wide high carbon
pricing, emission and technology
standards, blending mandates in
transport, uptake of clean e-fuels

Decarbonization of Mayotte’s
energy system by 2050

Decarbonization of Mayotte’s
energy system by 2050

Early_Decarb

Early Decarbonization

Early policy action and high ambition
both on demand and supply sides

Decarbonization of Mayotte’s
energy system by 2040-2045

MAESHAfocus

MAESHA-focused

Full implementation of MAESHA’s
proposed solutions by 2030
Achievement of MAESHA's
relevant KPIs

Intermediate targets by
2030-2040 as set out

in MAESHA
Decarbonization of Mayotte’s
energy system by 2050
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The ESM by E3M provides specific energy system configurations for each of the fiveoscéiidive

energy system configurations allow to meet the respective energy and energy service needs of each
scenario. These configurations serve as the basis for the LCA conducted in this study which constitutes
the first time a comprehensive LCA of teaergy system in Mayotte has been carried out, and
moreover establishes an gost softlinked connection between ESM and L.@Aich is the first time
customized and applied to a geographically isolated island.

3.2.3. Summary of Outputs

The development of the energy sector strongly depends on the-ferg evolution of population,

GDP, and sectoral production of Mayotte, as well as external determinants such as the energy prices
(crude oil), the technology costs and-Edlated climate ananergy policies. The quantitative model

based analysis has been developed based a common macroeconomic outlook of Mayotte that builds

on recent demographic and economic projections provided by the UN and IMF, as well as local
economic reports. Accordingt G KS !'b g2NI R LR LIzZ A2y LINRaLISOi
population is expected to continue growing in the next decades, reaching 495 thousand inhabitants

08 Hnpnd® ¢KS INBgGK 2F (KS AaflyRQa -DWawihanye Aa |
average annual growth rate of 4%, 4.95% in 20035, and about 4% in the period 203650.

Accordingly, the GDP per capita in Mayotte increases from about 9,500 EUR/capita in 2019 to 18,870
EUR/capita in 2050, growing with an average annual growgh386 per annum over 2022D50.

The Baseline Scenario serves as a benchmark point upon which the transition pathways have been
developed and assessed. The policies considered are those derived from the French legislation (e.g.,
on fuel taxation) and thealevant EU Directives (EET'S, technology performance standards for cars
and vans).In the Baseline scenario, an increase of 110% in gross inland energy consumption of
Mayotte is projected in the period 20202050, which is lower than the increase in eooric activity
illustrating a relative decoupling of energy demand growth from GDP. Oil products are envisaged to
continue to dominate the fuel mix of the demaisitie sectors with a small decline in their share from
62% in 2020 to 59% in 2050. Limited erneefficiency improvements are anticipated in buildings and
manufacturing sectors following historical trends and technology advancement. The power mix is
expected to differentiate from the current one, with investments in new solar PV and wind capacities
driven by the decreasing costs of solar panels and wind turbines. Nevertheless, diesel oil continues to
play a significant role in the power supply sector until 2050. In this respect, carbon emissions in
Mayotte continue rising in the future.

On the other fand, dl decarbonization scenari@hieve Ce@emissions reductions larger than 95% in
2050 from 2015 levels, as a result ofemonomywide CQprice trajectory that drives mainly the low
carbon transition of powersupply and industrial sectors, carbon astdards for new vehicles,
technology and efficiency standards, and blending mandates with conventional and advanced
biofuels, as well as green hydrogen asldane-fuels. The challenges and opportunities that emerge
from the clean energy transition of tharious sectors of the island are explored in terms of emission
reduction, fuel mix, energy costs, and seetmnomic implications.

Energy efficiency improvements and fuel switchim¢he building and agriculturakectors are found

to be amongthe mostcostefficientmitigation actions.Investmentsn highly efficient appliances and
emerging technologieand equipmendrive the reduction of endiseenergyconsumption by 2050 in
the buildingsector.Since this sector is already highly electrified, naifiitgant differentiation in the
fuel mix is observed across the decarbonization scenatiasl phaseout leads to a higher
electrification rate and further uptake of solar thermal applications, given that shaaéing use is
very limited in Mayotte dued climatic conditions. In agriculture and the limited industrial processes,
diesel is substituted by electricity and biofuels to a great extent.
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Apart from the direct electrification, that by default leadshigher efficiencythe energy savings on

the demand side helps ease pressure on the energy supply side. This means that less electricity
demand results in less investments in the power production sector. This can be observed with clarity
in the mnsumerdriven decarbonizatioscenario, thatconsidershe awareness and empowerment

of the consumers and the emergence of local energy communities givingdheore active role in
managing their energy consumptidmat helps reduce the investment requirements and costs on the
supply side

Transportaccouns for most of the energy system cosied CQ@emissions in the island of Mayotte.

For some transport segments (i.e., private road transport), the uptake of electric vehicles is the
preferred option to drive decarbonization. However, there are tramspegments witthard-to-abate
emissions e.g., freight transport, aviation, and navigatignwhere direct electrification is very
challenging and there are limited available mitigation optiofise role ofjreenhydrogenand efuels

such as ammonia and rijetic kerosene as well as extensive use of biofuels via blending mandates
and emission standardss significant for decarbonizisgich transport segmentsaking advantage of

the existing infrastructure tosome extent. A strictregulatory framework thatimposes declining
emission performance standardad ambitious blending mandates woukesults inlarge-scale uptake

of low-carbon fuels and reduced emissidanghe road transport sector.

In all sectors, demand for electricity projected toincrease ompared to 2020. The increase thie
electricity share in transport is prominegtanging from 25% t88% in 209 compared to 0% in 2020
or 4% in 2050 according to the Baseline scendrftegross domesti@lectricity demandncreases
even more dudo the increasing needw producegreen hydrogen in various formaither for direct
fuel consumptionor for the productionof synthetic efuels, which represents a considerable share of
energyconsumption in the long rurespecially for navigation and aviatisactors

In all scenarios, apart from Baseline and MAESHAfocus, EDM pldmsl-fwitching ofthe Longoni

and BadamiersCE plantgrom diesel to biodieseby 2030, have been considere@il phaseout is
assumed tamaterialize within the period 286-2029. Existing ICRlants are envisaged to participate

as firm capacity in the provision of ancillary servicesupport the largescale deployment of variable
renewable sources like solar PV and wiitie powersupplymix that servedhe rapidly increaisg
electricity consumption is based on variable RES, accountir@p¥rof the gross power generation

by 2050coupled withstorage (mostly with batteries), IG#ants (using biodieseBnd geothermal
plants therefore, in all decarbonization scenarios giere of renewable energy in power generation
increases to 100% after 2030his means that emissions from electricity production decline rapidly to
zero, allowing the carbofree electricity to be used for the decarbonization of energy demand sectors,
which commonly face higher transformational challenges and have limited emission reduction
options. In this context, green electricity is increasingly used to electrify energy demand across sectors,
both directly and indirectly through the production of gre@ydrogen and duels. Indicatively, the
gross power generation almost triples compared to 2020 levels in all decarbonization sceRiagios.
necessaryflexibility servicesare secured with battery storagand demand responsd-rom the
demandside, highercontribution in balancing is assumed in the Decarb_Demand scenario with wide
demandresponse by consumers and V2G practices.

The EarlDecarbonizatiorscenario considers that the transition to a net zero economy for Mayotte
startsearly in2025and is magrialised by 2045 with ambitious policy endeavours both from demand
and supply sideThis scenario entails certain tradés: energytransition acceleratessall mitigation
options are deployed more rapidly, and cumulative emissiarthe projection peiod decline more
than other decarbnization scenarigsalbeit with higher energy system costs

The MAESHAfocus scenario incorporates the MAESHA project KPIs and MAESHA ladldlibess

not consider the fuel switching of Longoni and Badamiers in 203€e she MAESHA KPIs did not
account for this possible developmer8crutinizing the results of the scenarios, it is evident that the
ambition (in terms of projected emission reductions) of MAESHAfocus is similar to the Early _Decarb
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scenario, but the formeentails higher energy system costs for Mayotte. This is stipulated by the fact
that MAESHAfocus sets the clean transition of the transport sector very early in the decarbonization
agenda, around 2040. The decarbonization of transport entails high coptgt¢hase lowand zere
emission vehicles for road, water, and air transport, as well as to build the required infrastructure
(recharging stations, clean fuel production, etc.). The technology learning incorporated in the
modelling implies that if these c@ transport solutions are implemented early in the transition
process (as in MAESHATfocus), they will lead to higher costs as their learning potential will not have
been fully materialized by then.
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3.3. LFECYCLASSESSMENT

This section details the application of the LCA methodology (see S&ciofor theoretical
background). First, a brief overview of the software used to model the LCA is provided
(subsectior8.3.1). Subsequently, the first three of the four essential pRases of i) goal and scope
definition, ii) inventory analysis, iii) impact assessment are detailed, while step iv) interpretation is
elaborated in Chaptet.

3.3.1. Software and Tools

The analysis was conducted according to the ISO 14040/14044 guidelines,tidherevironmental

impact of inputs and outputs were quantified. As supporting software, the egmamce LCA modeling

tool OpenLCA v1.9 (GreenDelta, Germany) was used. OpenLCA offers an easy link to databases,
including ecoinvent, uncertainty analysis Xilality in parameter definition which allows for scenario
simulation, visualization of system links and a separate impact assessment for each process
separately. The general structure of a database established in OpenLCA to conduct an LCA exists of
the fallowing elementg443]:

Project

Product
system

Sources }

Process

) A
Flow
LCIA method Flow Unit groups
properties J

_——

-
Indicators and
Currencies Locations
J parameters

FigurelO: Database element structure and flow of information. Reprinted frddi3].

Actors: people who have provided data or modified models

Currencies: cost can lassigned to flows and Life Cycle Costing can be performed

Locations: important for regionalized LCA

Sources: literature referenced

Unit groups: groups of units (e.g. units of area include m2, ft2, sq. yd, etc.)

Flow properties: properties of flows (e.gnigth, mass, etc.)

Flows: all product, material or energy inputs and outputs of processes in the product system under
study. A flow is defined by the name, flow type, and reference flow property. OpenLCA distinguishes
i) elementary flows: material or energyf the environment entering or leaving directly the product
system under study, ii) product flows: material or energy exchanged between the processes of the
product system under study, iii) waste flows: material or energy leaving the product system.

= =2 =2 =A== g
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1 Processes: production or modification of products and materials. Processes are sets of interacting
activities that transform inputs into outputs. Every process is defined by an output flow as a quantitative
reference with the flow type product flow.

1 Impact mettods: impact assessment methods imported into OpenLCA (see Subsg&ién

1 Product systems: A product system contains all processes under study. The product system can consist
of one process only or a network of multiple processes and is defined by theenee process. The
product system is the level on which the inventory results and impact assessment is calculated.

91 Projects: can be created to compare product system variants

1 Indicators and parameters: social indicators, global parameters, data gsgdityms

A detailed user guide of OpenLCA is available oflileOpenLCA has proven its function in advanced
LCA within the energy sector for example in assessing complexyetemtgnologies (e.g., biomass
based power generation technologiftb]) or multigeneration and gctor energy systems, e.d46]
and residential energy systerf®r])

3.3.2. Goal and Scope

Following the 1ISO 14040/14044 guidelines,miafy the goal and the scope of an LCA study is the first

step. In Sectio2.2.1the conceptual elements detailing the goal and the scope were presented on a
theoreil A OF f o6l aAad 9ELIYRAY3I 2y (GKS (KS2NBGIAOIf RS
objective is presented, and subsequently the conceptual elements functional unit, system boundaries,

cut-off criteria and the allocation process are speciffor the implementation of this study.

The overall objective of this study is an-depth environmental evaluation ofxplorative
configurationsof MayotteQa Sy SNH& aéadsSY Ay wnpnd ¢KA& aiddzRe
comprehensive ESM and cplaments the previous scenario analysis with a holistic environmental
Fylrfearad ¢KAA aiddzRe Qa & Oz2deph adalysidfodaR Snirgylsysteng Y LI NJR
configuration scenarios generated by means of ESM in the MAESHA project. To condécoatheC

energy system configurations in 2050, all enecgnsuming sectors, and both the energy supply and

the energy demand side are integrated. The additional analysis dimension presented by this LCA study
significantly expands the information valuetbé generated scenarios, as it reveals the environmental

impacts of the energy system configuration beyond direct GHG emissiedsptin environmental

analysis enables the identification of drivers for environmental damages on a resource, product,
process and sector level based on full lifgcle considerations. The higinanularity environmental

analysis allows a further evaluation of the energy system configurations on the one hand and an
evaluation of the scenarispecific constrains and policy measéire 2y (G KS 20 KSNJ KIFI yR®
outputs contribute to refining existing policy directives and highlighting additional focus areas in policy
making.

Functional unit:

Asis described iB2A Y RSGIFAf X GKS a02L)S 2F (KAa addzRe 020¢
system in 2050, that were generated through ESM. The energy system configurations represent
different energy system projections , each resultirapf adifferent technology and policy focand

a differenthorizon of policy actionin consequence of the path dependent characteristic of the ESM,
the final overall energy demand and type of energy requested in 2050 varies across the five scenarios
modeled with E3ISL.The type and quantity of this energy services demand is not exogenously
determined and therefore notidentical for all compared scenarios over the considered temporal
scope. Instead, the type and quantity of energy services to be provided in each scenario results
endogenously from the respective prices and pitasticities that emerged in each respective
scenard. Hence, the functional unit of this study must enable a comparison of the entire energy
systems assessed with their specific energy demands, rather than constituting the provision of a fixed
amount of energy. Accordingly, tfienction of theoverallsysem is to satisfy all energyasedservices
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in Mayotte. This specifically includelemands fromhouseholds, services, agriculture, industry, and
transport. The goal of #h LCA study is to compare different technology mixes for fulfilling this
specifiedfunction. Thereforethe FUof this study is the satisfaction of all energy services in Mayotte

by 205Q To facilitate the understanding of the results and identify trends across sectors, the impact
isallocated to sectors.

System boundaries

The studyappliest WONJ Rf S (G2 3INI @S Q extialttidhahd PridcessiGgyorawy LI & a

materialswhere availablemanufacture of the components of ttenergysystem, its operation over

the lifetime, storage and use, eraf-life waste management and transportati@long the whole life
cycle.

The energy system under investigation has been subdivided into five sectors, wheseesadsets
ultimately draw the previously sourced or produced final energy carriers: transport, industry,
agriculture, services, and resiatial (see~ehler! Verweisquelle konnte nicht gefunden werdgn.

Supply: Power Sector | S — 1 Conversion [

s ™
Power-to- Coolin
Hydrogen g
o /

T
@ -
Heating
ammonia
~. @@/
s >
Electricity
production
g i

'
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Transport sector Agricultural sector

memmsmemmsssmessmssssssssssssessssessssssass Energy carrier

Services Industry
Asset
LPG : i Residential

Figurell: Sectors and endise technologies defined W|th|n the study

Cutoff criteria and allocation process
According to the three optional allocation models within the ecoinvent system modelS &xe2 in

Section2 2.1), GAllocation, cutoff by classificatioh Kl & 0SSy ARSYGAFASR |

~

a

A

{

aedaitsSy Y2RSt F2N) (KA A& & deRphitCuativiti®s2by @lBdatibmbfactors & dzo R

defined by the dataseihto two or more activities, that each have just one reference prodéstin
attributional allocation approach, the product system relies on markets that exhibit average suppliers
and conditions. Byroducts of EoL processes are considered part of theeag®ducing system
without crediting the polluter for supplying recyclable material, thus representinmplauter pays
principle Recyclable materials are considered burden free.

3.3.3. Inventory Analysis

In accordance with the ISO 14040/14044 guidelinesstmdnd step in conducting an LCA is the LCI.
Process data from the ecoinvent database and data derived from literature is complementing and
integrated with the comprehensive outputs of the E3M model. The ecoinvent database is currently
the most popularly sed database for LCAs of energy systems and offers the widest geographical
scope, including African countries close to Mayotte (however, no Maysgeeific data). Other used
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databases are limited in both their geographical scope and energy related pescessg., the NEEDS
database only including Western European countries and technology scenarios from 2025 onwards,
the BioEnergieDat database holding data on bioenergy for Germany only, or the JRC database
including waste and transport data only.

Followirg the structure established by the EDM, in the following the relevant inventory for each
submodule is described in detail.

3.3.3.1.Submodulé&upply Side

In accordance with the structure of the ESM, 13 final distinct energy carriers are utilized in Mayotte
and induded in theLCA (se€&ehler! Verweisquelle konnte nicht gefunden werdgnThefinal energy
carriers differ in their respective place of production. While electricity, solar thermal energy, and
steam is exclusively produced domestically in Mayaymthetic liquids, hydrogen, and ammonia, can

be both producedexternally and imported to Mayottand produced locallyIn this studies different
distribution of locally and externally produced finalezgy carrier are taken into account. Fossil fuels

are assumed to be imported onely due to lack of domestic resources. Due to restricted land resources
biofuel is assumed to be exclusively imported. For all imported fuels the processes associated with the
transportation of the fuel are included in the model.

Table7: Place of production by final energy carriers utilized in Mayotte.

Local production Partly Local productiorand  External production and
external production and import
import
Electricity Synthetic liquids Diesel
Solar thermal energy Hydrogen LPG
Steam Ammonia Gasoline

Biofuel, conventional
Biofuel, advanced
Paraffin oill
Kerosene

Locallyproduced final energy carriers

Electricity Supply

The electricity system of Mayotte is isolated. No connection of the electricity grid to any continental

grid (e.g., Madagascar or Mozambique) exists or is foreseen. Hence, the electricity generation to
satisfy the energy demand in Mayotte occurs exclusively in Mayotte. In accordance with the system
structure of the ESM, the LCA model considers i) RES power plants and ii) conventional combustion
power plants within the electricity generation portfolio (s€&ehler! Verweisquelle konnte nicht

gefunden werden). The RES plantscludewind onshore and offshore plants, commercial solar PV

plants, rooftop solar PV plantas well as geothermal plants. For each of thelsmtsthe electricity

production processconsidered in the LCA mod& characterized by a single asset input flow
representing the construction and EoL of the corresponding plant infrastruciire. Appendix A,

Table Al and Table A2 detail the LCI o&l@lectricity production processes, including assumption of

flows, reference units, and data sources.

The ecoinvent database was consultedrepresent the plant infrastructure assets for commercial

solar PV, rooftop PV, wind onshore plants and geottemptants For modelling thgaroduction and

92[ 2F ty 2FFaAK2NB GAYR GdzZNDAYS | wifdoshaeprdSaa Kl
construction, 2MW ® L G O2 y aecdinieatA ¥ Fdzli XK Sa d ¥R LR gSNJ LI | yix
LI NODAEYRYR2AGNWNI LI | yiGE Ha2 2FFAK2NBI Y2@Ay3 LI NI
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have been chosen based on tleeoinventLINE O &ettécity dproduction, wind, -BMW turbine,
offshore | electricity, high voltage | Cutoff, JROWE A Y 2 NR S Ndnadé® anlofsBoljedzindi S t &
turbine.

resorting to the assetelated input flows of the
ecoinvent LINR O §ieatd andapower cgeneration,
diesel, 200kW electrical, SBIRx reduction | electricity,
high voltage | Cutoff, URONV¢ (G K G NB LINB & Sy i
O2YLRyYySyia F2NI KSIFG FyR St SOiNKOAGE
as components for electricity generation. The process
LINE A RA Y 3 & (Cdamelcinibustion, b dded £
cycle IC plad) encloses diesel, lubricating oil and urea
(required for exhaust gas cleaning) as inputs as well as
all emission output flows associated with the dieseé
based creation of 1kWh of electricity according to the
ecoinventprocess.
The output flows of each of the electricity production
processes on Mayotte armerged inthe overarching
LINE2 Oéedticity joroduction@® ® ¢ KS 2 dzii Lldz
process is the sum of kilowaltiours generated by all six
plant typesincluded in the ESM and LCA toduced
by the loss rates of higholtage, medium and low
voltage gid (as specified by the ESM).
In addition to the electricity production process, the
construction, maintenance and EoL of the grid
infrastructure in Mayottds included in the LCAhe
power grid of Mayotte is subdivided into 16 km high
voltage (90 kV)422 km mediumvoltage (20 kV), and
548 km lowvoltage lines (230 }8,49] which have
been added as three input flows to the overarching
LINE O Skedciricityd production@®¥  OypenLCA
applying an underlying lifetime of 40.8 ye§s$)].
To stabilize the operation of the power grid when
increasingly integrating volatile RES, battery energy
storage systems are deployed in Mayotte. To model
large scale battery storage, tfleft 2 6 & o | Got, SNBE OSftf > [ A
b a/ m weadily availal# inecoinvent, was adjusted
Resorting to the energy capacity of thecoinvent
battery cell of 0.197 kWh/kg ce]bl], the batteries 3
Figurel2: Structure of modeling the
electricity supply in Mayotte

The conventional power plants in Mayotte are modeled z
via open cycle internal combustion (IC) plants. The g
electricity production by means ofC plants was 8
Y2RSt SR o0& ONXSdleidtdcyyprodidticdh, LINR OSaa &
opencycle ICplait 6 KA OK A& OKI NI OGSNAT SRZ0& ds2 Ay Lz
Ft26ay a2LISy OeOt$S IsitheLX I yzs8% wnnl12é NBLNBASY
construction and EoL of the asset (analogously to the :gf: - 3
w9 { LJ | ybiirded dies&, Infofen aycle IC péant S;Q 2 I
accounts for the combustion of the previously imported E°EE E =3
diesel fuel (seeAppendix Table A3 The upstream Se . ?5 N E;
process ofproviding the IC planflow (6open cycle IC Ty 2 =2
plant construction, 1M\8) has been created by :Ei"; s °F
SEEf5g
i
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specified by the ESMere be expressed in kilograms to be modeled by ¢veinventf f 26 a o G G SN

celbLLLA2Yy X ba/ mmMmmeéE P
Asummaryofthd / L NBLINBASYlGAy3d aleéz2ii85Qa St SOGNROAGE
power plantsgrid infrastructure and battery storage) is presentedippendix table Al.

SelfProduced Steam Supply

Steam plays a crucial role in diverse industrial applications owing to its effective capacity for storing
and conveying thermal energy. Its production can be derived from a broad spectrum of energy
sources, affording industries the flexibility to tailoreih steam generation methods according to
factors such as availability, cesfficiency, and environmental impact. The swift and uniform heat
transfer capabilities of steam render it indispensable in manufacturing processes, heating
applications, mechanitaystems, as well as cleaning and sterilization proced{62%.According to

LJ

the ESM seltINP RdzOSR adSIY Aada NBjldzZA NS R2 a ly O @k &inghRoRE2IRNR

processes ando-calledHorizontal energy uséd&hich are not directlyassociatedwvith an industrial
processDue to its physical properties, steam can only be produced in direct proximity to its use. Given
the climdic conditions in Mayotte a local district heating network is absent. Hence, steam is
exclusively produced onsite industrial facilities by didedlindustrial boilers.

It is noteworthy that according to the ESM the four decarb scenarios exhibityads period (from

2030 to 2045) in which diesel and biodiesel feeds are blemiéuke fuel mixbefore running entirely

on biodiesel from 2045 onwards.

To model the local production of steam@penLCE i KS dtadd @d&Idction@m¥lunitesthe

two fuel input streams of diesel and biodiesd@lhe ecoinvenF f 2 ¢ G2 Af 02Af StIN&E ™A n

installed assets (saable Appendix Afor the LCI). The biodiesel feed has been modeled by using the
SySNBHé OF NNASN) aoA2FdzSt | ROFYyOSRé a | LINRPE@&O®

Solar ThermaEnergy Supply

Solar thermal energy operates on the principle of utilizing the sun's radiation to warm a fluid, which is
subsequently employed to provide thermal energy for a range of heating applications. These energy
systems generally comprise solar colte's that capture sunlight and transform it into heat, along with

a heat transfer system responsible for conveying the thermal energy to its designated p{Bppse

In Mayotte solar thermal energy is pgeminantly usedor water heating in residential households.
Increasingusage is assumeir water heating purposes in the services sector, as well as for heat
generation in the industrial sectors.

Due to the absences of district heating networkin Mayotte, solar thermal energy is generated
directly at thepoint-of-end-use As no fuel is iguired, all environmental impacts associated with solar
thermal energy can be attributed to the product lifecycle of the asset (i.e., the solar thermal water
heater) used for the local provision of the desired heating senAcsolar thermal water heater
consisting of a solar collector system and an auxiliary electric heatingrenmodeled to account for

a solar thermal energy system

Locally or partly externally and imported produced final energy carriers

Synthetic Liquids Supply

Synthetic fuels mrduced fromrenewable energyesourceglow-carbon electricity transformed into
green hydrogen and then to clean synthetifuels)offer a promising solution to secure the supply of
liquid fuels in airborne, maritime, and lafizhsed transport applicationthat are difficult to be
electrified These fuels, derived from combining Gd renewable electricifitydrogen have the
potential to provide neazero carbon emissionfb4]. Particularly for the transportation sector,
synthetic fuels are advantageous as they do not require any changes to engine design or fuel
distribution infrastructure, unlike usinglds a final energy carrier. Therefore, synthetic fuels hee t
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considered aviable option for powering conventional aircrafts in the long term, as these vehicles
currently rely orliquid fuels[55].

Synthetic fuels can encompass a range of substances and production methods. TheTFgoeh

(FT) synthesis is the main production pathway for synthetic liquid fuleishware more compatible

with conventional transportation fuels than other synthetic fuels, such as methane or metf&jol
Therefore, this studgonsiderg=TFsynthesis to represent thproduction process fosynthetic liquids
supply for Mayottan line with the ESM scenario projections

The FIsynthesis process involves splitting.@@o CO via reverse watgas shift reaction (RWGS).
The CQfeedstock can be obtained from various sources, including flue gases, industrial byproduct
CQ, or direct air capturing (DAC). The resulting CO is then combined with (gretenfon syngas,
which subsequently reacts to form liquid hydrocarbons as the actual FT synthesis reaction. Ultimately
the produced hydrocarbons are further upgraded to diesel/kerosene qualityHgeee 5).

ﬂ» High Temperature | gyngas | Fischer-Tropsch | syncrude Product Highqua!ity
H, Reformer > Reactor » Separation and ¥ Synthetic
——P . RWGS FTS Upgrading liquids
from electrodyiys

Figurel3: Production of synthetic quids from C@and green Hyvia FischeiTropsch synthesig87].

As reported by Konig et 4b7], the F¥synthesis produces three distinct fuel types, namely synthetic
gasoline, kerosene and diesel. Howewaccording to the structure of the ESM, the LSAplifiesthe
toy23 RAFTFSNBYGAIGS o0Si6SSy GKSasS Fdz8ft GeLSao
summarizingproxy with a LHV of 43.9 MJ/kg.

Synthetic liquids production can either takeapé locally in Mayotte, or externally considering the
import. Each production pathway consists of an upstream £@roduction process and the main
synthetic liquids production process. The LCls for these four processes are presefitethble 13

and the underlying assumptions are outlined in the following paragraphs.

Based on the flowsheet simulation results of Konig ef%¥], the input quantities necessary to
produce 5.47 kg of synthetic liquids can be derived. This includes the required amoung,of CO
hydrogen, and electricity.

According to the ESM, the gf@edstock to produce synthetic liquids is obtained through direct air
capture(DAC). The process is represente@ipenLCAy a DAC system that captures,@Om the air

using cyclic temperatugracuum swing adsorption, as described by Deutz and Bafg®wDue to
abserce of accessible LCI data on the associated material quantities of the DAC plant infrastructure
and adsorbent production, these parts have been omitted in this LCA study.

For the externally produced synthetic liquids that are imported to Mayotte, the hyeindeed could

be sourced from either gregfossil)or green(renewable)hydrogen productionFor this study, it is
assumed that 100% of the imported synthetic liquids are based on a green hydrogen feed. This
decision is based on the consideration thatthe baseline scenario, where no hydrogen is used in
Mayotte and thus no prexisting contractual relationships with hydrogen traders abroad exist, newly
established import relationships for decarbonizing the energy system in Mayotte are likely to zioriti
green hydrogerthrough water electrolysisFor locally produced synthetic liquids, tloealelectricity
mix of Mayotte (year 20505 used. To model the external production of synthetic liquids the process
must rely on the global electricity mix inset@f the local electricity mix. Theecoinventdatabase,
however, reflects only the current configuration of the global electricity mix, which might not suitably
represent the future configuration of the global electricity mix in 2056x. directly importecenergy
carriers, thereforethe scenariespecific electricity mix of Mayotte has been used as a proxy to portray
a significantly decarbonized electricity mior other upstream processes, i.e., manufacturing of
assets, the ecoinvent electricity mix a®jacted in 2050 (with high shares of renewable energies) is
maintained.
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The Freaction is recognized for its exothermic nature, leading to the production of excesfbigat
However, this surplus heat can be captured and integrated into the system to lower the steam demand
for the energyintensive C@apturing process. Assuming the upstream DAC unit is in close proximity
to the synthetic liquids production, the waste heat from FT can be employed in the DAC unit, reducing
its steam requirement by 3.444MJ/kg £€Qonsequently, there is no modeled waste heat output in
both the imported and locally produced synthetic liquidseda the reduction in steam requirements

for CQ production via DAC.

Hydrogen Supply

Hydrogen holds great promise as a clean, renewable, and versatile energy carrier when produced from
renewable energiesAccording to the ESM optimizatioRpr Mayotte hydogen plays an important

role to decarbonize freight and passenger navigation as well as to power Fuel Cell Electric Vehicles
(FCEV) to facilitate lighand heavyduty transport as well as passenger mobiliydrogen can either

be produced externally andubsequently imported to Mayotte, or it can be produced locally in
Mayotte through electrolysisseeFigurel4 representing the processes within th€A model

hydrogen » 1 kg hydrogen,
production @M prod@m

hydrogen, green (electrolysis), ammonia, green ammonia mix, shipping NH3 as
external production external production transported to port H2 carrierto M

1 kg hydrogen,

[(—* hydrogen, import imported

Figurel4: Process overviewModeling a) local 12 production and b) 2 imports inOpenLCA

Todaythe most common production routef hydrogen relies onatural gas to produce hydrogen via
steammethane reforming (SMR}owever, alternative renewablebased methods for hydrogen
production are commercially available and will be constantly improved by 20&0uding water
electrolysis or thermochemical wateplitting. Among these, electrolysis currently shows the highest
technical readiness levahd market maturityand is therefore chosen as the process route to model
the decarbonizedreenhydrogen productiorin the ESM and LC8ince there is no suitabé&eoinvent
process available that represents green hydrogen production by means of electralysiscess
(6hydrogen production@B®) has been developed based on literature. It involves various inputs, which
can be categorized intoonsumablesnd assets The consumables include electricity and ultrapure
water as feedstock, as well as cooling water. The required assets include an electrolyzer, compressors
and hydrogen storage vessels, as illustrateigurel5illustrates the modeled process.

consumables

electricity

ultrapure water

cooling water hydrogen pr;)a'uctron@M 1 kg hydrogen, prod@M
assets hydrogen, green (electrolysis), — /
electrolyzer external production 1 kg hydrogen, green
compressor

H2 storage vessel

Figurel5s: Inputs to model local & external green hydrogen productiondpenLCA

Bareil® et al[59] provide a comprehensive LCI for the production of a 1MW Polymer electrolyte
YSYONIYS o6t9a0 St SOGNRE &l S adctrolyza)FEM Badk prdlicéonk S | & a
FYR 0t y @®BctrdyZer, PEM, Balanced of Plant, productiands datakhas been used to
NELINB&ASY(l GKS St SOGNREtel SNIAYy (GKS LINRPOSaa aKéRNR
capacity according to the ESM.
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The model granularity of the ESM does not provide information on the installed capacity of
compresors present in the periphery of the electrolyzers. However, Terlouw ¢6@].suggest a
300kW compressofrepresented by theecoinventT £ 2 6 & I A NJ O 2typeIsdsprésfoNE & O NX
o n n 1 foreeach 1MW electrolyzemwhich is adoptedor this LCA.

To model the hydrogen storage vessels, this stadgpts the assumptionsf Palmer et al[61] to
represent a storage for 527 kg of hydrogen. Assuming that enough storage vessels are deployed in
Mayotte to obtain thestorage capacity of at least a daily production hydrogen, the quanfity
hydrogen vessels per kg hydrogen produced can be derived. The input quantities for the three asset
types per kilogram of hydrogen produced exhibit slight variations across the four decarbonization
scenarios, based on the ESM data. To streamline thiysisaand simplify the modeling process, the
infrastructure quantities are assumed to follow those of tBecarbDemand (dD) scenario in all
scenarios. This decision is made ashleearlibemandscenario represents a middgroundand cost
efficient configuation of a decarbonized Mayotte energy systermand using its infrastructure
guantities across all scenarios ensures consistency and facilitates comparisons among the different
decarbonization pathways.

To quantify the electricityequirementsto produdng 1kg of green hydrogen by means of a PEM
electrolyzer, the electricity deman@lirected to hydrogen productiorgtated by the ESM has been
divided by the corresponding amount of hydrogen producHte specifielectricity demand of ~45.7
kWh/kg H of the decarb demand scenario serves as an approximation for all scenarfosh is a

logical assumption as the same electrolysis method is used in all scenarios develope&by E3
Moreover, the required quantities of cooling water and ultrapure water as feadstior the
production of green hydrogen are obtained from Terlouw ef@f)]. Fugitive emissions are neglected.
Table A2.summarizes th&.Cls to model the local hydrogproduction

To model the external production of greéa@ RNR ISy  {HydBogdnINddddicn@ ¥tide

global electricity mix was approximated with the scenar8pecific electricity mix by 2050,
representing asignificantly decarbonized electricity mix.

As it is impractical to transport gaseous hydrogen kg sver long distances, given the low energy
density, the conversion of hydrogen to ammonia and shipping in liquid form was cons[62iedt

the pointof-destination, ammonia is considered to be reconverted into hydrogenammonia
cracking. Shipping liquid ammonia is a vesllablished practice and currently fosdérived liquid
ammonia is transported in large quantities with tankers at eit!83°C under atmospheric pressure

or at 25°C at 10bd62]. However,cracking ammonia is currently not available at scAkirst large

scale ammonia crackers are expectedo®market maturein the late 2020sthe process can be
considered commercially available and ceffective in 2050 Analogous to synthetic fuels and
hydrogenonly green ammonia is chosen as the energy caimiéne with the ESM modgtonsidering

the decarb scenarios' prioritization of greenhouse gas emissions reduction and the absence of pre
existing contractual relationships with ammonia producers abroad in the baseline scenario.

The external production of green ammonia and the subsequent transpamn fthe external
production sites to the exporting port have been modeled according to the rationale explained in the
following subsectioPAmmonia SupplyThe subsequent processa KA LJLJAY 3 bl o | a | H
models the shipping of liquid ammonia to Mageby ship, with an assumed average distance of 6,000
km. The electricity required to refrigerate the ammonia-88°C under atmospheric pressure to
maintain its liquid state has been accounted for in the prod®sassuming the global electricity mix

It is important to note that the use of imported hydrogen as a feedstock for local ammonia production
in Mayotteis not consideredas it would involve importing hydrogen in the form of ammonia, only to
convert it back to hydrogen and then-synthesize ammuia. Consequently, all imported hydrogen is
used exclusively in vehicles. To ensure rapid and efficient refueling, the hydrogen must be compressed
up to 880bar[63]. Both the ammonia cracking and compression to 880bar have been accounted for
Ay GKS T hybioden, i@ O0Saa a

Y
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S| Table 1provides the LCls to model the import pathway of externally produced hydrogen to
Mayotte.

Ammonia Supply

Ammonia, a versatile compound, finds application as a reagent across various industries, including
agriculture and chemicals. Recently, it has garnered attention for its potential as an energy carrier due
to its high energy densifyas well as its ease of storage and transjpe4i.

In the context of Mayotte, ammonia assumes a crucial role in the effort to decarbonize both freight
and passenger navigatiand aviation Additionally, it serves as a pivotal intermediary, enabling the
long-distance import ofexternally produced hydrogen to the region. The production of ammonia,
accomplished through the Hab®&osch (HB) process, has been in widespread use since the early
1900s. This process entails the reaction of nitrogen and hydrogen over abasaa catalgt under

high pressure and temperature conditions. Depending on whether grey or green hydrogen is utilized
as the feedstock and fuel for the HB synthesis reaction, the resulting ammonia is categorized as either
grey or green, respectively.

ammeonia, > 1 kg ammonia,
production @M prod@M
a)
b)
hydrogen, green (electrolysis), ammonia, green ammonia mix, . 1 kg ammonia,
ydrogen, & ( . ysis) — & , > —» ammeonia, import | - » &
external production external production transported to port imported

Figurel6: Process overviewModeling a) local NB3 production and b) NHdimports inOpenLCA

The local production of ammonia in Mayotte is facilitated via the HB synthesis reaction using solely
locally produced green hydrogen as feedstdgk.imported hydrogen is used as feedstock for local
ammonia production in Mayotteas importedhydrogen arries in Mayotte in the form of ammonia

for ease of transportHence, double reconversion is avoided for efficiency and cost redseas

previous subsectioflydrogen Supply

¢KS dzy RSNI @Ay3 02 dmyhidniaNfrod@tbn@®K SS yLINPAG SiB-syntisSis | O G dzi f
reaction starting at a readily available hydrogen feed, since the production of hydrogen is modeled
separately irDpenLCAor a more modular, disaggregated allocation of impacts. As there is no suitable
ecoinventprocess available that coverbg HB synthesis reaction based on green hydrogen, the

LINE O&rimaniagproduction@¥ Kl & 0SSy ONXSI G STRe regliradSriputste/ € A G SN
categorized intcconsumablesnd assets The consumables include the hydrogen and nitrogen feed

for the chemcal reaction to form ammonia, as well as electricity and cooling water (losses) to generate
favorable process conditions for the reaction ($dgurel?). While the required input amounts of

hydrogen and nitrogen per kilogram green ammonia have been obtained from Sing[68},alooling

water lossesre adopted according t&havam et al[66].

Electricity is mainly needed for compressors that carry out three different compression ¢asks
facilitating the final ammonia separation by condensation, generating the high pressure for the actual
ammonia synthesis reéion and driving the continuous synthesis Iof§¥]. The ESM specifies the

St SOGNROAGE RSYIFYR 2F | O2YLINBKSYAaA@S alLRgSNI (2
reaction and the upstream hydrogen production. To avoid doubtaunting and enable a more

granular impact analysithe LCAstudy applies a disaggregated process view which models hydrogen
production as separated from the ammonia production process (represented by the HB ammonia
synthesis reaction)lherefore, the electricity amount specifibg the ESM, must be adjusted to solely

consider the electricity required by plant infrastructure present in the HB ammonia synthesis reaction
(without hydrogen productiorthat is modelled seperate)y The only electricity demand of the HB
synthesis reactio stems from the HB compressors that carry out the three aforementioned
compression tasks.
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Verleysen et a[67] describe the electricity consuming plant infrastructure of a comprehensive green
ammonia production system to consist of an electrolyzer, a Pressure Swing Adsorption unit (to obtain
nitrogen from the air) and HB compressors. They consurr@594, 0.91.6%and 3.48.1% of the total
electricity demand of the comprehensive ammonia plant, respectively. Based on that, the specific
electricity requirement for the HB synthesis reaction can be derivedTabkeA2.3.

The electricity intensity per kg of ammoniaopuced variesonly marginallyacross the four
decarbonization scenarios, as per the ESM (able A2.3. For simplicity and consistency, the
electricity intensity of the decarbDemand scenario is applied to all scenarios, as it represents a middle
groundand costefficient configurationof the decarbonized energy system of Mayotte

Il OO2NRAY3 G2 GKS 9{a GKS aLRgSNI (G2 FYY2YyAlLE LI
around 6,600 tons of ammonia in 2050. Therefore, the electricity demand of the agegeyamonia

plant (incl. H production) is about 9.3 kWh/kg NHAssuming a 5.75% electricity share (the mean of
3.4-8.1%[67]), around 0.54kWh/kg NHs required by the disaggregated ammonia plant (exel. H
production).

While fugitive emissionsf the procesare negligibld65] and therefore have not been included in the
model, the conglerable heat creation (2.7 GJ/t BHlue to the exothermic nature of the ammonia
synthesis reaction has been accounted for by means oétmnvent¥ f 2 6 G KSIF G gl adsS o
g GSNE dzyaLISOATASROE +Fa Al Ol yyeaqp8l.o0 S LJdzNL1J2 & S ¥ dzf f
The modeling of the HB ammonia plant (exelpkbduction) inOpenLCAncludes the following plant
infrastructure assets: ammonia synthesis reactor, condensers, HBresaors and ammonia storage
vessels. The condensers are needed to separate ammonia from excess nitrogen and hydrogen by
refrigerating the gas mixture until the condensation point of ammonia is reachecbrding to
AMMPower[69], the foundation area for the upstream electrolysis (233 im nearly identical to that

for the ammonia synthesis reaction (232%)mwith ammonia storage excluded from this area.
Assuming that the space is utilized similarly for both hydrggewniuction and ammonia synthesis in

terms of equipment density and material composition, it is reasonable to consider the area as an
indicator for related impacts of the assets. As a result, the electrolyzer and compressor used in the
processd K @ R NENP RYHZ0 (i Li3erye Bs & proxy to represent the ammonia synthesis reactor,
condenser and compressors while the ammonia storage vessel is modeled by resorting to the 83m
hydrogen storage tank of Palmer et[&l1] as a proxy. The quantification of plant infrastructure inputs

is documented irAppendixTable A2.3while AppendixTableA2.5presents the detailed LCI to model

the local ammonia production i@penLCA

consumables
hydrogen
nitrogen

electricity ammonia, production@M 1 kg ammonia, prod@M

cooling water / /

ammonia, green external production 1 kg ammonia, green
assets
NH3 synthesis reactor, waste heat

condenser,
COMPressors

NH3 storage vessel

Figurel?: Inputs to model local & external green ammonia production@penLCA

Figure16b presents the schematic process design for modeling the import pathafieexternally

produced green ammonia to Mayotte i@penLCATo model the external production of green
FYY2YAL GKS 20 fammdh@podeCtion@dly’ KUINE @SSsSy d RI LGSR o8
hydrogen feedstock to green hydrogen provided by the précdsdrogen, green (electrolysis),

external productiod seé LINE @A 2 dza adzo a SO0 A 2 yinaldgoud FONByddgen { dzLJLJ
production the scenariespecific electricity mix of Mayott@ 2050has been used as a proxy to portray

44



a significantly decarbonizé8lf SOGNRA OA (& YAE® ¢ KSmnddadgiebriiektgial LINE OS
productiort  ORg&&7).

TK S LINBEnDriadmixgtransported to parmergesall streams of green ammonia from different

external production sites including transportation to the exporting port (Siegirel6).

The transport andimport of liquid ammonia byship, including the electricity requirement for a

continuous refrigeration on board the shjp0]x A & O2@BSNBR o6& (dndon@z2y a S O dz
importt ¢ KAOK | aadzyrSa vy | @S NIEEFicity reduitedlt refRgkateihe y OS 2 F
ammonia to-33°C under atmospheric pressure to maintain its liquid state has been accounted for in

the processby assuming the Mayottgpecific electricity mixA summary of theLCls to model

ammonia imports irOpenLCAre shown iPAppendix Tabl@.4.

Externally produced Final Energy Carriers

The final energy carriers diesel, LPG, gasoline, biofuel conventional, biofuel advanced, paraffin oil and
kerosene are solely produced externally and subsequently imported to Maysittee no local
production is foreseen due to limited resource&part from biofuel (which requires a more detailed
analysis), all final energy carriers have beswdeledassumingcorrespondingecoinventproduction
processeswhich areextended by an additional input flow to aaoat for the transportation process
through tankerdgnvolved in importing the energy carriers to Mayotte.

AppendixTableA3.1summarizes this rationale and presents the assumed import distances, means of
transport and the newly created overarching imporbpesses that have been createddpenLCAo
consolidate both external production and transportation to facilitate the import of each of the
respective final energy carriers. The LClIs for the supply of each of those final energy carriers are
presented inAppendix Table A3.2

Due to lack of information on the exact countries of origin of efdsil fuel that is imported to
Mayotte, the top partner countries for fuel imports to Madagascar in 2020 have been considered
which are theUnited Arab Emirates andi&di Arabid71]. The mean distance from Port of Mina Jabal

Ali (United Arab Emirates) or King Abdul Aziz Port (Saudi Arabia) to Port of Mayotte has been
approximated to be 6.000 kinased on geographical informatiolhe modeling of iefuel has been

based on a more complex rationale, which is explained in the following paragraph.

Biofuel Supply

Bioethanol has emerged as a promising and sustainable alternative to converitesidluels. It is
produced through théermentation of starchy biomass using the yeast Saccharomyces cerg¢viae
The resulting biofuel can be categorized iteo main types based on the source of the starchy
biomass used: firsjeneration biofuel, derived from edible energy crops (referred to as "conventional
biofuel” in this study), and secorgkneration biofuel, derived from lignocellulosic substrates (refer

to as "advanced biofuel" in this study). Initially, figeneration biofuels derived from edible energy
crops like sugabased crops (such as sugarcane, sugar beet, sorghum),-s@seld crops (like corn,
wheat, barley), or oibased crops (such aapeseed, sunflower, canola) showed promise in reducing
reliance on conventional fossil fuels and decreasing greenhouse gas emjgSiorowever, with the
emerging fuelersusfood debateand the resulting sustainability issues (e.g. increased emissions due
to land use changesjirst-generation biofuels have been criticized for potentiallygaalizing food
security, and competing for arable lafidd]. Therefore, secondeneration biofuels are regarded as
the more sustainable alternative because their feedstock is lignocelldtasied biomass that is
abundant, inexpensive, and typically consists of-edible plantscreating no competition with food

supply[75].

To model the import of biofuel, first the production of bioethanol via fermentation to achieve a 95%
solution state using thecoinventprocessd Y I NJ S F2NJ SGKI y2f 3 gAGK2dzi &
from fermentation| ethanol, without water, in 95% solution state, from fermentation | Cutoffwas

consulted This process describes bioethanol production from various biomass sources such as maize,
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sugar beet, wood and grass. To produce conventional biofuel, onlyidhealss sources derived from
edible energy crops have been used to create the prodasethanol conventional, fermentation to

95% solution statelh OpenLCAThe remaining lignocellulosic biomass sources have been selected to
represent advanced biofuelhtis creating the proceshioethanol advanced, fermentation to 95%
solution state'in OpenLCA

Both biofuel streams undergo a subsequent dewatering step from 95% to 99.7% solution state. Since
biofuel is notproduced locally in Mayotte, but only imported,final import process using a shipping

for petroleum over an average distance of 6,000 km to reach Mayotte is used, which is a very
conservative estimation assuming that nearby countries eventually would not facilitate sustainable
production of biomass b8050. Bottthe dewatering and the import are included in the newly created
LINE O Shiotud donvéntional, impoét | idRuel @dvanced, impait  QpgnLCAseeAppendix
Table A3.3or the LClIs).

3.3.3.2.Submodul®emand Side

The LCA adopts the structure obtESM to model the demargide of the energy system in Mayotte.

The ESM establishes a concise hierarchical structure, in which detailed demand processes (LEVEL1
demand processes) can be clustered by demand in 14 subsectors (LEVEL2 demand processes), which
again can be clustered into LEVEL3 demand processes, which finally are summarizdateufider

sectors agriculture, industry, transport, households and servit&/EL4 demand processese

Fehler! Verweisquelle konnte nicht gefunden werdehis overarching process collects the most
downstream unitless reference products of the five sectors agriculture, industry, transport,
households and serviceBach othe lowest level demangrocessegLEVEL1 demand processias

a unitless reference product to represent the respective energy service being fuldillsatisfy the

demandd C2NJ Ayaidl yoOSs (KS$AGR HGHT mg KRASOKihg WghtiRghNRED S5 a4  a
the agricultural S OG 2 NE Syl Afa GKS dzyAidfSaa 2dzildzi a! Dwy
SYSNHE& &aSNBAOSO® | éntirdSystein S AR YR@REN(IRP Deids 2f thie

LINE OéniréSystera | £ f 20 KSNJ LINPOSaasSa | NBsystemythaSiR G2 T
subsequently processed penlLCAo quantify the related environmental impacts (see LCIA phase in
section3.3.39. In the following, a detailed description of the LEVEL1 demand process modeling is
provided.

The demand side usedbe final energy carriergsee section 3.3.3.8s inputs, thereby linking supply

and demand side i©penLCAThe LEVEL1 demand processes differ in such processes that require
energy carriers that can directly be used without any transformatja.e., electricity,solar thermal

energy, steant and such processes that demand energy carriers to be combustéad the case of
hydrogenreconverted into electricity by means offael cel). Figure19 illustrates this essential
conceptual difference.

However, each of the LEVEL1 demand processes require two distinct inputs; i) a final energy carrier

(to be either combusted or used directlf)d ii)an asset to repremt the enduse technology in which

this final energy carrier is ultimately used.

In the first case (seBigurel8) of LEVEL1 demand processvith afinal energy carer to be used

directly (e.g., the process m ¢ | h | U fefré3énting the provision of lighting in households) the
FAYlLE SYySNEE& OFNNASNI 0KSNBE aSt SOUNAROAGEXate® Oy
Theimpacts related to the productio of this energy carrier have already been accounted for in the
upstream production processes of the supply side. For instance, no additional emissions are released
when using electricity for residential lighting that have not already been accounted far modeling

the respective power plant. In addition to simply using the final energy carrier as provided by the
supply side, the second required input for modeling such a LEVEL1 demand process is the asset in
which the conversion of the final energy caNi# dzf GA Yl GSf & GIF1Sa LI OS 06KSN.
approach the entire product lifecycle of the respective arsé technology is accounted for.
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In the second case (s&&gurel9), when modeling the LEVEL1 demand process of an energy carrier to

be combusted (e.g., the proce@sm W | h | U /repres€értirdg residential cooking by means of LPG
ai20Sa0 GKS FTAYylLf SySNH@& OF NNA SN LW@i@sRd@tBn o0& (K
transforming being usedn fact, it is necessary to model the combustion of each final energy carrier
depending on the specific endse technology in which the combustion takes plaagburning the

same final energy carrier in two different assetsy essentially result in two different emission

profiles. Thereforeprocesses (e.gd [ t D 02 Y 0 dz& ihaglesn creafed EOpenA Ahat

serve as inputs for the respective LEVEL1 processes (in this exafngleD 02 Y0 dza isAhe@ Y= A Y
input for the LEVEL1 demand processa | h |  / An&logdus to the previous case, thecond

required input for maleling such a LEVEL1 demand process constitutes the asset in which the
O2YodzaltAzy 2F GKS FAYyIlf SySNHe& OF NNASNJ dzf GAYF (St
In the following two subsectionghe modeling ofthe required enduse assets as well as the
combustionprocesses of final energy carriers in each specifieleeechnologys described in detail.
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Table8: Overview of demand processes and clustering.

LEVA 4 demand LEVA 3 demand LEVA 2 demand
LEVA 1 demand processes
processes processes processes
ProcessName in ProcessName in ProcessName in ProcessName in ProcessName in Descrintion
openLCA openLCA openLCA openLCA openLCA P

1 AGRHC Agriculture-Hectric uses
1_AGR HEATB Agriculture-Heating- Boilers

. 1_AGR HEATE Agriculture-Heating- Bectric

2_Agriculture - —
1_AGR LIGHT Agriculture-Lighting
1_AGR PMOTD Agriculture-Pumping& motors- Diesel
1_AGR PMOTE Agriculture-Pumping& motors-Hectricity
2 Feail Bk 1 FODRTB HSP  |Food, Drink & Tobacco - Horizontal energy uses- Specific electricity use
lo] rn N N
3_Industry - Tob;cco ~ |1_FDDRIB HT Food, Drink & Tobacco - Horizontal energy uses- Heat uses

1_FDDRTB_THP Food, Drink & Tobacco - Thermal processing
1_FARHDT_DS. Road Freight Transport - Heavy duty vehicles- ICE- Diesel

2_Roadl Freight 1 RRHDT HE Road Freight Transport - Ht duty vehicles-Hectric

Transport_Heavy |— = 9 sport - Feavy duty .
1_FRHDT_H2 Road Freight Transport - Heavy duty vehicles- Fuel cell
1 ARDT DS Road Freight Transport - Light duty vehicles- ICE- Diesel
1 ARDTHE Road Freight Transport - Light duty vehicles- Hectric

X 2_Road Freight 1_ARDT G Road Freight Transport - Light duty vehicles- ICE- Gasoline
4 _Transport 3_Freight Transport — N - - -

Transport_Light |1 FRIDT H2 Road Freight Trangport - Light duty vehicles- Fuel cell
1_FRDT_PHEVDS. |Road Freight Transport - Light duty vehicles- Plug-in Hybrid - Diesel
1_FRDT_PHEVGS. | Road Freight Transport - Light duty vehicles- Plug-in Hybrid - Gasoline
1 RWTR HE Inland Freight navigation - Hectric - Hectric

Znland Felgnt e o [infand Freight navigetion - Bectric- Fudl cal

Nzt o | nland Freight navigation - Hectric- c
1_FRWTR OIL Inland Freight navigation - Oil
1_HOU AIRC Households- Thermal Uses- Air Conditioning
1_HOU_BAP Households- Black Appliances
1_HOU_COOKE Households- Thermal Uses- Cooking - Hectricity
1_HOU_QOOKS Households- Thermal Uses- Cooking - Soves
2_Households —
- 1_HOU_LIGHT Households- Lighting
entireSystem 1_HOU WAP Households-White Appliances
1_HOU WTHE Households- Thermal Uses- Water Heating - Hectricity
1_HOU WTHR Households- Thermal Uses- Water Heating - RES
2_NonEnergy. -
- - 1_NONBEN_NE Non energy usesin industr
ndustry _ — e v
3_Industry 1 OTHR BHSP Other Industries- Horizontal energy uses- Secific electricity use
2_Other Industries |1_OTHR HT Other Industries- Horizontal energy uses- Heat uses
1_OTHR THP Other Industries- Thermal processing
2_PrivatePassenger_|1 PS2WL HE Private passenger transport - 2wheelers- Hectric
2wheelers 1_PR2WL G Private passenger transport - 2wheelers- Gasoline
2_Aviation 1_PSAIR KERO Aviation - Kerosene
1 _PCAR DS Private passenger transport - Private passenger cars- ICE- Diesel
1 PSCAR HE Private passenger transport - Private passenger cars- Hectric
2_PrivatePassenger |1 PSCAR GS. Private passenger transport - Private passenger cars- ICE- Gasoline
. Cars 1_PSCAR H2 Private passenger transport - Private passenger cars- Fuel cell
4_Transport irranspgenjtt 1_PSCAR PHEVDS. | Private passenger transport - Private passenger cars- Plug-in Hybrid - Diesel
1_PSCAR PHEVGS. | Private passenger transport - Private passenger cars- Plug-in Hybrid - Gasoline
1_PSPRD_ DS Public passenger transport - Road - ICE- Diesel
2_PublicPassenger |1_PSPRD HE Public passenger transport - Road - Hectric
1_PSPRD_H2 Public passenger transport - Road - Fuel cell
1_PSNTR HE Inland Passenger navigation - Hectric - Hectric
BTG i 1 _PSNTR H2 Inland Passenger navigation - Hectric - Fuel cell
Navigation = = ger navigation - ~
1_PSNTR OIL Inland Passenger navigation - Oil
1. SR ARC Services- Air cooling
1 SRHC Services- Hectric uses
2_Services 1_SR LIGHT Services- Lighting
1_SR WHCE Services- Water-heating & Cooking - Hectricity
1_9R WHOR Services- Water-heating & Cooking - RES
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e.g, LED, 19W
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Figurel8: Conceptual design Demand side for energy carriers to be used directly
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Figure19: Conceptual design Demand side for energy carriers to be combustadconverted by the means of a fuel cell in easf hydrogen.
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Modeling the Production of endlse Assets

To model the assetsf final energy usde.g., vehicles, appliancéndustrial equipmerg) which are
present in Mayotteby 2050according to the results of the ESKI| assets are discounted over their
respective lifespan, which can exceed the considered temporal scope of 2050. This approach allows
for an accurate representation of the assets allocated specifically to the ye&. 20 assumed
lifetimes for each endise asset are presented Appendix Table A4.14

The majority of LEVEL1 demand processes can be accounted as vehicles (27/53)a ltilured
rationale to coherently model the product lifecycle of these vehicles leen developed which is
presented in the following subsection, while the remaining assets are rather singular and their
representation inOpenLCAs described in the succeeding subsection.

Vehicles

When modeling vehicles, both the vehicle cycle (thedpiadion of the vehicle itselfand its
componentd and the fuel cycle (the combustion/conversion of fuel/electricity to drive the vehicle)

are investigatedin accordance with the ESM, four distinct difiype technologies have been modeled

in OpenLCA) vehicles equipped with an internal combustion engine (I©H))ugin Hybrid Electric
Vehicles (PHEMii) Battery Electric Vehicles (BEV) avid~uel Cell Electric Vehicles (FCEV). To model
the vehicle cycle this studyimplifiesto not differentiate ketween diesel and gasoline ICE vehicles as
well as between diesel and gasoline PHEVS.

According to thestructure of theESM each of the different driigpescan be embedded in four
different vehicle categories: passenger cars, light duty vehicles, heavy duty vehicles or publig busses
with the restriction that PHEV vehicles are only passenger cars or light duty vehicles. The net weight
of each drive technolgy embedded in a passenger car has been determined according to Bauer et al.,
2015[76], while the net weights of light and heagyty vehicles and public busses have been assumed

to be 2,500 kg, 10,000 kg and 11,000 kg respectively. Moreover, Bauer et al. present a detailed analysis
of the relative contributions of the key components in a passenger car for each drive technolegy. Th
relative weight of each component of a passenger car is assumed to remain constant and therefore
can be scaled up to fit the net weight of the other vehicle categories. Adequate product flows to model
each drive technology (by combining different key paments) are available within thecoinvent
database AppendixTableA4.1presents the overarching rationale and quantification of component
flows to model the vehicles.

To exemplify this procedure, the modeling of a BEV is described: According to Baligf6dt a BEV
O2yairaita 2F um ¢6SAIKG LISNOSydG aolFdGSNRéE YR T ¢
Modeling apassengeiBEV with a total weight of 1,800kg results in 383kg of éheinventflow

"battery cell Lion NMC 111" and 1,417kg of tleoinventflow "passenger car, electric, without
battery". To model dight duty BEV, the quantities of the two componerae scaled up linearly to a

total weight of 2,500 kg.

However, no suitable processes have been found to model the hydrogen tank and fuel cell of a FCEV.
Therefore, the hydrogen tank has been modeled by using the hydrogen storage vessel described in
Palmeret al.[61] as a proxy, while being in accarte with the weight in kg according to Bauer et al

[76].

The fuel cell has been modeled based on the LCI provided in the sy material of Simons et
al.[77], whoadopta 1kW¥ dzSt OSftft a (GKS FdzyQlAz2ylft dzyAld (2 a
FdzSt OSftf GAGK Fy |@SNIF3IS LIRGSN) 2dziLIdzi 2F npl2 o
156kg[76]. Scaling the figures accordingly enables modeling the hydrogen tank and fuel cell for light
duty, heavyduty, and public bus FCEVs by adapting the weight of both components to match each
vehid SQ& 06a&a2tdziS ¢SAIKGD

To model heavy duty ICE vehiglpablic busses with ICE, aviation, and #oeelers with ICBuitable
ecoinventprocesses (indicated by the provider uuid AppendixTable A4.1) are applied Due to

limited availability of LCI datall anland freight navigation drive types have been modeled using the
ecoinventproduction process of a conventional ICE barge as a proxy. For the same reason, the inland
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passenger navigation drives have been modeled via dheinvent production process ofa

conventional ICE ferry.

Finally, ech set of vehicle category and drive technoliggnodeledas a process with the reference

Ft26 2F am LOGSYéd ¢KAA Aa ySOSaalNR (2 adzoaSldsSy
in Mayotte, as stated bthe ESM. The detailed LClIs of all vehicles which do not rely on an unaltered
ecoinventprocess are presented fppendixXTableA4.2

Other AssetfEnergyrelated equipment

Theair conditioneris modeled based on literature, as no appropriat®inventprocess is available.

A Window air conditioner witlan equivalent power of 5.28kW and a weight of 58kg42kg per 1kW
accordingly) is taken as referen@@]. Almutairi et al[78] specify the relative weight of each material
component of the air conditioner. Subsequently, the absolute weight of each material can be
determined to model the 1 kW air conditioner. Additionally, Almutairi et al. specify that 1.6kg of
refrigerant is required for the air conditioning unit, representedOpenLCAy HFCL34a (1,1,1,2
tetrafluoroethane). Moreover, the manufacturing process reqsif®.7MJ of electricity per kilogram

of air conditioner. The LCI of the 1kW air conditioner is present&d rable 16

The assets related to lighting needs (required in services, agriculture and households) are modeled by
using al9watt LEDdownlight luminaire as a proxy. Since there is no suitable process available in
ecoinvent the production of a 19vatt LED has been modeled based on Tahkamé 479l. The

detailed LCI is shown Appendix able A4.3

The production of the assets falectric water heating in the sectors services, agriculture and
households are modeled by using theoinventLINR O&diliary eating unit production, electric,

5kW | auxiliary heating unit, electric, 5kW | CutoffdlURoW | & | LINR E& o

Another option for water heatig in the residential and services sector entails usisglar thermal

water heater, consisting o$olar collectors and the necessary periphery (e.g., heat exchangers, storage
tank, and circulation pump) as well as an auxiliary electric heating unit toehst water supply also

when no solar heat can be generated during nighttime or cloudy weatheeddieventprocess heat
production, at hot water tank, solar+electric, flat plate, multiple dwelling | heat, solar+electric,
multiple-dwelling, for hot wéer | Cutoff, y O2y airaita 2F Geg2 FaaSday Iy al
pl12¢é a ¢Sttt a I aaz2ftlrk NI O2ttSO0l2N) aegadsSysz [/ dz ¥
has no wattage stated explicitely. However, it is plausible to assuntebtith units have the same

wattage, since both assets are used together as complementary options to ensure uninterrupted hot

g1 GSNI) adzLlLX & © { dzo soBujtrdadhgl wekted Heatel dBluctigPKO S4 30 SISy ONB |
OpenLCAonsisting in equal pes of the auxiliary electric heating unit and the solar thermal heater
(seeAppendix able Ad.4for LCI).

Agricultural pumping and motor requirementare modeled by using thecoinventLINE Owaied &
pump production, 22kW | water pump, 22kW | Cutoff¢ U & @roxy. According to thecoinvent

process description the characteristics of the pump correspond to an average pump used for

F ANR Odzf GdzNI £ ANNARIAFGA2YyY (GKS Gd20Ft Ylaa 2F (KS L
This pump is commonly udein ecoinventto model both electric pumps as well as diedalen

pumps. Therefore, it will serve also in this study as the chosen asset to represent both pump
technologies.

The ESM specifies the categoijotizontal Energy UsesHeat Use$ to be deployed in the two
AYRAZZGNRLFE ONI}YyOKS& aC22RX 5NARY]l 9 ¢20l 002¢ I a
this heat provision can be based on a wide range of energy sources: LPG, gasoline, diesel, solar
thermal, electricity, selproduced steam, and synthetigliids. Determining an appropriate asset to
represent this diverse set of technologies is a challenge. To address this issue, - #\& bilboiler

specified in theecoinventprocess bil boiler production, 100 kW | oil boiler, 100 kW | Cutoff; RoW

hasbeen selected as a proxy.

The category White Appliance$ encompasses a bundle of household appliances, such as washing
machines, refrigerators, and dishwashers. To model this category, a representative unit has been
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created by using a weighted averagel(8 of the threeecoinventproduct flows of a washing machine,

a refrigerator, and a dishwasher. The LCI of the production of such a representative unit of white
appliances is presented Appendix A4.6

The category Black Appliancesencompasses all infmation and communication technology (ICT)
related household devices. To represent this category, a composite product flow "Black Appliance”
has been created i@penLCAThis is the reference flow of the newly created process "Black Appliance
Production,"which consists of 50% generic laptaopdio, TVMusers (represented by onaptop and

one internet access equipmentand 50% generic computer users (represented by desktop
computer without a screemmnel7-inch liquid crystal displaynd ondnternetaccess equipmeptThe

LCl is shown iAppendix Table A4.7

Electric stoves and gas stovhave been modeled based on literatuteandi et al[80] present an LCI

for the manufacturing of a gas oven and an electric oven.

To determine the average wéigin kg as well as the average installed power in kW of both an electric
stove as well as a gas stove some-weatld manufacturer data of stove models has been considered
(seeAppendix Table A4.8Based on that, it has been chosen to model a 10kW gegas stove with

a corresponding weight of 48.86 kg as well as a 10kW generic electric stove with a corresponding

weight of 5248 kg2 KAt S AG A& | az2dzyR | dadzYLliazy (G2 &aol ¢
describe the 48.86 kg generic gas stovee@&ppendix Table A4far the LCI), the hobs of an electric
a0203S FTNB YIRS 2F | 3IANBILGte RSOAIFGAY3T YIFGSNRI

electric oven. Therefore, the generic electric stove to be compadseadodeled intwo parts: an
induction hob (based on Pina et {81]) and an electric oven (based on Landi et al.). Pina §@H|.

model several generations of induction hobs out of which the LCI of the newest generation has been
chosen to represent the four induction hobs of the generic electric stove in Mayotte. The hob weighs
11.55 kg according to Pina et al., leaving the remaidth§2 kg to be covered by the electric oven of
Landi et al. The detailed LCI of the production of a 52.47 kg electric stove (combining the materials of
the induction hobs with those of an electric oven) is showAppendix Table A4.10

Forthe collectiveR S Y I Y R LINE O S aAg&dlturd- FlectiidkuSes SBenédcesiElectric uses

&Food, Drink & TobacceHorizontal energy uses Specific electricity udg | @ther ladustries-
Horizontal energy usesSpecific electricity usea generalizatiomf the LCA was performed

¢2 Y2RSt GKS aasSia NBI dzd NER G N¥aQricytBabriiahagemsnt & o ! 3|
systemis usedas a proxy since electricity for heating, lighting and pumping & motors in the agricultural
sector is already coved by separate processes. By leveraging ICT the agricultural management
system uses electricity and is modeled@ipenLCAy combining the threecoinventproduct flows of

a computer, a display and an internet access equipment Aggendix Table A4.1dr the detailed

LCI).

CKS YySOSaalINE [3aSkat{BDINKS LINBASAK| OSSRIBEYS ¥ 2 RS
mix of black and white appliances (s@ppendix Table A4.1fr the LCI) since electricity for air
conditioning and lighting is alreadpvered by separate processes.

To model the assets required in the two industrial processes of specific electricity use it has been
decided to create a 50:50 mix of a 19D and a 1kW AC unit since electricity for heating as well as
for process related divities is already covered by separate processgpendix Table A4.J8esents

GKS [/ L SESYLXFNRf& F2N KA {FILE RO LINRYS 8dy ThNIKL
¢20lF 002 LYRdzalidNERé¢ Aa RSaAaAIYSR Fylfz232dzafeod
According to the structure ahe ESM, he demand process forThermal processingin the Food,

Drink & Tobacco sector as well as in "Other Industries" encompasses all specific industrial production
processes, such as canning and dryiig ecoinventprocess ood pellet factory prodetion | wood

pellet factory | Cutoff, U RoW has been used as a broad proxy for the machinery required for these
comprehensive processing activities. Téi®inventprocess covers equipment for various activities
(e.g., drying, comminution, mixing, cawi, and bagging): buildings, dryers, hammermills, hoppers,
vibrating screens, conditioners, screw conveyors, cup elevators, electric motors, pellet presses,
coolers, packaging machines, exhaust after treatment devices such as cyclones and electrostatic
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precipitators, as well as monitoring devices. The dataset also includes tower silos and materials for
storing and delivering the final product.

To link the ecoinvent dataset with the demand data of the ESM, it is necessary to determine the
guantity of kW ingalled per unit of wood pellet factory. According to ecoinvent, the wood pellet
factory has a production capacity of 50,000,000 kg/year. Moreover, the ecoinvent progess "
pellet production| wood pellet, measured as dry mass | Cutoff- RoW requires0.127 kWh to
produce 1 kg of pellets. This is in line with Saosee ¢82]who specify an average energy demand

of 0.125 kWh when considering both electricity and diesel energy sources. Consequently, the total
energy demanaf the wood pellet factory is estimated to be 6,350,000 kWh/year, which corresponds
to an installed power of 725 kW. This enables the linking of the ecoinvent dataset to the ESM data
that expresses the endza S ' aaSia Ay al12 Ay adinthd FORIEDIkBNI (G KS |
¢20F 002 AYRdzZ2UNE YR bhiKSNJ LYRdZAGNARSEE ®

Modeling theUsePhase of Final Energy Carriers

In some of the LEVEL1 demand processes, the final energy carrier is not directly used to satisfy services
but requires conversion, i.e., combustion, at the point of -@rs&. Hence, apart from the assets, the
conversion of final energy carriers must be misde within the LCA for such LEVEL1 demand
processes, as the conversion processes reléaset emissions which are not yet accounted for by

the upstream production processes

The modeling of the conversion processes follows a unform structure: a sudatgvent process,

which entails the conversion of the respective final energy carrier, is identified. The inputs of the
ecoinvent process are adjusted to depicture only the respective input (final energy carrier) foreseen

in the ESM. Hence, the createrbpess includes a singlgput flow of a certain amount of final energy

OF NNASNI &1 38 0S®3Idr RASASE VD ¢ K FinaNdBeFg duBigf S 2 dzl LJ
[asseB ¢ = YSIF AdzZNBR Ay SySNH@& dzyAla dfnaanergy carvénisPh ¢ KS
calculated by multiplying its input weight according to #@inventprocess with its lower heating

value as peFehler! Verweisquelle konnte nicht gefunden werdepresents the loweheating values

used in this study. Apart from the reference flow, each combustion process includes various emission
flows as outputs, depending on the underlyiegpinventprocess.

Table9: Underlying lower heating values (LHV) fal energy carriers

final energy carrier| description of substance LHV [MJ/kg] | source
Diesel 42.5 [83]
Synthetic Liquids | synthetic kerosene/diesel/gasoline 43.9 [83]
LPG 46.1 [83]
Gasoline 435 [83]
Biofuel . ethanol from foodbased feedstocks 26.8 [83]
conventional

ethanol from lignocellulosic crops

Biofuel advanced 26.8 [83]

residues
Hydrogen 120.0 [83]
Ammonia 18.7 [63]
Paraffin Oll 42.0 [84]
Kerosene 43.0 [83]

The following subsections outline the underlying assumptions and calculations to create appropriate
LCls for theonversionprocesses of each final energy carrier.

Diesel
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According to the ESM, there are 14 LEVEL1 demand pro¢kasé@svolve the combustion of diesel.

However, not all these processes result in distinct emission profiles. For instance, the emission profile

of burning diesel to generate heat in a boiler does not significantly differ between the agricultural

sector (AGR_HEATB), the food, drink, tobacco industry (FDDRTB_HT), or other industries (OTHR_HT).
Therefore, the 14 demand processes canchesteredinto six distinct diesel combustion processes,

each with a unique emission profile. The structure and derivatidheofespective LCls to model each

of these six combustion processes is summarizésppendixTableA4.15

¢KS 3ASYSNIf Y2RStAYy3a LINE OS Rdiesds combistios, inSoviledf s 8 SR ¥
AppendixTable A4.31for the LCI): Since there is no availaboinventprocess that adequately

describes the combustion of diesel in a boiler and its associated emission profilecaie/ent

procestt KSI & LINBPRdzOGA2y s € A3IKG ¥ dzBiddulding f hEat, ceintrala2 A S NJ
smallscale, other than natural gas | CutoffdRoW A & dzaSR | & | LINPE&d ¢KAA
given that light fuel oil is a distillate similar to diesel f8a]. However, theecoinventprocess contains

inputs such as chimney, electricity, oil boiler and oil storage, which areegatredfor modeling the

diesel combustion process in a boilétence these inputs are removed from the process. The
NEFTSNEYyOS Ff2¢ Aad (KSy SRRABASR GRSadmgzZNI SR a Wk ©3& §
determined by multiplying the&coinventinput quantity of diesel (0.02342 kg) with the LHV of diesel

(42.5 MJ/kg as perehler! Verweisquelle konnte nicht gefunden werdén.

Synthetic Liquids

According to the ESM, six LEVEL1 demand processes rely on the combustion of synthetic liquids, which

can be grouped into three distinct combustion processes, each characterized by a unique emission
profile (seeAppendixTable4.18). There are n@coinventprocesses available that involve synthetic

liquids such as Fisch&ropsch(FT) fuels. Moreover, there is a lack of scientifically validated
guantitative data on the emission profiles of burned FT fudtsvever, some qualitative statements

from scholars that describe the emission profile of synthetic fuels compared to itsdoasterparts.

Styring et al[85] observe that FT fuels show decreased SOx emissions due to the fact that these fuels

entail very low shares of sulfur and aromatic hydrocarbons. In addition, Treyer[86pstate that

synthetic kerosene from FT synthesis is characterized by reduced emissions of CO, hydrocarbons and
particulate matter, while NOx emissions remain unchanged.

To convert these qualitative statements into quantitative information to develop an LCI that
representshe combustion of synthetic liquids, the procésst @ Y it KSGA O f AljdzA Ra O2 Yo d
is modeled with a assumed50% reduction in SO CO, hydrocarbons, and particulate matter
emissions compared to trecoinvent. INR2 Ot@dsport,dreight, aircraf dedicated freight, very short

haul | transport, freight, aircraft, very short haul | CutoffeUp  C2 NJ (i K §ntheidBobidsa a Sa «a
combustion, in boilé I g§Mhetc liquids combustion, in pumping and modorst  NB RdzOG A 2y 1
of 40% has been appd compared to their respective underlyiegoinventprocesses (seAppendix

Table A4.2h This takes into account the likelihood that combustion in aviation tends to be more
complete than in less optimized applications such as boilers, pumps and motors.

The three different LCls for the combustion of synthetic liquids must not include effssions

because the production of synthetic liquids is linked to the upstream production p¥i@@irect air

OF LWAdzNAyId ¢KS LINRPOSaa @D INDRIYOIRNEENIREI 4N RAZDS & ¢
CQas an input flow. Therefore, GB not reported as an emission in the final combustion of synthetic

fuels to avoid doubleounting.

Ultimately, all other trace elements due to impurities of fosk&tived tiels (e.g., heavy metals) have

been removed from the underlyingcoinventprocesses.

As shown in the LCls 8ppendixTableA4.25¢ A4.27all three processes incorporate a parameter

which specifies the percentage share at which synthetic liquids are éitiperted or produced locally

in Mayotte. Per default, this parameter has been set to 0.5 to model a 50:50 distribution, in
accordance with the ESM. This parameter represents a degree of freedom that can be adjusted in the
course of a sensitivity analygisee chapter 4.4).

54



LPG

The ESM presents five LEVEL1 demand processes that entail the combustion of LPG, which can be
clustered into 3 distinct groups, each with its own unique emission profileXppendixTableA4.17).

Tthe ecoinventprocessit K S | (i ctibtdNBhRfdel oil, at boiler 100kW condensing, aimadulating |

heat, central or smatbcale, other than natural gas | Cutoff,dRoWé K | dusedleS § pfoxy

Special attention has been devoted to the combustion of LPG in stoves, given that in the baseline
scenario even in 2050, LPG constitutes70% of the final energy demand for cooking. Since there
KFay Qi 0SS yecoinventpriBeys) #hel pfagess hdamen modeled based on literature:
Weyant et al[87] quantify the emissions of CO, PM, elemental carbon androcgcarbon resulting

from the combustion of 1 MJ of LPG in a cooking stove, while the[88P&@ovides data on COCH

and NO emission factors for stationary combustion of LPG in the residential sector. Based on that, an
SYA&aaAz2y LINE T AEPE combustlon] ik Stavd JKR @S 36 S¢ OPedlT{fee LIS R
AppendixTableA4.28for the LCI).

Gasoline

The ESM describes a set of eight LEVEL1 demand processes that rely on gasoline combustion. These
demand processes can be grouped into four different combustion processes, each characterized by
its unique emissiomrofile. Following the overarching rational&ppendixTableA4.16presents the
underlying assumptions and derivation of the respective LCls required to model each of these
combustion processes.

Analogoudo diesel combustion, the combustion of gasolinaiboiler has been modeled by referring

to the ecoinventprocesst KS I & LINR RdzOG A2y X f A3IKG T dzébdulgtingt = |
| heat, central or smaidkcale, other than natural gas | Cutoff,(fRoWe | & | LINR E& ©

Biofuel

According to the B, thirteen LEVEL1 demand processes depend on the combustion of conventional
biofuel, which can be classified into six distinct combustion processesggeEndixTableA4.19. For
advanced biofuels, there is the additional demand of aviation beyond thee shirteen LEVEL1
demand processes of conventional biofuel. Consequently, the combustion of advanced biofuels is
modeled by a total of seven distinct combustion processes with unique emission profiles (see
AppendixTableA4.20).

Due to the diverse naturef different biomass sources emissions can vary significantly, depending on
the underlying biomass. However, providing a detailed representation of these variatiounlsl
require knowledge on the precise feedstock of biomass, which is not yet known.dkaggr we
simplify and assume the same emission profiles for conventional and advanced biofuels.

As has been stated B13.3.1 bioethanol is useth this study to represent the broad class of biofuel.
However, there is no consensus among scholars on the quantitative emission profile of bioethanol,
and qualitative effects of bioethanol compared to the conventionally used fossilagtsacross the
literature. The comprehensive review of Thangavelu ef&8] concludeghat only CO and unburned

HC emissions show a remarkable reduction compared to the conventionally usedvilde there

are no significant emission reduction of £8Q, aromatics, acetaldehyde, carbonyls and particulate
matter. Hence the respective combustion processes of conventional gasoline and diesgded as
underlying processes to model the combustion processes of (conventional/advanced) biofuah with a
assumed0% reduction of CO and hydrocarbon emissions.

Ultimately, the ICI of the combustion of biofuel must not include@@issions because ¢las been
captured through photosynthesis of the underlying biomass. Thish@®not been included as an
input flow at any point upstream in the production of biomass and therefibraust not be reported

as an emission in the final combustion of biofuel to avoid distortions in the LCA results.

The LClIs of the combustion of conventional and advanced biofuel are exemplarily presented for the
navigation subsector iAppendixTableA4.33- TabeA4.34
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Hydrogen

The ESM identifies six LEVEL1 demand processes that entail the reaction of hydrogen in a fuel cell.
These six processes can be summarized by one overarching process, the general redox reaction of
hydrogen and oxygen (from air) mtwater and waste heat (seAppendix Table A4.2]). The
stoichiometric equation for the redox reaction in a hydrogen fuel cell has been utilized to quantify the
production of water per kg of hydrogen to lb@proximatelyl7.8 kg (seéppendixigureA4.1).

Aside from water exhaust and waste heat no other emissions are released when reacting hydrogen in
a fuel cell[90]. In order to ensure consistency with the combustion processes, waste heat has not
been accounted for as an output @penLCA This is owed to the fact that none of tleeoinvent
combustion processes that have been used as a foundation for modelingati®s combustion
processes carry waste heat as an output in their LCI. The detailed LCI for the reaction of hydrogen in a
fuel cell is presented iAppendixTableA.29

a2NB2@SNE (GKS [/ L AYyO2N1LERNIYGSa G§KS LI &detaBel SNI a af
share at which hydrogen is either imported or produced locally in Mayotte. Per default, this parameter
has been set to 0.5 to model a 50:50 distribution, in accordance with the ESM. This parameter
represents a degree of freedom that can be adygsin the course of a sensitivity analygiee
Sectiord.2.2).

Ammonia
According to the ESM there are two LEVEL1 demand processes that involve the combustion of
ammonia, which can be combined into the overarching prodebsY Y2 y A O2YodzZAaAGA2Yy I A

(seeAppendixTableA4.22. The resulting products nitrogen and wafeym the complete combustion

of 1 kg of ammonia are quantified based on the stoichiometry of the combustion reaction (see
AppendixFigureA42).

Incomplete combustiorof ammonialeads to additional emissions. Nevertheless, the carlzord
sulfur-free molecular composition of ammonia results in negaro CQ and SQ emissions when
burned in an engine. Furthermore, emissions of air pollutants associated with carbon (e.g., black
carbon, unburned hydrocarbons, methane slip and COalanesteliminated[91]. Ultimately, the use

of potent catalysts holds promise for achieving almost complete combustion, which minimizes the
emission of unburned NHand the formation of nitrous oxid¢91]. Given the additional lack of
guantitative data available in literaturaye simplifyand exclude the aforementioned trace emissions
resulting from ammonia combustion. For t@penLCArocess'ammonia combustion, in navigation”

only NOx, C& and methane emissions per MJ of burned ammonia aker into consideratiorn as
guantified by Chalaris et 4B2].

The LClin Appendix Table A4.30 shows that the process incorporates the parameter
GAKFNBSYbl oWWAYLR2NISRE gKAOK aLISOAFASAE GKS LISNOSy
produced locally in Mayotte. Per default, this parameter has been set to 0.5 to Ineo@&®:50
distribution, in accordance with the ES}enario projectionsThis parameter represents a degree of
freedom that can be adjusted in the course of a sensitivity analyses Sectiod.2.2)

Paraffin OIl

The ESM indicates that the use of parafiil is linked to two LEVEL1 demand processes: the burning
of paraffin oil in stoves and the neenergy use of paraffin oil for chemical reactions within the
industrial sector (sedppendixTableA4.23.

While the first process describes the combustidmparaffin oil in a household stove, the second does
not involve combustion but rather encompasses emissions arising from the use of paraffin oil as an
educt for chemical reactions. Depending on the specific chemical reaction and stoichiometry involved,
the emission profile resulting from the use of paraffin oil in the industrial sector can vary significantly.
Due to insufficient information regarding the specific chemical reactions taking place in the industrial
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sector in Mayotte, the value chain has oflgen modeled until the import of externally produced
paraffin oil to Mayotte.

The combustion of paraffin oil in a stove is modele®penLCMAased on Swensson & Kjells@3]
who guantify the emission profile of burning paraffin oil in a common stove cfricame households
in South Africa (seAppendixTableA4.31for the LCI).

Kerosene

The ESM only states one LEVEL1 demand process that entails the combustion of kerosene: burning
kerosene for aviation needs. Consequently, the proce§sSNR 4 Sy S O2 Y0 daasibéeB yZ A Y
created inOpenLCAy adjusting theecoinventprocessi i NJ-riy féeigh@, aircraft, dedicated freight,

GSNE &K2NIO KFdzZ p GNI y&LRNIGZ F NdBcbraing kcBppéndiNID NI F {
TableA4.24

3.3.4. Impact Assessment

As the third implementation step of an LCA, the 1ISO 14040/14044 guideleesfythe impact
assessment. To enable assesment ofthe system's impacta methodologies needs to be selected,

that dictates howthe inventory ofpollutant emissions anthe resource consumptiofbased on the

LCI) is converted intscores For the purpose dif KA & & (i dzRe& = (i KReCiP@Mb&sahdDa A RS
most relevant methodologyThe ReCiPe methadd wellestablished andencompasses 18 midpoint

indicators aggregated into three endpoifi23]. The midpoint indicators are depicted iRehler!
Verweisquelle konnte nicht gefunden werden.

It is important to note that the ReCiPe method was designed for Eurepeale models in well
developed temperateggions[23]. The validity of some parts of the model is reduced for the region
2F ale&20iS® 1 26SOSNE RdzS (G2 AGQ& Y2Rdz F NJ OKF NI Of
to other regions andmaintain accurate results, as shown by Schmidt Riviera in a case study of
hydrogen cooking in Jamaif@4] and shown by Bilich et al assessing a PV microgrid in K&blydn
addition, a thorough literature review on the status of LCA in Africa, including LCA on energy systems
in Africa, found the ReCiPe method to be widely used by researchers in thi§l8idaus, with
adjusting the ReCiPe method for this case study, we can produce accunalts vesile allowing for
replicability on other European islands.

Further limitations of the method are the missing of erosion, salination, noise, and light as midpoint
categoriesReCiPe 2008 has been designed primarily as an attempt to align the CMn2paht

and the Eceandicator 99 systems. As such, no attempts have been made to accommodate or elaborate
impact categories that are missing in either of these methodold@g}s

Below we brieflydescribe the impact categories at midpoint level as well as the aggregating impact
categories at the endpoint level.

3.3.4.1 Midpoint Level Categories

Midpoint indicators focus on single environmental problems, for example climate change or
acidification.Impactcategories at the midpoint are defined at the place where mechanisms common
to a variety of substances come into play. An overview of the midpoint indicators applicable to this
study and their respective units, is providedrehler! Verweisquelle konnte nictgefunden werden.

While the classifications qualitatively determine the environmental intervention, the characterization
factor is the quantitative representation of the relative importance of a spetifiervention. For
example, the GWP of methane is 22 kg-€quicalents per kg methane. With this, substanaeEsan

be multiplied by their characterization factdr Qo convert into an equivalent substance of the
emission compartmenand aggregated tether to create a total impact scoi®™ér each impact
category in any life cycle interventi@n via equation 1:
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In the following, a brief indication of the main characteristics of the midpoint impact categories is

oY

605 7 &

h

(1)

provided.[23] contains a detailed description of the impact pathways and affected areas ofgpiarie
characterization factors and relation between midpoint and endpoint.

Table10: Midpoint categories according to ReCiPe 2016.

environmental | Fneparticulate | Fossil resource Freshwater Freshwater [ Global warming l—pman .
impact category | matter formation scarcity ecotoxicity | eutrophication potential Cartdo;?t?/mc
abbreviation FPM FRS FEX FEU GWP HCT
unit kg PM2.5 eq kg oil eq kg 1,4-DCB kg Peq kg GO2 eq kg 1,4-DCB
environmental Hman nor.1- lonizina radiation Land use Marine Marine Mineral resource
impact category cartao)r:ic;g;nlc 9 ecotoxicity eutrophication scarcity
abbreviation HhCT IR LU MEX MBEU MRS
unit kg 1,4-DCB kBg -60 eq m2a crop eq kg 1,4-DCB kg N eq kg Queq
environmental Ozong S formgtlon, Sratospheric Terrestrial Terrestrial Water
. formation, Terrestrial . e .- - .
impact category ozone depletion | acidification ecotoxicity consumption
Human health ecosystems
abbreviation OFHH OFTE SOD TA TEX WC
unit kg NOx eq kg NOx eq kg G=Cl1 eq kg SO2 eq kg 1,4-DCB m3

1. Fine particulate matter formation (FPMhdicator of the potential incidence dafisease due to
particulate matter emissions.

2. Fossil resource scarcity (FRSJicator of the depletion of natural fossil resources.

3. Freshwater ecotoxity (FEXnpact on freshwater organisms of toxic substances emitted to the

environment.

4. Frebwater eutrophication (FEUFreshwater eutrophication refers to thexcessive growth of

aquatic plants or algal blooms, due to high levels of nutrients in freshwater ecosystems such as lakes,

reservoirs and rivers.

5. GWP (GWPIndicator ofpotential global warming due to emissions of greenhouse gases.

6. Human carcinogenic toxicity (HCTjipact on humans of toxic substances emitted to the

environment, cancesrelated.

7. Human norcarcinogenic toxicity (HnCTjnpact on humans of toxic sukiances emitted to the
environment, noncancerrelated.

8. lonizing radiation (IRPamage to human health and ecosystems linked to the emissions of

radionuclides.

9. Land use (LUMeasure of the changes in soil quality (Biotic production, Erosiorstaesie,
Mechanical filtration).
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10. Marine ecotoxicity (MK): Impact on marine organisms of toxic substances emitted to the
environment.

11. Marine eutrophication (MEU)ndicator of the enrichment of the marine ecosystem with
nutritional elements, due tdéhe emission of nitrogeftontaining compounds.

12.Mineralresource scarcity (MRSijdicator of the depletion of natural noffossil resources.

13. Ozone formation, Human health (OFHirf)posphericozoneprecursor emissions to damage to
human health.

14. Ozone formation, Terrestrial ecosystems (OFTBposphericozoneprecursor emissions to
damage to terrestrial ecosystems.

15. Stratospheric ozone depletion (SODjticator of emissions to air that causes the destruction of
the stratospheric ozone lagr.

16. Terrestrial acidification (TAhdicator of the potential acidification of soils due to the release of
gases such as nitrogen oxides and sulphur oxides

17. Terrestrial ecotoxicity (TEXinpact onterrestrial organisms of toxic substances emit¢o the
environment.

18. Water consumption (EQhdicator of the relative amount of water used, based on regionalized
water scarcity factors.

3.3.4.2 Endpoint Level Categories

Comparted to midpoint indicators, endpoint indicators show the environmental impachigher
aggregation levelslmpact categories at the endpoint level correspond to areas of protection,
describing aecognizable value for sociend form the basis of decisions in policy and sustainable
development. For the environmental domain, these areas of protection are human health, ecosystem
guality, resource availability, and mamade environment. The areas of protection are quantified by
endpoint categories, which represent the variable of direct societal concern. The endpoint categories
applied in this analysis are listadTablel1.

Tablell: Overview of endpoint categories according to the ReCiPe 2008 method.

Impact category Abbr. Indicator Unit
Damage to human health HH Disabilityadjusted loss if life year yr
Damage to ecosystem diversity ED Loss okpecies during a year yr
Damage to resource availability RA Increased cost $
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1. Damage to human health (HHhe impact category damage to human health corresponds to
the area of protection human health. The ReCiPe methodology &ssdgasiage to human
KSFHfOK dzaAy3a GKSH RO2d42083K @287 SVRASINNERQ AdB! [, 0@
derived from human health statistics on life years both lost and disabled. It sums the years of
life lost and years of life disabled, without ageighting and discounting applied in the ReCiPe
method.

2. Damage to ecosystem diversity (EDhe impact category damage to ecosystem diversity
corresponds to the area of protection ecosystems. The ReCiPe method therefore models the
loss of species duringcertain time in a certain area as the basis for the endpoint indicator.

3. Damage to resource availability (RAhe impact category damage to resource availability
corresponds to the area of protection resources. Unlike the-ikdizator 99 method, the
Re@Pe model bases on the geological distribution of mineral and fossil resources and assess
how the use of these resources causes marginal changes in the efforts to extract future
NBE &2 dzNDSadé

3.3.4.3.Connecting Midpoint and Endpoint Categories

The principal aim oféCiPe 2008 was the alignment of two families of methods for LCIA: the midpoint
oriented CML 2002 method and the endpabriented Eceindicator 99 method.Therefore, the
method established a quantifiable link between midpoint and endpoint impact categaosiesre
relevant. With this the link established between inventory data and midpoints can in a second step
further be directed to endpointsSymbolically: when interventioi@and midpoint indicatord are
coupled with characterisation factdr , and midpoint indicator m is coupled with endpoint indicator
‘Qwith characterisation factod , their combined characterisation factor is determined as

~ ~ ~
g ¥ g

0 0 0 )

The characterization factors are available on the website of ReOF&\V2awww.Iciarecipe.infa

3.3.4.4Uncertainty in LCIA

RepiPe 20Q§r9qpsdiffgrent sources ofvur]certainty and differentvctjoicesvinto a Iimite:d num}ber gf
LISNRLISOUAGSA 2N aOSylFNA2az | OO02 NR Nifee pdispective S & / dzt
are discernedn the method[23]:
- individualist (I): This perspective is based on the sterh interest, impact types that are
undisputed, technological optimism as regards human adaptation.
- hierarchist (H): This perspective is based on the most common policy principgte®gards
to time-frame and other issues.
- egalitarian (E): This perspective is the most precautionary perspective, considering the longest
time-frame, impact types that are not yet fully established but for which some indication is
available, etc.

For the purpose of our study, we adopt the hierarchist perspective, as moderate but concern
perspective respecting common policy principles.

3.3.5. Limitations of the Methodology
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Throughout the LCI and LCIA phase, several challenges commonly encountered in leSAveted
addressed through modeling decisions to mitigate associated risks. This section provide$ a
overview of potential limitations and mitigain measure appliedAn extensive overview of limitations
of linking ESM and LCA is provided in Blaneo. §].

1. Data Availability The availability of data poses a significant limitation in LDASIs study,
primary data from Mayotte was scarce and proxies from the ecoinvent database or relevant
literature had to be used, which is aajor limitation. In this study, this was evident in the
absence of specifiecoinventprocesses for modeling technologies relatedespeciallythe
production of green ammonia, green hydrogen, and synthetic liquids. To address this, affected
processes weranodeled based oravailable literature or by using proxies with similar
properties and behavior (e.g., modeling the combustion of diesel using the combustion
process of light fuel oil as a proxy).

2. Data Relevance and Completenegssessinthe relevance oflata from LCA literature to the
system being studie$ challengingMaintaining a balanced level of detail is crucial to provide
a comprehensive overview without introducinginbalanced granularity potentially
deteriorating the overall results towards medetailed modeled processeBor example, in
the synthesis of ammonia, the production of catalysts was omitted based on this rationale.

3. Data Accuracy The quality of underlying data sources and the methods applied for data
collection and analysis impadata accuracy. In this study, the quality of availaddeinvent
processes was evaluated using tbeoinventdata quality pedigree matrix. When multiple
processes were suitable, the one with the best quality rating was chosen-gdédity
literature datawas preferred for processes not availableegoinvent

4. Data Uncertainty Various sources of uncertainty were considered, including measurement
errors and variability of data used @coinventprocesses and consulted literature. To address
this, multiple ®urces were consulted to validate the plausibility of the adopted data.

5. Data ConsistencyTo ensure data consistency in modeling the energy system of Mayotte,
preference was given to data from the reputabdeoinvent database. An overarching
approach was lwsen for processes grouped into comparable categories to ensure
methodological intefprocess consistency.

6. Data TransparencyMany LCAs lack accessible documentation of underlying assumptions and
calculations. In this study, efforts were made to providenpoehensive insights into the
guantitative LCI data used to model the energy system.

Despite the encountered challengaad risks the measures taketo minimize such risksncluding

careful data source selection and thorough documentation of adaptations and assumptions, have
resulted in a qualitatively sound LCI. This ensures transparency and reproducibility of the LCA study,
(e.g. to other EU islandsjtimately contribuing to sound data quality aligned with the study's goal

and scope while minimizing potential biases in the results.
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4. INTERPRETATIONRESULTS

Chapter4 constitutes the fourth step of an LCA, which is the interpretation of results. The
interpretation ofresults is divided into three areas of analysis, each described in a dedicated section.
Section 4.1 describes the environmental impacts across categories for the various scenarios and
sectors as depictured via the ESM by 2050. Section 4.2 identifies mmeindal hotspots within
sectors, technologies, and processes. Finally, Section 4.3) specifies implications for energy policies and
energy planning.

4.1. ENVIRONMENTAPERFORMANCE BRERGYSYSTEMCONFIGURATIONS

We first analyze thenvironmental impacbf the energy systems as constituted by the energy system
scenarios by 2050 for each of the five distinct energy system scenarios. The energy system scenarios
are described in detail in Sectiéh2.2 We calculate the environmental footprint of each scenario
within each of thel8 environmental impact categorieas described in Sectidh3.4 The absolute
impact scores for the five scenarios are showfigure20. The modelling results are further broken
down inFigure21, which depicts and compares the sectorial performance of the relevant sectors in
Mayotte. In both figures, the scores of each energy system scenario are shown in relation with the
baselinescenario; thus, allowing to i) understand the differences in the environmental footprint that
is associated with the respective interventions to decarbonize Mayotte’s energy system compared to
the status quo and ii) identify the decarbonized energy systepology associated with the least
environmental footprint, specifically highlighting sectorial differences.
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Figure 20: Environmental performance of decarbonization scenarios relative to baseline (2050)
*Land use:environmental impact of the decarbonization scenarios was divided by a factor of ten.

From Figure 20 it becomes visible that with regard to a comprehensive envirental impact

assessment, no global optimum across the different energy system configurations of 2050 exists. It is
apparent that there is no single scenario that performs best in across all environmental impact
categories. In fact, the baseline scenario, which is the scenario reflecting an energy system
configuration relying most heavily on fossil fuels, constitutes lower impact scores for 12 out of 18

impact categories, when compared to the four decarbonization scen&tece, there is an argument

to be made that if maintaining equal importance of all environmental impact categories, relying on
F2aa4Af FdzSta O2dzZ R LI2asS GKS ao0Sadé¢ 2LIA2y F2N al
into a comparison of theife scenarios, in which all impact categories are taken into account.
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Calculating the overall damage scores (average of the score under each impact category compared to
the baseline scenario) of the decarbonization scenasiosld be as follows: 279%é¢cabDemand),

270% DecarbSupply), 217%ArlyDecarb), and 154% (MAESHAfocus)

However, as suggested by the efforts under the Paris Agreement, the environmental impact categories
may not be equally prioritized under current policies. Specifically, redubmg@sWP is a particular
priority in current policies. The underlying ESM for the four decarbonization scenarios constitutes the
avoidance of local GHG. The LCA analysis supports the effectiveness and robustness of measures
assumed to be taken in the decarti@ation scenarios. The lifecycle perspective suggests an emission
reduction potential of60-57%compared to the baseline scenario. In contrast to the ESM, the LCA
includes the consideration of indirect emissions. The results show that the effectiveness of
decarbonization measures hold stand also when including indirect emissions in the analysis. Further,
when decarbonizing the energy system of Mayotte, generally, fossil resource scaxotye
formation ¢ human healthand ozone formatiorg terrestrial e@systemcan be reduced.

In line with previous literature (e.g94]), the results of our analysis suggest that reducing the global
warming potential (GWP) of an energy system is mitigated at the expense af etlvéonmental
impacts. For example, decarbonizing the energy system of Mayotte would inevitably lead to a higher
occupation of land and consumption of water, and requires more mineral resouredsidRgy or
mitigating the environmental impact in one dorrathat mayresult in unintended consequences in
other environmental domainsln our analysisif increased efforts are sought to decarbonize the
overall systent andregardless of the specific policy designs chosen in the four decarb scenasos

find robust trendsfor the tradeoffs and positive interlinkages between decarbonization, reducing the
GWP, and other impact categories as stated able12. Knowledge onhe (negative) interlinkages

must be considered by decision makers responsible in energy system planning, and politicians
connecting the energy sector with other sectors or areas of life potentially affected by the negative
trade-off caused.

Tablel2: Encountered tradeoffs when pursuing increased decarbonization efforts

Across all decarbonization scenario: Across all decarbonization scenaso Inconclusive effect
an improvement in GWP is an improvement in GWP is
accompanied by a deterioration in ~ accompanied by improvements in
the following impact categories the following impact categories
Freshwater ecotoxicity Fossil resource scarcity Fine particulate matter formation

(MAESHAfocus outperforms the
baseline scenarios)
Freshwater eutrophication Ozone formation, Human health Stratospheric ozone depletion
(MAESHAfocus outperforms the
baseline scenarios)
Human carcinogenic toxicity Ozone formation, Terrestrial Terrestrial acidification
ecosystems (MAESHAfocuasnd EarlyDea®
outperform the baseline scenarios)
Human norcarcinogenic toxicity
lonizing radiation
Land use
Marine ecotoxicity
Marine eutrophication
Mineral resource scarcity
Terrestrial ecotoxicity
Water consumption

Figure21 quantifies the absolute impact across all categories disaggregated for the relevant sectors.
In accordance with the structure of the ESM, tisaggregate sectors in i) transport, ii) households,
iii) industry, iv) services, and v) agriculture. In each sector, environmental impacts associated with both
the final energy usage and the environmental impacts associated with the associated assets
(construction, decommission and eraf-life where relevant) are included in the balance. Some
guantities and scores within impact categories may not be intuitive to grasp. To ease the
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comprehensiveness of the findings and guide the reader in interpretingethdts depicted irFigure

21> AY GKS F2tft2¢6Ay3ar 6S LINRPGARS + RSGFIAftSR RSao

wider context for three impact categ@s$, namely land use, water consumption and GHG emissions.
Both land use and water consumption can be considered a scarce resource on Mayotte and most EU
islands.

Land useThe landuse resulting from the decarbonization is significantly higher than thd-lse

within the baseline scenario (primarily due to the use of biofuels, as will be elaborated in the
subsequent sections). The environmental impact on dagsd according to the ReCiPe method is
quantified as theamount of nt of i) change of land cover arii) land-use intensification due to crops,
annually thange of land cover leads to loss of habitat (and thus potential loss of spedids)and

use intensification leads to soil disturban8&ased on our study, the efforts reiged for decarbonizing

the energy system of Mayotte, as foreseen by the underlying scenarios, is manifold the land required
when maintaining the use of fossil fueBor example, the energy system as constituted via the
DecarbSupply scenario required 40©%a/yr crop equivalent to fulfill the energy demands in 2050.

As a reference, the total land area of Mayotte is cited with BM. Hence, the land annually impacted

by decarbonizing the energy system of Mayotte itself exceeds the total area of the. i€latsourcing
processes, for example the production of biofuels, would therefore be a technical necessity, and
associated partnerships may be closed by politicians.

Water consumption:Similarly, to the consequences of decarbonization associated witlusbeof

land, the decarbonization measures and sourcing of associated energy system assets would impact
vast amounts of freshwater. For example, the DecarbDemand scenario energy system would impact
three times the amount of water negatively impacted wheaimaining current policies. THe37*10
m?3water required within the DecarbDemand scenario again exceeds the 1.53®1¢ater consumed
annually by Mayotte’s population, which already today is challenging to supply (42 @&drday

[96]). However, it must be noted that the impacts associated with water consumption concerns the
mining of mineral resources required to build RES assets. As the respective mineral resounogs are
found in Mayotte, the associated impacts on the water consumption affect locations other than
Mayotte. This underlines the fact that the choice of suppliers and their environmental performance
will significantly contribute the environmental impact ofaybtte’s energy system.

GHG emissionswhile the decarbonization scenarios modeled in the ESM minimize the direct CO
emissions, the LCA offers further insights into the overall associated GHG emissions. In addition to the
direct emissions, the LCA qudigs the amount of indirect emissions associated with the local
decarbonization. When comparing the direct emissions caused within the baseline scenario energy
system by 2050, calculated by the EEM$2*1C kg CGQ), we find that 43% of the emissions sad

over the entire lifecycle as calculated via LCA (total: 1.3k G-eq.) stem from indirect emissions.
Repeating the same calculation for the MAESHAfocus scenario, which produces Dkati@via
combustion of diesel, the share of indirect emissions over the lifecycle constitute to almost 90%.
Hence, with increasing decarbonization of energy systems, the indirect emissions associated to the
systems become relatively more important.
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Figure21: Sectoral performance of energy system configurations in 2050
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Considering the relative contribution of sectors on environmental impact Fapare21) it is evident

that while in the baseline scenario transport and household sector almost evenly contribute to
environmental impacts, in the decarbonization scenarios thensport sector dominates the
environmental impact across all impact categories. The second most relevant sector in the
decarbonization scenarios are the households. In each of the decarbonization scenarios, the transport
sector constitutes to more thaB0% of the environmental impact in each impact categpwith up

to 75% in the impact on global warming. Across the decarbonization scenarios, the transport sector
has smallest percentual impact in the langle category. The MAESHAfocus showcases acaguliy

lower impact in the landise impact category than the other decarbonization scenarios. The industry
has an significant impact on the lande impact (35%) with the industrial boilers running on biofuel
which is associated with lardtensive prodution. Further, households have higher impact on land

use in the decarbonization scenarios with a higher share of solar energy in final energy demand e.g.,
DecarbDemand 46Wh compared to 3GWh in baseline scenario.

For an indepth analysis the contributicf the distinct sectors, we disaggregate the environmental
performance per sectorFigure 22 presents the environmental performance of energy system
scenarios by 280 per sector and impact category, referenced against the base scenario. In the
following the sectors are discussed separately and subsequently:

Transportation: All decarbonization scenario show less environmental impact than the baseline
scenario caused by transportationfivssil resource scarcity, global warming, ozone formation impact

on health and ozone formation potential impact on terrestrial ecosystems. aiags in these impact
categories are explained by lower utilization of diesel in transportation. While for example in the base
scenario 651GWh diesel are consumed in transport by 2050, it is only 1G\WH and 12.05Wh in

the EarlyDecarb and MAESHAfocssenario respectively. In contrast, the baseline scenario
significantly outperforms all decarbonization scenarios in the transport sector with regard toisand
freshwater eutrophication and water consumption. The environmental hotspot in-leadis tte
increased usage of biofuels in the decarbonization scenarios, especially in aviation and navigation, the
production of which requires high land occupation. For example Q&% advanced biofuels are used

in transportation in the DecarbSupply scenario B@50, whereas no biofuels are used in
transportation in the baseline scenario. The high share of BEVs in the decarbonization scenarios induce
a deterioration in human toxicity, lonizing radiation, freshwater ecotoxicity and eutrophication, water
consumption, terrestrial ecotoxicity, marine eutrophication and mineral resource scarcity, as
especially the production of the battery cells and electronics require the exploitation of rare earth
minerals, releasing wastewater (see Sectod for details).

Househadds: Within the household sector, the decarbonization scenarios significantly outperform the
baseline scenario by 2050 with regardtte global warming impact. Generally, the energy system
configuration as proposed via the MAESHAfocus scenario poses the least environmental impact in 14
out of the 18 impact categories. This is essentially due to a i) reduction of energy intensity ejeasur
e.g., reducing the final energy demand in the residential sector fromG\8® (baseline scenario) to
391GWh (MAESHAfocus scenario), which translates to a specific per capita energy intensity
(kWh/capita) of 977.8 kWh/y/capita in the baseline scenariod a790kWh/y/capita in the
MAESHAfocus scenario. The reduced energy intensity within the MAESHAfocus scenario is crucial for
the improved performance in comparison to the alternative decarbonization scenarios. As less diesel
is consumed in the decarbonizan scenarios for the provision of electricity in households, global
warming, stratospheric ozone depletion, fossil resource scarcity, particulate matter formation benefit
from decarbonization. Further, the decarbonization measures suggested in eachisdedace a
reduction of LPG used within the household sector. For example, in the baseline scer@Wh1PG

are used for cooking, while, in the EarlyDecarb it is only G\ (see Sectioh 2.3 for more details).
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Figure22: Environmental performance of energy system scenarios by 2050 per sector and impact
category relative to the baseline scenatrio.

Industry: With only minor industry being present in Mayotte, the picture of impact categories caused
by the industry sector idetermined by the consumption of diesel required for electricity generation.
Further, the fuel consumed in boilers (e.g., baseline scenari®@Wh) is substituted by biomass and
waste in decarbonization scenarios (e.g., DecarbSUgsbBWh). Hence, decaolmization measures in

the industry sector in Mayotte have the potential to impact fossil resource scarcity, particulate matter
formation, global warming, and ozone depletion.

ServicesLike the household sector, within the services sector the energgmsysbnfiguration of the
MAESHAfocus scenario is associated with the lowest environmental impact across the majority
(12/18) of impact categories. In contrast to the DecarbSupply scenario, which performs worst in nine
categories, the MAESHAfocus scenaristesy configuration suggests demanding less final energy
(176 GWh compared to DecarbSupply (188/h)), especially in electric uses GWh vs. 9GWh).
Further, the conventional power plants in the DecarbSupply utilize a biofuel to supply electricity to a
high share (55&Wh/1420GWh), whereas MAESHAfocus relies on diesel to generat&Wa9 of
1308GWh, while no biofuel is used in electricity generation (see Sedtiha for details).

Agriculture:Within the agricultural sector, the baseline scenariogmthe least environmental impact

in 10 out of 18 impact categories. Even though the final energy demand of decarbonized scenarios is
reduced compared to the baseline scenario, electricity use is higher. The electricity mix and the
associated infrastructw, including storages (e.g., MAESHAfocus: Q@& storage vs. 7GWh
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storage in base scenario), induces the deterioration in some categories (see hotspot analysis in Section
4.2).

Reflecting on the aforementioned section we can conclude:

1 The LCA results confirm the effectiveness ofdbearbonization measures induced in the ESM
scenarios The effective reduction in the reduction of the GWP can be confirmed, vtamgt
the entire life cycle and therefore also indirect emission into account.

1 Reducing the energy sector emissions of Mayotte mikt likelylead to tradeoffs in other
environmental categories, which must carefully be evaluated. Associated partners, e
suppliers of energy system assets or fuels, must be evaluateguce their environmental
impact finally associated with Mayotte.

1 The sectoral disaggregation of environmental impacts shows that minimizing the direct
emissions within the transportegtor in Mayotte will deteriorate theverall environmental
performance of the sector compared to when maintaining a current fossilfaséd system.

1 Decarbonizing the household sector on Mayotte (especially via the measures suggested under
the MAESHAfags scenario) showa great potentialfor reducing the total environmental
burden of the sector, including LPG phasg and a RElominated electricity mix.

Previous visualizations of results that were provided in this report showcased the absolute
envirormental impacts and the absolute impact of respective sectors ftsgare20, Figure21, and
Figure22). For completeness, in addition to the absolute impact of sectors within the five scenarios in
Figure23, Figure24, Figure25, Figure26, and Figure27 the relative contribution of the relevant
sectors are depicted for each of the scenarios. The relative contribution provides may support the
identification of potentials for policynduced incentives and may provide additional insights into the
balancing of policy measures to be considered.

Building on the discussion of the environmental performance of the energy system configurations and
the findings from the initial sector analysis in this section, hotspot areas are further discussed in the
following (Sectiond.2). The subsequent analyses will focusedinto the electricity production,
transport sector, and household sector to identify the respective driving influencers of environmental.
Further, as major contributor to indirect emissions, the environmental impact from assets deployed
in the energy syem will be evaluated.
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BOX:Relative contribution of sectors on environmental impact per ESM scenario
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Figure23: Relative contribution of sectors on environmental impact in the baseline scenario, 2050.
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Figure24: Relative contribution of sectors on environmental impact in tlizecarbDemandcenario, 2050.
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Figure25: Relative contribution of sectors on environmental impact in ti@ecarbSupplygcenario, 2050.
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BOX:Relative contribution of sectors on environmental impact per ESM scen&amntinuation)
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Figure26: Relative contribution of sectors on environmental impact in the baseline scenario, 2050.
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Figure27: Relative contribution of sectors on environmental impact in tiAESHAfocuscenario, 2050.

70




4.2. ANALYSIS CBEECTORAHOTSPOTS

Based on the observations of the previous section and praoplated focus of analysis, the
subsequent section investigates in detail the roots and causes of environmental impact in the i)
electricity sector, ii) transport sector, iii) household sectard &) lifetime of assets. Appendix Table
A5.1 holds a table showcasing the structure of analyzing the results of the LCA per impact category.

4.2.1. Electricity Sector

The scenarios as defined per ESM differ in their assumed priorities for the future, ecoromhic
energyrelated assumptions as well as political decisions. As many of these assumptions impact the
power generation sector, the power plant park and conclusive electricity mix of the resulting energy
system scenarios as projected by the referencerywa2050 differs between the scenarios. For a
detailed description of the scenarios, the underlying policy assumptions, and the resulting differences
in the power generation sector, we refer to MAESHA Deliver2al3leThe essential differences in the
resuting power generation sector are summarizedrigure28, andFigure29. Figure28 shows the
installed power capacity per type of power plant scenario by 2030 and 2050, Fignile=29 presents

the amount of generated electricity per type of power plant. Notably, both Haseline and
MAESHAfocudtilize diesel in the conventional internal comstion (IC) plants whereas the remaining
scenarios utilize biodiesekurther, it must be noted that whiléhe installed capacity of IC plants
remainsconstant across the four decarb scenarios,ithenergy generatiorg thereby amount of
(bio)dieselutilized ¢ decreases, as the IC plants anereasingly utilized as a flexibility option to
balance the intermittent nature of renewable energy souramdly rather than producing bulk
electricity.

MAESHAToCUs I P 213 e
Early Decart P s22 MW
Jacarh_Supply I . a1 M
Decarb_Demand P R 78 MW
Baseling D 357w
MAE SHAfGCUS PO 276 MW
Early Decarl P 27 MW
ecarb_Supply  DIEREENEEN 200 MW
Decarb Demand P 222 MW
paseline DI 165 MW
2020 I 126 MW
(i 100 200 300 400 E00 e00 700 200 SO0 1000
Wind onshore Wind offshore weaftop solar PV
m Commercial solar PV m Geothermal | ICE plants

W Battery storage W Demand Respons: B Power-to-X Source: E3-iSL
Figure28: Electricity systentonfigurations in Mayotte according to the ESM in 2050

In contrast to the IC power plant, the electricity produced by R&Ser plantsapproximately
increases linearly with the installed capacity across the decarbonization scenarios.th&ith
proportion o electricity production from renewable energy sour@esreasing, in addition to IC power
plants providing flexibility to the grid, additional battery storage is required to balance supply and
demand. Battery storage is utilized store excess energy dag periods of high renewable energy
generation and to provide electricity during low generation periods.
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Figure29: Local electricity production in Mayotte according to the ESM in 2050 [GWh]

The different power plant park coigurations across the scenarios cause a difference in the total
energy production. Furtherhe total electricity demand, encompassing direct use as well as electricity
needed for the local production of hydrogen and its derivates ammonia, and syntloeiidslj varies
across the fivescenarios The variationis due to the different configurations of the overall energy
systemin accordance withthe ESM The five scenarios are specifically designed to represent
differences in theunderlying assumptiongor examplein terms of the efficiency of endse assets,
energysaving consumer behavior, or the degree to which the transport sector relies on hydiicmen.
compare the environmental impact of the respective resulting electricity mixes, we must define a
harmaonized reference value (functional unit), for which we choose the electricity generation of 1
GWh.Figure30 shows the relative contribution of electiig generation per technology type across
the five scenarios by 205Q.i$ crucial to note that this rationale relies on the assumption that the
chosen electricity system configuration can be scaled up from 1 GWh to meet the specific electricity

demand ofeach scenario.
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90%
80% 0,
° 2% 30% 34% 31% o
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60% 5% s % mgeneratedEL windoff
50% 17% 11% 4% 9% moeneratedE. geothermal
(1]
40% 14% O generatedEL rooftopPV
30% e 19% 0 .
24% 6% mgeneratedB. commerdalPV
(1]
20% 25% mgeneratedE._opencycle_IC
10% 21% 17%
0,
o 11% %
Baseline Decarb Decarb Supply  Early Decarb  MAEESHAfocus
2050 Demand 2050 2050 2050 2050

Figure30: Local electricity mix per GWh in Mayotte according to the ESM in 2050

Figure31 compares the environmental impact of the different electricity mix scenarios that result
when producing 1 GWh of electricity in 2050. We observe a variation of the environmental impact in
certain impact categories even across the scenarios avoiding anyfufossil fuels. Further, we
observe that all decarbonization scenarios outperform the fdsgl based baseline scenario T
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categories, whileeausing higher environmental impaict 8 categoriesHence, the increased use of
RES and the reduction ineusf diesel improves the environmental impact of the power production
plant park across the entire lifeycle. Tie notable reduction in GWP observed across all four
decartonizationscenarios (ranging fron83% to-87%) in comparison to the baselineenard serves

as arobustnessindicator. This outcome affirms that the decarbonization policies adopted in the
decarlonization scenarios successfully achieve substantial GWP reductions compared to the
continuation of existing policies (as represented by theehias), even when assessed from a holistic
LCA perspective that considers the entire value chain and life &gan, it is noteworthy to consider

the share of direct and indirect emissions stemming from electricity generation. While the ESM,
representirg the direct emissions, consider 4.6%ky CQto be emitted in the base scenario by 2050
per GWh, the LCA calculates 6.55*k§ CG-eq. to be caused via electricity production per GWh.
Hence, 30% of the emissions related to the electricity generatiemecounted for indirect emissions.
Within the decarbonization scenarios (except MAESHAfscesario) all emissions can be related to
indirect emissions. The early decarb scenario, causing the lowest amount eh@3ions, after all
releases 8.3*1Hkg CQ equivalent per GWh.

However, the results again indicate thatprovementsin some environmental impact categories
especially GWR, may be achieved through tradweffs in others. In three impact categories
stratospheric ozone depletion, water consutigm, and landuse the trends are less robust, as some
decarbonization scenarios show less impact than the baseline scenario, while the others show higher
impact.
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Figure31: Environmental performance of electricity mix p&Wh in 2050n reference to the base
scenario.
*Land use impact of the decarbonization scenarios is divided by a factor of ten.

Upon initial examination, it becomes apparent that a global optimum, representing a scenario
consistently outperforming alltbers across all environmental impact categories, cannot be identified.
When considering all impact categories to be equally important, the MAESHAdoenario might
indicate to be the most preferable optigrexhibiting the smallest overall impact scorE288%)
compared to all other decarb scenarios (473@écaribemand 4017% Decarl8upply; 3056%
EarlyDecarh) as well as compared to the baseline (1800%). However, it is important to note that the
MAESHAfocuscenario does not achieve the best performancelie@vironmental impact categories

in comparisorto the other four scenarios (sdeigure31Figure3l).

Theenvironmentalperformance of the scenarispecificelectricity productionconfigurations in the

17 impactcategoriesbeyond GWHRoes beyond the scope of the ESM, making them nowaihigs of
this study.Hence, we further explor¢he (technological drivers of environmental impactsn the
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electricity production system inFigure 33. We evaluate thetrade-offs across the environmental
impact categoriedor each environmental impact categoriehler! Verweisquelle konnte nicht
gefunden werdenindicates that the environmental impact of the baseline scam#idriven by the
operation of diesebased power plants, and emissions released during the combustion of diesel. The
combustion of dieseteleases SO NG, and PM with high FPMiitrogen oxides and nemethane
volatile organic compounds (NMVOC), whiglrénhigh ozone formation potentiahd harmful for the
stratosphere. Earlier in the lifecycle, the production of oil as an upstream process in diesel production
causes a negative impact on fossil resource scarcity.

While the environmental impact of a powproduction system relying on fossil fuels is dominated by
the operation of IC plants, the environmental impact of decarbonized electricity systems is influenced
by the assets within. Many RES plants, and storage systems, require mineral resourcexjubggqr

of which may cause environmental footprint in especiahjizing radiation (IR) and mineral resource
scarcity (MRB The deterioration othe decarbonization scenarigs the domain IRbetween 124%

and 136% of the baseline scenati®plmost eglusively attributed to the globacoinventelectricity

mix, which includes a certain proportion of nuclear power. This global electricity mix is incorporated
as part of theecoinventdatabase in the underlying manufacturing processes to model the power
plants and batteries deployed the respective decarbonized electricity systerBce Mayotte does

not utilize nuclear power within its electricity mix, the responsibility for thef@anance in terms of

Lw fASE 6AGK ylridAizya (GKFId R2 NBfte 2y ydzOf SI NJ LR g
electricity mix in terms of IR will automatically improve if there is a shift away from nuclear power in
the global electricity nx.

Especially the MAESHAfocstenario performs poor in the mineral and resource scarcity (145% in
reference to the baseline scenari@he deterioration oMAESHAfocus this domain is largely driven

by the manufacturing of batteriethat areused to bahnceintermittent RES electricity productioas

well as the manufacturing of RES power plaftse production of the battery cells and the electronic
components require the exploitation of cobalt, nickel, manganese (silicon, copper, iron, magnesium,
alumnum, molybdenum etc.).

When decarbonizing electricity systems via increased utilization of biodiesel in IC plantftsaihe
land-use must be considered. The production of biodiesel is-latehsive with changes of the
available land cover and lange intensification.The production of biodiesel exhibits a high land
occupation due to intensive forests for wood chops, while the combustion releases emissions like
conventional diesel. To further investigate the impact of the usage of biodiesel, wearnlaé/change

in environmental impact a fuel switch from conventional diesel to biodiesel would cause in the
framework of the MAESHAfocaesenario. To further investigate the impact of the usage of biodiesel,
we analyze the change in environmental impafua switch from conventional diesel to biodiesel in
would cause within the MAESHAfocssenario. Thereforethe MAESHAfocuscenario has been
adapted assuming the use of biodiesel, while all other parameters remain the same as in the original
configuraton of MAESHAfocusThe results are then compared to the original didseed
configuration o MAESHAfocu® analyze the implications of the biodiesel switEigure32illustrates

the relative deviation between the performance scores of the didsated and the biodiesdlased
MAESHAfocusonfiguration(percentage poirg), both in terms of the performance of the electricity

mix per GWh, and the performance of the oakrenergy system of Mayotte. The effects on the
electricity mix are depicted by the lightshaded bars on the left, while the darksinaded bars on the

right represent the effects on the overall energy system.
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Figure32: Switching from diesel to biodiesel: implications for the Mf a) electricity mix b) entire

system.

Aswitch to biodiesel yields improvements of 5 and 6 percentage points (pp) in teensiobnmental
impact in theGWPand fossil resource scarcitsategories compared to the conventional diesel
configuration. However, the performance in all other 16 environmental impact categories
deteriorates. While 10 impact categories show deteriorations of up to 10 percentage points, which
can be considered tradeffs in the context of mitigating global warming, there are significant
deteriorations in water consumption (19 pp), stratospheric ozone depletion (27 pp), and land use (718
pp) due to the biodiesel production.

Conclusive remarkdiVe conclude on the preceded:

T

1

The decarbonization policies and measures as assumed under this study promote a substantial
reduction of the GWP impact of the electricity sector compared to the continuation of existing
policies (as represented by the baseline). The trend is robust whesidering the indirect
emissions over the lifecycle of the system in addition to direct emissions released during
power production.

While the environmental impact of fossil fuehsed electricity systems is dominated by
operational processes (i.e., condiion of diesel), the environmental footprint in
decarbonized electricity systems stems from upstream processes and construction of energy
system assets. Thus, sustainable production methods and alternative resources to currently
depleted minerals shouldebfostered.

A fuel switch from conventional diesel to biodiesel for usage in the electricity sector reduces
the GWP but is associated with many traafés, i.e., laneuse. Policies or decisions suggesting

a switch to biodiesel must therefore carefully bensidered and measures for sustainable
biodiesel production methods may be fostered.
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Figure33: Environmental impact of the electricity sector per GWh: technological drivers.
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4.2.2. Transport Sector

Analogous to the electricity sector, the different transpogtated policies, measures, and priorities

as assumed in the energy system scenarios lead to different assets and use of energy in the transport
sector. We compare the environml impact resulting from the different assumptions based on the
lifecycle of the transport sector related assets and their operation as determined via the ESM by 2050.

Figure34 quantifies the relative environmental impact associated with the transport sector for the
four decarbonization scenarios with the baseline scenario as a reference. The baseline scenario
presents a continuation of current policies and a réegl fossiffuel-based transport sector. In
addition, Figure 35 provides indepth insights into the contribution individual processes to the
environmental impacts ofhe transport sector for the baseline scenario and the MAESHAfocus
scenario. We disaggregate the environmental impact across the different categories per process. For
the means of simplification, we focus on a visual representation comparing the baseisaamithe
MAESHAfocus scenario system configuration by 2050, as the MAESHAfocus is-plexfbestng
decarbonization scenario when considering equal weighting of the impact categories.

As the transport sector is dominated by the environmental impadhefentire energy systems (see
Section 4.2.), we observe a similar trend as in the previously analyzed sectors. Again, decarbonization
measures show a robust trend to reduce the GWP (ca. 35%) compared to maintaining current sector
specific measures. Furthethe decarbonizing of transport in Mayotte would reduce the impact of
ozone formation on human health -37%) and ozone formation terrestrial ecosystems3§%).
Avoiding the use of diesel and related upstream processes reduces the fossil resourtg 8).
However, these environmental improvements may be encountered by increased environmental
impact in all other environmental impact categories, which will be detailed below.

500%
450%
400%
350%
300%

250%

200%
150%
100%
= e e B
0%
k\o

& <" o S " &
& & < < @ \(«é‘ & Qv

=]
=

%,
9

m Baseline decarb demand decarb supply early decarb  m MAESHAfocus

Figure34 Environmental performance ofhe transport sector normalized in reference to the base
scenario.
*Land use impact of the decarbonization scenarios is divided by a factor of ten.

The environmental impact within the baseline scenario is driven by operational prosses of the sector
includingthe production of fossil fuels, and combustion of diesel. This is a in line with the findings
regarding the electricity sector (Sectidr®.1). Inthe baseline scenario, the combustion of other fuels
(kerosene, gasoline) contributes less to the environmental impact in Mayotte, due to less usage. By
2050, 65I1GWh diesel are required within the transport sector according to the ESM, while only
322GWhgasoline and 166Wh kerosene are utilized respectively. Diesel combustion in ICEs in the



ansua

transport sector entails a low efficiency. Hence, the total energy demand in the transport sector is
higher when relying on fossil fuels than when switching to thermatives battery electric vehicles
(BEVs) or fuel cell electric vehicles (FCEVs). To illustrate the higher total anergy consumption we
compare the energy consumption between the scenarios. In the baseline scenario total energy
demand in the transportatin sector adds up to approximately 7GWh compared to 30GWh in the
decarbSupply scenario, which presents the maximal total energy demand among all decarbonization
scenarios. The combustion of diesel contributes to the emission of fine particulate miteugh

the release of SO NQ, and PM with high FPM potential. Furthermore, it deterioratesrme
formation, as thediesel combustion releas nitrogen oxides and nemethane volatile organic
compounds (NMVOC), which have high ozone formation potential

To detail the drivers of environmental impact within the transport sector, we disaggregate the
transport sector into i) road transport, ii) marine navigation, and iii) aviation. In the following, each
subsector will be analyzed separat€ly accurateft isolate and assess the differences specific to the
decarbonizedcenariebased road transport configurations, the analysis is conducted in an elegtricity
mix-adjusted manner, assuming the implementation of tIESHAfocuslectricity mix for each of

the five scenarioddence, ay variations in performance encountered will solely arise from differences
in the road transport subsector configuration and not from underlying differences in the electricity
mix, which were analyzkin Subsectiod.2.1 In the following, each subsector i) road transport, ii)
marine navigation, and iii) aviation will be analyzed separately.
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Figure35: contribution of processes to environmental impact in the transport sector, comparing the MAESHA focus scenario and Bas@sce
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Road transport

The road transport in Mayotte is dominated bygsenger cars. As of 2023 passenger cars are
exclusively conventional ICEs vehicles. When maintaining the current efforts in the sector regarding
policyinduced adaption, as is represented by the baseline scenario, it can be expected that 91% of
the 176,37 vehicles may run on conventional fuels by 2050. Depending on the political instruments
and efforts to increase the market penetration with climate friendly alternatives, the different
decarbonization scenarios, as explored via ESM, show a varying cbarpadi vehicle fleet,
composed of primarily BEVs and FCEVs. The composition of the vehicle fleet in the five investigated
scenarios is depicted iRigure 36. Notably, the share of BEVs exceeds the share of FCEVs in all
decarbonization scenarios, with the extrema being the decarbDemand (only 2% FCEVs, 97% BEVSs).
The total number of vehicles in 2050 is in the same magnitude in all scenarios. The sliglingariati
can be attributed to differences in the modelled economic development.

baseline: dDemand: dSupply: earlyD: MAESHAF:
176,317 vehicles 178,693 vehicles 178,890 vehicles 179,141 vehicles 183,374 vehicles
2% 1% 1%
93
15% 1
28% o%
91% o7% % 85% 8%
road transport ICE road transport BEV road transport FCEV

Figure36: Scenariespecific road vehicle fleet by drive technology according to the ESM

The results of the LCA suggest that there is a potentiab¥erall environmental improvements
through the promotion of BEVs and FCEMure37 shows that for selected environmental impact
categories, namelsWP, ozone forméain impact on human health and terrestrial, and stratospheric
ozone depletionthere is a potential for a reduction in the environmental impact by 2050.
Strengthening decarbonization measures in the transport sector, as is contained in the
decarbonization senarios, shows robust trends to improve the GWP impact over the entire lifecycle.
However, the reduction in GWP is associated with traffe in other environmental impact
categories, as the measures lead to an increads8iaut of 18 impact categories
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Figure37: Environmental impact across scenarios within road transport, with the electricity mix
being harmonized to the MAESHAfocus scenaspecific mix.
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In all decarbonization scenarios the majority wfhicles in operation in 2050 are BEVs. The
environmental impact of the vehicle as an asset dominates the overall environmental footprint of the
transportation sector within the decarbonization scenarios, as is showifrigure 35. When
considering the lifecycle of BEVS, many environmental impact categories become relevant. For
example, the copper production, which is an upstream process of the battery cell produentidn,
waste treatment processes of batteries emit copper ions, zinc Il, silver | and antimony ion into water
resources, which cause freshwater ecotoxicity. The treatment processes of sulfidic tailings from
copper/cobalt/gold/silver mine operations emit pholsate into water sources, leading to freshwater
eutrophication. These treatment processes are required as part of the production and beneficiation
of copper/cobalt to produce copper collector foil, cathodes, and anodes for the battery cell. The
treatment processes of electric arc furnace slag required in producing steel, e.g., for the glider and
electric motor of a BEV emit chromium and other toxic trace elements into water sources, which are
carcinogenic intense. Further, na@arcinogenic toxicity is a ceaquence of the treatment processes

of sulfidic tailings, copper slack and smelting of copper concentrate, which emit trace elements
including arsenic, zinc Il and lead Il. The value chain of battery cell production is very electricity intense
(e.g., upsteam production of cobalt). As the global electricity mix is assumed to entail a certain share
of nuclear energy (consistently across all scenarios) it does require treatment of tailing from uranium
milling which releases radon, increasing the ionizingatéah level. The treatment processes of
sulfidic tailings from copper mine operation and EoL treatment of scrap copper and used gliders emit
copper ions, zinc Il, silver | and antimony ions (and other toxic trace elements), promoting marine
ecotoxicity. Ree earth mine operation and beneficiation releases wastewater rich in nitrogen,
ammonium, and nitrate, which accelerate marine eutrophication. These operation and beneficiation
processes are for instance, part of the value chain of lithium carbonate draltgroduction, which

are required to produce battery cells. Further, the battery cells and electronics of a BEV require the
exploitation of cobalt, nickel, manganese (silicon, copper, iron, magnesium, aluminum, molybdenum
etc.), which not only reduces ¢iresources of the minerals but also is water and electricity intense.

The fundamental significance of BEVs, as the primary cause of environmental impacts across the
impact categories inevitably raises the question, whether from an environmental pergpatis
feasible to support a switch towards FCEVs, or if the mode of transport is-arksse situation and
only reduction of vehicles is environmentally sound. To elaborate on this question, we consider the
two decarbonization scenarios that posatishowcase the strongest deviation in terms of the vehicle
fleet composition. In the DecarbDemand scenagors’>s 2 F G KS NP Fufe ass®td ayea LJ2 NI O
BEVs (seEehler! Verweisquelle konnte nicht gefunden werdérehler! Verweisquelle konnte nicht
gefunden werden). Alternatively,Decarl8ipply advocates for a more balanced approach between
9+a YR C/ 943 ¢gAlK 71 vse asdts baigBEWERRIRbeitgNFERVE L2 NI Q
These configurations present twaeviatingtarget configurations with the aim of decarbonizing road
transport. WhileDecarbDeman@mphasizes the extensive adoption of BEYscarl8upply takes a
more diversified approach by incorporating BEVs and FCEVs. The remaining decarb scenarios fall
somewhere in between these two poles. Therefore, the subsequent analysis focuses on comparing
the environmental performance dbecarbDemanénd DecartBupply to determine their respective
strengths and weaknesses in achieving sustainable road transport soluiiten comparing the
electricity mixadjusted environmental performance dfie road transportof DecarbDemandind
Decartsupply, the differences radting from shifting from the BEWominated vehicle fleet of
DecarbDemantb the more diversified vehicle fleet &fecart8upply can be quantified in percentage
points. The percentual differences in environmental impacts that result from switching from the
DearbDeamdn to the DecarbSupply vehivle composition are sholkiguine38. It is evident that some
environmental impact categories show more sigaific deviations in their performance between
DecarbDemandand Decarl8upply than others. There are five impact categories that exhibit
differences of more than 15 percentage points (pp) betwddecarbDemandand Decart8upply.
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Especialy MRS and WC show a iiaantly better performance inDecarl8ipply than in
DecarbDemand
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Figure38: Implications of switching fronDecarbDemando Decart8upply on the environmental
performance of road transport

The identified differences in the emgnmental performance of the two considered fleet composition
suggest that, wheall environmental impact categories are weighed equally a diversified road vehicle
fleet as inDecart8upply, can be considered preferable for. This preference holdsnatenly when

all environmental impact categories are weighed equélly alsowhen focusing solely on those
categories with a difference of more than 15 percentage points betwBegarbDemandand
Decarl8upply.

Marine transport and navigation

Given theislandd @eography, the navigation subsector holds particular importance in the overall
energy systemFurther, in December 2019, the Europeddnion committedto extend the EU
emissions trading system to shippintherefore, decisions in the navigation ®ecre of particular
importance and must carefully be considered, while including environmental evaluation.

Depending on the policy efforts in decarbonizing marine transport and navigation, that are followed
in the decarbonization scenarios, energy aasj other than diesel may be utilized. Figure39 the

total energy consumption and percentual contribution of the different applicable energy carriers is
depicted.Even though according to the ESiMe total number of ships remains forecasted to be

the samein all scenariosnamely109 vessels, their propulsion technologies (electric, fuel cell and
internal combustion engines) vary. These differences are reflaotéhe scenariespecific final energy
carrier mixes, as illustrated Fehler! Verweisquelle konnte nicht gefunden werden.
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Figure39: Scenariespecific final energy carrier denmal of navigation subsector according to the
ESM

The final energy mix within the marine and navigation sector of the EarlyDecarb scenario consists of
significantly more hydrogen (38%) compared to the DecarbDemand (15%) and DecarbSupply (17%)
scenarios. Fther, a higher percentage share of final energy is supplied directly via electricity (19%
compared to 14% and 11% respectively). In contrast, less biofuel is usedBartiiBecarb scenario
(13%) compared to the DecarbDemand (22%) and DecarbSupply £28f8Yios. The same trend
applies to ammonia (22% compared to 35% each). This fuel mix additialeatipnstrates a
substantial reduction in the demand for final energy in absolute terms. In factEtdréyDecarb
configuration achieves the functionality thie navigation subsector with approximately 27% less GWh

of final energy compared to thBecarbSupplgcenario. This disparity suggests that the -e13é assets

in the baseline configuration are less efficient compared toEaglyDecarlscenario. The incesed

vessel efficiency in th&arlyDecartscenario can be attributed to the use of electric and fuel cell
vessels, which are more enekgificient than IC vessels.
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Figure40: Environmental impact across scenarios within marine transport, with the electricity mix
being harmonized to the MAESHAfocus scenasjecific mix. *Land use: impact of decarbonization
scenarios divided by a factor of ten.
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In accordance with the differentnergy carrier and propulsion technologies specified in the ESM, the
environmental impact associated with the respective decarbonization measures and resulting
navigation and marine transport sector varies.

As was observed, in the analysis of other secémd subsectors, there are tradsfs to achieve GWP
reductio. Essentially81% of thesignificantland usecalculated as impacted within decarbonized
marine sectors are caused by production of crops for biofuel. Further, decarbonizing the marine sector
via hydrogen and ammonia energy carriers causes negative impact on the water consumption (68%
of the total water consumption in decarbonization scenarios). On the other haoéydbrelated

water use accounts for only 10% af@rQ a ¢ I G S NJ Gartieainpddisivfodfyetare ozone
formation, and stratospheric ozone depletion.

The comparison of the four scenarios, tat each entail different decarbonization measures, shows that
the measures taken under the Eddgcarb scenario result in the least envirnantal damage across

all considered impact categories. The MAESHAfocus scenarios showcases very similar results with only
slightly higher impacts compared to the EarlyDecarb. The findings suggest that the direct use of
hydrogen in contrast to further prossing to hydrogetwlerivates, and utilization in fuel cells is
preferable. However, due to the long lifetime of ships and other assets in the marine sector, a
decarbonization via new, netero ships entering the market in the future, is unlikely to deeply
penetrate the market until 2050. Therefore, we suggest efforts in exploring the retrofit of existing
ships with fuel cells. Early evidence in this fields suggest a relative ease of doing so. For example, Mao
Si td RSAONROSR 2yt acitydi¥ Argtachd darspayel &hd dperati¢hs t& dzS ¢
be required when replacing 99% of the shigsed voyages between the United States and dBirija
Related European projeckave been initiated among others Morway, France, an@elgium

Decarbonizing the navigation sector (and aviation sector, see Subsdc@@) as suggested by the
ESM requires significant amounts of hydrogen and it’s derivates ammonia and synthetic liquids. With
the global decarbonization proceeding,stéxpected that an international market for hydrogen and
derivates will establish (see e.[28]). In fact, by 2050 the market volume, based on energy, may reach
an order comparable to today’s global natural gas marf@8$ In contrast to fossil fuels, renewatbl
hydrogen can technically be produced anywhere in the world through water electrolysis, with the
renewable energy potential and water resources as the decisive factors. Hence, countries can meet
their hydrogen demand either through domestic hydrogen prciin or the acquisition on
international markets and the import of hydrogen. While this discussion may be dominated by
economic factors, such as the costs of production and transporf{@83k and political motives, such

as energy security, our analysis can contribute to the debate on sourcing hydrogen by investigating
the environmental effect of importing hydrogen and it’s derivates or domestic production for the case
of Mayotte. In the prior parts of this report, in accordance with the ESM, it was assume80¥aof

the needs for hydrogen, ammonia and synthetic liquids willaloguired throughimports. This
assumption is also is in line with other literature (e[$§Q0]). This decision was further justified with

the limited size and availability ofnewable resources in Mayotte. To investigate the environmental
impact of importing hydrogen, as opposed to producing it locally, we conducted an additional analysis,
in which we varied the share of domestically and externally produced hydrogen andtdsroféhe

total required hydrogen. In this analysis we included the comparatively small amounts of hydrogen
utilized in road transport and in the electricity sector. We variedshare of imported hydrogerand

its derivates in 25% intervals, ranging frd®0% which representsio local production in Mayotte

to 0% which impliesentirely domesticproduction in Mayotte For the analysis the MAESHAfocus
scenario was selected, as the overall most preferable decarbonization scenario.

The results presented Figuredlindicate that, from an environmental perspective, a higher share of
domesticallyproducedhydrogenand its derivates is favorahlas achievements in all environmental
impact category can bebserved. However, the environmental advantage gained can be considered
limited. Even in the extreme case of 0% imports, the most significant change observed is a 5%
improvement in GWP compared to an energy system relying entirely on imgbintgdrogenand its
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derivates.As of these comparably small differences in environmental impact, the discussion on
whether to import or domestically produce hydrogen and derivates must be sophistically evaluated
from other dimensions, including a social, political, @asdnomic dimension.
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Figure4l: Relative difference in environmentampact of import shares of Hand derivates on the
performance ofMAESHAfocusompared to 100% imports

Aviation

Because the aviation industry is a minor contributor to transportation in Mayotte, the impact on the
total transport sector is most likely not be as significant as on other islands, especially islands where
the tourism industry is strongly developed. Howeyv decarbonizing the aviation sector in an
environmentally sound manner from a life cycle perspective is extremely challenging. Options to
decarbonize aviation include advanced biofuels, and synthetic liquid, a mixture of hydrogen and
carbon oxides. Unddhe projected economic development of Mayotte, the ESM assutnedotal
number of aircraft4o remainconstant at 11until 2050across all five scenarioshe fuel mix utilized
within, however, differs with the underlying assumptions. The utilized fuslisnshown ifFigure42.

When maintaining current policies in the aviation sector, solely kerosene would be used to fuel
aircrafts in Mayotte by 2050. The ESM reswhow that policies promoting decarbonization can
induce a fuel switch towards biofuel, or synthetic liquids. The resulting fuel mix across the scenarios
relies on an almost equal share across all scenarios of synthetic liquids (ca. 37%), and advanced
biofuels (30%), while remaining a share of kerosene (ca. 30%).
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Figure42: Scenariespecific final energy carrier demand of aviation subsector according to the ESM

The environmental impact of the aviation subsector with an adjusted electitity namely the
MAESHAfocus electricityix, is shown irfFigure43. The environmentaimpacts resulting from the
partial fuel switches in the decarbonization scenarios support the trends discovered within the
previous transporrelated sectors. In fact, the options to decarbonize the aviation sector may only
improve the environmental impagif the sector to reducing GWP and fossil resource scarcity (FRS).
In any other impact category, negative trad#fs are expected when reducing the share of fossil
kerosene as a fuel. Notably, freshwater ecotoxicity and eutrophication, stratospheric deplation

and mineral resource scarcity outrank the environmental impact of the base scenario by a magnitude
of ten, while the impact on land use is even multiplied by a factor of hundred. The significant impact
on landuse is dominated by the use of biefs.
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Figure43: Environmental impact across scenarios within aviation transport, with the electricity mix
being harmonized to the MAESHAfocus scenaspecific mix. *impact of the decarbonized
scenarios divided by a factor of ke ** impact of the decarbonized scenani

Conclusive remarkdiVe conclude on the preceded:
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1 On Mayotte, the transport sector dominates the environmental impact of the entire energy
system by 2050. Our analysis finds robust trends that the GWP of thepwansector is
reduced under any of the different policy measure proposed within the ESM scenarios.
However, remarkable tradeffs to reduce GWP must be considered when promoting the use
of biofuel (essentially causing land use changes) and BEVs. Abibfuéls and the raw
material required for BEV manufacturing must be allocated from external partners, the careful
evaluation of sustainable production methods of suppliers must be considered by decision
makers in Mayotte to limit the environmental effea$ decarbonizing the transport sector.

1 While from techneeconomic perspective the passenger transport fleet may ideally be
dominated by BEVs, the LCA suggests that a more balanced utilization of BEVs and FCEVs is
environmentally preferable. However, boBECs and FCEVs require large amounts of raw
materials that, as of now, entail environmentally damaging production processes. Sustainable
production methods and technology improvements towards 4@source technologies,
should be fostered. With regard tboth BECS and FCEVs emerging innovations seem
promising to avoid the use of noble materials (see for example anion exchange membrane
technology]{101)).

91 Decarbonizing the navigation and aviation sector is challenging regarding both technical
challenges and marketntry challenges for netero solutions. Due to its high grawiric
density and storability, hydrogen and it’s derivates are seen as promising fuel options for
future costefficient decarbonization of marine transport and aviation. Countries and regions
that will utilize hydrogen as a fuel option are confronted whk decision of where to source
the hydrogen. Our analysis revealed that the domestic production of hydrogen poses only
minor environmental advantages compared to the import of hydrogen. Hence, other
dimensions and assessments, including social, econamnit,political aspects should be
included in the decisiomaking process.

4.2.3. Household Sector

In energy transition efforts the household sector receives particular attention as it directly interacts
with the population and therefore poses a sensitive envinemt. Decarbonization measures and
other environmental protection efforts must therefore be carefully evaluated. However, the
interchange with the population and communityclusive approaches can be effective drivers for
environmental protection. When sgessfully communicating the benefits of the energy transition to

the population and when decarbonization efforts in the daily routines of households are embedded
in the population, the household sector poses a significant potential for the decarboniztibte

energy sector and environmental protection in general. Many studies have focused on environmental
LINPGSOGAR2Y 2y | K2dzaASK2fR fS@Sts> 6AGK Iy 2FSNBHK:
participation in the transformation of the electrigitsector. In the energy transformation movement,
consensus exists, that when adjusting time or mode of electricity consuming activities in a manner
that supports the reatime operation of the power grid, the integration of renewable energies in the
electricity mix can cosefficiently be promoted, thus contributing to a reduction of the direct
emissions within the power sector. Accordingly, to a varying degree, the ESM scenarios include
measures directed to the household level. Especially the ciHizemsed DecarbDemand and
MAESHAfocus scenarios assume the development ofbassdflexibility serviceshat are integrated

in the electricity systemnfrastructure. The flexibility measures on a household level inatisseand
response and storagesnergy efitiency measures, smaltale rooftop PV, and increased uptake of
BEVs. While the ESM has identified such measures to besffiogtnt (see Deliverable D2.3) we
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contribute to the discussion by evaluating the environmental impact that is associated wih suc
measures by comparing the environmental impact of the MAESHAfocus scenario, which entails the
citizen activation measures in accordance with the MAESHA KPls, with the baseline scenario, in which
the currently applicable policies are maintained. Compdoeather islands, in Mayotte the household
sector plays an especially important role in the transformation of the energy system, because of the
comparatively small development of the industry sector in Mayotte and the accompanying high
percentual contribuibn of the household sector to the overall environmental impact. Regarding
environmental impacts, in Mayotte, the household sectonstitutes the second most important
sector and is therefore a significant driver of environmental impact (see Subsd@i@.

The analysis we conducted suggests that the impacts from the household sector vary significantly
between the different scenarios. In fact, not only GWP but any other environmental impact could be
reduced with increased decarbonization measures in the hiooiskesector. The analysis shows that

the MAESHAfocus scenariconsistently outperfornmg all other scenariespecific household
configurations across all 18 environmental impact categofiiesallow for an itlepth analysist-ehler!
Verweisquelle konnte nicht gefunden werdendisaggregates the environmental impact of
technologies within the household sector, comparing the MAESHAfocus scenario and baseline
scenario.
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Figure44 shows the contribution of the individual processes to the overall environmental impact
across the 18 impact categories for the baseline and the MAESHAfocus scenaritigurEhsuggests

that i) electricity production for direct use, ii) LPG combustion, iii) white appliance (WAP) and iv) black
appliances (BAP) are most significant driver of environmental impact in the household sector. While
the primary drivers are the sae, the total contribution differs across the different impact categories.

In the following the stated drivers @nvironmental impact in the household sector are separately
elaborated on.

Electricity:In the baseline scenario, which assumes a continuation of current policies, the production
of electricity is significantly more dependent on fossil fuels, which is why the absolute environmental
impact caused due to electricity production is significahiggher in related categories, including GWP,
MRS, FMP. Further, under current policies the absence of energy efficiency measures in the household
sector induces a higher final energy consumption in the sectdrence, increased electricity
production dedcated to households. An overview of the consumption of final energy carriers in the
household sector is provided Fehler! Verweisquelle konnte nicht gefunden werden.

Tablel3: Scenariespecific demand of final energy carriers in the household sector according to

the ESM.
dem;f‘r‘:igg'[rglvﬁgergy basze(')'gg "1 dDin 2050 | dSin 2050 |eD in 2050| Mf in 2050
Hectricity 3756 3451 4008] 3458|3445
PG 750 01 01 01 01
Paraffin Oil 2.9 0.0 0.0 0.0 0.0
Solar 304 465 477 46.2 46.9
total 483.9 3917 4486|3021 3914

LPG:The second driver of environmental impact in the household sector is the use of LPG. LPG
represents 16% of the final energy demand in howsés in the baseline scenario by 2050. The
lifecycle of LPG utilization is linked to a number of environmental impacts, especially in the production
phase and the use phase, which in the case of LPG is its combustion. While the production of LPG
impacts the fossil resource availability and is water and energy intense, the combustion of LPG
releases Cand NQ, results in an increased GWP. Further, th® khat is emitted is contributing to
stratospheric ozone depletion. The combustion of LPG results nesteial acidification due to
emissions of SONQ, and ammonia during the combustion. The substitution of LPG with electricity

in the MAESHAfocus scenario leads to reduced environmental impacts in the associated impact
categories including GWP, FPM, FRS.

White and black appliancesiVhile environmental impacts associated with the production of fossil
fuels and their usage can be successfully reduced via decarbonization efforts, the assets used in the
household sector are associated with significant esvinental impacts. The environmental impacts

of the assets in the baseline scenario and in the decarbonization scenarios are of the same order.
Fehler! Verweisquelle konnte nicht gefunden werdesummarizes the utilizednd-use assetsithin

the different scenarioaccording to the ESM
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Tablel4: Scenariespecific demand of endise assets in the household sector according to the

ESM
demand of assets | baselinein | .0 o050 | Gsin 2050 | eDin 2050 Mf in 2050
[items] 2050
WAP 452576 452576 452,575 452,576 452577
BAP 176867|  176,867| 176,867| 176,867| 176,868
other 331,391] 268,118| 267,766| 266,597| 266,930
total 060,834]  897.561|  897,208] 896,040] 896,375

All five scenarios exhibit aaqual demand for black and white appliances in the household selter

total number of deployed assets is lower in the decanizationscenarios than in the baselin€his
difference stems primarily from fewer installed stoves in the decarb scenarioparech to the
baseline. The higher number of stoves in the baseline scenario can be attributed to a phenomenon
known as "cookstove stacking," which is commonly observed as cooking practices evolve in developing
countries with increased income. Instead ofmgaetely switching from one stove type to another,
households tend to use multiple stove combinations concurrefitl92]. The decarbnization
scenariosassumehavingeffectively addressed this issue by adopting cleaner stoves and fuels, while
simultaneously driving the discontinuation of traditional stoveeu These efforts align with the
recommendations put forth by scholars who advocate for reducing or eliminating traditional stove
use[103]. As a result, the decarb scenarios have achieved a decreased total number of installed
stoves.

Conclusive remarkd/Ne conclude on the environméad impact associated with the household sector:
1 Our study reveals that there is significant potential for minimizing environmental impacts

across all considered impact categories, when increasing decarbonization on a household
level, for example via enhnaed demand response, energy efficiency measures, and fuel
switch towards electrified cooking services. Introducing environmental protection measures
on a household level is important to the energy transition and other environmental strivings,
as the diretinteraction with daily routines of household members will determine their active
engagement and their perception of the transformation process. Public opinion and social
engagement are fundamental for a societal reorientation and can be an importardiedor

the acceleration of institutional change. For his reason measures on a household level should
be carefully evaluated and selected.

1 While environmental impacts associated with the production or use phase of fossil fuels can
effectively be reducecdithe household sector through decarbonization measures, the assets
(including BAP, WAP) in the sector threaten to deteriorate the environmental impact across
multiple categories. While the number of assets in a household should be reduced where
possible fotably, the assets determine the available services and thereby activities of users
and therefore pose a sensitive issue), sustainable production, lifetime extension araf-end
life treatment of assets need to be fostered.

4.2.4. Production and Endf-Life ofAssets

From the previous sections we observe a trend that decarbonization measures targeting the energy
sector may improve the environmental performance especially due to avoiding the production and
use of fossil fuels. However, we also observe that theetswithin decarbonized energy systems,
especially the assets that are introduced specifically to further the decarbonization measures, imply
negative tradeoffs or reduce the total potential of environmental protection respectively. To confirm
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this hypothesis, we conduct an additional analysis and quantify the environmental impact associated
gAGK GKS LINRPRdAzOGA2Y YR 92[ 2F lFLaaSidiad 2SS adzoRA
incorporating household, services, industry, and agricultural asgétpire 45 shows a visual
representation of the respective share of the three contributor categories to environmental impact

across the 18 impact categories considkre

M Rest of lifecycle: vehicles M Rest of lifecycle: other end uses OUse stage

Figure45: Influence of enduse assets on the environmental impact categories

It is striking that 14 out of 18 environmental impact categories are dominated (>50%) bysend
assetA Y RdzZOSR AYLI OlGaod ! o2dzi pmr: 2F GKS SyYyGANB agad:
to the production and EoL of engke assetEspecially e vehicle fleet assumed in the MAESHAfocus
scenario and associated assets (i.e., BEVs) induce a deterioration of the environmental impact
accordingly. Hence, measures to reduce the number of vehicles in Mayotte, i.e., public transport,
shared vehicles etcmay have high potential to reduce the overall environmental impact of the energy
and transport system. Technical progress in sustainable production and recycling of assets may be
fostered. In addition, sofineasures to increase the lifetime of assetshwut substantial resource

input may be an alternative to reduce the ass#mduced environmental impacts. We conduct a
sensitivity analysis of the lifetime of assets based on commercial values. The results of the sensitivity
analysis are shown in sé&gure46. The results suggest that an extended lifetime of assets by only
20% may offer significant potential to reducing the environmental impact caused. For example, with
an increase in lifetime ofehicles and other end use assets of 20%, mineral resource scarcity (MRS)
and marine eutrophication (MEU) could be reduced by 15%, while a reduction of lifetime in the same
magnitude would manifold the environmental impact up to 22%. Impact on Global warf@wP) is
significant: 10% reduction of the GWP could be unlocked by increasing the lifetime of assets by 20%,
while a reduction of the lifetime threatens to increase the GWP by 15%.
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Figure46: Impact of £20% lifetime of endise assets on the environmental performance of the
entire system

Conclusive remarksve conclude:
f Assets pose a severe risk to bear traufs or incumbent technologies to further improve the

environmental performance of energy systems when switchingnfr@ fossifuel based
systems towards RES. The production as well as EoL of assets, including BEMsser end
appliance, induces environmental impact across may categories. Thus, sustainable production
methods as well as circular economy principlead edicating consumers on sustainable
choicesshould be fostered.

1 As the lifetime of assets shows significant impact on their environmental footpeipdjr and
maintenance and educating consumers to promote longer lifetimes should be explored as a
potential lever to reduce the environmental footprint in decarbonized energy systems.

4.3. POLICYMPLICATIONS

Based on the findings of the comprehensive analysis and the conclusions drawn under the preceding
sections, we derive implications for politicians and decisnakers in the energy transition. We first
formulate generalized higlevel considerations related to the environmental footprint of
decarbonizing energy systems of European islands. Second, we specify precise actions recommended
for the energy sector dies in Mayotte.

4.3.1. Generalized Highevel Considerations

The consequences of climate change are especially severe in sensitive island environments. The
European islands and their inhabitant are experiencing the effects of climate change firsthand, and
simultaneously are in a pivotal role of advancing mitigation measures. European islands have
accelerated efforts to mitigate climate change and proactively protect their environment and
economies, but uncertainties regarding the optimal transformation patysvremain high. Because

the energy sector is a major driver of GHG emissions and in extension climate change, mitigation
efforts have focused on the decarbonizing the energy sector. The decarbonization of the energy sector
of islands poses a fundamentafriastructural shift especially in islands, where fossil-hesded energy
systems dominate. Many European islands are technically in an outstanding position to decarbonize
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their energy systems, as they often have vast renewable resources, such as witid. drhe
deployment of renewable energies inevitably plays a key role in reducing local GHG emissions. Climate
change is a global crisis and while islands are in a advantageous position to reduce local emissions,
mitigating the risks of climate change rerps global efforts to reduce emissions.

While the operation of renewable energies may not entail any emissions, the sourcing of raw
materials, the transportation of materials and parts and the production of RES assets entails energy
intensive processesln a globalized world these processes take place in different parts of the world
and without a full decarbonization of all upstream process, the production of an RES inevitably results
Ay DID SYAdaArzyad ¢KSAS WAYRA NBOsidereSondedicernd ya 27
complexity of the decarbonization efforts. True decarbonization of the energy sector not only required
the mitigation of direct emissions, that result from the operation of the energy sector, but also the
consideration of indiret emissions, that result from upstream processes. Naturally, in energy system,
in which fossil fuebased processes are increasingly phased out, the percentage share of indirect
emissions will increase. For a detailed description and quantificationexftdind indirect emission in

the energy system represented by five scenarios in this report, we refer to Sdc2iol is of essential
importance to take the indirect emissions of decarbonized energy systems into account to enable
informed and sustainabldecision making. In addition, European islands must take responsibility and
action beyond their geographical scope. While renewable energy sources are often abundant, most
European islands showcase a scarcity in other resources, such as land and s@ieca®, but also
resources that are required for the production of renewable energy assets and the extended energy
infrastructure. With limited water and land available the production of renewable fuels, such as
biofuels, has practical limitations. Thigvitably results in the islands relying on global partnerships
GAOK &dzLJLJX ASNE 2F GSOKy2t23ASazx 2N NBySsglofS Fo
technologies and renewable fuels determines the indirect emissions and all other external
enviNB Y YSyYy il f AYLI OGa GKFEG FNB aaz20AF0SR gAl0K @
emissions and environmental impact are especially relevant when the underlying motivation of
utilizing renewables energy assets and renewable fuels is the decarbonizditihe energy system.

The underlying rationale of selection suppliers of renewable energy assets and renewable fuels has
two levels. Decision makers need to carefully choose suppliers and assesses the sustainability of
production methods to limit the evironmental impact both at the point of production, concerning
environmental impacts that primarily result in local damages, and environmental impact, such as GHG
emissions, that inflict damages on a global scale. It is important to point out that @oigi@nd
governmental bodies do not make all decisions regarding supply options in the energy system, but
instead many product streams are predominantly influenced by the private sector and the
consumption behavior of the civic population. Especially ingheate sector it is not feasible to
assume that supply decisions are based on comprehensive sustainability analyses. It is the
responsibility of the governing body to come up with guidelines and regulations. To ensure a minimum
standard with regard to stainability consideration in supply options, processes related to indirect
emissions, such as mining of resources, industrial construction processes, and transportation, are
integrated in the EU emission trading scheme and similar governing mechanisthsr Fadditional
standards be universally adopted that enforce detailed descriptions of environmental costs that are
associated with products and processes.

In consideration of the indirect environmental impacts associated with the mining of resourdes an
limitations in essential resources that are required to renewable energy assets, a sustainable end

D9.1 www.maesha.eu D 94



ansua

life management of assets becomes increasingly important. The concept of the circular economy, or
GOt 2aSR f22LX A& LINEY2GSaikeoTee chsek 18dp lcaddept hinlsRat LJ2 f A
mitigating waste and establishing dematerialization. At its core, the concept makes provision for the
replacement of the enaf-life stage of products with restoration. The reusing of products avoids
additional extration of natural resources and production processes, minimizing the environmental
footprint of products. Under joint efforts, EU countries promote the circular economy to escape the
dependency on raw material imports and the unresolved waste problameample, as part of the
Circular Economy Package, the European Commission proposed to ensure that, by 2030, the amount
of municipal waste put into landfills will be reducegt 90 % The limitations in the availability of
resources on European islands and,tim many cases, limited potentials for waste treatment further
underline the fundamental importance of further investigating the opportunities of the circular
economy principles for European islands. In addition to environmental benefits, there arengicono
opportunities arising from the circular economy model. For example, new business opportunities for
innovative companies may be built. New job opportunities and enhanced skills may accelerate
economy and leave social benefits, like increased knowleddecapacity building. Hence, taking a

front row in developing circular economy strategies may offer great potential for European islands
and their citizens to propel their sustainable development.

While our study has shown that the decarbonization of #mergy sector in Mayotte does in fact
reduce the energy sector related GHG emissions, we have discovered the significance of indirect
emissions and the underlying environmental traofés that need to be considered by decision
makers. These tradeffs have shown to depend on specific technologies or fuels used as a
decarbonization measure. For example, we found an impact ondardo significantly increase when
promoting the uptake of biofuels. As determined by the Paris agreement, it is important toefurt
measures to mitigate GHG and in extension the associated GWP. However, transformation analyses
need to go further to include an-depth investigation of contextlependent compromises that allow

for informed and balanced decisianaking. This study sk that inevitably compromises are to be
made when, in addition to GWP reduction, other environmental impact categories are considered.
The impacts can result in severe local and global damages and need to be carefully weighted. For
example, switching frordiesel to biofuel is a very effective measure to reduce direct GHG emissions
in the transport sector, but it leads to significant land change and ozone depletion. The severe
environmental consequences of largeale biodiesel utilization were highlightéa this study and
alternative renewable fuel sources, such as hydrogen and derivates should be considered. Hydrogen
production is associated with different environmental costs, as its production requires significant
amounts of water, which may be a stresso regions with insufficient sustainable water resources,

as is the case in Mayotte. Further, the use of hydrogen or any other fuel may conflict with other
applications and sectors interrelated with the transport or energy sector. A costekedded
evduation of the possible tradeffs and finally conclusive compromise must be made.

4.3.2. Mayotte-specific considerations

While the previous paragraph elaborated the contdefpendency of decisions to take in energy
planning considering environmental impacts, we will now summarize some recommendations to be
drawn for the specific context of Mayotte that have resulted from analysis.
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The costefficient decarbonizing of the energy sector of Mayotte, lea to energy system topologies in
2050, in which the transport sector is a major driver of environmental impact across many categories.
In Mayotte passenger car transport and maritime traod dominate over the aviation sector. In the
passenger sector, the results of the LCA suggest that BEVs asefficasit pathway to decarbonize

the local emissions may pose the risk of enhanced environmental impacts across other categories. The
mining associated with the resources required for the battery manufacturing processes can be
associated with high environmental impa&t/hile policymakers in Mayotte may not have direct
control over the design and manufacturing processes of these assets, thegoosider mineral
resource intensity when contractirssetmanufacturers tadeploy asset&n Mayotte. By considering
suppliers that strive for less mineral resowioéensive manufacturing processes, policymakers can
contribute to mitigating the impact m mineral resource scarcitfurther, measures to reduce the
absolute number of vehicles may be explored on the island. Amongst these, social innovations like car
sharing may be effective, alongside with technical infrastructure modifications, includinlic pu
transport. The latter offers additional potential to widen the technology mix in the road transport and
reduce the stress caused by singular strategies. For example, FCEVs could be an alternative option to
be explored for public transport vehicles. Whour study suggested a more balanced technology mix

in the transport sector from environmental perspective (see Sedti@rR.) diversifying the
technologies may as well reduce the stress on interrelated infrastructures, including the power grid.
Decouping the electricity consumption required to produce hydrogen fuel from the charging of BEVs
may have positive effects on the power system operation and related infrastructures.

The geographic boundaries of islands in many cases lead to more developetdiciynidentities
among its inhabitants. A strong community identity may fuel coherent social engagement and
community movements that can democratize and accelerate the energy transition. Previous
deliverables (i.e., Deliverable 3.1) and scientific putibos [48] of the MAESHA project have
identified a strong sense for communal action in the energy transition, promoting ciooeised
energy interventions on Mayotte. Citizéed energy transformation offers great potential for a cost
efficient, and sustainable energy transition. For many of the decentralized solutions, the approval and
the active participation of citizens in the energy transitions is of essential importance. This includes
the adoption of BEs, decentralized shared PV, and behavioral and ereffggjency measures in the
household sector. Because of the significant environmental impacts resulting from the household
sector, this sector was analyzed in detail in this report (see Se¢)nhe findings of this analysis
show different a variety of measures than have the potential to efficiently contribute to a reduction
in environmental impact. Measure that should be considered by policy makers include energy
efficiency measures, a cooking fuswitch to electric cooking, and reduction of assets used as
beneficial to reduce the environmental impact of the household sector.

Interventions to promote the reduction of energy use in the household sector should be explored,
with manifold options hamg been reported in the literature. For example, introducing instruments

to support new businesses for renovation of existing buildings has proven to significantly reduce the
heating demand in Norwajl 04]. While no space heating loads are relevant in Mayotte, cooling via
electric air conditioning is a major driver of household elecyridiemand in Mayotte which likewise

may be able to reduce via renovation of buildings. While other anecdotal evidence of case studies is
abundant, the unconditional effectiveness of measure improving energy efficiency on a household
level remain challengg. While potentially having private (cost savings) and public benefits (GHG
emission reduction), households invest less in energy efficiency than what may appear economically
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rational, and some other energy efficiency investments do not seem economigattiiwhile ¢ a
phenomenon known as the energy efficiency gap or energy efficiency paEesxA comprehensive
overview of reasons causing energy efficiency gap is givEi®@}, including(i) market failures, (ii)
behavioural failures and (iii) other factoBifferent policies and instruments how to prevent or reduce

the gap andpromote appropriate behavioural changes to successfully nudge consumeesds

more energyefficient decisionss given in[111]. Essentially, these includenergy standards and
codes, economic incentives, feedback information and energy labelling, among.ddeéfdar Sola

et al. [105] compile empirical evidence on energy efficiency pai@ead discuss their effectiveness.
Reflecting on evidence from various contexts, the authors find command and control instruments
(including code and standards) to be effective in reaching set minimum standard, but often imply
legislative or normative meases (e.g.,the renovation of a buildingleading tohigh costs Price
instruments, including subsidies and taxes lack in effectiveness while rebates showed mixed results.
Informational policies, including certificates or labels, informational feedback or audits mtnebe
cheapest and easiest way of providing constsneithenergy efficiencyelatedinformation, but their
effectiveness is highly context dependent. Here, a sophisticated assessment and approach how to
establishawareness campaigns, education programs, and incentives that motivate houssholdd

be canducted first.

Our study suggests significant environmental benefits to be unlocked from phasing out LPG cooking
fuel and use electric cooking instead. The use of LPG as a cooking fuel, however, is known to be highly
user convenient, while the uptake ofeetric cooking in regions with unstable grid connection is
reluctant. LPG cooking via combustion metsis criteria of ease of use during utilization, whisha
combination of direct ignition, systematic heat regulation, systemfaiét use, allowance fopartial

fuel refill, nonsmoking clear flame/heat, and fuel levéétection [107]. Notably, the easef-use
criterion is recognized as the second most import@ator affecting the choice of cooking fusime
contexts[107]. Switching towards electric alternatives will thus only be feasible when not jeopardizing
the comfort and current convenience of users. From previous related studies we know that crucial
success factors to induce the adoption ef@kirng are i) the reliability of the power supply without
voltage drops or blachuts, ii) cost reduction of-eooking appliances and, iii) widespread awareness

of the benefits and practicalities of@oking appliances for everyday mefl88]. Hence, policies and
energy sector related sions must foster the stable operation of the grid, especially in the low voltage
sections (address i)), evaluate measures reducing the upfront costsaikeng appliances including
subsidies, if relevant (addressing ii)) and support awarergssg canpaigns including workshops in

with communities and distribution via public media (addressing iii)).

As a more recent alternative to@oking and LPG, hydrogen has been proposed as a clean cooking
fuel, substituting polluting fuels including LPG, seeefcmmple[109]. With having similar physical
properties as LPG, the utilization of hydrogen is feasible in infrastructure similar to LPG, with only
marginal differences to be expected in the use behaviour. In fact, hydrogen can be blended into
existing LP@nfrastructures to a certain extent, depending on the amk appliances used. When
considering the local production of hydrogen viafief water electrolysis, the environmental impact
could be significantly reduced compared to it’s fossil counterpart, IBGhis end we rely on a first
study by Schmidt Rivera et §4], who performed a LCA of A& hydrogen production and it’s
utilization as gaseous cooking fuel in a rural village in Jamaica deployed uad®CkhScience and
Technology Programm@10]. The system considers a polymer membrane electrolysis and gaseous
storage tanks (retrofitted from LPG tanks). Similar to this study’s LCA approach, the authors follow the
guidelinesofthe ISO 14040/44t acradle-to-gravescope Hydrogen fuel is compared to other cooking
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fuels including LPGirewood, and charcoallnterpretation of the results showhe PV systenio
dominatethe environmental impacts of thentire hydrogencookingsystemby far in every consided
impact categorySimilar to our study, the authors see the environmental damage caused by PV to
stem from it’s production and Egihase (see Section 4.2.4) and propaseycling of material and PV
efficiencyimprovements to be fostered. Comparing hydem in its combustion to the other fuels, the
study of Schmidt Rivera et éiihdsthe hydrogen system to be the best option for avoiding fossil fuel
depletion, climatechange, ozone depletion, and summer smog (the last, jointly with LPG). Specifically,
hydrogenwould reduce the climatehange impact to 0.04 kg €€y./MJ compared to firewoo{.10

kg CO2 eq./MJ) and LPG (0.57 kg CO2 eq./MJ). Additionally, considering thefqpsitlocal health

and environmental benefiteould be significantly improved ken usinghydrogen as cooking fuel,
comparedto traditional fuels However, analogous to our study, tradéfs inthe depletion of metals,
freshwater eutrophicatiorand freshwater and marine ecotoxiciye to be considered. These are,
however, mainly asswated with the lifecycle of PV panel.
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5. SUMMARY ANKONCLUSION

Thisdeliverabledelves into the European Unioresnbitionto shift its energy paradigm from fossil
based sources to renewable energies, with a particular emphasis on the unigue vulnesafilitd

by European islands and their communities. The overarching motivation is the reduction of
environmental impact and the commitment to limiting global temperature increases to less than
1.5°C. In parallel, European islands are regarded as fertilends for innovation due to their high
energy costs and strong sense of community action.

To achieve a successful transition towards sustainable energy, it is imperative to transform the energy
sector's composition and incorporate innovative technologiest tater to growing energy demands

while maintaining system stability. In the realm of energy system planning, Energy System Modeling
has emerged as a potent tool for exploring eeffective technical routes. Nevertheless, it is crucial

to integrate envionmental considerations into this approach, going beyalig:ct emissions and
considering secondary emissions associated with the entire life cycle of energy systems. For this
purpose, Life Cycle Assessmemais applied in this studp assesshe environnental impact of energy
systems across all stages of their existence, encompassing factors beyond greenhouse gas emissions.

Thisstudy establisked a link between ESM and LCA to evaluate the environmental impact of -a cost
optimal, decarbonized energy system for geographically isolated European islands, with Mayotte as a
case study. lansweredpertinent research questions concerning the environmemtgbact, optimal
scenarios, influential sectors and technologies, traffs between emissions reduction and other
environmental concerns, and the role of policy interventions. The findings offer essential guidance for
policymakers, focusing on sectors,opesses, and technologies for effective and efficient energy
system decarbonization, while shedding light on potential hotspots and environmental consequences
of energy policies.

Theconductedstudyfollowedthe ISO 14040/1404UCA frameworkThe opersource LCA modeling

tool, OpenLCA vl1.9yas selected because itoffers flexibility, scenario simulation, ara simple
integration of LCAdatabases.This studyincluded an indepth environmental evaluation ofive
scenarios each representing a distinct composiz y 2 F al @20 0S Q& coSeyifgEE & & &
energyconsuming sectorghe energysupplyside andthe energydemand sideThe five scenarios

and the accompanying energy system topologies were generated through comprehensive and
sophisticated ESh a previous stage of the MAESHA project and include all relevant epectyyrs

in Mayotte, namelyhouseholds, services, agriculture, industry, and transpbine LCAutilized the

ESM scenarios anexpanced the analysisbeyond direct GHG emissions, pming insights into
environmental impacts on multiple levels. addition to the ESM result)e ecoinvent database and
literature sourcesyere utilized in the inventory analysiSheconducted assessmeig based ori8
environmental impact categoriespredetermined by the applied ReCiPe evaluation method
Comparative analysisvas carried out, with a focus on howhe four different decarbonization
scenarios perform comparetie baseline scenariavhich represents a continuation of current policy
trends. The LCA results show thdtere is no single optimal scenario across all environmental impact
categories

TheLCA results affirm the effectiveness of decarbonization meagegezdingreducing the GWP,
when considering the entire life cycle. Howeweg find that that reducing emissions in the energy
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sector may result in tradeffs in other environmental categorie®©ur study further analyzed
identified hotspot, specifically the electricity sector, transportation sector, households and the
lifetime of assetsleployed.

Electricity sector: In the fossil fuebased electricity systems in the baseline scenatioe
environmental impadt are dominatedby operational processes, such the diesel combustionin
contrast, in thedecarbonized electricity systems, the environmental footprint results from upstream
processes and the construction of energy system assets. This underscores the importance of
promoting sustainable production methods and exploring alternative resourceadtiress the
depletion of minerals in these systenms.addition, &ifting from conventional diesel to biodiesel for
electricity sector usage lowers the GWP bimultaneouslyntroduces various tradeffs, particularly
related to land useWe conclude thatpolicies advocating for a transition to biodiesel should be
approached with caution, analternatives should be investigated.

Transportation sectorThe transportation sector stands out, as the associated environmental impacts
are especially difficult tanitigate. All four decarbonization scenarios are dominated by the utilization

of BEVs. We identifed environmentedde-offs associated witlthe largescale deployment oBEVS.

A more balanced use of BEVs and FCEVs is environmentally preferable, altbtugbghire raw
materials with environmentally damaging production processes. Decarbonthi@gsubsector
navigation and aviation poses challenges, and hydrogen is considered a promising fuel option. When
considering hydrogen sourcing, domestic productaffers only minor environmental advantages
compared to importing, and decisienaking should encompass social, economic, and political
factors.

HouseholdsWe find that decarbonization measures in the household sector can lead to significant
reductions in environmental impacts across different categories. The MAESHAfocus scenario
consistently outperforms others in all 18 environmental impact categoridsuseholdevel
decarbonization measures, like demand response, energy efficiency improvements, aritibinants

to electric cooking, have the potential to reduce environmental impacts across several categories.
These measures are crucial for engaging the population in the transition pracésshould be
investigated by policy makers.

Lifetime of assetsAssets, especially those introduced to advance decarbonizatemuired trade-

offs with regard to theenvironmental performance of energy systems transitioning from fossil fuels

to renewable energy source&ustainable production methods, circular econommngples, and
consumer education on sustainable choices should be promdigtending the lifetime of assets,
focusing on repair and maintenance, and educating consumers to make sustainable choices can be
effective strategies for reducing the environmehtaotprint in decarbonized energy systeraad

should be reinforced by policy makers.

Our study reveals that the decarbonization of Mayotte's energy sector effectively reduces GHG
emissions. However, it also highlights the importance of considering ind@eissions and
environmental tradeoffs associated with the choice of specific technologies or fuels for
decarbonization. This underscores the need for informed decisiaking by policymakerso which
comprehensive LCA studies can contribute to.
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APPENDIX

APPENDIAL: LCIOFSUPPLYROCESSES

Table A1.1: LCI of Local Electricity Production in Mayotte.

electricity production@M

Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
generatedE._sum*
electricity net_commercialPV generatedB._commerdalPV [ GWh |electricity production, commercial solar PV electricity@M | (1-(lossrate_Hvgrid+| Gwh data from E3-Modeling
lossrate_ M LVgrid))
electricity net_geothermal generatedEL._geothermal| GWh |electricity production, geothermal plant
electricity net_open cycde IC generatedEL_opencyde IC| GWh |electricity production, open cycle ICplant
electricity net_rooftopPV generatedEL rooftopPV| GWh |electricity production, rooftop solar PV
electricity net_wind offshore generatedEL windoff| GWh |electricity production, wind offshore
electricity net_wind onshore generatedEL. windon| GwWh | electricity production, wind onshore
ecoinvent process "market for battery cell, Li-
ion,NMCl11| battery cell, Li-ion, NMCL11 |
L L market for battery cell, Li-ion, NMCL11 | battery cell, Li-ion, NMC111 Qutoff, U- GLO";
battery cell, Li-ion, NMC111 batteries_installed kg Qtoff,U-@O v l v l https:// www, saurenergy. com/ solar-energy-
news/ the-top-5-largest-battery-energy-storage-|
systems-worldwide
distribution network, electricity, 548000.0/40.8 m market for distribution network, electricity, low voltage | distribution o
low voltage network, electricity, low voltage | Qutoff, U- GLO Schi ne et al. (2022); GRE(2020); Shiomi et al.
transmission network, 16000.0/40.8 m market for transmission network, electricity, high voltage | transmission (2019)
electricity, high voltage network, electricity, high voltage | Qutoff, U- GLO
transm?ssion ngtwork, 492000.0/40.8 m market‘ for transmission net\{v<.)rk, equricity, medium voltage |
electricity, medium voltage transmission network, electricity, medium voltage | Qutoff,U- GLO
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Table A1.2: LCI of Electricity Production from RES plants in Mayotte.

electricity production, commercial solar PV
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
photovoltaic plant construction, 570kWp, multi-S, on eooinvent process photovoltalcplant
?j:ﬁgtijg glj:;riz:léwpy 1.0* 1000/ 570* Pinst_commerdalPV| Item(s) [openground| photovoltaic plant, 570kWp, multi-S, ?eet(j;?"r?r/nerd 1PV generatedE._commerdalPV GWh TO:;:) r;;:(')?;i;?:;’:’g;gs\':\‘/ ps r:SI ttii_p;’nozrz;r;:
onopenground | Qutoff,U- GO ground | Qutoff, U"
electricity production, geothermal plant
Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount unit
ecoinvent process"market for geothermal
geothermal power plant, 1.0/5.5*Pinst_geothermal| Item(s) market for geothermal power plant, 5.5MWel | electricity SR g e GWh power plant, 5.5MWel | geothermal power
5.5MWel geothermal power plant, 5.5MWel | Qutoff, U-GLO | net_geothermal plant, 5.5MWel | Qutoff, U’
electricity production, rooftop solar PV
Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount unit
hotovoltaic flat-roof hotovoltaic flat-roof installation, 3kWp, multi-S, on sonirvent process " photovolale lat:foof
iF:1stalIation, 3kWp, multi-S, on 1.0* 1000/ 3* Finst_rooftopPV| Item(s) foof | photovoltaic flat-roof instayllation?ékWp, n;ulti- eleatriaity generatedEL rooftopPV GWh |n: aJIatl:)n‘, 3ITWp' mgltl-jl,l oh roofil i
roof S, onroof | Qutoff, U- ROW net_rooftopPV g ?):J:(SOE‘TC(;?;?(L)I‘W ation, 3kWp, multi-
electricity production, wind onshore
Inputs Qutputs Based onX
flow name amount unit [provider flow name amount unit
) ) ) o ) ecoinvent process"market for wind turbine,
wind turbine, 4.5MW, onshore 1.0/4.5* Pinst_windon| Item(s) mar.ket forwind turbine, 4.5M W, onshore | wind elecricity net_wind generatedEL. windon GWh 4.5MW, onshore | wind turbine, 4.5MW,
turbine, 4.5MW, onshore | Qutoff, U- GLO onshore onshore | Qutoff, U- GLO"
electricity production, wind offshore
Inputs CQutputs
flow name amount unit |provider flow name amount unit
wind offshore plant, 2MW 1.0/2*Pinst_windoff| Item(s) |wind offshore plant construction, 2MW electricity net_wind offshore | generatedBL windoff GWh
wind offshore plant construction, 2MW
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
wind powgr plant,2MW, 1| ttem(g) market for wind power plant, 2MW, offshore, fixed parts| wind wind offshore plant, 1| item eqoinvent process_“electricity production,
offshore, fixed parts power plant, 2MW, offshore, fixed parts| Qutoff, U- GLO 2MW wind, 1-BMW turbine, offshore |
wind power plfelnt, 2MW, 1| teme market for wind power plant, ZMW, offshore, moving parts| wind electricity, high voltage | Qutoff, U"
offshore, moving parts power plant, 2MW, offshore, moving parts| Qutoff, U- GLO
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Table A1.3LCI of Electricity Production from open cycle IC plants in Mayotte

electricity production, open cycle ICplant

Inputs Qutputs
flow name amount unit |provider flow name amount unit
Eg:fd diesel, in open cydle IC burneddiesel_opencyde IC| GwWh [diesel combustion,in open cycle ICplant :IZ(':: gty net_open generatedEL_opencycde IC GwWh
open cyde ICplant, 200kW Finst_opencyde 1C-1000/200| Item(s) |open cycle ICplant construction, IMW
open cyclelCplant construction, IMW
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
heat and power co-generation unit, market for heat and power co-generation unit, 200kW electrical, diesel S(OR
200k W electrical, diesel SR 1| ttem(s) common oom.poner.1ts for heat+electricity| heat and power co-gen.e.ration unit, open cycle ICplant, 1| items ecoinvent prooe§s "heat and power
common components for 200kW electrical, diesel SCR common components for heat+electricity | Qutoff, U- | 200kW co-generation, diesel, 200kW
heat+electricity [cle) electrical, S(RNOx reduction |
heat and power co-generation unit, market for heat and power co-generation unit, 200kW electrical, diesel SCR electr'icity, highvoltage | Qutoff, U-
200kW electrical, diesel SCR 1| Item(s) |componentsfor electricityonly| heat and power co-generation unit, 200kW oW
components for electricity only electrical, diesel SCR components for electricity only| Qutoff, U- GLO
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diesel combustion, in open cycleICplant
Inputs Qutputs Based onX
flow name amount unit [provider flow name amount unit
diesel, imported 0.18342668 kg diesel, import - YT burned diesel, in open cycle ICplant 0.18342668*42.5 MJ
lubricating oil 0.000525196 kg market for lubricating oil | lubricating oil | Qutoff, U- RoW Ammonia 7.83875E-06 kg ecoinvent process "heat and
urea 0.006788403 kg market forurea| urea| Qutoff, U- RoW Carbon dioxide, fossil 0.577715655 kg power co-generation, diesel,
urea 0.000858542| kg | market forurea| urea| Qutoff, U- RNA Garbon monoxide, fossil 0.001175812| kg 200kW electrical, SRNOx
urea 0.005796814| kg |marketforurea| urea| Qutoff,U- ON Dinitrogen monoxide 3.91937E05| kg reduction | electriciy, high
Methane, fossi 9.4065E05| kg voltage | Qutoff, U- RoW"
Nitrogen oxides 0.000548712 kg
l;lol\:ln\;(gucn zzn-methane volatile organic 0.000391937 kg
Particulate Matter, <2.5um 7.83875E-06 kg
Patinum 5.48712E-11 kg
Sulfur dioxide 0.000391937 kg
waste mineral oil (market for waste mineral
oil | waste mineral oil | Qutoff, U- RoW) 0.000380048 kg
waste mineral oil (market for waste mineral
oil | waste mineral oil | Qutoff, U- Europe 0.000145148 kg
without Switzerland)
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Table A1.4LCI of Steam Production in Mayotte

steam production@M

Inputs

Qutputs

Based onX

flow name amount

unit |provider

flow name

amount

unit

burned diesel, in boiler burneddiesel STEAM

GWh | diesel combustion, in boiler

steam@M

generated_
STEAM

Gwh

burned diesel, in boiler burnedbiodiesel_STEAM

GWh | biodiesel combustion, in boiler

"diesel combustion, in boiler" with the following
changes:

1. zero QO2 emissions to avoid double counting of
biogenic carbon dioxide from biomass

2. -50%o0f GO and hydrocarbons (methane,
ethane, propane, buthane, penthane, hexane,
heptane, octane, benzene, toluene, xylene,
formaldehyde) according to Thangavelu et al.,
2015.

3. input flow changed to "biofuel advanced,
imported"

oil boiler, 100kW pinst_STEAM *1000/ 100

Item(s) [market for oil boiler, 100kW | oil boiler, 100kW | Qutoff, U- GLO

APPENDIAZ:LCIOFPARTLY.OCALLY ANPARTLEXTERNALIRRODUCED ANDIPORTEBINALENERGYARRIERS

Table A2.11 CI of Local Hydrogen Production in Mayatte

hydrogen production@M

Inputs Qutputs Based onX

flow name amount | unit |provider flow name amount unit

air compressor, screw-type compressor, 300kW 3.68E07| Item(s) ?oi;?;g?goemiffngggfzggﬁwrﬁéﬁﬁvgo&r hydrogen_prod@M 1 kg Terlouw et al. 2022; E3 data

electricity@M 45.74149| kWh |electricity production@M E3 data

electrolyzer, PEM 3.68E07( Item(s) |electrolyzer, PEM, production - YT Bareili et al. 2019; (Terlouw et al. 2022); E3 data

hydrogen storage vessel 2.6E07| Item(s) |hydrogen storage vessel, production - YT Palmer et al. 2021; (Terlouw et al. 2022); E3 data
https:// hydrogentechworld.com/water-

Water, cooling, unspecified natural origin, RoW 0.018| m3 |elementary flow treatment-for-green-hydrogen-what-you-need-to-
know
Terlouw et al. 2022;

water, ultrapure 9 kg water production, ultrapure | water, ultrapure | Qutoff, U- RFoW hitps:// hydrogentechworld. com/ water-

treatment-for-green-hydrogen-what-you-need-to-
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hydrogen, green (electrolyss), external production
Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount unit
ket for ai -t 300kW | ai -
air compressor, screw-type compressor, 300kV] 3.68476E07| Item(s) gzre ;:;z;gg‘ggxw SOU:(\;\;f‘)l’JP_e g_)gﬂpressor, | air compressor, screw: hydrogen. green 1 kg Terloww et &l 2022; B3 data
electricity @M 45.74148995| kWh |pelectricity production@M E3M data
electrolyzer, PEM 3.68476E-07| Item(s) |electrolyzer, PEM, production - YT Bareili et al. 2019, (Terlouw et al. 2022); E3 data
hydrogen storage vessel 2.59936E-07| Item(s) |hydrogen storage vessel, production - YT Palmer et al. 2021, (Terlouw et al. 2022); E3 data
Water, cooling, unspedified natural origin, R 0.018] m3 |elementary flow hutps://hydrogentechworid. com/ water-treatment-
for-green-hydrogen-what-you-need-to-know
Terlouw et al. 2022;
water, ultrapure 9 kg water production, ultrapure | water, ultrapure | Qutoff, U- RoW https:// hydrogentechworld.com/ water-treatment-
for-green-hydrogen-what-you-need-to-know
hydrogen storage vessel, production
Inputs Qutputs Based onX
flow name amount | unit |provider flow name amount unit
L ) hydrogen storage
L3
Occupation, industrial area 960 m2*a [elementary flow vessel 1| Item(s) Palmer et al. 2021: (Terlouw et al. 2022); E3 data
scrap steel -81900 kg elementary flow
. steel production, chromium steel 18/8, hot rolled | steel, chromium
steel, chromium steel 18/8, hot rolled 126000 k
9 |steel 18/8, hot rolled | Qutoff, U- RER
Transformation, from grassland, natural (non-use) 48| m2 |elementary flow
Transformation, to industrial area 48| m2 |elementary flow
waste reinforcement steel -44100 kg elementary flow
electrolyzer, PEM, production
Inputs Qutputs Based onX
flow name amount [ unit |provider flow name amount unit
electrolyzer, PEM, Balance of Plant 0.35| Item(s) |electrolyzer, PEM, Balance of Flant, production - YT electrolyzer, PEM 1| Item(s) .
- Bareil et al. 2019; (Terlouw et al. 2022); E3 data
electrolyzer, PEM, Stack 1| Item(s) |electrolyzer, PBM, Sack, production - YT
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electrolyzer, PEM, Balance of Plant, production

Inputs Qutputs Based onX
flow name amount [ unit |[provider flow name amount unit
. market for aluminium, wrought alloy | aluminium, wrought alloy | electrolyzer, PEM,
aluminium, wrought alloy 100 k9 |Qeor U-@o Balance of Plant 1) e | it et al. 2019; (Terlouw et al. 2022)
chemical, organic 200 kg market for chemical, organic| chemical, organic| Qutoff, U- GLO
market for concrete, normal strength | concrete, normal strength |
concrete, normal strength 2.3 m3 Qutoff, U- ROW
copper, anode 100 kg market for copper, anode | copper, anode | Qutoff, U- GLO
electronics. for control units 1100 K market for electronics, for control units| electronics, for control units |
’ 9 latoff,u-ao
Occupation, industrial area 297 m2*a |elementary flow
market for polypropylene, granulate| polypropylene,
olypropylene, granulate 300 ki
polypropy & 9 granulate| Qutoff, U-GLO
ateel, chromium steel 18/8 1900 kg market for steel, chromium steel 18/8| steel, chromium
steel 18/8| Qutoff, U-GLO
ket f low-all low-all ff, U-
sted, low-alloyed 4800 kg market for steel, low-alloyed | steel, low-alloyed | Qutoff, U
GLO
Transformation, from grassdand, natural (non-use) 149 m2 |elementaryflow
Transformation, to industrial area | 14.9] m2 |elementaryflow
electrolyzer, PEBM, Sack, production
Inputs Qutputs Based onX
flow name amount [ unit |[provider flow name amount unit
adtivated carbon. granular 9 K market for activated carbon, granular | activated carbon, granular | electrolyzer, PEM, 1| 1tems
9 g Qutoff, U- GLO Stack © Bareil et al. 2019; (Terlouw et al. 2022)
- market for aluminium, wrought alloy | aluminium, wrought alloy |
aluminium, wrought alloy 27 kg Qitoff, U- GLO
copper, anode 45 kg market for copper, anode | copper, anode | Qutoff, U- GLO
Iridium 0.75 kg elementary flow
platinum 0.075 kg market for platinum | platinum | Qutoff, U- GLO
. market for steel, chromium steel 18/8, hot rolled | steel, chromium
steel, chromium steel 18/8, hot rolled 100 kg steel 18/8, hot rolled | Qutoff, U- GLO
aulfuricacid 2.8 kg |market for sulfuricacid | sulfuricacid| Qutoff, U- RoW
market for tetrafluoroethylene| tetrafluoroethylene|
tetrafluoroethylene 13.2 ki
Y 9 |autoff, u-aLo
titanium 528| kg |market fortitanium| titanium| Qutoff, U-GLO
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hydrogen production in Mayotte in 2050 assuming the LHVs wa ;mg;ﬁg{;ﬁ io 300kW compressor 527kg hydrogen storage vessel
according to E3BM of the study Bareid et al 2019)9 (ecoinvent flow) (LA modeled according to Palmer et al. 2021)
L. plant capacity . flow: air compressor, screw-type amount of .
. eledtridity (scaled down . kwh MW plant ﬂOW.' electrolyzer, PEM compressor, 300kW daily H2 IR el amount of | tanks(lifetime ﬂOW.' hydrogen storage vessel
. input for H2 H2 produced R H2 produced in .. . provider: electrolyzer, PEM, X . . tanksto store o I provider: hydrogen storage
scenario to 1 year via electricity/ kg | capacity/ . provider: market for air compressor, | production R tanks (lifetime | discounted)/ A
prod [GWh] e 2050 [kg] production 1daily ; vessel, production
o lifetime) H2 produced kg H2 e screw-type compressor, 300KW [kgH2/day] roduction discounted) kgH2 e
[ ]| [MW] unit: Item(s) unit: ftear(s) p produced unit: Item(s)
baseline - - - - - - - - - - - -
dcvieen:zrntzj 42,941,912 31.293 0.345924 938,796 45.7415 | 3.685E-07 3.68E-07 3.68E-07 2,572.04 4.88 0.24 2.60E07 2.60E-07
decarb supply | 122,855,091 89.584 0.908659 2,687,521 45.7132 | 3.381E07 3.38607 3.38607 7,363.07 13.97 0.70 2.60E07 2.60E-07
early decarb 121,978,477 88.857 1.054515 2,665,712 45,7583 | 3.956E-07 3.96E07 3.96E07 7,303.32 13.86 0.69 2.60E07 2.60E-:07
MAESHAfocus | 128,881,157 93.817 0.885498 2,814,520 45.7915 | 3.146E-07 3.15E07 3.15E07 7,711.01 14.63 0.73 2.60E07 2.60E-07
o 5 moﬁgiity [kgH2/ tank] 527  Pameretal.2021
2E
é % me?arslf el [years] 20 Palmer et al. 2021

TableA2.2 Derivation of Input Quantities to Model the Electricity Demand and Infrastructure Assets of @éten Plant

5.75%of the
ammonia production in Mayotte in 2050 assuming the comprehensive proxy for ammonia synthesis reactor, condensor and compressors .
according to E3M LHVs of the elc demand (according to MW plant ity / kg NHG) proxy for ammonia storage vessel
9 study (Verleysen et 9 P Y
al. 2020)
. electricity placapadity NH3 kWh electricity/ kWh flow: electrolyzer, PEM flow: air compressor, screw.-type ) amount of | amount of [amount of tankg flow: hydrogen storage vessel
input for NH3 (scaled down . L MW plant . compressor, 300kW daily NH3 o .
. ) NH3 produced R produced in kg NH3 electricity/ kg . provider: electrolyzer, PEM, . . ; tanksto store tanks (lifetime | provider: hydrogen storage
scenario prod (incl. H2 to 1 year via capacity/ . provider: market for air compressor, production : o . A
50 [GWh] lfetime) 2050 produced NH3 kg NH3 production L [kgNH3/day] 1daily (ifetime [ discounted)/ ko] vessel, production
i it: - ! roduction | discounted) | NH3 produced it:
[kwh] (MW] [ka] (incl. H2 prod) | (excl. H2 prod) unit: ltem(s) unit: Item(s) p ) p unit: ltem(s)
baseline - - - - - - - - - - - - - -
decarb demand 61,868,313 34.519 0.84009215 6,645,404 9.3099 0.5353 | 1.2642E07 1.26E-07 1.26E-07 18,206.59 0.33 0.02 2.45E09 2.45E09
decarb supply 65,223,635 36.408 0.88505391 7,009,034 9.3057 0.5351 | 1.2627E-07| 1.26E:07 1.26E:07 19,202.83 0.34 0.02 2.45E09 2.45E-09
early decarb 28,762,960 16.023 0.48880293 3,084,701 9.3244 0.5362 | 1.5846E-07 1.58E07 1.58E-07 8,451.24 0.15 0.01 2.45E09 2.45E09
MAESHAfocus 30,153,880 16.821 0.45201567 3,238,359 9.3115 0.5354 | 1.3958E07 1.40E-07 1.40E-07 8,872.22 0.16 0.01 2.45E09 2.45E09
ammonia https//www.aqua-calc.com/page/ density-
density kg/m"3] B2 table/substance/ liquid-blank-ammonia
o 5 | tankvolume [mA3) 82 Palmer et al. 2021
S = -
= gNBapadtyol  [NFE 5705 caculated
g > tank tank]
5 & |lifetime of tank  [years] 20 Palmer et al. 2021
TableA2.3 Derivation of Input Quantities to Model the Electricity Demand and Infrastructure Assets of a HB Ammonia Plant

Do.1
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ammonia, green external production
Inputs Qutputs Based onX
flow name amount | unit [provider flow name amount unit
air compressor, screw-type compressor, 300kW 1.26E07| Item(s) ?;;rekz:’;igr’nggxrl' sgjf;\flft);peg_)g pressor, 300kW | air compressor, sorew- ammonia_green 1 kg Terlouw et al. 2022; IAMM; E3 data
electrolyzer, PEM 1.26E07| Item(s) |electrolyzer, PEM, production- YT Bareili et al. 2019, (Terlouw et al. 2022)
hydrogen storage vessel 2.45E09| Item(s) |hydrogen storage vessel, production - YT Palmer et al. 2021, (Terlouw et al. 2022)
hydrogen_green 0.177 kg hydrogen, green (electrolysis), external production Snghet al. 2018
nitrogen, liquid 0.823 kg air separation, cryogenic| nitrogen, liquid | Qutoff, U- RoW Snghet al. 2018
electricity@M 0.535322 kWh [electricity production@M Verleysen et al. 2020; E3 data
Heat, waste 0.75( kwh Smith et al. 2020
Water, cooling, unspecified natural origin, RoW 0.00245 m3 Ghavam et al. 2021
ammonia mix, transported to port
Inputs Qutputs Based onX
flow name amount unit  [provider flow name amount unit
ammonia_green Z;a;re;g:jfg Ho_ kg ammonia, green external production from green H2 ammonia_mix 1 kg -
ecoinvent process cammonia production, steam
reforming, liquid | ammonia, anhydrous, liquid
ammonia_grey i;i:;ﬁizenm— kg ammonia external production, steam reforming - ROW Qutoff, Ug—’ R?Wdl . el
Note, that the demanded quantity of grey NH3 is
zero as per the demand parameter
transport, freight train 0.2756| t*km |market for transport, freight train | transport, freight train | Qutoff, U- RoW
transport, freight, inland waterways, barge 0.0466( t*km V”J::::L:;:E:rzzolngf;?:td?g\fvwalemays barge | transport, freight, inland ecoinvent proot.ess "market for ammonia,
- — - — anhydrous, liquid - RoW "
transport, freight, lorry, unspedified 0.1485| t*km lmzf::;tfl"ﬂ _tlgl\;s\?on, freight, lorry, unspecified | transport, freight, lorry, unspecified
shipping NH3 asH2 carrier toM
Inputs Qutputs Based onX
flow name amount unit  [provider flow name amount unit
ammonia_mix 1 kg ammonia mix, transport to port - YT ammonia_mix 1 kg -
electricity @M 0.0675| kWh |electricity production@M Boero et al. 2021
transport, freight, sea, tanker for liquid goods other than petroleum and liquefied
transport, freight, sea, tanker for liquid goods d 6| t*km |natural gas| transport, freight, sea, tanker for liquid goods other than petroleum -
and liquefied natural gas| Qutoff, U- GLO

www.maesha.eu

110




AESHA

ammonia, import

Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount unit
ammonia_mix 1 kg |ammonia mix, transport to port - YT ammonia, imported 1 kg -
electricity @M 0.0675| kWh |electricity production@M Boero et al. 2021
transport, freight, sea, tanker for liquid goods other than petroleum and liquefied
transport, freight, sea, tanker for liquid goods d 6| t*km |natural gas| transport, freight, sea, tanker for liquid goods other than petroleum -
and liquefied natural gas| Qutoff, U- GLO
hydrogen, import
Inputs Qutputs Based onX
flow name amount | unit |provider flow name amount unit
ammonia_mix 0.745734 kg  |shipping NH3 as H2 carrier toM hydrogen_imported 1 kg
ammonia_mix 1.737992 kg shipping NH3 as H2 carrier toM Gddey et al. 2017
ammonia_mix 6.409615 kg shipping NH3 as H2 carrier to M

TableA2.4: LCI of Hydrogen/ Ammonia Imports to Mayotte

a

*Note thatboththeA YLI2 NI 2F I H YR blo dzda$ GKS FANRG (62 LINRPOS&aA&S4as 6K I&Belingporti | YY2Y A
LI GKgl& 2F FYY2YAlL® ¢KS LINPOS&aasSa daKALILIAY3I bl o | & odrtmproCesseshd cSndlidé te import | y R
pathway of hydrogen to Mayotte.
ammonia, production@M

Inputs Cutputs Based onX
flow name amount | unit [provider flow name amount unit
air compressor, screw-type compressor, 300kW 1.26E07| Item(s) gitf;g?;i&:ﬁ;e;zrﬁf:gfégkmxleﬁﬁ:ﬂliﬂo&r ammonia, prod@M 1 kg Terlouw et al. 2022; IAMM; E3 data
electrolyzer, PEM 1.26E07| Item(s) |electrolyzer, PEM, production - YT Bareili et al. 2019, (Terlouw et al. 2022)
hydrogen storage vessel 2.45E09| Item(s) [hydrogen storage vessel, production - YT Palmer et al. 2021, (Terlouw et al. 2022)
hydrogen_prod@W 0.177 kg hydrogen production@M - YT Snghet al. 2018
nitrogen, liquid 0.823 kg air separation@M Snghet al. 2018
electricity @M 0.535322| kWh [electricity production@M Verleysen et al. 2020; E3 data
Heat, waste 0.75] kWh |elementary flow Smith et al. 2020
Water, cooling, unspecified natural origin, FoW 0.00245( m3 [elementary flow Ghavam et al. 2021
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air separation@M

Inputs CQutputs Based onX
flow name amount | unit [provider flow name amount unit
. . . market for air separation facility | air separation facility | Qutoff, U] . -
air separation facility 4.43E10| Item(s) P vl P vl nitrogen, liquid 1 kg ] s .
-3do ecoinvent process "air separation,
Argon-40 0.009849 kg |elementary flow Water 0.008285[ m3 ayogenic| nitrogen, liquid | Qutoff, U
electricity @M 0.562816 kwh |electricity production@M Water 0.013095| m3
Nitrogen 0.531158 kg elementary flow
Oxygen 0.162513 kg elementary flow
Water, cooling, unspecified natural origin 0.02138| m3 [elementary flow
TableA2.5 LCI of Local Ammonia Production in Mayatte
carbon dioxide production, direct air capturing
Inputs Qutputs Based onX
flow name amount unit  [provider flow name amount unit
electricity @M 0.7 kWh |electricity production@M cgrbon ,dIOX|de’ from 1 kg Deutz and Bardow, 2021
direct air capturing
electricity @M 16.6-3.444 MJ |electridity production@M
syntheticliquids, import
Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount unit
carbon dioxide, from direct air o . " . . syntheticliquids,
capturing 22.85 kg carbon dioxide production, direct air capturing e 5.47 kg Ki nig et al., 2015
chemical factory, organics 3.53E10]| Item(s) |market for chemical factory, organics| chemical factory, organics| Qutoff, U- GLO
electricity@M 10.944] MJ |electricity production@M
hydrogen_green 3.01*greenH2share| kg  |hydrogen, green (electrolysis), external production
hydrogen_grey 3.01*(1-greenH2share) kg hydrogen, grey (SMR), external production
transport, freight, sea, tanker for 6l tkm market for transport, freight, sea, tanker for petroleum | transport, freight, sea, tanker for
petroleum petroleum | Qutoff, U-GLO
carbon dioxide production, direct air capturing @M
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
. . . carbon dioxide, from
electricity@M 0.7| kwWh |electricity production@M ) . . 1 kg Deutz and Bardow, 2021
direct air capturing
electricity@M * 16.6-3.444] MJ |electricity production@M

*assumingan electric boiler for steam production with an efficiency of 99%

Do.1
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syntheticliquids, production @M

Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
carbon dioxide, from direct air . ’ _ ) . syntheticliquids,
capturing 22.85 kg carbon dioxide production, direct air capturing @M i 5.47 kg K nig et al., 2015
chemical factory, organics 3.53E10| Item(s) |[market for chemical factory, organics| chemical factory, organics| Qutoff, U- GLO
electricity @M 10.944 MJ  |electricity production@M
hydrogen, imported 3.01* (1-H2share_producedinM) kg hydrogen import
hydrogen_prod@M 3.01* H2share_producedinM kg |hydrogen production@M - YT
TableA2.6. LCI of external and local Synthetic Liquids Production
carbon dioxide production, direct air capturing
Inputs Qutputs Based onX
flow name amount unit  [provider flow name amount unit
electricity @M 0.7 kWh |electricity production@M cgrbon ,dIOX|de’ from 1 kg Deutz and Bardow, 2021
direct air capturing
electricity @M 16.6-3.444 MJ  |electricty production@M
syntheticliquids, import
Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount unit
carbon dioxide, from direct air o . " . . syntheticliquids,
capturing 22.85 kg carbon dioxide production, direct air capturing e 5.47 kg Ki nig et ., 2015
chemical factory, organics 3.53E10| Item(s) [market for chemical factory, organics| chemical factory, organics| Qutoff, U- GLO
electricity@M 10.944] MJ |electricity production@M
hydrogen_green 3.01* greenH2share kg hydrogen, green (electrolysis), external production
hydrogen_grey 3.01*(1-greenH2share) kg hydrogen, grey (SMR), external production
transport, freight, sea, tanker for 6l tkm market for transport, freight, sea, tanker for petroleum | transport, freight, sea, tanker for
petroleum petroleum | Qutoff, U-GLO
carbon dioxide production, direct air capturing @M
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
- - . carbon dioxide, from
electricity@M 0.7] kWh |electricity production@M ) ) . 1 kg Deutz and Bardow, 2021
direct air capturing
electricity @M * 16.6-3.444 MJ |electricity production@M

*assumingan electric boiler for seam production with an efficiency of 99%
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syntheticliquids, production @M

Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
:rpl:zz:;onde, from direct air 22.85| kg |carbon dioxide production, direct air capturing @M zm‘:zthwds' 547 kg K niget al., 2015
chemical factory, organics 3.53E10| Item(s) |[market for chemical factory, organics| chemical factory, organics| Qutoff, U- GLO
electricity @M 10.944 MJ  |electricity production@M
hydrogen, imported 3.01* (1-H2share_producedinM) kg hydrogen import
hydrogen_prod@M 3.01* H2share_producedinM kg |hydrogen production@M - YT

TableA2.7: LCI of external antbcal Synthetic Liquids Production

APPENDINA3: LCIOFEXCLUSIVEIEXTERNALIMRODUCED ANDIPORTEBINALENERGYARRIERS
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Table A3.1Underlying Assumptions to Model Supply of Solely Externally Produced Final Energy Carriers

Modeling of external production & subsequent import for final energy carriers that are solely produced externally

additional input flow to account for subsequent import

newly created overarchingimport processin openLCA
(consolidating both external production and

final energy |external production process ; - .
. ¥ P . P transportation to facilitatetheimport)
carrier based on ecoinvent process
assumed average
. . meansof transport processname reference product
import distance [km]
. diesel production, low-sulfur, petroleum refinery operation | diesel . . . .
diesel Iolw-wllzur Iu oljtof’f,u-va\J/’p ! inery operation | diesel, 6,000 transport, freight, sea, tanker for petroleum | diesel, import diesel, imported
liquefied petroleum gas production, petroleum refinery operation transport, freight, sea, tanker for liquefied . .
LPG ,q . P gsp P yop ! 6,000 P g “ LPG, import LPG, imported
liquefied petroleum gas| Qutoff, U- RoW natural gas
gasoline | petrol production, low-sulfur | petrol, low-sulfur | Qutoff, U- RoW 6,000|transport, freight, sea, tanker for petroleum | gasoline, import gasoline, imported
1. edible energy crops from ecoinvent process "market for ethanol,
without water, in 95%solution state, from fermentation | ethanol,
. without water, in 95%solution state, from fermentation | Qutoff, U* . . . .
biofuel 0 l ! biofuel conventional, biofuel conventional,
tional 6,000] transport, freight, sea, tanker for petroleum |. " . ted
convention 2. dewatering of ethanol from biomass, from 95%to 99.7%solution Impor impor
state| ethanol, without water, in 99.7%solution state, from
fermentation| Qutoff,U
1. lignocellulosic energy crops from ecoinvent process "market for
ethanol, without water, in 95%solution state, from fermentation |
ethanol, without water, in 95%solution state, from fermentation |
biofuel Qutoff, U . . . . .
advanced 6,000| transport, freight, sea, tanker for petroleum | biofuel advanced, import  |biofuel advanced, imported
2. dewatering of ethanol from biomass, from 95%to 99. 7%solution
state| ethanol, without water, in 99.7%solution state, from
fermentation | Qutoff, U
paraffin oil | paraffin production| paraffin| Qutoff,U- RoW 6,000 transport, freight, sea, tanker for petroleum | paraffin oil, import paraffin oil, imported
kerosene production, petroleum refinery operation | kerosene ) . .
kerosene procuation, p . inery operation| | 6,000 transport, freight, sea, tanker for petroleum | kerosene, import kerosene, imported
Qutoff, U- RW
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Table A3.2L CI of Importof Diesel, LPG, Gasoline, Paraffin oil and Kerosene to Mayotte

diesel, import
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
diesel production, low-sulfur, petroleum refinery operation | diesel, low-sulfur | Qutoff, | . .
diesel, low-sulfur 1 kg ; product u.p . inery operation| i w-sulfur diesel, imported 1 kg
U- W
. N market for transport, freight, sea, tanker for petroleum | transport, freight, sea, tanker
transport, freight, sea, tanker for petroleum 6 t*km for petroleum| Qutoff, U- GLO
LPG, import
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
S liquefied petroleum gas production, petroleum refinery operation | liquefied petroleum .
liquefied petroleum gas 1 k imported 1 k
quetiedp g 9 |gas| Qutoff,U-ROW LPG, Impo g
. . ) market for transport, freight, sea, tanker for liquefied natural gas| transport, freight,
transport, freight, sea, tanker for liquefied natural gas 6| t*km o
=P g a 9 sea, tanker for liquefied natural gas| Qutoff, U- GLO
gasoline, import
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
petrol, low-sulfur 1 kg petrol production, low-sulfur | petrol, low-sulfur | Qutoff, U- RoW gasoline, imported 1 kg
. market for transport, freight, sea, tanker for petroleum | transport, freight, sea, tanker
t rt, freight, sea, tanker f trol 6| t*k
ransport, freight, sea, tanker for petroleum m for petroleum| Qutoff, U- GLO
paraffin oil, import
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
paraffin 1 kg paraffin production | paraffin| Qutoff, U- RoW par affin oil, imported 1 kg
. market for transport, freight, sea, tanker for petroleum | transport, freight, sea, tanker
t rt, freigh tanker f trol *K
ransport, freight, sea, tanker for petroleum 6| t*km for petroleum | Qutoff, U- GLO
kerosene, import
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
kerosene 1 kg kerosene production, petroleum refinery operation | kerosene | Qutoff, U- RoW kerosene, imported 1 kg
. market for transport, freight, sea, tanker for petroleum | transport, freight, sea, tanker
t rt, freight, sea, tanker f trol 6| t*k
ransport, freight, sea, tanker for petroleum m for petroleum| Qutoff, U- GLO
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Table A3.3LCI of Conventional and Advanced Biofuel Imports to Mayotte

bioethanol conventional, fermentation to 95%solution state

Inputs Qutputs Based onX
flow name amount | unit |provider flow name amount unit
etharjol, without water, in 95% 0.06626 kg ethanol production frqm maize | ethanol, without water, in 95%solution bioethar_lol 0.04341 kg _ .
solution state, from fermentation state, from fermentation | Qutoff, U- RoW conventional, 95% ecoinvent process "market for ethanol, without
etharjol, without water, in 95% 000033 kg ethapol production from sweet sorghum | ethanol, without water, in 95% water, in 95%50|Uti0n state, from ferrT]entation
solution state, from fermentation solution state, from fermentation | Qutoff, U- RoW | ethanol, without water, in 95%solution state,
etha:jol, without water, in 95% 001602 kg etharjol production from sugar beet | ethanol, without water, in 95% from fermentation | Qutoff, U’
solution state, from fermentation solution state, from fermentation | Qutoff, U- ROW
eth@ol, without water, in 95% 0.00065 kg ethanol production fro_m rye | ethanol, without water, in 95%solution
solution state, from fermentation state, from fermentation | Qutoff, U- RoW
etha:lml, without water, in 95% 0.00029 kg ethanol production frgm whey| ethanol, without water, in 95%solution
solution state, from fermentation state, from fermentation | Qutoff, U- RoW
etharjol, without water, in 95% 0.00008 kg ethanol production frgm potatoes| ethanol, without water, in 95%solution
solution state, from fermentation state, from fermentation | Qutoff, U- RoW
etharjol, without water, in 95% 0.01270 kg ethanol production from sugar beet' molasses| ethanol, without water, in
solution state, from fermentation 95%solution state, from fermentation | Qutoff, U- RoW
ethaﬁol,without water, in 95% 0.84559 kg gjgarcane prooessing, traditional annfexed plant | ethanol, without water,
solution state, from fermentation in 95%solution state, from fermentation | Qutoff, U- ROW
biofuel conventional, import
Inputs Qutputs Based onX
flow name amount | unit |[provider flow name amount unit provider
bioethanol conventional, 95% 1 kg  |bioethanol conventional, fermentation to 95%solution state piofuel, conventional, 1 kg ecoinvent process "dewatering of ethanol from
e biomass, from 95%to 99.7%solution state |

B ] B ] market for wastewater, ethanol, without water, in 99.7%solution state,

electricity, medium voltage 0.005005 kWh lmgr:sftfgbo_ugjg eledtricty, medium oltage | electriity, medium voltage wastewater, average | 9.8255608] m3  |average| wastewater, from fermentation | Qutoff, U"
’ average | Qutoff, U- CA-QC
. . market for wastewater,
ethanol fermentation plant 2.96E-11| Item(s) gatg;fetlj(?rgiganol fermentation plant| ethanol fermentation plant | wastewater, average | 2.7597E05 m3 |average| wastewater,
' average | Qutoff, U- RoW
. . . market for heat, district or industrial, natural gas| heat, district or
heat, district or industrial, natural gas | 0.552795 MJ industrial, natural gas| Qutoff, U- ROW
. ) . market for heat, district or industrial, natural gas| heat, district or

heat, district or industrial, natural gas | 0.009084 MJ industrial, natural gas| Qutoff, U- CAQC
transport, freight, sea, tanker for 6l tkm market for transport, freight, sea, tanker for petroleum | transport, freight, assumption of 6,000 km average import
petroleum sea, tanker for petroleum | Qutoff, U- GLO distance
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bioethanol advanced, fermentation to 95%solution state

Inputs Qutputs Based onX

flow name amount | unit |provider flow name amount unit

ethanol, without water, in 95% 0.05540 K ethanol production fromwood | ethanol, without water, in 95%solution bioethanol advanced, 0.05654 K ecoinvent process "market for ethanol, without

solution state, from fermentation ' 9 state, from fermentation | Qutoff, U- ROW 95% ’ 9 water, in 95%solution state, from fermentation

ethanol, without water, in 95% 0.00003| K ethanol production from wood | ethanol, without water, in 95%solution | ethanol, without water, in 95%solution state,

solution state, from fermentation : 9 state, from fermentation | Qutoff, U- CH from fermentation | Qutoff, U*

ethanol, without water, in 95% ethanol production fromwood | ethanol, without water, in 95%solution

) ) 0.00030( kg .
solution state, from fermentation state, from fermentation | Qutoff, U- SE
ethanol, without water, in 95% ethanol production from grass| ethanol, without water, in 95%solution
) ) 0.00080( kg .
solution state, from fermentation state, from fermentation | Qutoff, U- CH
biofuel advanced, import
Inputs Qutputs Based onX
flow name amount | unit |provider flow name amount unit provider
) ) ) . biofuel, advanced,
bioethanol advanced, 95% 1 kg bioethanol advanced, fermentation to 95%solution state . 1 kg . . .
imported ecoinvent process "dewatering of ethanol from
biomass, from 95%to 99.7%solution state |
L. ) .. ) market for wastewater, ; ; ;
. ! market group for electricity, medium voltage | electricity, medium voltage ethanol, without water, in 99. 7%solution state,
electricity, medium voltage 0.005005 kwh | Qutoff, U-GLO wastewater, average [ 9.8255608| m3 |average| wastewater, from fermentation| Qutoff, U"
' average | Qutoff, U- CA-QC
market for ethanol fermentation plant | ethanol fermentation plant | market for wastewater,
ethanol fermentation plant 2.96E-11| Item(s) Qutoff. U-GLO P P wastewater, average | 2.7597E05| m3 |average| wastewater,
' average | Qutoff,U- RoW
- . . market for heat, district or industrial, natural gas| heat, district or
heat, district or industrial, natural gas | 0.552795 MJ . .
9 industrial, natural gas| Qutoff, U- oW
o . . market for heat, district or industrial, natural gas| heat, district or
heat, district or industrial, natural gas | 0.009084 MJ . . gas|
industrial, natural gas| Qutoff, U- CA-QC

transport, freight, sea, tanker for 6 tkm market for transport, freight, sea, tanker for petroleum | transport, freight, assumption of 6,000 km average import
petroleum sea, tanker for petroleum | Qutoff, U- GLO distance

APPENDIA4:LCIOFLEVELDEMANDPROCESSES
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in %of net weight according to Bauer et al., 2015

disaggregated parts to model the total vehicle

ecoinvent flow to model 1 vehicle

self-modeled process to

model 1 vehide
P:'::ifv @) glider, Hydro :Jalrizigg’reegge:lzi reference
. . y motor/ |transmission| Fuel glider, tank, (electric) glider, transmission, " . . .

Technology type net weight of vehidle [kg] Iran;— battery genera- |, (el.) motor/ gen | o | transmission, engine battery motor/generator | (electric) motor/ generator Hydrogen tank Fuel cell name unit [amount| provider uuid | inone newly flow
mission, tor enerator tank created process, | [ltem(s)]
engine g calledX

- passenger 0a2d6d36-cefe-
passenger car 1450 car, petrol/ | kg | 1450 [3acbrbsde- mqe’?’ p&elnger
natural gas 1266bd74311b production, ICE car, ICE
passenger Oazd6d3s-cefe- |,
light duty vehidle car, petroll | kg | 2500 |3abbs3e- IPRCHREIED) | [E ey
TEEleEs 12660d74311b production, ICE | vehide, ICE
ICE
lorry. 28 2b237244-dc82-
heavy duty vehicle = ftem(s)| 1 [a277-oser-
metricton 705040r084d
54d68af5-d3d4-
public bus bus Item(s) 1  |35de-abd2-
passenger battery powertrain,
passenger car 1550] car, petrol/  [kg| 1428|cell, Li-ion, | kg 60| for electric kg| 61] odu ;::Lw car H-g;\/r
2 natural gas NMCL11 passenger car pr ' !
PHEV 2% | 4% | 4% ot - i
passenger tery powertrain, . . ight duty
light duty vehicle | 2500 assumprior car, petrol/ | kg| 2304]cell, Li-ion, |kg |  97]for electric  |kg| 98 “goh;j;%ﬂg vehide,
natural gas NMCL11 passenger car pr ! PHEV
battery passenger car, passen passel
passenger car cell, Li-ion, | kg | 383 electric, without (kg | 1417] ududgiz:\chE\/ o gg\e/r
NMCL11 battery o " :
battery passenger car, . .
light duty vehicle 2500| assumptior cell, Li-ion, | kg [ 532 electric, without (kg | 1968] “gg;j:zr\‘/egg/e vg??iziledl-;é\/
NMCL11 battery P " d
BEV 21% 7%
battery passenger car, heavy duty heaw dut
heavy duty vehicle cell, Li-ion, | kg | 2128 electric, without |kg | 7872 vehicle vehi(‘j”; Beyv
NMCL11 battery production, BEV '
battery car,
public bus cell, Li-ion, | kg | 2341 electric, without |ky | 8660) p”:l'j'f;i‘; . p“bg;’”s
NMCL11 battery pr b
i battery passenger car, hydrogen fuel cell,
passenger car 1750[ cell, Li-ion, [kg| 68 electric, without |kg | 1411|storage  [kg| 116|item(s) | 9.17604|1kW | kg | 156|item(s) | 45 passeodu d?:L“F'CE/ p:seﬁi\e/’
NMCL11 battery vessel PEMFC pr b b
battery passenger car, hydrogen fuel cell, (e R light duty
light duty vehicle cell, Li-ion, | kg 97] electric, without [kg | 2016|storage [kg| 165|Item(s) | 1.31E-03|1 KW kg | 223(Item(s) | 64] godudign BV vehicle,
NMCL1L battery vessel PEMFC pr b FCEV
F0=V) 4% 81% % | %
battery passenger car, hydrogen fuel cell, heavy duty heavy duty
heavy duty vehicle| 10000|assumptior cell, Li-ion, | kg | 387 electric, without |kg | 8064|storage [kg| 660|Item(s) | 5.24E-03|1 KW kg | 894|Item(s) | 257} vehicle vehicle,
NMC111 battery vessel PEMFC production, FCGEV FCBV
I battery passenger car, hydrogen fuel cell, . .
public bus 110001 eiont of ecoinver cell, Li-ion, [ kg | 426 electric, without |kg | 8871|storage |kg| 726|item(s) | 5.76E03|1kW | kg | 983Item(s) | 283 p“:{;‘j;i‘fn .y p”'::'g’/“s'
NMCL1L battery vessel PEMFC pr b
19333850-a369-
Aviation: helicopters helicopter 1 Item(s) | 34e8-a3bb-
d9013c0f307f
motor bef6dadf-4881-
2 wheelers - ICE soogter. 59 1 |[ltem(s) |3423-abf3-
cubicem 6430a606¢37f
engine
battery . 3 3
X 2 electric scooter, electric scooter electric
2 wheelers - electric cell, Li-ion, | kg 20 N ' (kg 90] A
NMCL1L without battery production scooter
Inland freight navigation 46i180fe-d8Tb-
Sg::‘:‘g;;g dd\jl::" dve barge 1 |item(s) |3871-0118-
conventional ICEbarge) 23cda5de6eBa
Inland passenger navigation
(duetolack of LA data, all drive 6e4b3916-3bed-
types are modeled viaa ferry 1 Item(s) |3f25-baad-
conventional ICEferry) . L aan ) ‘ -
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TableA4.1: Modeling vehicle assets i@penLCAbased on Bauer et gl2015

passenger car production, ICE
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
ket f , petrol/ natural , petrol/ natural
passenger car, petrol/ natural gas 1450 kg market for passenger car, petrol/ natural gas| passenger car, petrol/ natural gas| passenger car, |CE 1| Item(s)
Qutoff, U- GO
light duty vehicle production, ICE
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
ket fi , petrol/ natural , petrol/ natural i .
passenger car, petrol/ natural gas 2500 kg market for passenger car, petrol/ natural gas| passenger car, petrol/ natural gas| light duty vehicle, ICE 1| Item(s)
Qutoff, U- GLO
passenger car production, PHEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NM C111 60 kg market for battery cell, Li-ion, NMCL11 | battery cell, Li-ion, NMC111 | Qutoff,U- GLO | passenger car, PHEV 1| Item(s)
market for passenger car, petrol/ natural gas| passenger car, petrol/ natural gas |
passenger car, petrol/ natural gas 1428 kg Qutoff, U-GO
. . market for powertrain, for electric passenger car | powertrain, for electric passenger
forel 1 ki
powertrain, for electric passenger car 6 g car| Qutoff, U- GLO
light duty vehicle production, PHEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
light duty vehicle,
battery cell, Li-ion, NMC111 97 kg market for battery cell, Li-ion, NMCL11 | battery cell, Li-ion, NMC111 | Qutoff,U- GLO }|3?—|EV yvehide 1| Item(s)
market for passenger car, petrol/ natural gas| passenger car, petrol/ natural gas|
| 2 k
passenger car, petrol/ natural gas 304 g Qutoff, U-GLO
. . market for powertrain, for electric passenger car | powertrain, for electric passenger
powertrain, for electric passenger car 98 kg car| Qutoff, U- GLO
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passenger car production, BEV

Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NMC111 383 kg market for battery cell, Li-ion, NMCL11| battery cell, Li-ion, NMC111 | Qutoff,U- GO | passenger car, BEV Item(s)
N market for passenger car, electric, without battery | passenger car, electric, without
, electric, without batt 1417 ki
passenger car, electric, without battery g battery | Qutoff, U-GLO
light duty vehicle production, BEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
light duty vehicle,
battery cell, Li-ion, NMC111 532 kg market for battery cell, Li-ion, NMCL11| battery cell, Li-ion, NMC111 | Qutoff,U- GO I;?EV y vehde Item(s)
N market for passenger car, electric, without battery | passenger car, electric, without
, electric, without batt 1968 k
passenger car, electric, without battery g battery | Qutoff, U-GLO
heavy duty vehicle production, BEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
h duty vehicle,
battery cell, Li-ion, NMC111 2128 kg market for battery cell, Li-ion, NMCL11| battery cell, Li-ion, NMC111 | Qutoff,U- GO BeEi‘;/y Uty venice Item(s)
N market for passenger car, electric, without battery | passenger car, electric, without
, electric, without batt 7872 ki
passenger car, electric, without battery g battery | Qutoff, U-GLO
public busproduction, BEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NMC111 2341 kg market for battery cell, Li-ion, NMCL11| battery cell, Li-ion, NMC111 | Qutoff,U- GLO | publicbus, BEV Item(s)
N market for passenger car, electric, without battery | passenger car, electric, without
, electric, without batt 8660 k
passenger car, electric, without battery g battery | Qutoff, U-GLO
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passenger car production, FCEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NMC111 68 kg market for battery cell, Li-ion, NMCL11 | battery cell, Li-ion, NMC111 | Qutoff,U- GLO |passenger car, FCEV 1| Item(s)
fuel cell, 1 kw PEMFC 45| Item(s) |fuel cell production, 1 kW PEMFC
hydrogen storage vessel 9.17E04| Item(s) |hydrogen storagevessel, production - YT
S market for passenger car, electric, without battery| passenger car, electric,
asen ric, with 1411 k .
passenger car, electric, without battery 9 |without battery| Qutoff, U-GLO
light duty vehicleproduction, FCBV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NMC111 97 kg market for battery cell, Li-ion, NMCL11| battery cell, Li-ion, NMC111 | Qutoff,U- GLO light ciuty vehicie, 1| Item(s)
fuel cell, 1 kW PEMFC 64| Item(s) (fuel cell production, 1 kW PEMFC
hydrogen storage vessel 1.31E03| Item(s) |hydrogen storage vessal, production - YT
L market for passenger car, electric, without battery | passenger car, electric,
passenger car, electric, without battery 2016 kg without battery| Qutoff, U-GLO
heavy duty vehicle production, FCEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
h hi
battery cell, Li-ion, NMCL11 387| kg |market forbattery cell, Li-ion,NMCLLL | battery cell, Li-ion, NMCLLL | Qutoff, U- GLO FZ:I/Y duty vehide, 1| item(s)
fuel cell, 1 kw PEMFC 257| Item(s) |fuel cell production, 1 kW PEMFC
hydrogen storage vessel 5.24E03] Item(s) |hydrogen storagevessel, production - YT
S market for passenger car, electric, without battery | passenger car, electric,
ric, with 4 k .
passenger car, electric, without battery 806 g without battery| Qutoff, U-GLO
public busproduction, FCEV
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NMC111 426 kg market for battery cell, Li-ion, NMC111 | battery cell, Li-ion, NMCL11| Qutoff, U- GLO | public bus, FCEV 1| Item(s)
fuel cell, 1 kW PEMFC 283| Item(s) |fuel cell production, 1 kW PEMFC
hydrogen storage vessel 5.76E03| Item(s) |hydrogen storagevessel, production - YT
L market for passenger car, electric, without battery | passenger car, electric,
passenger car, electric, without battery 8871 kg without battery| Qutoff, U-GLO
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electric scooter production
Inputs Qutputs
flow name amount | unit |provider flow name amount unit
battery cell, Li-ion, NMCl111 20 kg market for battery cell, Li-ion, NMC111 | battery cell, Li-ion, NMCL11 | Qutoff, U- GLO | electric scooter 1| Item(s)
eletric scooter, without battery % kg market for electric scooter, without battery | electric scooter, without battery | Qutoff,
U-ao
TableA4.2 LCls of Vehicles
Air Conditioner production
Inputs Cutputs
flow name amount | unit |provider flow name amount unit
- ) market for acrylonitrile-butadiene-styrene copolymer | acrylonitrile-butadiene-styrene copolymer | . "
acrylonitrile-butadiene-styrene copolymer 0.022302 kg Qutoff. U- GLO air conditioner, 1 kW 1| Item(s)
aluminium, wrought alloy 0.659502 kg market for aluminium, wrought alloy | aluminium, wrought alloy | Qutoff, U- GLO
castiron 0.757206 kg market for castiron| castiron| Qutoff,U- GLO
coatingpowder 0.09133 kg |market for coatingpowder | coatingpowder | Qutoff, U- RoW
copper, anode 1.8054 kg |market for copper, anode| copper, anode| Qutoff, U-GLO
nylon 6 0.13487 kg |market fornylon6| nylon 6| Qutoff, U- Row
polyethyleneterephthalate, granulate, 0.06372 K market for polyethyleneterephthalate, granulate, anorphous| polyethylene
amorphous ' g terephthalate, granulate, amorphous| Qutoff, U-GLO
polyethylene, high density, granulate 0.00743 kg market for polyethylene, high density, granulate| polyethylene, high density, granulate|
Qutoff, U-GLO
polypropylene, granulate 0.08708 kg |market for polypropylene, granulate| polypropylene, granulate| Qutoff, U-GLO
polystyrenefoam dab 0.04142 kg |market for polystyrenefoam dab | polystyrenefoam dab | Qutoff, U-GLO
polystyrene, general purpose 0.69561 kg |market for polystyrene, general purpose| polystyrene, general purpose| Qutoff, U-GLO
polystyrene, high impact 1.71725 kg |market for polystyrene, highimpact | polystyrene, high impact | Qutoff, U-GLO
polyvinylchloride, suspension polymerised 0.42905| kg market fgr polyvinylchloride, suspension polymerised | polyvinylchloride, suspension
polymerised | Qutoff, U-GLO
seel, chromium steel 18/8 0.15611 kg |market for steel, chromium steel 18/8 | steel, chromium steel 18/8 | Qutoff, U-GLO
seel, low-alloyed 3.72868| kg |market for steel, low-alloyed | steel, low-aloyed | Qutoff, U-GLO
synthetic rubber 0.01805| kg |market for synthetic rubber | synthetic rubber | Qutoff, U-GLO

TableA4.3 LCI of Air Conditioner Productiorbased on Almutairi et al[78]
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LED production
Inputs Qutputs

flow name amount | unit |provider flow name amount unit

aluminium oxide, metallurgical 01 g market for aluminium oxide, metallurgical | aluminium oxide, metallurgical | Qutoff, U- RoW LED, 19W 1| Item(s)

aluminium, cast alloy 723 g market for aluminium, cast alloy | aluminium, cast alloy | Qutoff, U- GLO

cable, unspecified 7 g market for cable, unspecified | cable, unspecified | Qutoff, U- GLO

capacitor, film type, for through-holemounting 18 g market for capacnor,.fllmtype, for through-hole mounting| capacitor, film type, for
through-holemounting| Qutoff, U-GLO

chemical, organic 0.1 g chemical production, organic| chemical, organic| Qutoff, U-GLO

diode, glass-, for surfacemounting 06 g market for diode, glass-, for surface-mounting| diode, glass-, for surface-mounting|
Qutoff, U-GLO

dlectric connector, peripheral typebuss 5 g market for electric connector, peripheral typebuss| electric connector, peripheral type
buss| Qutoff, U-GLO

dlectricity, medium voltage 0031| Kwh (r;li\cr)ket group for electricity, medium voltage| electricity, medium voltage| Qutoff, U-

. . e market for electronic component, active, unspecified | electronic component, active,
electronic component, active, unspecified 0.35 -
P < g unspecified | Qutoff, U-GLO

dlectronic component, passive, unspecified 035 g market‘fgrelectronlccomponent,pasve, unspecified | electronic component, passive,
unspecified | Qutoff, U-GLO

injection moulding 7 g market for injection moulding| injection moulding| Qutoff, U-GLO

injection moulding 26 g market for injection moulding| injection moulding| CQutoff, U-GLO

integrated circuit, logictype 0.1 g market for integrated circuit, logictype| integrated circuit, logictype| Cutoff, U-GLO

light emittingdiode 28 g market for light emittingdiode| light emittingdiode| Qutoff, U-GLO

mounting, surface mount technology, Pb-free 0.0045| m2 market for mounting, surface mount technology, Pb-free solder | mounting, surface

solder ! mount technology, Pb-freesolder | Qutoff, U-GLO

mounting, through-holetechnology, Pb-free 0.0045| m2 market for mounting, through-holetechnology, Pb-free solder | mounting, through-hole

solder : technology, Pb-freesolder | Qutoff, U-GLO

Packagingwaste, paper and board 0.175 kg

paper, woodfree, uncoated 3 g market for paper, woodfree, uncoated | paper, woodfree, uncoated | Qutoff, U- RoW

polyethylene, high density, granulate 130 g market for polyethylene, high density, granulate| polyethylene, high density, granulate |
Qutoff, U-GLO

resistor, surface-mounted 2 g market for resistor, surfaceemounted | resistor, surface-mounted | Qutoff, U-GLO

siliconeproduct 3.74 g market for siliconeproduct | siliconeproduct | Qutoff, U- RoW

steel, low-alloyed 4 g market for steel, low-alloyed | steel, low-alloyed | Qutoff, U-GLO

steel, low-alloyed 17 g market for steel, low-alloyed | steel, low-alloyed | Qutoff, U-GLO

transformer, low voltage use 48 g market for transformer, low voltageuse| transformer, low voltageuse| Qutoff, U-GLO

transistor, surface-mounted 0.3 g market for transstor, surface-mounted | transistor, surface-mounted | Qutoff, U-GLO

TableA4.4. LCI of LED Production based on Tahkamo d7al
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solar thermal water heater production
Inputs Qutputs Based onX
flow name amount | unit |provider flow name amount unit
lar thermal wat eooinvent process "heat production, at hot water
auxiliary heating unit, electric, 5kW 1/2| Item(s) |market for auxiliary heating unit, electric, 5kW | auxiliary heating unit, electric, 5kW | Qutoff, U- GLO EZ:trer,ZrI?N water 1| Item(s) tanlL,\;oIarEeIe ric, flat pFI)ate,L:nlIJItiple dWe\I,I\iIng|
solar collector system, Qu flat plate collector, one-family ol it market for solar collector system, Quflat plate collector, one-family house, hot water | solar collector heat, solar+electric, multiple-dwelling, for hot
house, hot water em(s) system, Qu flat plate collector, one-family house, hot water | Qutoff, U- GLO water | Qutoff, U!
TableA4.5 LCI of Solar Thermal Water Heater Production
whiteappliance production
Inputs Qutputs
flow name amount | unit [provider flow name amount unit
dishwasher 1/3| Item(s) |market for dishwasher| dishwasher| Qutoff, U- GO white appliance 1| Item(s)
refrigerator 1/3| Item(s) |market for refrigerator| refrigerator | Qutoff, U- GLO
washing machine 1/3| Item(s) |market for washing machine | washing machine | Qutoff,U- GLO
Table4.6: LCI of White Appliance Production
black appliance production
Inputs Qutputs
flow name amount | unit [provider flow name amount unit
internet access equipment 1| Item(s) |internet accessequipment production| internet access equipment | Qutoff, U- RoW black appliance 1| Item(s)
computer, desktop, without screen 1/2| Item(s) |market for computer, desktop, without screen | computer, desktop, without screen| Qutoff, U- GLO
display, liquid crystal, 17 inches 1/2| Item(s) |market for display, liquid crystal, 17 inches| display, liquid crystal, 17 inches| Qutoff, U- GLO
computer, laptop 1/2| Item(s) |market for computer, laptop| computer, laptop| Qutoff, U- GO

TableA4.7: LCI of Black Appliance Production
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gas stove (electric oven + 4 cookin

hobs)

induction stove (electric oven + 4 cooking hobs)

Installed Power [kW]

Installed Power [kW]

Weight [k ) Model Source Weight [k ) Model Source
ght kgl according to manufacturer gt [kg] according to manufacturer
52 103 BEKO FSM62320DWS Standherd [ https://www.saturn.de/ de/ product/ _beko- BEKO FSM69301XCT Sandherd httpg://vmw.satum.dg/d.elproc!uct/_beko-fsn?6930}xct-
" | (BEKA, Gaskochfeld, 72 Liter) fsm623200ws-2160760. html 52.8 9.6 (EA Induktion, 72 Liter) multifunktionsofen-mit-induktions-kochfeld-induktion-72-
5 & gg| AMIOA SHGG 11560 W Sanherd | htps://wwi.saturn. del del produc_amica-shogr liter-2601185.htrml
"9% (B A, Gaskochfeld, 56 Liter) 11560-w-1896157.html KOENICKFC2311 A Sandherd (EEK https://www.saturn.de/de/product/_koenic-kfc-2311-a-
herd-eek-arinduktionskochfeld-65-liter-
BOSCHHXR39 Al 50 Sandherd | nitps:// www. saturn. de/ de/ product/_bosch-h-39-ai- 44 1011 5 induktionskochfeid, 65 Liter) | < ndnerd-esk-arinduktionskochfeld-65-liter
56507 18] (c5a, Gaskocheld, 66 Liter) |50-2464125 hum Zrasrentm
: : " AEG(OB6641BBM Standherd (BEK | https://www.saturn.de/de/product/_aeg-cib6641bbm-
AMICA SHEG914 121 EStandherd [ https://www.saturn.de/ de/ product/_amica-sheg-914- 52 : . ] ) o
- tandherd-eek-a-induktion-73-liter-2739283.html
45 10.6 (EEKA Gaskochfeld, 65 Liter) 121-6-2315759.htri A, Induktionskochfeld, 73 Liter) standher ainduktion-73-liter m
EXQUISITEHI 60-3.1 Inox https://www.saturn.de/de/product/_exquisit-ehi-60-31-
47.13 9.65 54.28 10| qandherd (EEKA, Induktion) inox-standherd-eek-a-induk-96629748 htm
50.77 9.68

TableA4.8 Manufacturer's Data on Gas and Induction Stoves
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gasstove production

Inputs Qutputs
flow name amount | unit |provider flow name amount unit
aluminium, wrought alloy 0.761 kg market for aluminium, wrought alloy | aluminium, wrought alloy | Qutoff, U- GLO gasstove, 10 kW 1| Item(s)
brass 0.344 kg market for brass| brass| Qutoff, U- ROW
ceramictile 0.081 kg market for ceramictile | ceramictile | Qutoff, U- GLO
compr air, 700 KPagauge 13.0184| ma ;a\;\ll(et for compressed air, 700 kPagauge| compressed air, 700 kPagauge | Qutoff, U-
copper, anode 0.45 kg |market for copper, anode| copper, anode| Qutoff, U-GLO
dlectricity, medium voltage 54437 kwh (niaéket group for electricity, medium voltage| electricity, medium voltage| Qutoff, U-
ethylenevinyl acetate copolymer 0.037 kg market for ethylenevinyl acetate copolymer | ethylenevinyl acetate copolymer | Cutoff,

U-Row
ferrite 0.335 kg |market for ferrite| ferrite| Qutoff, U-GLO
flat glass, uncoated 7.415 kg |market for flat glass, uncoated | flat glass, uncoated | Qutoff, U- RoW
glassfibrereinforced plastic, polyamide, 0.648 ke market for glassfibrereinforced plastic, polyamide, injection moulded | glassfibre
injection moulded ' 9 reinforced plastic, polyamide, injection moulded | Qutoff, U-GLO
glassfibrereinforced plagtic, polyamide, 0.695 ke market for glassfibrereinforced plastic, polyamide, injection moulded | glassfibre
injection moulded ' 9 reinforced plastic, polyamide, injection moulded | Qutoff, U-GLO
iron-nickel-chromium alloy 0.037 kg |market for iron-nickel-chromiumalloy | iron-nickel-chromium alloy| CQutoff, U-GLO
magnesium oxide 0.143 kg |market for magnesum oxide| magnesium oxide| Qutoff, U-GLO
natural gas, high pressure 1.7321] m3 |market group for natural gas, high pressure| natural gas, high pressure| Qutoff, U-GLO
nylon 6-6 0.365 kg |market for nylon 6-6 | nylon 6-6 | Qutoff, U- RoW
polyethylene, high density, granulate 0.265 kg market for polyethylene, high density, granulate| polyethylene, high density, granulate|
Qutoff, U-GLO
market for polyethylene, low density, granulate| polyethylene, low density, granulate|
polyethylene, low density, granulate 0.472 kg |CQutoff, U-GLO
polypropylene, granulate 0.081 kg |market for polypropylene, granulate| polypropylene, granulate| Qutoff, U-GLO
polystyrenefoam dab 1.433 kg |market for polystyrenefoam dab | polystyrenefoam dab | Qutoff, U-GLO
steel, chromium steel 18/8 0.663 kg market for steel, chromium steel 18/8| steel, chromium steel 18/8| Qutoff, U-GLO
seel, low-alloyed 31.982 kg |market for steel, low-alloyed | steel, low-alloyed | Qutoff, U-GLO
stonewool 2.653 kg [market for sonewool | stonewool | Qutoff, U-GLO

TableA4.9 LCI of Gas Stove Production based on Landi efatl9
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electric ssove production

Inputs Qutputs
flow name amount [ unit |[provider flow name amount unit
aluminium, wrought alloy 1.685 kg market for aluminium, wrought alloy | aluminium, wrought alloy | Qutoff, U- GLO electricstove, 10 kW Item(s)
ceramictile 0.069 kg market for ceramictile| ceramictile| Qutoff, U-GLO
compressed air, 700 kPa gauge 10.2785] m3  [market for compressed air, 700 kPa gauge | compressed air, 700 kPa gauge | Qutoff, U- FoW
copper, anode 1.086 kg |market for copper, anode| copper, anode| Qutoff, U-GLO
dectricity, medium voltage 4.3102| Kkwh glir)ket group for electricity, medium voltage| electricity, medium voltage| Qutoff, U-
ferrite 0.988 kg |market for ferrite| ferrite| Qutoff, U-GLO
flat glass, coated 2.986 kg |market for flat glass, coated | flat glass, coated | Qutoff, U- RowW
flat glass, uncoated 6.331 kg |market for flat glass, uncoated | flat glass uncoated | Cutoff, U- RoW
glassfibrereinforced plastic, polyamide, 0.593 kg market for glassfibrereinforced plagtic, polyamide, injection moulded | glassfibre
injection moulded reinforced plastic, polyamide, injection moulded | Qutoff, U-GLO
glassfibrereinforced plastic, polyamide, 0.553 kg market for glassfibrereinforced plagtic, polyamide, injection moulded | glassfibre
injection moulded reinforced plastic, polyamide, injection moulded | Cutoff, U-GLO
iron-nickel-chromium alloy 0.072 kg |market for iron-nickel-chromium alloy | iron-nickel-chromiumalloy| Qutoff, U-GLO
magnesium oxide 0.272 kg |market for magnesium oxide| magnesum oxide| Qutoff, U-GLO
natural gas, high pressure 1.4275 m3 |market group for natural gas, high pressure| natural gas, high pressure| Qutoff, U-GLO
nylon 6-6 1.344 kg |market for nylon 6-6 | nylon 6-6 | Qutoff, U-RoW
paper, woodfree, uncoated 0.645 kg |market for paper, woodfree, uncoated | paper, woodfree, uncoated | Qutoff, U- RoW
polyethylene, high density, granulate 1.446 kg market for polyethylene, high density, granulate| polyethylene, high density, granulate|

Qutoff, U-GLO
market for polyethylene, low density, granulate| polyethylene, low density, granulate|
polyethylene, low density, granulate 0.489 kg |Qutoff, U-GLO
polyphenylenesulfide 0.648 kg |market for polyphenylene sulfide| polyphenylene sulfide| Qutoff, U-GLO
polypropylene, granulate 0.021 kg |market for polypropylene, granulate| polypropylene, granulate| Cutoff, U-GLO
polystyrene, expandable 0.467 kg |market for polystyrene, expandable| polystyrene, expandable| Qutoff, U-GLO
market for polyvinylchloride, sugpension polymerised | polyvinylchloride, suspension
polyvinylchloride, suspension polymerised 0.106 kg |polymerised | Qutoff, U-GLO
steel, chromium steel 18/8 1.426| kg |market for steel, chromium steel 18/8 | steel, chromium steel 18/8 | Qutoff, U-GLO
steel, low-alloyed 28.981 kg |market for steel, low-alloyed | steel, low-alloyed | Qutoff, U-GLO
sonewool 2.266 kg |market for sonewool | sonewool | Qutoff, U-GLO

TableA4.1Q LCI of Electric Stove Production based on Landi e28l19& Pina et al, 2015
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agricultural management system (computer 300W), production

Inputs

Qutputs Based onX

1kW, OTHR ELSP

flow name amount | unit |provider flow name amount unit
agricultural
computer, laptop 1 Item(s) market for computer, laptop | computer, laptop | Qutoff, U- GLO management system 1| Item(s)
(computer 300W)
display, liquid crystal, 17 inches 1 Item(s) |market for display, liquid crystal, 17 inches| display, liquid crystal, 17 inches| Qutoff, U- GLO
internet accessequipment 1 Item(s) |internet accessequipment production | internet accessequipment | Qutoff, U- RoW
TableA4.11 LCI of AgriculturaMlanagement System (Computer 300W), Production
asxt (509BAP 50%WAP) production 1kW, SSR WHCR
Inputs Qutputs
flow name amount unit |provider flow name amount unit
" . . asset (50YBAP50%NAP)
black appliance 1.0/300*500 | Item(s) [black appliance production 1KW, SER WHR 1| Item(s)
white appliance 1.0/900*500 | Item(s) [white appliance production
TableA4.12 LCI of Asset (50% BAP 50%WAP) 1kW, SER_ WHCR
asxt (5094 B 509%AC) production 1kW, OTHR H P
Inputs Qutputs
flow name amount unit [provider flow name amount unit
% O0A
air conditioner, 1 kW 1/2| Item(s) |air conditioner production asset (SO%LED S0%AQ 1| Item(s)

LED, 19W

1000/19/2 Item(s) |LEDproduction

TableA4.13 LCI of Asset (50% LED 50% AC) 1kW, OTHR_ELSP
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assumed assumed assumed assumed
parameter name | lifetime of parameter name lifetime of parameter name lifetime of parameter name | lifetime of
asset asset asset asset
asset AGR HC 8| |asset FRIDT GSL 12| |asset HOU WTHR 20| |asset PSPRD HE 15
asset AGR HEATB 20| |asset FRLDT H2 12| |asset OTHR AP 115 |asset PSPRD H2 15
asset AGR HEATE 20 asset FRLDT PHEVDSL 12| |asset. OTHR HT 20 asset PSNTR HE 50
asset AGR LIGHT 15| |asset FRLDT PHEVGSL 12| |asset OTHR THP 20| |asset PSWTR H2 50
asset AGR PMOTD 15| |asset FRWTR HE 50| |asset PR2WL BHE 10| |asset_ PSWTR OIL 50
asset AGR PMOTE 15| [asset FRWTR H2 50| [asset PSPWL GSL 10| |asset SER AIRC 15
asset_ FDDRTB_ELSP 115| |asset FRWTR OIL 50| [asset PSAIR KERO 25| |asset SER AC 9
asset FDDRTB_HT 20| |asset HOU AIRC 15| |asset PSCAR DS 12| |asset SER UGHT 15
asset FDDRTB_THP 20| |asset HOU BAP 8| |asset PSCAR HE 12| |asset SER WHE 20
asset FRHDT DSL 12| [asset HOU GOOKE 15| |asset PSCAR GSL 12| |asset SER WHR 20
asset FRHDT HE 12| |asset HOU GOOKS 15| |asset PSCAR H2 12
asset FRHDT H2 12| |asset HOU LIGHT 15| |asset PSCAR PHEVDSL 12
asset FRLDT DS 12| |asset HOU WAP 10| |asset PSCAR PHEVGSL 12
asset FRLDT HE 12| |asset HOU WTHE 20| |asset_PSPRD DS 15

Table4.14: Underlying Lifetimes of Entllse Assets

promisingecoinvent process

changes

processin openLCA to model the combustion of diesel

torepresent the respective demand processesaccordingto the ESV

processname reference flow

heat production, light fuel oil, at boiler 100kW delete chimney, electricity, oil boiler and oil storage AGR HEATB Agriculture - Heating - Boilers
condensing, non-modulating | heat, central or small- change reference flow to sum of diesel-input (convert kg to diesel combustion, in boiler burned diesel, in boiler FDDRTB_HT Food, Drink & Tobacco - Horizontal energy uses - Heat uses
scale, other than natural gas| Qutoff, U- RoW MJaccording to diesel LHV of 42.5 MJ kg) OTHR HT Other Industries - Horizontal energy uses - Heat uses

delete agricultural trailer, shed tractor & all abraison soil AGR PMOTD Agriculture - Pumping & motors - Diesel

iesel i icul i iesel | issi iesel ion, i i m i in pumpin

'dlesej burned in agrlcu tural machinery| diesel, burned |related emissions due to tyres o diesel combustion, in pumping  [burned diesel, in pumping TP Food, Dink & Tobacoo - Thermal processing
in agricultural machinery | Qutoff, U- GLO change reference flow to sum of diesel-input (convert kg to and motors and motors

MJaccording to diesel LHV of 42.5 MJ kg) OTHR THP Other Industries - Thermal processing
transport, freight, inland waterways, barge | transport, delete barge, canal, maintenance l_)argg and port facilities . o o ' . o PSWTR OIL Inland Passenger navigation - Oil
fesght i watenens berge | Cutar US RO, change reference flow to sum of diesel-input (convert kgto | diesel combustion, in navigation |burned diesel, in navigation - — -

9 b o MJacoording to diesel LHV of 42.5 MJ kg) FRWVTR OIL Inland Freight navigation - Oil
transport, freight, lorry 16-32 metric ton, BURO6 | delete lorry, lorry maintenance, road and road maintenance ] . . .
| h m i in heavy

transport, freight, lorry 16-32 metric ton, BURO6 | change reference flow to sum of diesel-input (convert kg to Sleisizeoombustlon, inheavy duty buh. ?d diesd!, duty FRHDT_DSL Road Freight Transport - Heavy duty vehides - |CE- Diesel
Qutoff, U- ROW MJaccording to diesel LHV of 42.5 M T kg) venicie
e e e AT | e eS| @r delete bus, bus maintenance, road and road maintenance
" ;)\?v k=g sport, reg " | change reference flow to sum of diesel-input (convert kgto | diesel combustion, in publicbus | burned diesel, in publicbus |PSPRD_DSL Public passenger transport - Road - |CE - Diesel

MJaccording to diesel LHV of 42.5 MJ kg)
transport, passenger car, medium size, diesel, EUFO 5| delete passenger car, maintenance, road and road FRDT_DSL Road Freight Transport - Light duty vehides - ICE- Diesel

Sport, p 9 ' . maintenance diesel combustion, in passenger burned diesel, in passenger | FRDT_PHEVDSL | Road Freight Transport - Light duty vehides - Plug-in Hybrid - Diesel
transport, passenger car, medium size, diesel, BURO 5 | . . . h . K - - -
Qutoff. U- oW change reference flow to sum of diesel-input (convert kg to car or light duty vehicle car or light duty vehicle PSCAR DSL Private passenger transport - Private passenger cars - |CE - Diesel
' M Jaccording to diesel LHV of 42.5 M Jkg) PSCAR PHEVDSL | Private passenger transport - Private passenger cars - Flug-in Hybrid - Diesel

Do.1

www.maesha.eu

130

£




AESHA

TableA4.15 Modeling the Combustin of Dieselg Derivation.

. . processin openLCA to model the combustion of gasoline : _
promisingecoinvent process changes to represent the respective demand processesaccordingto the ESV
processname reference flow
heat production, light fuel o, at boiler 100kW change reference flow to sum of gasoline-input (convert kgto MJ
condensing, non-modulating | heat, central or 9 X . g . P 9 gasoline combustion, in boiler burned gasoline, in boiler FDDRTB_HT Food, Drink & Tobacco - Horizontal energy uses - Heat uses
according to gasoline LHV of 43.5 MJ kg)
small-scale, other than natural gas| Qutoff, U- RoW
petrol, unleaded, burned in machinery| petrol, change reference flow to sum of gasoline-input (convert kg to MJ gasoline combustion, in pumping | burned gasoline, in pumping and | FDDRTB_THP Food, Drink & Tobacco - Thermal processing
unleaded, burned in machinery | Qutoff, U according to gasoline LHV of 43.5 MJ kg) and motors motors OTHR THP Other Industries - Thermal processing
T RS M ST | (ST delete motor scooter, maintenance, road and road maintenance
sport. p 2k SPelE change reference flow to sum of gasoline-input (convert kg to MJ gasoline combustion, in scooter | burned gasoline, in scooter PS2WL GSL Private passenger transport - 2wheelers - Gasoline
passenger, motor scooter | Qutoff, U- RoW ¥ .
according to gasoline LHV of 43.5 MJ kg)
FRDT_GSL Road Freight Transport - Light duty vehides - ICE- Gasoline
transport, passenger car, medium size, petrol, BURO |just retain fuel and emissions gasoline combustion, in bumed gasoline, in passenger car FRDT_PHEVGSL | Road Freight Transport - Light duty vehicles - Plug-in Hybrid - Gasoline
5| transport, passenger car, medium size, petrol, chang(? reference Tlow to sum of gasoline-input (convert kgto MJ pas§enger car or light duty orlight duty veh’i de PSCAR GSL Private passenger transport - Private passenger cars - |CE - Gasoline
BUROS5| Qutoff, U- oW according to gasoline LHV of 43.5 MJ kg) vehicle Rrivate passenger transport - Private passenger cars - Flug-in Hybrid -
LPHEVGEL Gasoline

TableA4.16 Modeling the Combustion of GasolineDerivation.

. . processin openLCA to model the combustion of LPG torepresent the respective demand processes
promisingecoinvent process changes A
processname reference flow accordingto the ESM
Drink & Tt - Hori -
heat production, light fuel ail, at boiler 100kW . FDDRTB_HT Food, Drink & Tobacoo - Horizontal energy uses
. . change reference flow to sum of LPG-input (convert kg to MJ L L Heat uses
condensing, non-modulating | heat, central or small- acoording to LPGLHV of 46,1 M kg)" LPG combustion, in boiler burned LPG, in boiler Other s - -
scale, other than natural gas| Qutoff, U- RoW 9 ’ 9 OTHR HT s hebsinzs iRt Eisiny tsee o
- uses
transport, passenger car, medium size, liquefied delete passenger car, passenger car maintenance, road, road . .
Lo . . . FDDRIB_THP Drink & Tt -Th
petroleum gas (LPG), BURD 5| transport, passenger | maintenance and emissions related to tyre/ break/ road wear LPG combustion, in pumping and | burned LPG, in pumping and = Food, Drink & Tobacco - Thermal processing
car, medium size, liquefied petroleum gas, BURO5| | change reference flow to sum of LPG-input (convert kgtoMJ motors motors . .
OTHR THP Other Industries - Thermal
Qutoff, U- GO according to LPGLHV of 46.1 MJ kg) L erindusines - Therma’ processing
odeled based on literature: |PPCreport 2006 +
modele on literature repo LPG combustion, in stove burned LPG, in stove HOU_QOOKS | Households - Thermal Uses - Goking - Soves
Weyant et al., 2019

TableA4.17 Modeling the Combustion of LPGDerivation.

www.maesha.eu

131

£




AESHA

promisingecoinvent process

changes

process in openLCA to model the combustion of syntheticliquids

processname

reference flow

torepresent the respective demand
processesaccordingto the ESV

. . ) change reference flow to the sum of syntheticliquids-input (convert kgto MJ
transport, freight, aircraft, dedicated according to synthetic liquids LHV of 43.9 MJ kg) thetic liquids combustion, in
freight, very short haul | transport, freight, _g ¥ _q - 9 wn . a ’ burned syntheticliquids, in aviation |PSAIR KERO [Aviation - Kerosene
) adaptations based on literature: Styring et al., 2021; Treyer et al., 2021 aviation
aircraft, very short haul | Qutoff, U . : . . S
exdusion of trace elements due to impurities present in fossil-derived fuels
AGR HEATB icul - ing - Boil
heat production, light fuel oil, at boiler change reference flow to the sum of syntheticliquids-input (convert kgto MJ RHEA Agricu tu're Heating - Bollers
100kW condensing, non-modulating | according to synthetic liquids LHV of 43.9 MJ kg) synthetic liquids combustion, in burned syntheticliquids. in boiler FDDRTB_HT Foqd, Erink & Tobacco -
heat, central or small-scale, other than adaptations based on literature: Styring et al., 2021; Treyer et al., 2021 boiler 4 quics, Horizontal engrgy usgs - Heal
natural gas| Qutoff, U- RoW exdusion of trace elements due to impurities present in fossil-derived fuels OTHR HT Other Industries - Horizortal
— energy uses - Heat uses

f flow to th f synthetic liquids-input rtkgtoM Food, Drink & Tobacco -
diesel, burned in agricultural machinery | dnangg rererence O.W .0 A e sum of syntheticliquids-input (convert kg to MJ o - S | FDDRTB_THP ]
el e T W eS| according to synthetic liquids LHV of 43.9 MJ kg) synthetic liquids combustion,in | burned syntheticliquids, in pumping Thermal processing

! 9 i adaptations based on literature: Syring et al., 2021; Treyer et al., 2021 pumping and motors and motors Other Industries - Thermal
Qutoff,U- ALO . : . . . . OTHR THP
exdusion of trace elements due to impurities present in fossil-derived fuels 5 processing
TableA4.18 Modeling the Combustion of Synthetic Liquid<Derivation.
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promisingecoinvent
process

changes

processin openLCA to model the combustion of conventional biofuel

processname

reference flow

torepresent the respective demand processesaccording

tothe ESM

transport, freight, lorry 16-32
metricton, BURO6 |

delete lorry, lorry maintenance, road and road maintenance
change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJkg)

conventional biofuel combustion, in

burned biofuel conventional, in

Road Freight Transport - Heavy duty vehicles -

passenger, motor scooter |
Qutoff, U- ROW

-50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene,
toluene, xylene, formaldehyde) according to Thangavelu et al., 2015

scooter

soooter

transport, freight, lorry 16-32 | zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass heaw duty vehide heavy duty vehide FRHDT_DSL |CE- Diesel
metricton, BURO6 | Qutoff, U |-50%QC0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, Wy duty b
- RoW toluene, xylene, formaldehyde) according to Thangavelu et al., 2015
delete bus, bus maintenance, road and road maintenance
tl I, lar b ch f flow t f biofuel-input rtkgtoMJ ding to biofuel LHV of 26.8 MJ k ) ) L ’ . .
ransport, regular bus | angere erelno'e oW .O §um orbe lue P (oonvt'a M (.) e'looor "9 c.) I.O ue .0 9 conventional biofuel combustion, in | burned biofuel conventional, in . .
transport, regular bus | zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass ublicbus ublicbus PSPRD DS Public passenger transport - Road - |CE- Diesel
Qutoff, U- W -50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, M s
toluene, xylene, formaldehyde) according to Thangavelu et al., 2015
T DL Road Freight Transport - Light duty vehides -
o . et - ICE- Diesel
transport, passenger car, lelete passenger car, maintenance, road and road maintenance - - -
Road Freight Tt - Light hicles-
medium size, diesel, BURD5 | change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) conventional biofuel combustion, in | burned biofuel conventional, in FRIDT_PHEVDSL PAlugHin ftl)?brti d ra;zpszlrt Lght duty vehides
| transport, passenger car, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass passenger car or light duty passenger car or light duty - 9 -
medium size, diesel, EURO5 | -50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, | vehicle_diesel blend vehicle_diesel blend PSCAR DSL Private passengertrans_port - Private
| Qutoff, U- RoW toluene, xylene, formaldehyde) according to Thangavelu et al., 2015 passenger cars || G- iese!
Private passenger transport - Private
PSCAR PHEVDSL
- passenger cars - Plug-in Hybrid - Diesel
Road Freight Transport - Light duty vehides -
. in fuel and emissi TG ICE- Gasoline
transport, passenger car, just retain fuel and emissions - - "
Freight i - Light hidles-
medium size, petrol, EURO5 | change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) conventional biofuel combustion, in | burned biofuel conventional, in FRDT_PHEVGSL madin Iil)?brti d ranspolirltje ght duty vehides
| transport, passenger car, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass passenger car or light duty passenger car or light duty - g -
medium size, petrol, BURD5  |-50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, | vehicle_gasoline blend vehicdle_gasoline blend PSCAR GSL Private passengertransport}— Private
| Qutoff, U- RoW toluene, xylene, formaldehyde) according to Thangavelu et al., 2015 passenger cars- IGE- Gasoline
Private passenger transport - Private
PSCAR _PHEV(
- L passenger cars - Flug-in Hybrid - Gasoline
transoort. freight. inland delete barge, canal, maintenance barge and port fadilities . o .
S change reference flow to sum of biofuel-input (convert kg to MJaccording to biofuel LHV of 26.8 MJ kg) . ) e ) — WITR OIL Intand Freight navigation - Oil
waterways, barge | transport, - . . . . . . : conventional biofuel combustion, in | burned biofuel conventional, in
o zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass o .
freight, inland waterways, 50%00 and hvd b h h buth h h h be navigation navigation
barge | Qutoff, U- ROW -50%@0 and hydrocarbons (met ane,_et ane, propane, buthane, penthane, hexane, heptane, octane, benzene, PSWTR OIL Inland Passenger navigation - Oil
toluene, xylene, formaldehyde) according to Thangavelu et al., 2015
transport. DASSEnGer. Motor delete motor scooter, maintenance, road and road maintenance
scooStZr | ’t'rjan ?t ' change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LV of 26.8 M T kg) conventional biofuel combustion, in | burned biofuel conventional, in Private passenger transport - 2wheelers
sport, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass ' ’ PS2WL GSL P 9 a

Gasoline

TableA4.19 Modeling the Combustion of Conventional BiofugDerivation.
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promisingecoinvent
process

changes

processin openLCA to model the combustion of advanced biofuel

processname

reference flow

torepresent the respective demand processesaccording

tothe ESV

transport, freight, lorry 16-32
metric ton, BURO6 |

delete lorry, lorry maintenance, road and road maintenance
change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg)

advanced biofuel combustion, in

burned biofuel advanced, in heavy

Road Freight Transport - Heavy duty vehicles -

transport, freight, lorry 16-32 | zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass heaw duty vehide duty vehide FRHDT_DSL |CE- Diesel
metricton, BURO6 | Qutoff, U |-50%QC0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, Wty Y
- W toluene, xylene, formaldehyde) according to Thangavelu et al., 2015
delete bus, bus maintenance, road and road maintenance
transport, regular bus | change referejnge flow Fo §um of b|0QueI—|nput (oonv.en kg tp Minocordmg t? b'|ofuel LFVof 26.8MJkg) a ced biofuel combustion, in burned biofuel advanced, in public . '
transport, regular bus| zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass ublicbus bus PSPRD DSL Public passenger transport - Road - |CE- Diesel
Qutoff, U- RBW -50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, P
toluene, xylene, formaldehyde) according to Thangavelu et al., 2015
T DI Road Freight Transport - Light duty vehides -
- ICE- Diesel
transport, passenger car, delete passenger car, maintenance, road and road maintenance - - -
Road Freight Ti rt - Light duty vehides -
medium size, diesel, EURD5 | change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) advanced biofuel combustion, in burned biofuel advanced, in FRDT_PHEVDSL AucHin :I)?bri d raI;ZpsZI gnt duty vehides
| transport, passenger car, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass passenger car or light duty passenger car or light duty o gat : ——
medium size, diesel, BURD5 | -50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, | vehicle_diesel blend vehicle_diesel blend PSCAR DSL \vate ngeIrG;an;po I_ vate
| Qutoff, U- RoW toluene, xylene, formaldehyde) according to Thangavelu et al., 2015 E{éssenger cars- TE-ese =
ivate passenger transport - Private
RPH passenger cars - Plug-in Hybrid - Diesel
Road Freight Transport - Light duty vehides -
FRDT_GSL
- ICE- Gasoline
transport, passenger car, just retain fuel and emissions Freioht Transoort - Liaht duty vehides
medium size, petrol, BEURO5 | change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) advanced biofuel combustion, in burned biofuel advanced, in FRDT_PHEVGSL AlugHin H;Jbri d = line g y
| transport, passenger car, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass passenger car or light duty passenger car or light duty = 9 " . =Ty
medium size, petrol, BURD5 | -50%QC0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, | vehicle_gasoline blend vehicdle_gasoline blend PSCAR GSL lvate passengezlr(J;anspo I'_ lvate
| Qutoff, U- RoW toluene, xylene, formaldehyde) according to Thangavelu et al., 2015 pljssenger ars- = 'n;
ivate passenger transport - Private
PSCAR _PHEV(
- L passenger cars - Flug-in Hybrid - Gasoline
e T delete barge, canal, maintenance parge gnd port fadilities ' A FRWVTR OIL Inland Freight navigation - Ol
change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) ) Lo : .
waterways, barge | transport, . . ) . . K . . advanced biofuel combustion, in burned biofuel advanced, in
freight. inland waterwa zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass naviaation navigation
barge |’ Qutoff. U R)Wys, -50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene, g g o _
9 ’ toluene, xylene, formaldehyde) according to Thangavelu et al., 2015 PSWTR QOIL Inland Passenger navigation - Oil
{ransport, passenger, motor delete motor scooter, maintenance, road and road maintenance
’ ’ change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) . - .
fuel Pri - 2wheelers -
scooter | transport, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass advanced biofuel combstion, in burned biofuel advanced, in scooter | PS2WL GSL lvat.e passenger transport celers
passenger, motor scooter | scooter Gasoline
Qutoff. U~ FoW -50%Q0 and hydrocarbons (methane, ethane, propane, buthane, penthane, hexane, heptane, octane, benzene,
’ toluene, xylene, formaldehyde) according to Thangavelu et al., 2015
transport, freight, aircraft,
dedicated freight, very short | change reference flow to sum of biofuel-input (convert kg to M Jaccording to biofuel LHV of 26.8 MJ kg) a ced biofuel combustion. in
haul | transport, freight, zero carbon dioxide emissions to avoid double counting of biogenic carbon dioxide from biomass ’ burned biofuel advanced, in aviation | PSAIR_ KERO Aviation - Kerosene

aircraft, very short haul |
Qutoff, U

-50%Q0 and hydrocarbons (represented here by NMVOcs as a proxy) according to Thangavelu et al., 2015

aviation

L
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TableA4.20 Modeling the Combustion of Advanced BiofueDerivation.

processin openLCA to model the reaction of H2 in a fuel cell

promisingecoinvent process changes torepresent the respective demand processesaccordingto the ESV
processname reference flow

FRHDT H2 Road Freight Trangport - Heavy duty vehicles- Fuel cell
PSPRD H2 Public passenger transport - Road - Fuel cell

mode!ed based on thestoicipmgtric onofh in fuel cell . FRLDT H2 Road Freight Trangport - Light duty vehicles- Fuel cell

E?/:?olg(;er;ff(l);etl r::l::alrledox reacionina reaction ofydrogen, nfuel oo reacted hydrogen, in fuef cel PSCAR H2 Privat e passenger transport - Private passenger cars- Fuel cell
FRWTR H2 Inland Freight navigation - Hectric - Fuel cell
PSNTR H2 Inland Passenger navigation - Hectric - Fuel cell

TableA4.21 Modeling the Reaction of Hydrogen in a Fuel Gdlerivation.

processin openLCA to model the combustion of ammonia
promisingecoinvent process changes torepresent the respective demand processesaccordingto the ESV
processname reference flow
modeled based on the stoichiometric FRVTR OIL Inland Freight navigation - Oil
equation for the combustion reaction of ammonia combustion, in navigation | burned ammonia, in navigation
ammonia, and based on Chalariset al., 2022 PSWTR OIL Inland Passenger navigation - Cil

TableA4.22 Modeling the Combustio of Ammoniag Derivation.

processin openLCA to model the combustion of paraffin oil : .
.. . torepresent the regpective demand processesaccordingto
promisingecoinvent process changes
processname reference flow the EBSM
modeled based on Swvensson & Kjellson 2015 paraffin oil combustion, in stove burned paraffin oil, in stove HOU_QOOKS Households - Thermal Uses - @oking - Soves
not modeled in openLCA due to lack of information on the .
NONEN_NE Nol dust!
associated chemical reactions - dlatate fos sl st

TableA4.23 Modeling the Combustion of Paraffin QjlDerivation.

processin openLCA to model the combustion of kerosne

. . to represent the respective demand
promisingecoinvent process changes .
processname reference flow processesaccordingto the ESM
transport, freight, aircraft, dedicated freight, | delete aircraft and airport
very short haul | transport, freight, aircraft, | change reference flow to sum of kerosene-input (convert kg | kerosene combustion, in aviation | burned kerosene, in aviation PSAIR KERO Aviation - Kerosene
very short haul | Qutoff, U to MJaccording to kerosene LHV of 43.0 MJ kg)

TableA4.24 Modeling the Combustion of KeroserngDerivation.
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syntheticliquidscombustion, in aviation

Inputs Qutputs Based onX
flow name amount unit  |provider flow name amount| unit
thetic liquid thetic liquids, L

.wn eucliquids, 0.347*share_synliq_imported kg :>yn ctcliquics burned syntheticliquids, in aviation 0.347*43.9 MJ

imported import

syntheticliquids, o syntheticliquids, | Carbon dioxide, fossil (Emission to air/ low population

.347* (1- | k . k
prod@M 0.347" (1-share_synliq_imported) g production @M | density) 0.00E+00 9
ioxide, fossil (Emissi ir/ | tosph
Carbon dioxide, fossil (Emission to air/ lower stratosphere + 0.00E+00 kg
upper troposphere)
z;bsc;n)mononde, fossil (Emission to air/ low population 8.612E4/2 kg
o Y Py — o - Treyeret al., 2021
on monoxide, fossil (Emission to air/ lower stratosphere 0.001307/2 kg

+upper troposphere)
Nitrogen oxides (Emission to air/ low population density) 2.53E03 kg
Nitrogen oxides (Emission to air/ lower stratosphere + upper Treyeretal., 2021
troposphere) 3.83E03 kg
NMVOGC non-methane volatile organic compounds
(Emission to air/ low population density) 7.594E-5/2 kg

Treyer et al., 2021
NMVOC non-methane volatile organic compounds

(Emission to air/ lower stratosphere + upper troposphere) 1.152E-4/2 kg

Particulate Matter, <2.5 um (Emission to air/ low population

density) 1.765E5/2| kg Treyer et al., 2021

Particulate Matter, <2.5 um (Emission to air/ lower

stratosphere + upper troposphere) 2.679E5/2 kg

Sulfur dioxide (Emission to air/ low population density) 1.158E-4/2 kg

Sulfur dioxide (Emission to air/ lower stratosphere + upper Styring et al., 2021

troposphere) 1.757E-4/2 kg

Water (Emission to air/ low population density) 0.00000105| m3 ecoinvent process“transport, freigh,

aircraft, dedicated freight, very short
Water (Emission to air/ lower stratosphere + upper 0.0 6l m3 haul | transport, freight, aircraft, very
troposphere) short haul | Qutoff, U

TableA4.25 LCI of Synthetic Liquids Combustion, in Aviation
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synthetic liquidscombustion, in boiler

Inputs Qutputs Based onX

flow name amount unit |provider flow name amount| unit

SYNhelicliquids, | 2 4oxshare synliq imported | kg |YTNeHCiauds, f o ed syntheticliquids, in boiler 0.02342¢43.9| MJ

imported import

syntheticliquids, |0.02342* (%— . kg synthetic liquids, Benzene D OES*0.6 kg Treyeret al., 2021

prod@M share_synliq_imported) production @M
Butane 1.5E7*0.6 kg Treyer et al., 2021
Carbon dioxide, fossil 0.00E+00 kg
Carbon monoxide, fossil 7.5E-6*0.6 kg Treyer et al., 2021
Bhane 2.0E-8*0.6 kg Treyer et al., 2021
Hydrocarbons, aliphatic, alkanes, unspecified 2.5E7*0.6 kg Treyeret al., 2021
Hydrocarbons, aliphatic, unsaturated 2.0E-8*0.6 kg Treyer et al., 2021
Hydrocarbons, aromatic 2.0E8*0.6 kg Treyer et al., 2021
Methane, fossil 2.0E-7*0.6 kg Treyer et al., 2021
Nitrogen oxides 0.0000275 kg Treyeret al., 2021
PAH, polycydlic aromatic hydrocarbons 4.6E10%0.6 kg Treyeret al., 2021
Particulate Matter, <2.5 um 5.0E70.6| kg Treyer et al., 2021
Pentane 1.0E7*0.6 kg Treyeret al., 2021
Propane 3.0E8*0.6 kg Treyer et al., 2021
Sulfur dioxide 4.5669E-5*0.6 kg Syring et al., 2021
Toluene 1.0E-8*0.6 kg Treyer et al., 2021

TableA4.26 LCI of Symtetic Liquids Combustion, in Boiler
syntheticliquidscombustion, in pumping and motors
Inputs Qutputs Based onX

flow name amount unit [provider flow name amount| unit

§ynthet|c lqics O 0222222222222" share_synliq_ kg §ynthet|c liqics, burned syntheticliquids, in pumping and motors 0.0222222222222*43.9 MJ

imported imported import

32;2;“'\: liquids, gh(;f:fsjiﬁiiiéi d) kg ZS;:Z:::):CB:/IS Benzene 1.62079510703E7%0.6 kg Treyer et al., 2021
Carbon dioxide, fossil 0.00E+00 kg
Carbon monoxide, fossil 1.30479102956E-4* 0.6 kg Treyeret al., 2021
Methane, fossil 2.86952089704E-6* 0.6 kg Treyer et al., 2021
Nitrogen oxides 8.66E-04 kg Treyer et al., 2021
NMVOG non-methane volatile organic compounds 4.76554536188E-5* 0.6 kg Treyer et al., 2021
PAH, polycydiic aromatic hydrocarbons 7.28848114169E8*0.6| kg Treyer et al., 2021
Particulate Matter,<2.5um 1.09072375127E-4*0.6 kg Treyer et al., 2021
Sulfur dioxide 2.24260958206E-5* 0.6 kg Styring et al., 2021
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TableA4.27 LCI of Synthetic Liquids Combustion, in Pumping and Motors

TableA4.28 LCI of LPG Combustion, in Stove

LPGcombustion, in stove
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount| unit
LPG, imported 0.277777778 kg LPG, import - YT burned LPG, in stove 1| kWh
Carbon dioxide, fossi| 2.27E01| kg IPQG 2006
Carbon monoxide, fossi 1.11E10 kg Weyant et al., 2019
Hemental carbon 8.06E11| kg Weyant et al., 2019
Methane, fossl 1.80E05 kg IPQC 2006
Nitrogen oxides 3.60E07| kg 1PCG 2006
Organic carbon 1.42E09 kg Weyant et al., 2019
Particulate Matter, <2.5um 2.64E09( kg Weyant et al., 2019
hydrogen reaction, in fuel cell
Inputs Qutputs Based onX
flow name amount unit [provider flow name amount unit
hydrogen, . . reacted hydrogen,
-y d 1.0*share_H2_imported kg hydrogenimport |. Vaog 120 MJ . ) . L
imported infuel cell stoidiometric equation for the redox reaction in a
o @ ] hydrogen fuel cell
ydrogen_pro . ydrogen,
1.0*(1-share_H2_imported k
M ( > M2 1Imp ) g prod@M - YT Water 0.017842| m3
TableA4.29 LCI of Hydrogen Reaction, in Fuel Cell
ammonia combustion, in navigation
Inputs Qutputs Based onX
flow name amount unit |provider flow name amount unit
ia, . - burned onia,
gmmonla 1/18.7*share_NH3_imported kg ammoniaimport _urn ) a"_‘m e 1 MJ
imported in navigation
ammonia, . ) ammonia, stoiciometric equation for the
prod@M 1/18.7* (1-share_NH3_imported) kg production@M Nitrogen, total 0.82237/18.7 kg combustion reaction of
Water 0.52907/18.7/1000f m3 ammonia
Nitrogen oxides 1.61 g
Carbon dioxide,
4.007
non-fossil 9 Chalariset al., 2022
Methane, non-
e- ane, non 0.0001 g
fossil
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TableA4.30 LCI of Ammoni&ombustion, in Navigation

paraffin oil combustion, in sove
Inputs Qutputs Based onX
flowname | amount unit |provider flow name amount unit
araffin oil araffin oil

ir;nporte q ’ 1.0/42 kg ir:nport i YT burned paraffin oil, in stove 1] MJ Swensson & Kellson 2015
Carbon monoxide, fossil 3.00E-03 kg
Carbon dioxide, fossil 1.46E-01 kg
M ethane, fossil 3.60E-05 kg
Nitrogen oxides 5.00E-05 kg
NMVOC non-methane volatile
organiciompounds 6.6004) kg
Particulate Matter,<2.5um 1.50E04 kg
Sulfur dioxide 1.27604 kg

TableA4.31 LCI of Paraffin oil Combustion, in Stove

| 2H2+ 02 Y 2H20 |
2 moles of H2 --> 2 moles of water
2moles x (1.01 g/ mole) --> 2 moles x (18.02 g/ mole)
202 ¢ H --> 36.04 g H20
100000 g H2 --> 17,84158 g H0
FigureA4.1: Stoichiometric Equation for Chemical Reaction in Hydrogen Fuel Cell

| 4NHs+302Y 2N2+6Hz0 |

4 moles of NH3 --> 6 moles of water and 2 moles of N2
4 molesx (17.03 g/mole) --> 2 moles x (18.02 g/ mole) 2 moles x (28.01 g/ mole)
68.12 g NH3 --> 36.04 g H0 56.02 g N2
1,000.00 g NH3 --> 529.07 g H20 82237 g N2

FigureA4.2 Stoichiometric Equation for the Complete Combustion of Ammania
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diesel combustion, in boiler

Inputs Qutputs Based onX

flow name amount unit  |provider flow name amount unit

diesel, imported 0.02342 kg diesel, import - YT burned diesel, in boiler .02342%42.5 MJ ecoinvent process "diesel, burned in agricultural
Acetaldehyde 2.05E08 kg machinery | diesel, burned in agricultural
Acetone 5E08 kg machinery | Qutoff, U
Acrolein 115608| kg Changes: _
Benzaldehyde 6209 kg - w!thout the |r1puts: s_hed, tractor, _t@ler

- without abraisor/ soil related emissions due to

Benzene 2E08 kg tyres
Butane 15607 kg - without waste heat because heat isto be
Carbon dioxide, fossil 0.074 kg generated instead of application as agricultural
Carbon monoxide, foss| 7.5E06| kg machinery
condensatefrom light oil boiler 9.84E06( m3
Copper ion 4E10 kg
Dinitrogen monoxide TE07 kg
Dioxins, measured as2,3,7,8-
tetrachlorodibenzo-p-dioxin STELT) kg
Bhane 2E08 kg
Bhylene 5E08 kg
Bhyne 1E08| kg
Formaldehyde 6E09 kg
hazardouswaste, for incineration 4.15E06( kg
Hydrocarbons, aiphatic, alkanes, unspecified 2.5E07 kg
Hydrocarbons, aiphatic, unsaturated 2E08 kg
Hydrocarbons, aromatic 2E08 kg
Hydrogen fluoride 4.5E09 kg
Mercury Il 5E10 kg
Methane, foss 2E07 kg
Nitrogen oxides 2.75E05 kg
PAH, polycyclic aromatic hydrocarbons 4.6E10 kg
Particulate Matter, <2.5um 5E07 kg
Pentane 1E07 kg
Propanal 6E09 kg
Propane 3E08 kg
Propene 2E08 kg
Sulfur dioxide 4.57E05 kg
Toluene 1E08 kg
Zncll 5E10 kg

Tabk A4.32 LCI of Diesel Combustion, in Boiler
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conventional biofuel combustion, in navigation

Inputs Qutputs Based onX
flow name amount unit |provider flow name amount| unit
biofuel biofuel
conventional, 0.00939 kg conventional, burned biofuel conventional, in navigation 0.00939*26.8 MJ
imported import
ecoinvent process "transport, freight, inland
Ammonia 4.87E07 kg waterways, barge | transport, freight, inland
waterways, barge | Qutoff, U- RowW"
Benzene 1.78E7/2 kg Thangavelu et al., 2015
Benzo(a)pyrene 7.24E.14 kg ecoinvent process "transport, freight, inland
waterways, barge | transport, freight, inland
Gadmium | 9.39E11| kg waterways, barge | Qutoff, U - RoW"
Carbon monoxide, from soil or biomass stock 2.54E5/2 kg Thangavelu et al., 2015
Chromium 111 4.70E-10 kg
Qopper ion 1.60E-08 kg
Dinitrogen monoxide 0.00000311| kg ecoinvent process "transport, freight, inland
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 5.63E-19 kg waterways, barge | transport, freight, inland
Hydrochloric acid 9.95509| kg waterways, barge | Qutoff, U- ROW"
Lead Il 1.88E10 kg
Mercury 11 6.58E-13 kg
Methane 2.25E7/2 kg Thangavelu et al., 2015
Nickel Il 6.58E10 kg
Nitrogen oxides 0.00047 kg
NMVOC non-methane volatile organic compounds 0.00000939 kg . L
Particulate Matter, <2.5 um 0.00000867 kg ecoinvent process “transport, frelght, |r.1land
- waterways, barge | transport, freight, inland
Particulate Matter, > 10 um 0.000000371 kg waterways, barge | Qutoff, U- FOW"
Particulate Matter, >2.5 um and <10um 0.000000723 kg
Selenium IV 9.39E11 kg
Sulfur dioxide 0.00000564 kg
Toluene 7.52E8/2 kg Thangavelu et al., 2015
Xylene 7.52E8/2 kg Thangavelu et al., 2015
ecoinvent process "transport, freight, inland
Zincll 9.39E09 kg waterways, barge | transport, freight, inland

waterways, barge | Qutoff, U- Fow"

TableA4.33 LCI of Conventional Biofuel Combustion, in Navigation
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advanced biofuel combustion, in navigation

Inputs CQutputs Based onX
flow name amount unit |provider flow name amount| unit
biofuel advanced, | 1939 kg |Dofueladvanced, o b edbiofuel advanced, innavigation 0.00939"26.8| MJ
imported import
ecoinvent process "transport, freight, inland
Ammonia 4.87E07 kg waterways, barge | transport, freight, inland
waterways, barge | Qutoff, U- FowW"
Benzene 1.78E7/2 kg Thangavelu et al., 2015
Benzo(a)pyrene 7.24E.14 kg ecoinvent process "transport, freight, inland
waterways, barge | transport, freight, inland
Gadmium | 9.39E11| kg waterways, barge | Qutoff, U- RoW"
Carbon monoxide, from soil or biomass stock 2.54E5/2 kg Thangavelu et al., 2015
Chromium 111 4.70E-10 kg
Qopper ion 1.60E-08 kg
Dinitrogen monoxide 0.00000311 kg ecoinvent process "transport, freight, inland
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 5.63E19 kg waterways, barge | transport, freight, inland
Hydrochloric acid 9.95E-09 kg waterways, barge | Qutoff, U- Fow"
Lead Il 1.88610| kg
Mercury 11 6.58E-13 kg
Methane 2.25E7/2 kg Thangavelu et al., 2015
Nickel Il 6.58E10 kg
Nitrogen oxides 0.00047 kg
NMVOC non-methane volatile organic compounds 0.00000939 kg . . o
Particulate Matter, <2.5 um 0.00000867| kg ecoinvent process " transport, freight, inland
- waterways, barge | transport, freight, inland
Particulate Matter, > 10 um 0.000000371 kg waterways, barge | QUtoff, U- FOW"
Particulate Matter, >2.5 um and < 10um 0.000000723 kg
Selenium IV 9.39E11 kg
Sulfur dioxide 0.00000564 kg
Toluene 7.52E8/2 kg Thangavelu et al., 2015
Xylene 7.52E8/2 kg Thangavelu et al., 2015
ecoinvent process "transport, freight, inland
Zincll 9.39E09 kg waterways, barge | transport, freight, inland

waterways, barge | Qutoff, U- Fow"

TableA4.34 LCI of Advanced Biofuel Combustion, in Navigation
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overall
performance
according to LCA

sectoral hotspots according to LCA

technological hotspots
within the identified
sectoral hotspot
according to LCA

et ror;;zr;}toarlylmpact LEVE1l  |Why? LEvE2 Why? LEVH3 Why? underlgggﬁﬁgf:g?dﬁsgﬂzi f:::%/wsystem physical impact mechanism at the core of identified hotspots
a) because according to the ESM in 2050
because in Mf the households use close to no LPG anymore in Mf
while thisis not the case in baseline
transport-induced Which technological a) no LPG- ) . .
Fine Mf deteriorationin FPM is | hotspot isthe main | induced FPM b1) because_ gccordmg tothe ESM In 2050 Ies§ Why |s.the ) )
articulate outperforms compensated by the driver for the ocaursin M GWh electricity are demanded in households in combustion of [because the combustion of diesel and LPG
1 P FPM | baselinein P L Y . Mf compared to baseline diesel and LPG |releases SO2, NOx & PM <2.5 um which have
matter ) collective improvement | household-induced b) less elc- . . . . ;
formation the domain of the remainin FPM imorovement of | induced FPM *h2) because in 2050 the electricity mix' GWh is so FPM- a FPM potential
PV sectors (e eciagjll the pr,) occursin M less FPM-intensive in Mf compared to baseline - intensive?
househol dsgector)y ' decisively because according to the ESM less
diesel is combusted to produce 1 GWh of
electricity than in baseline
a) because according to the ESM in 2050
households use close to no LPG anymore in Mf
) ) while thisis not the case in baseline
because all 5 sectors | Which technological a) no LPG- i .
out l\ffforms exhibit an hotspot is the main incuced FAM gi/)vﬁeeﬁ:ﬁ;mgg rc]igrtr?z;nr:jeeﬁﬂ r:guzsﬁ?)ll(?: n Whyis the
Fossil resource pe. . improvement in FRSin driver for the occurs in Mf y ; production of |because the production of diesel is based on
2 . FRS | baselinein ; Mf compared to baseline i . )
scarcity ; Mf compared to household-induced b) less elc- . . . . diesel so FRS- |the exploitation of crude oil
the domain baseline (especially the | FRSimprovement of | induced FPM *b2) because in 2050 the electricity mix GWh is intensive?
RS household sgctor) y pr,? ocaursin M less FRS-intensive in Mf compared to baseline - ’
’ decisively because according to the ESM less
diesel is combusted to produce 1 GWh of
electricity than in baseline
MF performs because in Mf all 5 Which technological because the copper production that is
wo?se than sectors exhibit a hotspot is the main more BEV- because according to the ESM there are Whyisthe |required for the battery cell production, and
3 Freshwater rex | baseline in deterioration in FEXin driver for the induced FEX significantly more BEV deployed in Mf than in production of |the waste treatment processes of scrap
ecotoxicity the domain Mf compared to transport-induced occurs in Mf baseline (i.e., Mf relies on a more BEV- BEV so FEX- | copper and used BEV gliders emit copper
FEX baseline (especially the| FEXdeterioration of dominated vehicle fleet than baseline) intensive?  |ions, zinc Il silver | as well as antimony ions
transport sector) Mf? into water sources
because the treatment processes of sulfidic
it petorms| [rmsportiuod | WIS esologia cpersiom i prospe owate |
woFr)se than detesr?oration in FRU hotspot is the main more BEV- because according to the ESMIthere are Whyis the sopSrces These tr?eatfnpent rocesses are
4 Freshwater FEU | baselinein outweights the small driver for the induced FEU significantly more BEV deployed in MF than in production of requi red as part of the roZuction and
eutrophication the domain R img rovement of transport-induced occursin M baseline (i.e., Mf relies on a more BEV- BEV so FRU- be(r]1eficia1i02 of co er;)oob alt (and to a
o FEU deterioration of dominated vehicle fleet than baseline) intensive? P ) ;
FRU the household and MF? lesser degree gold and silver) in order to
DIl 1 services WM%{E 144 produce copper collector foil, cathod
anodes for the battery cell of a BEV.
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