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EXECUTIVE SUMMARY

This document presents the harmonised Life Cycle Sustainability Assessment (LCSA)
guidelines developed within the SH2E project for fuel cells and hydrogen (FCH) systems.
Thus, this deliverable provides a unified framework that integrates the separate guidelines
for FCH-specific Life Cycle Assessment (LCA), Life Cycle Costing (LCC), and Social Life
Cycle Assessment (SLCA). In order to attain this harmonisation, the three individual
deliverables previously developed in SH2E were thoroughlysanalysed identifying shared
aspects, areas of divergence requiring harmonisation, andtareasywhere some degree of
divergence could be preserved, acknowledging theswdistinct requirements of each
sustainability dimension. Additionally, improvementirecommendations are provided for non-
common elements, and novel topics that enrich the, harmonised LCSA framework are
addressed. The FCH-LCSA guidelines presented hereinoffer a coherent, transparent, and
methodologically rigorous framework for evaluating, the sustainability of FCH systems
throughout their life cycle. By aligning and, harmonising the LCA, LCC and SkCA
methodologies, this framework ensures@a comprehensive understanding of the “potential
environmental, economic and social impacts associated with FCH systems. These guidelines
are expected to serve as a valuable support for practitioners and stakeholders to make
informed and sustainability-oriented deeisions concerning FCH systems.

This deliverable ncludes illustrative examples of partiahLCSA applications, aimed at
facilitating the understanding of the SH2E LCSA guidelines. On the other hand, full
case studies are provided in SH2E D6.3.

- L This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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KEY TERMS

Definition

Partitioning the inputs/outputs, considering the different functions and the
relationship (preferentially physical relationship) among these

CO2 uptake through photosynthesis and carbon emissions (CO2, CO and
Biogenic carbon CH4) from transformation or degradation of biomass (e.g. due to
combustion, landfilling...)

Components such as machinery used in production processes, buildings,
office equipment, transport vehicles, and transportation infrastructure
Calculation of category indicator results.using characterisation factors for
every relevant flow, according to thefanalysed impact category

Factor derived from a characterisation.model and applied to convert an
assigned life cycle inventory amalysis result to the common unit of the
category indicator ) ;
Assessment including all Stagessffom resource extraction to the factory:
gate :

Term

Allocation

Capital goods
Characterisation

Characterisation
factor

Cradle-to-Gate

Cradle-to-Grave gisposal phase

Collection of factswor organised information, usually the fesults of

Data observationgexperience, or experiment, or a set of premises from which
conclusions may be drawn 0 W g
) Characteristics of data that relate to their, ability“to satisfy stated
Data quality requirements

Material, or energy entering the system being, studied that has been
drawn from the environment without previousfuman transformation, or
imaterial or energy leaving the system being studied that is released into
the environment without subsequent ARumaniransformation

Elementary flow

Quantitative representation of the funetion of the system, which serves
as reference for all the flows involved in‘the assessed system
Hydrogen produced by a system for which hydrogen production is not

Funectional unit

Hydrdéen"és a

by-product the main purpose of the process,,
Hydrogen as a  Hydrogen produced by“a,system in which hydrogen and other products
co-product are key valuablefoutputs

Hydrogen as the Hydrogen producéd by, a system that has as the primary goal its

main product production 4

Class representing sustainability issues of concern to which life cycle

Impact category . " :
inventory‘analysis results may be assigned

Impact category Quantifiable,representation of an impact category

indicator PP S O A -

Life cycle . . C

sustainability _Methodology to quantitatively assess the p(_)tentlal sustainability impacts
‘of product systems from a holistic perspective

assessment ;

(LCSA) '

Life cycle

sustainability Third phase of the LCSA framework, which aims to evaluate the potential

impact sustainability impacts in the life cycle under study

assessment

Life cycle It is the result of the second phase of the LCSA framework; it contains

sustainability information regarding all input and output flows referring to the system

inventory boundaries

_.: Clean Hydrogen
1, Partnership

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Multi-functional
system/process

Normalisation

Primary data (raw

data)

Secondary data

Subdivision

System
boundaries

System
expansion

Unit process

Weighting

_.: Clean Hydrogen
1, Partnership

System/process that originates more than one functional flow

It is the process of adjusting disparate criteria or attributes to a common
scale for fair and accurate comparison. This technique aims to
standardise diverse criteria that may have different units, ranges, or
magnitudes into a uniform scale, often between 0 and 1 or another
predefined range.

Data that are collected directly related to their object of study (from meter
readings, purchase records, utility bills, engineering models, direct
monitoring, etc.) A

Data collected by someone else earlier (average industry data, literature
data, etc.) Y o O

Division of the unit process in different sub-processes

Set of criteria that specify which, precesses are included in the product
system and determine which unityprocesses shall be included in the
LCSA

It is the assignment of relative importance or significancerto various
indicators/criteria. It involves quantifying the influencesor priority of each
criteriom’inyrelation to others to reflect their impact on the final decision
outcome,

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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ACRONYMS
AEL Alkaline Electrolyser
AFC Alkaline Fuel Cell
CAPEX Capital Expenditure
CCs Carbon Capture and Storage
CCuU Carbon Capture and Utilisation
CRM Critical Raw Material

DAC Direct Air Capture N O
EF Environmental Footprint \

FCH Fuel Cells and Hydrog
FU Functional Unit

HT-Co-EC High-Temperature Co-Electrolysis

IAM Integrat ment Model K@
ILCD Intgr a ference Life Cycle Data System

LCA L & ssessment , 2\

LCIA @ cle Impact Assessment

LCC \ ife Cycle Costing g

LCI Life Cycle Inventory \

LCc\ Levelised Cost of Hydrogen

EoL End-of-Life 6
FCEV Fuel Cell Electric Vehicle K . @

LCSA Life Cycle Sustainability As t
OPEX Operational Expegdi

PAFC Phosphoric Acit

PEMWE Proton-Exchal rane Electrolyser
PEMEC Proton-E e'Membrane Fuel Cell
PSILCA Pro ial Impact Life Cycle Assessment
SLCA cmCycle Assessment

SMR team Methane Reforming

SOE lid Oxide Electrolyser

SOFC Solid Oxide Fuel Cell

TRL Technology Readiness Level

e This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Glsan Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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GENERAL INFORMATION

Hydrogen production and use solutions are expected to play a crucial role in the transition to
a global sustainable energy system. This document provides methodological guidance on
how to perform a Life Cycle Sustainability Assessment (LCSA) of fuel cells and hydrogen
(FCH) systems to facilitate informed decision-making, promote sustainability, and ensure
consistency and harmonisation in the assessment process. This document is an extension
of previous deliverables within the SH2E project. It complements and extends the insights
from the separate guidelines for FCH-LCA (D2.2) (Bargiacchi etial., 2022), FCH-LCC (D4.1)
(Wulf et al., 2022a) and FCH-SLCA (D4.2) (Iribarren et al.;%2023); taking into account the
lessons learned in previous tasks of the SH2E project. This,doecument embraces hydrogen
production, hydrogen use and hydrogen production & use systems. It promotes a harmonised
and consistent evaluation of the potential life-cycle sustainability impacts of FCH products
through robust, well-defined methods to effectively support case-specific accounting and
decision-making processes, also providing examples for practical application.

The present guidelines are targeted at any practitioner conducting LCSA studies of ECH
systems (hydrogen production, hydrogen” use, or hydrogen production & use)s The
practitioner is guided on how to deal with thesmethodological aspects of an LCSA (functional
unit, system boundaries, etc.) and speeific topics relevant to FCH systems (e.g. supply.chain
segmentation or data sources). This document aims to provide a robust foundation for
conducting LCSA studies inftheycontext of FCH systems, ultimately contfibuting to the
sustainable development and use of hydrogen-related technologies.

How to use this décument

The document provides, guidance on how to conduct an LECSA of FCH systems. The
provisions, recommendations and supplementary information, aresclearly identified in the
document accerdingsto the following colour code:

; S ; In the green boxes, requirementgregresented.
In the light blue bowtions are presented.

Each of these boxes may ‘includeyillustrative examples (grey boxes along the document)
aimed at facilitating the pragtical application of the LCSA. Those examples have been either
developed explicitlyswithin'the context of this deliverable or retrieved from external sources.
Regarding the latter, it is‘important to remark that those examples might not involve entirely
SH2E-complianti)LESA studies (which would require hydrogen-related studies addressing
the three dimensions of sustainability and strictly conducted according to the guidelines
delivered in this project). This is mainly due to the current scarce literature on the matter.
However, they were considered suitable references to illustrate how each of the topics could
be addressed.

The different topics in the guidelines have also been evaluated in terms of their “method
readiness level”, i.e., a score identifying the level of development of the addressed topic
under the following scheme:

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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Method readiness level Meaning Symbol
5 Method already implemented ce0ee
in LCSA tools
Data available for established
4 0000
method
3 Established method 00000

5 Ongoing discussions on the
[ X JeJeJe)
method
1 First ideas on the met 00000
L 2

e This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
i Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research. 15




SH:E

D5.1 SH2E guidebook for LCSA

GUIDANCE ON PERFORMING LIFE CYCLE SUSTAINABILITY
ASSESSMENT OF FCH SYSTEMS

1. Introduction

Within the SH2E project, the methodological framework proposed for Life Cycle Sustainability
Assessment (LCSA) follows the approach recommended by Valdivia et al. (2011). LCSA, as
embraced in this framework, represents a harmonised combination of three key life-cycle
techniques: environmental Life Cycle Assessment (LCA) (International Organization for
Standardization, 2006a, 2006b), Life Cycle Costing (LCC) (Swaur et al., 2011), and Social
Life Cycle Assessment (SLCA) (UNEP, 2020). It is important to note that the overall
outcomes of LCSA should be interpreted as a synergistic'combination of the results derived
from each individual technique.

LCSA s an iterative process composed of four intérrelated phases (European Commission,
2010; Valdivia et al., 2011):

e Goal and scope definition: Thisfphaseinvolves defining the overarching®purpose
of the LCSA study, including thentended applications and the decision-making
context. The scope sets the boundaries of the study, specifying aspects_such asthe
system under analysis, its funetion and functional unit, the covered life-cycle,stages,
assumptions, stakeholders, methodological choices, sustainability’ impacts to be
investigated, and the Selected impact assessment methods.

e Life cycle inventory analysis: This phase entails systematically, gathering data
flows along theyproduct's supply chain, which are subsequently fed to the
environmental, economic, and social impact assessments.

e Lifecycledmpact assessment: During this phasesithe inventory data of the LCSA
study are evaluated to characterise the life.cyclé sustainability performance of the
product system. The selection of the assessed,categeries and indicators depends on
a materiality assessment that takes into account stakeholders' perspectives.

e ‘Interpretation: The interpretation phase involves the analysis of previous results to
identify key contributions and potential areas for improvement. It can also enable
technological or scenario benchmarking=This phase may encompass robustness
tests, sensitivity analyses,®uncertainty ‘@analyses, completeness analyses, and
consistency checks. Results are recommended to be interpreted in a combined
manner, identifying potential trade-offs across sustainability dimensions.

This document incorporates insights gained from the individual life-cycle guidelines
developed within the SH2E, preject (Bargiacchi et al., 2022; Wulf et al., 2022a; Iribarren et
al., 2023). While other projects such as ORIENTING have proposed LCSA recommendations
with generic applicability (Rihkola et al., 2022), the focus of this work was placed on offering
practitioners a deeper understanding of the specific aspects in the specific field of fuel cells
and hydrogen (FEH) systems, going beyond past initiatives (Lozanovski et al., 2011;
Massoni et al., 2011). Consequently, the SH2E LCSA guidelines identify and promote good
practices for LCSA of FCH systems, providing a valuable framework for practitioners and
stakeholders to make informed, sustainability-oriented decisions. Moreover, these guidelines
could also be relevant to other systems closely linked to hydrogen ones, as illustrated in
Annex 1.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Model asymmetry

It is essential to acknowledge that —throughout the LCSA process— some decisions may
prove challenging to harmonise across the three sustainability domains commonly
encompassed by LCSA (Valdivia et al. 2011, 2021). This document acknowledges that
model asymmetries may exist where certain aspects or data may not seamlessly align
across all sustainability dimensions within the LCSA framework. These asymmetries are
point-by-point acknowledged in these guidelines to provide transparency and guidance to
LCSA practitioners (UNEP, 2017). It is imperative for practitioners to be aware of such
asymmetries and exercise caution when attempting to integrate data or assessments that
may not perfectly align across all dimensions (Costa et al., 2019).

The following sections of this document offer detailed guidelines and recommendations for
LCSA of FCH systems, considering both well-established practices and specific
considerations in the FCH sector.

2. Goal of the Life Cycle Sustainalility ASsessment

Motivation

The goal of an LCSA establishes the basis capable of correctly answering the questions
posed by/to the practitioner. Hence, itastrongly influences the whole setup=ef an=LCSA,
comprising goal and scope, data, and quality assurance. This especially .concerns the
application situation since LESA isienvisaged to be a tool of increasing relevange.for decision
making (UNEP, 2017; Valdivia,et al., 2021). Although LCA, LCC and"SLCA may have
different aims because‘theysare application-dependent, a common_goal and a common
scope are stronglyerecommended when undertaking a combined RCSA. This alignment
ensures that the diverse,objectives of these methodologies converge;,creating a unified and
coherent framework. This unity facilitates a holistic assessment that/captures the interaction
between environmental, economic and social dimensions: Overall, the motivation behind an
LCSA study,serves as the driving force that setstits purpese and direction. It aligns the
assessment process with the questions and challenges posed by stakeholders, making
LCSA a powerful instrument for promoting sustainabilitypand facilitating informed decision-
making (Backes and Traverso, 2022).

Description of the topic and key terms

Goal definition is the first step in an LCSAy It defines and explains the purpose of the study
by answering three main questions related to: expected use of the LCSA results, application
situation, and reasons for carrying,out the study. These aspects are strongly linked to each
other. All of them have implications in subsequent LCSA aspects (e.g. modelling approach
and inventory building) and must be coherent with the practitioner’s core question.

Intended application(s)

The expected use.of the LCSA results could be more than one for a given LCSA study. It
seeks to understand how the results will be used and who the primary stakeholders are. This
consideration is pivotal, as it ensures that the LCSA is adapted to provide relevant
information for decision-making processes. The foreseen applications affect not only the
LCSA model construction, but also the modelling perspective. For instance, FCH systems
often fall into the prospective / new technology category.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Application situation and reasons for carrying out the study

The application situation, also referred to as decision context, is intimately linked to the
intended application(s) since, depending on the expected use of the LCSA results, one
modelling approach may be more appropriate than another. Additionally, the application
situation may be conditioned by the specific dimension to be evaluated within the LCSA
study.

The reasons to carry out an LCSA study answer why the LSCA study is made. It could also
be understood as the core question determining the stakeholders involved as well as the
model prepared to answer it. Understanding the motivations behind conducting the LCSA is
key. It requires a thoughtful examination of why the assessment is,being undertaken. This
question helps identify the driving forces, sustainabilitys€ancerns, or specific issues that
prompt the study.

Stakeholder perspective

In the pursuit of a harmonised LCSA framework, keystopics of the goal and scope definition;
such as the system boundaries and the selection,of impact categories, play a pivotal role4n
evaluating the holistic sustainability performance of FCH systems. To ensure robust.cheices;
the incorporation of stakeholder perspectives is strongly recommended (cf. Section 3:5).
This approach is aligned with the overarching goal of harmonisation and enhances the
credibility and applicability of LCSA outcomes.

$
Box 1 StakeholderperSpec

The stakeholder p &e needs to be sta&i in the Goal efinition phase of
the LCSA stud

,,,,,,,,, 7 W A O G

; Example: (from reference [Wulf et al., 2023], on hydrogen-based mability)

“Qur previolsly developed approach for sustainability*assessment is used to carry out an
' indicatorsbased sustainability assessment ofy different hydrogen mobility options in !
' Germany. Within the framework of the éxtended approach, weighting factors for !
' sustainability indicators and dimensions are determined through a stakeholder survey and !
' are used for the aggregation of indicators with thee MCDA method Preference Ranking !
' Organization METHod for Enrichment ofyEvaluations (PROMETHEE).”

e AN

Requirements and recommendations

Importantly, when combining. the three assessment methodologies (LCA, LCC and SLCA)
within an LCSA framework, it is advisable to ensure alignment in the questions posed
across the sustainability domains. While each methodology may involve different choices
and approaches, eoherence in the overall goal definition is essential (Valdivia et al., 2011,
2021). Hence, the three aforementioned questions (expected use of the results, application
situation, and reasons for the study) should be asked consistently across the environmental,
economic and social dimensions as far as possible, reflecting a holistic understanding of
sustainability. It is crucial to acknowledge that there may be cases where the individual
methodologies within the LCSA are not technically prepared to address some of these
questions in a combined framework. In that case, practitioners should be aware of the
limitations and challenges, and consider alternative approaches or adaptations to ensure
as much alignment as possible.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Box 2 Intended application of the LCSA

The intended application must be considered for LCSAs. The intended application is
characterised by the intended modelling perspective and approach. The application
situation must be coherent with it, by stating if the LCSA study is to be used for decision
support (yes/no) and also stating the scale of the induced changes in the considered
system. The alignment of these aspects across all dimensions is essential to ensure that
the LCSA is a coherent tool for guiding decision-making processes. In some cases, the
individual life-cycle methodologies may have limitations in addressing certain aspects of
the intended application. Practitioners should be aware of t limitations and consider
alternative approaches or adaptations to ensure alignmentto th tent possible.

] Example: (from SH2E deliverable D6.3, regarding the prospective LCSA of.a high=temperature hydrogen production system) :

~ “Although the progressive implementation of genewable hydrogen pathways is expected | 4
' to have a large scale-effect, this study places the focus on accounting for potential a

. environmental impacts of the specific hydfégenproduct, with decision support limited t@ .
© the specific product (i.e. micro-level decision support).”

.. e\

In terms of communication strategies, the practitioner should prioritise transparency by
explicitly addressing the limitations of the LCSA study, including those arising from
asymmetry across the ghree individual life-cycle methodologieS%(LCA, LE€C and SLCA).
These limitations can manifest in various ways, including differences in data availability
and/or methodological, choices across sustainability domains.; By “acknowledging and
transparently communicating these limitations, the practitioner ensures that the study results
are appropriately.interpreted and used for decision-making processes (Valdivia et al., 2021).
This proactive, approach helps practitioners 0 ¢prevent the potential misuse or
misrepresentation of LCSA findings to serve specificlinterests by individuals, companies or
publi¢, institutions. Moreover, it promotes a more refined understanding of the study's
outcomes, encouraging stakeholders to considenthe integrated sustainability assessment in
a responsible and informed manner, while recognising the inherent challenges posed by
model asymmetry.

Box 3 Limitations of the study \\

The LCSA practitioner has early the limitations of the study in terms of use
(asymmetry of the individ odologies) and interpretation of the LCSA results. This
is even more importal |t comes to comparative LCSA studies being disclosed to
the public.

Example: (from SH2E deliverable D6.3, regarding the prospective LCSA of a high-temperature hydrogen production system) :

' “As this study places the focus on estimating and benchmarking the (prospective) life- |
- cycle environmental profile of hydrogen from SOE, it should not be directly used to guide !
' decision-making at meso or macro level. Moreover, this study should be understood as
. case-specific and not intended to generalise the environmental findings of the study.”

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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Evaluation: “method readiness level”
= Consideration of the application situation in LCSA eeeeo

This section is linked to the following sections of the present guidelines:

= 3.5: Materiality assessment and stakeholder engagement
= A: Life Cycle Inventory
= 5: Life Cycle Impact Assessment

l\ = 3: Scope of the Life Cycle Sustainability Assessment

3. Scope of the Life Cycle Sustainability AssesSment

Section 3 addresses key aspects on the scope of the ' LCSA study, including modelling
approach (Section 3.1), functional unit (Section=8.2),,and system boundaries (Section
3.3). In defining the LCSA scope, it is essentialsto)consider the challenges posed by
assessing environmental, economic and social impagts within a unified framework.

3.1 Modelling approach

The choice of the most suitable modelling approach to evaluate the enyironmental,
economic and social impacts of anwFCH product system depends on_the ‘stage of
development of the core technology (technology readiness level [TRL]; manufacturing
readiness level [MRL], market deployment) and the goal of the study (g.9. decision level).
Depending on the goal of,the ‘study, consequential or dynamic modelling.can be applied to
retrospective or prospectivelinventories. Regarding the choice of the modelling approach, it
dictates the need for different foreground and background data, sources, which may be
retrieved from literature, or dedicated databases. This choice [@lso influences the temporal
and geographical dimensions of the study, as well as thesdefinition of the functional unit.
When the study is.intended to inform policy-making, a consequential modelling approach is
highly recemmended. It is noteworthy that, despite, its potential benefits, consequential
modelling remains underrepresented not only in the‘current LCSA literature specific to FCH
systems (cf. Section 3.1.2) but also in the broader context (Costa et al., 2019).

Overall, the scope of the LCSA should be approached with a clear understanding of what is
to be included, precisely stating the aspeetts inecluded or excluded for each sustainability
domain. Ideally, the modelling appreachiand system boundaries of an FCH product system
should align across dimensions. However, achieving an exact match in all three dimensions
(environmental, economic and sogcial)jymay: not always be feasible due to model asymmetry.
While striving for coherence acrass dimensions, different practical considerations such as
the use of databases, the availability“of tools, and potential future advancements should be
taken into account (Pihkola et.al., 2022).

By conscientiously=addressing the LCSA scope, acknowledging model asymmetry and
providing a clear statement, practitioners can ensure the transparency and coherence of
the assessmentacross sustainability dimensions.

3.1.1 Prospectivity

In the context of LCSA, the used approach can significantly vary based on the developmental
stage of the technology or system under study. The conventional (and widely applied)
retrospective approach evaluates the sustainability impacts of a product ex-post at a
present time, i.e., when a product has already been commercialised and used for a time and
data are widely available (van der Giesen et al., 2020). When the core technology is modelled
at a future phase, a prospective approach needs to be applied. For FCH technologies, the

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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retrospective approach has been largely applied. However, many FCH systems are still at
early stages of development or market deployment, where a prospective approach becomes
recommended (Bargiacchi et al., 2022; Wulf et al., 2022a; Iribarren et al., 2023).

An LCSA is defined prospective when the technology studied is at an early phase of
development or market deployment, but it is modelled at a future, more developed phase,
reflecting its potential sustainability impacts once fully developed and deployed. This
definition has been adapted from Arvidsson et al. (2018) and includes most of the FCH
systems. A prospective LCSA study is classified as a forward-looking LCSA approach along
with other non-excluding approaches such as anticipatory or ex-ante LCSA.

It is crucial to acknowledge that prospectivity is one of the @reas where the individual life-
cycle methodologies (LCA, LCC and SLCA) may not have'the same level of advancement.
Consequently, practitioners should exercise caution and transparency when conducting a
prospective LCSA study, particularly with regard to SLCAwln SLCA, obtaining reliable data
for prospective suppliers and assessing potential future social conditions can be
exceptionally challenging (Iribarren et al., 2023)"The uncertainty associated with social
aspects in a prospective view requires a careful acknowledgment of these limitations™by
practitioners. While prospectivity offers¢valuable insights into the future sustainability
implications of emerging technologies; it is essential to communicate the ¢inherent
uncertainties and constraints associated\with this approach.

4 -
Box 4 Prospectivity | @
To be prospective withiftthe text of these guidelines, an L stud&ust meet the
following requisites: ,
1. The syste modelled at a future time. %
i ods“ef the analysed product

2. The t erating parameters and capi
Sys e prospective. \

' Example: (from SH2E deliverable D6.3, regarding the prospective LCSA of a high-temperature hydrogen production system) :

. “The system under evaluation Was ‘modelled based on the year 2030, when SOE !
. technology is expected to reachl full'technical maturity. Thus, the SOE part of the system !
was modelled according to the expected technical key performance indicators (KPIs) for !
© 2030, while the CSP operating'parameters, the integrated performance of the CSP-SOE |
' system and the modelling ofithe reference hydrogen production system through SMR were
' based on the use of process simulation tools.”

Additionally, the following recommendations should be considered:

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.

21



SH:E

D5.1 SH2E guidebook for LCSA

Box 5 Prospectivity Il

1. The use of relevant prospective background data for processes directly linked to the
foreground system (e.g. electricity production) is strongly recommended to the extent
possible for each sustainability dimension.

2. It is recommended to state the TRL and/or the MRL of the involved technology to
facilitate comparability decisions.

3. Limitations related to prospectivity should be clearly stated for transparency.

Example:

Consult Annex 2 of this deliverable.

Specific information on scale effects and learning phenomena can be found in the Sectien
3.1.1 of the SH2E deliverable D2.2 on FCH=LCA guidelines (Bargiacchi et al., 2022).

Evaluation: “method readiness level”
The approach on how to handle prespectivity in LCSA is twofold:

= Through the inventory by using prospective foreground and/or background data
[ X _JeJeJe]

= Through theyimpact assessment method by using prospective characterisation fac-
tors,eococ00

3.12 Consequentiality

The consequential approach within LCSA is_asmethodological perspective that evaluates
the sustainability impacts of a product or systemyby considering the potential changes it
induces within the broader socio-economic:andienvironmental context. It is important to note
that the consequential approach, while feasible insthe three individual methodologies (LCA,
LCC and SLCA), has not been egually advanced in each dimension (Costa et al., 2019).
Specifically, consequentiality in SLCA may require further development and refinement to
achieve a level of sophistication comparable to that in environmental and economic
assessments (Sousa-Zomergand ‘€Cauchick Miguel, 2018). Nonetheless, this should not
discourage its application in‘the sogial dimension when affordable.

By recognising the.varying levels of advancement in the consequential approach and its
feasibility, particularly, in"SLCA, practitioners can make conscious decisions when selecting
the appropriate‘approach for their specific LCSA study, taking into account the potential for
enhancing the state of the art in sustainability assessment.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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Box 6 Consequentiality |

If the LCSA study is aimed at a macro-level decision (e.g. policy-making), a consequential
approach has to be followed to the extent possible for each sustainability dimension.

; Example: (from reference [Ortigueira et al., 2020], on the consequential LCA of biohydrogen production through dark !
. fermentation)

. “The present study explored the use of separately-collected food waste for the !
. fermentative production of H2-rich biogas to operate a PEMFC [...] To make the |
. comparison in terms of direct energy consumption and globalwarming potential (GWP100 |
. years), a consequential approach was followed, i.e. masginal supply and demand on
. affected markets was taken into consideration and allocation ‘Was avoided by system |
- expansion.” ‘

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B A ——

Box 7 Consequentiality Il \ -

1. The identified marginal techn%as ould be clearly stated and reporte%

a justification on the choice of t rginal technologies and the proc ed
for that identification.

2. The quantification of change in marginal technologies shouldybe stated,

reported and justified,, cl specifying the procedure followed for that quantification.
3. The quantificati e sustainability impacts of the cvr%sho Id be clearly

reported (data‘sources, procedure, results, etc.).
4. Besides th e fellowing recommendations apply: @
= @ economic model is applied, the u give full traceability of
th 0 ¢ models/equations applied t put'data used for the study.
= e atement of the time horizon of t & ences (short, medium, long

erm)is recommended.
enever a consequential approach is needed, it is recommended to evaluate
sults for different models, especiamlied in the context of policy-making.

Further information about consequeéntiality can be found in the Section 3.1.2 of the SH2E
deliverable D2.2 on FCH-LCA guidelines (Bargiacchi et al., 2022).

Evaluation: “method readiness level”
The approach on how to handle consequentiality in LCSA is the following:

= Consideration of the @application in LCSA eoocoo

3.1.3 Spatial scale

Spatial scale plays a crucial role in LCSA by providing valuable insights into the geographic
distribution of impacts across the life cycle of a product. While the mandatory requirement
for spatial information primarily applies to SLCA, it is strongly recommended to adopt a
consistent spatial scale across the three dimensions (LCA, LCC and SLCA) to ensure
coherence in the assessment, including the location of each of the unit processes within the
system boundaries. In particular, for such regionalisation, the definition of the location (e.g.
country) where the final output is produced arises as a key aspect, as it determines the

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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remaining locations along the corresponding supply chains (cf. Section 3.3). This consistency
ensures that the boundaries of the assessed system align across sustainability domains,
facilitating a holistic understanding of the interconnected environmental, economic and social
dimensions. Further information about spatial scale can be found in the Section 1.5 of the
SHZ2E deliverable 4.2 on FCH-SLCA (Iribarren et al., 2023).

Box 8 Definition of the region where the final output is produced

The LCSA practitioner has to clearly state the location (at least, country specification) of
the process that delivers the target function of the system @h the functional unit is
referred).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - Ll

: Example: (from reference [lIribarren et al., 2022], on SLCA and benchmarking of green methanol)

“The green methanol system under study involves methanol production from CO: (directly
' captured from the air) and hydrogen (from win@ pewer electrolysis) at a hypothetical plant : 1
' in the USA.”

R 7.0 *N

Evaluation: “method readiness level”

The approach on how to handle spatial scale in LCSA is the following:

= Consideration of,the,application in LCSA eeeeo
This section is linked to the following sections of the present guidelines:

\I = 324Functional unit
= 03:3: System boundaries

=, 4.2: Data sources and availability

3.2 Functional unit

Motivation

The functional unit of an LCSA represents the principal function of the system under study,
according to the goal and scope,ofithe LCSA. It is linked to a reference flow to which all the
inputs and outputs of the system age related. The functional unit is, therefore, a quantitative
representation of the maiffunction of the system. In the case of systems providing more than
one function (multisfunctional systems), the practitioner must isolate/choose one of the
functions so that LCSA results are related to a single reference flow. Besides, special
attention should'befpaid when carrying out comparative LCSAs because the functional unit
must represent a common function accomplished at the same level (e.g. hydrogen produced
in a specific location with the same degree of purity and with the same final temperature and
pressure).

The definition of a homogeneous functional unit across the sustainability dimensions of an
LCSA study is of paramount importance. Aligning the functional unit with the defined goal
and system boundaries of the study ensures the coherent evaluation of environmental,
economic and social impacts (Valdivia et al., 2011, 2021). A consistent functional unit allows
practitioners to draw meaningful conclusions regarding the trade-offs and synergies between

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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sustainability dimensions, facilitating decision-making processes. Therefore, LCSA
practitioners must diligently define and apply a functional unit that reflects the primary
function of the system, fostering the holistic assessment of the life-cycle sustainability
impacts of FCH systems (Bargiacchi et al., 2022; Wulf et al., 2022a; Iribarren et al., 2023).

This section provides guidelines for functional unit definition in LCSA of FCH systems. It
considers the previous single-dimension deliverables of the SH2E project: Section 3.2 of the
SHZ2E deliverable D2.2 on FCH-LCA guidelines (Bargiacchi et al., 2022), Section 3.2 of the
SHZ2E deliverable D4.1 on FCH-LCC guidelines (Wulf et al., 2022a), and Section 1.3 of the
SH2E deliverable D4.2 on FCH-SLCA guidelines (Iribarren et al., 2023).

Description of the topic

Hydrogen may be involved in a great variety of supply chains (e.g. electricity, fuels,
chemicals), and might appear at different stages of the, lifeseycle. It could be used as a fuel
itself or used to fulfil another function such as energy storage and chemicals production (e.g.
ammonia and methane). This versatile nature allows hydrogen to provide very different
functions, which results in the need to define functional units of different sort (Ciroth etsal’;
2021). Therefore, it is crucial to identify the main function of the system and define the
functional unit accordingly. In addition, ‘'many hydrogen systems are identified as multi=
functional ones. For example, the chlor-alkali‘process could have as main function: chlorine,
sodium hydroxide, or hydrogen produetion, which are corresponding to its three functional
flows.

Because of the large heterogeneity observed regarding hydrogen-related systems, this
section differentiates between systems exclusively assessing hydrogen production, and
those including its uUse within the system boaundaries.

Options
Different casesiare herein distinguished for functional unit definition:

e Case 17 Systems exclusively assessing hydrogen production.
e Case 2: Systems including hydrogen yse within their system boundaries:

o 2a. Hydrogen for transportation:
o 2b. Hydrogen for fuels and chemicalS production.
o 2c. Hydrogen for €lectrieity‘and/or heat generation.

Requirements and recommendations
General recommendations

Since the conceptyof (functional unit was born in the framework of LCA (International
Organization fof Standardization, 2006a, 2006b), the general recommendations proposed
for functional unitdefinition build upon the principles outlined in previous individual guidelines
(Bargiacchi et al., 2022; Wulf et al., 2022a; Iribarren et al., 2023), while introducing specific
considerations tailored to LCSA.

The first step is to identify the function of the system under study. This could be
straightforward in the case of systems with a single functional flow or a clear goal. For
systems with various functional flows (multi-functional systems), the LCSA practitioner
should identify the functional flows as recommended in Section 3.4 “Multi-functionality”.
Once the functional unit has been selected, the functional flow serving as reference flow of
the system must be identified and quantified.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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In addition to these foundational steps, it is imperative to incorporate LCSA-specific
considerations into the process of functional unit identification. In this sense, the identification
of a functional unit should go beyond single-dimensional considerations. Practitioners must
ensure a homogeneous functional unit across the three sustainability dimensions
(environmental, economic and social). Moreover, the functional unit must be aligned with the
overarching goal and scope of the LCSA study (Valdivia et al., 2011, 2021).

Box 9 ldentification of functional unit, functional flows and reference flow

1. The function of the system to be assessed must be identified.

2. A homogeneous functional unit aligned with the goal must beyestablished across all
three sustainability dimensions within an LCSA study~

3. The functional flows of the system, if more thah one, must be identified and reported
to clearly state the methodology used for their handlingsater on (Section 3.4).

4. The reference flow of the system must be indicated‘and quantified.

In some situations, the identification of the"main function of the system may present some
difficulties because of the use of hydrogen.as an energy vector since hydrogen can act as
energy transportation or energy storage media. For example, using renewable electricity
surplus to produce hydrogen through“electrolysis may have as the main goal the production
of hydrogen, or just the storage of renewable electricity. The identification of the function of
the system is given by a qualitative analysis by the LCSA practitioner, wha'needs to evaluate
whether the goal of the system. is to produce hydrogen or to store renewable energy. This
discussion is more significant when developing comparative studies because equivalent
functions are required. Inthe case of comparative LCSA, the functional unit must guarantee
that the function of the systems is the same. Attention should also./be paid to check whether
all the systems achieve the minimum level of qualitative requirements set for the function
(Bauman and Tillman, 2004). These qualitative considerations are set by the LCSA
practitioner.depending on the goal of the system (e.g. hydrogen threshold purity for its usage
in fuel cells). A clear definition of the qualitative characteristics that the product should attain
is key.to ensure a fair comparison between different systems. Variations on the reference
flow quantity could arise if there are differences.inquality or performance among the different
systems assessed.

Box 10 Functional unit in comparativeyL CSA

1. Comparative LCSAs must ensure,that the selected functional unit represents the
common function of the#systems and allows a fair comparison, also considering
geographical location of the final output.

2. Qualitative consideratiensyto be achieved by the evaluated systems, which can be
made in the ferm of guantitative thresholds or qualitative statements, must be clearly
defined.

Requirements and»recommendations for Case 1: Systems exclusively assessing
hydrogen production

Regardless of the assessed hydrogen production pathway, a convergence in literature can
be observed on the adoption of a mass-based functional unit as identified in previous
deliverables of the SH2E project (Ciroth et al., 2021; Bargiacchi et al., 2022; Wulf et al.,
2022a; Iribarren et al., 2023). Therefore, the recommendation is to state the functional unit
as a description of the mass amount of produced hydrogen. The functional unit must be

i This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
: lean Hydrog Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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accompanied in all cases with a proper definition of the reference flow. Hydrogen purity,
pressure and temperature must be stated together with the quantity of produced hydrogen
and the geographical location of the final output of the system. These characteristics are
linked to important life-cycle stages such as compression and purification.

Box 11 Functional unit in systems assessing hydrogen production

1. The functional unit used in LCSAs of hydrogen production systems must represent the
mass amount of produced hydrogen (e.g. kg of hydrogen).

2. Hydrogen purity, pressure and temperature, besides ge hical information of the
final output of the system, must be specified together the'functional unit.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o i

Example: (from reference [Valente et al., 2019], on LCSA and benchmarking of hydrogen production from biomass
gasification)

“The two hydrogen production plants were assumed to be located in Spain [...]. Both
+ systems were assessed from feedstock préductionsto hydrogen compression, and the

functional unit (FU) was defined as 1 kg of*hydregen with 99.9 vol% purity at 200 bar and
i 25°C”

Box 12 Reference flow in

The reference flow*co defined through the specification of rogen purlty,
pressure and temp &

ould be mdmat?m the initial flow diagram of the LCSAs.
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Requirements for Case 2: Systems including hydrogen use within the system
boundaries

The heterogeneity of hydrogen applications claims for different functional units with the aim
of correctly representing the function of the system. Considering that new applications for
hydrogen may appear in the short and long run, this section makes general methodological
recommendations. It is useful to differentiate between the system and subsystem functions.
If the FCH section is a part of a larger system (e.g. Annex 3), a difference should be stated
between the main system and subsystem functions (Bargiacchi et al., 2022; Iribarren et al.,
2023).

Case 2a. Hydrogen for transportation

When hydrogen is used as a fuel for transportation, there is a general agreement on following
distance-based functional units (km, p-km, t-km) depénding.on the specific goal of the study.
The choice of a distance-based functional unitdstherefore required since it also allows
for comparison with other powertrain technologies=The specific functional unit to be selected
depends on the goal of the LCSA, but a proper definition of the reference flow mustsbe
included, reporting capacity utilisation (passengers/transported freight) and the> lifetime
considered for the vehicle in terms of.mileagé. For example, the reference flow gould he
stated as “to travel X km with a fuel cell“electric vehicle (FCEV) of medium size (Y“kg)
occupied by Z passengers with an expected lifetime range of W km”. The specific'reference
flow may include other characteristics according to the goal of the LCSA (€.g..the purity of
the hydrogen required as propulsion agent), but the relationship between’ distance and
demand (in the form of load) must always be clear. This statement is not limited to road
transport, but it also includes other modalities such as air and maritime transportation.

v
Box 13 Funct@\! in systems assessing hydrogen.u ransportation
1. The function nit employed in LCSAs of il use for transportation must
rep the distance travelled for a given d ndy expressed as the passenger or
ight load.
2.& sidered demand must be specified, in the reference flow, together with the
lifetime measured in terms of mileage.

3. The transportation type should be reA

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

f Example: (from SH2E deliverable D6.3, regarding the LCSA and benchmarking of a PEMFC passenger car)

“l...] and its use in a PEMFC passenger car. Accordingly, the functional unit is 15,000 km
! per year of driven distance by‘a,single passenger FCEV for 15 years (i.e. 225,000 km of

. driven distance).”

| TN TBIENSE) e N N

Case 2b. Hydrogen for fuels and chemicals production

Hydrogen is used in multiple processes for the synthesis of chemicals and fuels. The main
applications foreseen are methane, methanol and ammonia production. A functional unit that
describes the produced amount must be used. The reference flow is to be specified stating
the purity, pressure and temperature of the produced chemical/fuel, besides
geographical and temporal information of the final output of the system.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Box 14 Functional unit in systems assessing hydrogen use for fuels and chemicals
production

1. The functional unit used in LCSAs of hydrogen use for fuels and chemicals production
must represent the quantity of the produced chemical/fuel by means of a mass-based
functional unit in the case of chemicals, and by either a mass- or energy-based
functional unit in the case of fuels.

2. Purity, pressure and temperature of the produced chemical/fuel, besides geographical
and temporal information of the final output of the system, must also be specified to
guarantee a precise functional unit and fair comparisons

3. In the case of fuels, the energy content must be clearlytstatedythrough the use of the

net calorific value. n
e SN G Y

1 Example: (from reference [Iribarren et al., 2022], on SLCA and beachmarking of green methanol) i

. “The functional unit of the study was defined.as 1 kg of (green or conventional) methanol
. produced at plant [...] The green methanolysystem under study involves methanal |
. production from CO: (directly captured fram,the air) and hydrogen (from wind power
. electrolysis) at a hypothetical plant inghexUSA.”

“ ”””””””””””””””” -\ W

Case 2c. Hydrogen for electricity. and/or heat generation

Systems using hydrogen‘as a fuel for energy generation could be, classified into electricity
generation or cogeneration. The former is conceived for the production of a single product
(electricity), which is'the only functional flow of the system. Thesfunetion, of these systems is
clear and an energy-based functional unit is required, in accordance'with common practice
as identified, in ‘previous SH2E deliverables (Bargiacchi et al.,"2022; Wulf et al., 2022a;
Iribarren et al.;;2023). This energy-based functional snit. must refer to the output electricity;
thus, it considers upstream efficiencies (engine or fuel cell, rectifier for fuel cells, and
generator). It is recommended to include and clearly ‘state’the upstream efficiencies to be
able toretrieve the reference flow of the systems

Box 15 Functional unit in systergs wjrogen for electricity generation

The functional unit used in LCS
represent the quantity of producec

f “hydrogen use for electricity generation must
electricity (MJ or equivalent). Geographical and
of the system must also be specified to guarantee
omparisons. The functional unit must consider the
drogen into electricity.

a precise functional unit
upstream efficiencies t

For cogeneration systemss two functional flows appear: electricity and heat. The LCSA
practitioner hasto determine if heat is considered as a valuable product (functional flow) or,
when not used, an,emission to the environment. For the latter, the system would only be
producing electricity”and should follow the recommendations given in Box 15. On the
contrary, when heat is a valuable product, the function of the system changes because it
becomes “the production of electricity and heat”. This combined function should be
represented by an exergy-based functional unit, which represents the maximum energy
potential that the system could transform into useful work (Box 16).

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
:::; Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
LN ’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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Box 16 Functional unit in systems assessing hydrogen for electricity and heat
generation

The functional unit employed in LCSAs of hydrogen use for electricity and heat generation
must represent the maximum energy potential that the system could transform into work
(i.e. exergy-based functional unit).

If heat is considered as a valuable product of the system, it is not recommended to apply
allocation for comparative purposes since cogeneration would be the actual function of the
system. Hence, the system should be benchmarked with functienally-equivalent systems
such as combined heat and power (CHP) engines rather than“addressing a separate
benchmarking of each product.

= 2: Goal of the Life Cycle Sustaipnability Assessment
= 3.4: Multi-functionality

‘Z\ghl\s section is linked to the following sectionsiof the present guidelines:

3.3 System boundaries
Motivation

The system boundaries ofan LCSA involve a set of criteria that specify whieh processes are
included in the productisystem and thereforesdetermine which unit processes shall be
included in the LCSA(UNER, 2017; Valdivia etal., 2021). They must beiumeticulously defined
to align with thes€hosen,goal of the LCSA. The correct identification and reporting of the
chosen system botndaries are crucial, especially in the case of comparative studies.

Concerning ECHisystems, a lack of transparencyiregarding the flows included in the
system ‘boundaries still persists, which often causes problems during comparison and
benchmarking (Ciroth et al., 2021; Bargiacchi eteal., 2022; Wulf et al., 2022a; Iribarren et al.,
2023). Most of the studies include capital goods, while very few include the end-of-life (EoL)
and, if so, few details are reported and a clearidentification of the EoL scenarios is missing.
Another specificity of FCH systems is the large variety of life-cycle phases where the study
boundary might be placed, especially in studies assessing hydrogen production. In fact, after
being produced, hydrogen undergees conditioning (purification and compression), storage,
transportation, and distribution before reaching the use phase. The choice of the gate largely
varies depending on the spegific study (Figure 1). The setting of the system boundaries in
LCSA of hydrogen systemsfis keyto ensure that the desired reference flow is achieved and,
therefore, the function ofithe system performed.

In the context of LCSA, itiis'imperative that the definition of system boundaries aligns with
the overarching.goal. Nevertheless, it is important to acknowledge that differences may
arise in defining system boundaries across the sustainability dimensions (LCA, LCC
and SLCA) due to variations in data availability and the tools that support the development
of value chains. When such differences exist, practitioners must transparently report the
variations in the stages included per dimension, as well as the underlying reasons for these
differences (Pihkola et al., 2022; Valdivia et al., 2021). In this way, stakeholders could clearly
comprehend the differences and make informed interpretations of the results.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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Figure 1. System bou@ oF'studies assessing FCH systems. !

Options
Different cases are hezein@ved for the definition of FCH—specifi& nd stages:
e Case 1: hydr X uction. P 4 \
e Case 2: hydrogen use.
e Case 3: production and use.

For case sing on FCH technology ma , the operational phase of the
technol be included. By doing so, this c S hould match one of the three

abo\ tioned cases.

Requirements and recommendati

General requirements and reco fhendatio

Box 17 System boundarie

1. The system boundaries definition must be coherent with the goal of the study.
2. The system bound e analysed system must be defined and reported.
3. The system boun ust encompass capital goods, including their EoL phases,
provide t @ ea within the context of each sustainability dimension.

e This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
laan Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
i Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research. 31
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Box 18 System boundaries II

1. Any differences in the definition of system boundaries in the embedded LCA, LCC
and SLCA studies (e.g. application of different cut-off criteria) should be explicitly
stated and reported to ensure transparency.

2. ltis highly recommended to show the system boundaries in a flow chart.

Requirements and recommendations for Case 1: hydrogen production

When conducting LCSA studies assessing only hydrogen<produgtion, the recommended
system boundaries are cradle-to-gate, including hydrogenseenditioning (Cradle-to-Gate 3 in
Figure 1). This recommendation assures that the produced hydrogen could fulfil the function
of the system (e.g. provide high-purity hydrogen for FCEVs):

r~— 4

Box 19 System boundaries for syste xsing hydrogen production |

1. The system boundaries of studies ogen production must be, at least, Cradle-
to-Gate 1.

2. All sustainability-relevant flows mustbe included in the assessment. If t lusion of
flows is not homogeneo ross dimensions, the reasons for variati should be
reported and justified. {

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, « N
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SH:E

Box 20 System boundaries for systems assessing hydrogen production Il

1. It is recommended to place the gate after the hydrogen conditioning section, in

particular after the compression stage (Cradle-to-Gate 3).

system)
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Example: (from reference [Puig-Samper et al., 2022], on the prospective LCA of a high-temperature hydrogen production
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Requirements for Case 2: hydrogen use

For studies focusing on hydrogen use, it is required to carry out the LCSA study from
resource extraction to the use and disposal phase (i.e. Cradle-to-Grave), provided that it is
feasible within each sustainability dimension under study. This means that hydrogen
production has to be included in the analysis, checking that the considered hydrogen is
suitable (purity and pressure) for the assessed application and methodologically consistent.

Box 21 System boundaries for systems assessing hydrogen use

1. The system boundaries of studies focusing on hydrog roduction must be Cradle-
to-Grave.

2. All the sustainability-relevant flows must beginc
inclusion of flows is not homogeneous across di&

in“the assessment. If the
S, the reasons for variations

should be reported and justified. &
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, PN B
3 Example: (from reference [Valente et al., 2020], on the LCA ofia PEMFC passenger car running on different hydrogen fuél
i options)
! { System's boundaries _ ]
} (") = (if applicable)| }
1 ydrogen fuel production !
1 Materials | > (Co-products)* ;
l Heat Feedstockienergy | | Hydrogen production|Jf Hydrogen Emissi |
w o roduction (and purification)* compression > Emissions ‘
‘ Electricity ;
‘ . 4 ‘
1 Ha (700 bér) |
: Ofther inputs 1
: Materials FCEV manufacture |
1 PEMFC stack J[ Electric engine J 4 1
ieat manufacture manufacture FCEV -
‘ operation ‘
‘ Y Hz tank Other components i
1 Electricity manufacture | |(tyres, gearbox, étc.) :
; \L ‘L v i
; Emissions \Waste to treatment Wear emission (brake, tyre, road) i
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Requirements for Case 3: hydrogen production and use

When conducting an LCSA of systems for hydrogen production and use, a Cradle-to-Grave
scope is required provided that it is feasible within each sustainability dimension under study.

Box 22 System boundaries for systems assessing hydrogen production and use

1. The system boundaries of studies focusing on hydrogen production must be Cradle-

to-Grave.

2. All the sustainability-relevant flows must be included in, the assessment. If the
inclusion of flows is not homogeneous across dimensions, the reasons for variations
should be reported and justified.

ffffffffffffffffffffffffffffffffffffffffff o 0N

3 Example: (from reference [Iribarren et al., 2022], on SLCA and benehmarking of green methanol) 3
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Requirements,and®fecommendations to complete the FCH system: model asymmetry

Thetabove-mentioned recommendations indicate thatiall relevant unit processes and flows
linked'te the,system boundaries should be included in therassessment; if any is to be left out,
a clear justification needs to be provided. Forfillustrative purposes, system boundaries can
be understood as a set of individual background supply chains that converge vertically into
its corresponding foreground phase and organised in a tier structure (Figure 2). This type of
recommendation is made consideringsthat, once the foreground system has been modelled
by the practitioner, life-cycle databases on which the inventories of the corresponding
background processes rely usually provide information (i.e. technosphere and elementary
flows entering and leaving each bleck) specific to those processes. However, a significant
difference exists across sustainability dimensions in the case of SLCA (Iribarren et al., 2023).
Common SLCA databases,typically provide information for sectors as a whole. This means
the granularity and, conseguently, the results are less product-specific. Nevertheless, generic
data from databases could/provide hints on potential social impacts. This distinction is
noteworthy, astit impacts the precision of SLCA results. While generic data from these
databases may not offer product-specific insights, they can still provide valuable indications
regarding potential ‘social impacts. Therefore, practitioners should be cognizant of this
variation in data availability and granularity when conducting assessments across different
sustainability dimensions.

Specific requirements and recommendations to complete FCH systems in SLCA studies can
be found in Section 1.4 of the SH2E deliverable D4.2 on FCH-SLCA guidelines (Iribarren et
al., 2023). Furthermore, the present guidelines include an example of supply-chain modelling
with different scopes in SLCA (cf. Annex 4). This example illustrates the differences in life-

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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cycle results when addressing the system boundaries with a product-specific supply chain or
a sector-extended one.

Background processes Tier n

Background processes Tier 1

=

i LCSA background system
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section is linked to the following sec \the present guidelines:

l\ = 3.2: Functional unit
= 3.3.1: Capital goods
= 3.3.2: Equipment end
3

3.3.1 Capital ga

In the context of LCSA, the rgle ofeapital goods is crucial in enabling the production of goods
or the provision of servi ital goods encompass different physical items necessary
for producers to.m a@r the product. At this point of production systems, the so-
called capital g & into effect. Even though the classification of system components
as capital goodsydepends on the perspective of the particular study, they can be described
with componentstsuch as machinery used in production processes, buildings, office
equipment, transportvehicles, and transportation infrastructure (Guinee and Lindeijer, 2002;
European Commission, 2013). In fact, physical items that are usually labelled as “capital
goods” may become the focus of LCSA studies and thus lose their “capital goods”
classification in the sense of this guidelines section. The described requirements and
recommendations are still valid in such cases for capital goods needed to provide these
focused products.

e This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
" Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research. 36
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Capital goods (e.g. electrolysers, compressors, etc.) must be included within the system
boundaries, as an exclusion could lead to misleading results. Capital goods cannot be
excluded per se and should be treated as any other input or output flow.

Since the usage duration often exceeds the relevant considered period of the studied goods
or services, capital goods’ lifetime (effective service life) must be taken into account.
Besides the production and use of capital goods, the related EoL activities (cf. Section 3.3.2)
shall be considered, when feasible, across the sustainability dimensions.

For reasons of transparency and completeness, comprehensive documentation regarding
the consideration of capital goods must be included in theasreporting of LCSA studies.
Essential information includes data sources and assumptions.

Box 23 Capital goods | ‘\U‘

To conduct LCSA studies in line with these gui for FCH systems, the following
requirements shall be fulfilled: i
4

1. Capital goods must be included by t s of production, use and EoL (pravi
that it is feasible under the specific sust ity domain under evaluation). eeoo \

2. The non-consideration of capit s shall be justified by cut-off rules. e

3. The effective lifetime of capital goods must be included. eeee0

4. Data sources and as%elated to capital goods must be do ed. eeooe
R o - i N/ N

1 Example: (from SH2E deliverable D6.3, regarding the prospective LCSA of a high-temperature hydrogen production system)

. “Capital goods“involved in the foreground system under evaluation (i.e. integrated CSP !
. and hydrogen genération plant) were included in this analysis. ‘Asdetailed list of them is
. presented in Tablé 1, also documenting their lifetime and the sources from where data !
- was colfegted :

For the sake of rigour and considering data availablility, it is recommended to use data with
the same geographical and temporal reference for capital goods as for the other parts
of the system. For instance, this canyprevent potential result-distorting influences of
technology development.

Box 24 Capital goods II U

When considering c@ s in LCSA studies in line with these guidelines for FCH
i I

systems, the fo are recommended:

1. Dependin data availability, it is recommended to use qualitatively appropriate
data. eecoo

2. The geographical and time horizons considered for the capital goods should be
consistent with the data used for the rest of the life-cycle phases. eeec0

3. The influence of capital goods on certain impact categories should preferably be
highlighted in the reporting. eeeco

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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3.3.2 Equipment end-of-life

An important topic with regard to the system boundaries is the consideration and handling of
products at the end of their life. Thus, EoL is an integral component of the product life
cycle and shall be included in LCSA modelling (Bargiacchi et al., 2022; Wulf et al., 2022a;
Iribarren et al., 2023).

The end of the EoL is given when a specific flow crosses the system boundary to leave the
product system (waste) or enter a new/another life cycle (Klopffer and Grahl, 2014).
Depending on the flow and EoL modelling, this endpoint can differ. In the case of including
recycling or recovery processes, this point, which is usually knéwn, as point of substitution, is
reached with the “outflow of recovered/recycled material”’. Figure 83 illustrates the general
product life-cycle stages and contained activities.

EoL can lead to multi-functionality in the system, whichysheuld be addressed in accordance
with Section 3.4. Thus, allocation should be avoided by,system subdivision or expansion also
in the EoL modelling. The modelling of EoL varies depending on the applied approach. The
choice of the method has to be documented by the LCSA practitioner and requires
justification. Further information about EQL modelling approaches can be found in Section
3.3.2 of the SH2E deliverable on FCH-LCA (Bargiacchi et al., 2022).

Regardless of the EoL flows fate (dispesal, recycling, recovery or reuse), preparatory,steps
before the core EoL treatmentyshall be included in the modelled process chains. These
activities include the collection, transport and pre-treatment (sorting, separation) of waste
and reusable or recyclable material. Depending on the EoL modellingyapproach, these
activities could be included separately from and unpaired to the corerecycling and upgrading
treatment (e.g. recycled content approach).

[ production r%%} use %%3 end-of-life

. ‘ ) : reuse
extractiofi/ transport / assembly / — collection/ sorting / final Ao //
material supply infrastructure processing transport” separation” treatment %

recycling

disposal
* Generally, these parts belong to the EolL-stage. Depending on EolL Ml P hithey could be assigned to the use-stage.

Figure 3. Simplified structure of a productilife'eycle with the stages production, use and end-of-life,
as'well as their sub-stages.

A recurring problem in cases.of,novelor emerging technologies EoL is the lack of data on
utilisation and disposal options, This fact also applies to FCH-related EoL technologies
and strategies. This datasscarcity extends across economic and social aspects of EoL
modelling, making.it partictlarly challenging, especially when relying on life-cycle databases
(Wulf et al., 2022a; Iribarren et al.,, 2023). In such cases, practitioners may encounter
difficulties in obtaining comprehensive economic or social information for EoL modelling,
creating data asymmetry across sustainability dimensions. To address data limitations,
practitioners should consider various strategies. Exemplary ways of dealing with these
circumstances vary from omitting the EoL phase to the consideration of the worst-case
scenario by assuming landfilling. The latter approach was previously recommended by
previous FCH-specific LCA guidelines (Bargiacchi et al., 2022). It is recommended to apply
a sensitivity analysis for at least one applicable recycling solution to provide an
estimation in the overall context. Generally, the procedure depends on the applied modelling
approach. Importantly, when facing data asymmetry across sustainability dimensions, it is
crucial to adopt a transparent and reasoned approach. Practitioners must recognise and

- L This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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explicitly report any differences in data availability and quality between the environmental,
economic and social dimensions.

Box 25 Equipment end-of-life |

To conduct LCSA studies regarding “end-of-life” in line with these guidelines for FCH
systems, the following requirements must be fulfilled:

1. The EoL of FCH technologies shall be considered, provided that it is feasible under
the specific sustainability domain under evaluation. eeo

2. Preparatory steps (collection, transport, pre-treatment[so , Separation]) of EoL
flows shall be considered, if not excluded by meth 00

3. Downstream activities of waste treatment, landfill operation and

maintenance as well as ash disposal, shall be . #0000

4. The choice of the modelling approach to &II be documented and justified.

00000 B
5. System boundaries shall be drawn lin ith the underlying EoL modelli
approach. eeeee *
| dppeachesees N ¢S e\

: Example: (from reference [Lotri¢ et al., 2021]30n LCA of the manufacturing and end-of-life phases of FCH technelogies)

. “The LCA models for allgfour FCH technologies are created by modelling the !
. manufacturing phase, followed by defining the EoL strategies and procésses, used and |
. finally by assessing,the,effects of the EoL approach using environmentaljindicators [...] |
The strategy for defining, the EoL phase was divided into Several steps: Manual
- dismantling was applied, for all subsystemsgand components that“eannot be reused. |
- Recycling rates for different materials were defined based on data, from the recycling- |
" industry sectar. Energy extraction and landfill were only used il cases where reuse or |
' recycling'was'not possible, or no other data were availablé forithe EoL.” i

Bo&uipment end-of-life Il \

When considering “end-of-life” in LCS in) line with these guidelines for FCH
systems, the following points areyreeom

1. Depending on the modellin
recovery. eeeoo

2. If no data are available
least one applicable

incineration) shoua‘

34 Multi-funetionality

redits may be given for energy and materials

ste-treatment activities, a sensitivity analysis for at
solution and/or a worst case of disposal (landfilling or
sidered. eee00

Motivation

Multi-functionality in LCSA is observed when a system delivers more than one functional
flow. For many cases, approaches to deal with multi-functionality have been researched over
the past years, and reaching a consensus in dealing with multi-functional systems is still a
challenge. The hierarchy defined by ISO standards and ILCD prioritises subdivision, system

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
:::; Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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expansion, and, in the last case, the application of allocation (International Organization for
Standardization, 2006a; European Commission, 2010).

Systems producing and/or using hydrogen often lead to different outputs, and, in many
cases, these outputs are considered valuable products, resulting in multi-functional
processes. These guidelines propose a comprehensive approach to deal with multi-
functionality for systems producing and/or using hydrogen for energy-related applications.
This builds upon the individual SH2E guidelines (Bargiacchi et al., 2022; Wulf et al., 2022a;
Iribarren et al., 2023).

Description of the topic

Hydrogen can be produced through different pathways, anddifferent additional products can
be obtained during its production. These products have'several properties and applications,
indicating the need for distinct approaches to solve the multi-functionality of the processes.
Therefore, for systems producing hydrogen andfother products, in which hydrogen is the
quantitative reference of the modelled process in the LCSA, it is to be defined whether
hydrogen is the main product or a secondary,product (co- or by-product) of the studied
process. For systems using hydrogen, the guidelines consider if the studied systen’'is a fuel
cell or another system using hydrogen for different applications.

Options

Different cases can be distinguished for multi-functionality:
» Case 1: Systems producing hydrogen.
» Case 2: Systems using hydrogen.

Requirements amdgecommendations

General reguirements and recommendations

For‘processes delivering more than one function, it is necessary to identify the most suitable
approach to solve the multi-functionality issue. For that reason, the first step is the
identification/confirmation if the process can beureally considered as a multi-functional
process, through the identification of the functional and non-functional flows (Box 27).
For instance, if, besides the product.flow] all the output flows are elementary flows, then it is
not a case of multi-functionality, as elementary flows (resources/emissions from/to nature)
are not considered functional flowss

\4

It must be identified @ estigated process is a case of multi-functionality or not
0

through the iw he functional flow(s).

In the event that the studied process is identified as a multi-functional one, then the ISO
14040/14044 recommendation shall be applied, according to Box 28 (International
Organization for Standardization, 2006a, 2006b). Therefore, allocation should be avoided by
applying subdivision or system expansion, if possible. In case allocation cannot be avoided,
then the relationship between functional flows should be studied for the definition of the
allocation factors. However, it is essential to recognise that certain limitations may arise in
the harmonisation of multi-functionality across sustainability dimensions.

Box 27 Multi-functionaliy |

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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In instances where allocation cannot be entirely avoided, practitioners should exercise
caution, particularly in the context of LCC where multi-functionality shall be solved by
applying subdivision or system expansion (Wulf et al., 2022a). When facing such situations,
it becomes crucial to transparently acknowledge and explicitly state any differences in
the application of multi-functionality across sustainability dimensions. This serves to
prevent misunderstandings and enhances the overall transparency of the LCSA study.

Box 28 Multi-functionality I
1. In case of multi-functionality, allocation needs to be aveided by the application of
division of unit processes into different sub-processes, aceording to the outputs

produced.
2. Another alternative to avoid allocation is, whebape, the application of system

e

expansion.

3. If allocation cannot be avoided, allocation e applied partitioning inputs/outputs
according to the physical relationships b em or other possible relationship 4
(e.g. economic).

4. The multi-functionality approach sel byithe LCSA practitioner must be co&sist@
across sustainability dimensi @ differences must be trans

knowl xplicitl :
et sl et St N

; Example: (from reference [Valente et'al:; 2021], on comparative LCSA of renewable and conventional hydrogen)

' “On the other handin hydrogen production from biomass gasification (BM&G_H), the PSA |
- off-gas is employed 40 produce electricity, which is partly used“to satisfy’the internal
- electricity demand,whiléythe surplus was assfimed to be sold te,theySpanish electricity |
. grid. Hence, besides, hydrogen production, the BMG_H system presents the additional
. function of elgctrieity coproduction, which was addressed through systems expansion by |
. displacingytheproduction of the Spanish grid electricity mix and the corresponding !
- burdens, In“gontrast, no additional functions are @sseciated with the other systems for
- hydrogen prodtiction.” ‘

= » Y \ ,,,,,,,,,,,,,,,,,,,,,,,,,,,

Requirements and recommendations for systems producing and/or using hydrogen

Following the general recommendations, first, it must be identified if the other outputs of the
process are, in fact, functional flows (Bex 27). In case they can be considered emissions to
nature (e.g. in many processes oxygen as,an output can be regarded in this way), then ele-
mentary flows should be selected; indicating that it is not an actual case of multi-functionality.
If the output can be considered aywaste of the process, then a waste flow should be applied,
and the waste treatment process should be selected. However, if the outputs are indeed
considered product flows, thistindicates that one of the approaches defined by the ISO
14040/14044 hierarechy'should be applied (Box 28). The particularities arising from each case
(systems producing and using hydrogen) are detailed in the next paragraphs.

As outlined in thetindividual SH2E life-cycle guidelines (Bargiacchi et al., 2022; Wulf et al.,
2022a; Iribarren et al., 2023), it is recommended to explore the effect of the approaches to
deal with multi-functionality through sensitivity analysis (Box 29).

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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Box 29 Sensitivity analysis and multi-functionality
Additionally, it should be considered that:

1. Sensitivity analysis is recommended in order to compare the different approaches
to deal with multi-functionality and explore the influence of subdivision (if possible),
system expansion, and allocation on the results.

2. Sensitivity analysis to investigate the effects of economic values oscillation is also
recommended for economic allocation.

-

Case 1. Systems producing hydrogen

Following the general recommendation, the first possibility‘to solve multi-functionality for
systems producing hydrogen is the application of subdivision (Box 30), which is in many
cases not possible, as usually the same processes deliver different products. The second
step in the hierarchy is the application of system expansion for the other products (Box 30):
To select the alternative system, allowingto account for the credits of system expansiony'it
must be identified if hydrogen is the main‘product from an industrial perspective, and ifithere
are other possible processes producing the 6ther outputs. System expansion is_not always
possible, as sometimes it is challenging to define an alternative process._ For instance,
system expansion may not be_possible for systems producing hydrogen in which,hydrogen
is considered the by-product of‘the process from an industrial perspective (e.g. steam
cracking or chlor-alkali electrolysis).

Following the ISO standardyhierarchy, the next possibility wouldybe the application of
allocation (Box 30). When dealing with hydrogen, it must be copsideredithat mass allocation
is not recommended asythis would associate a low ratio of the'impacts to the hydrogen
production. Hence; the first recommendation when applying allocation is the use of physical
allocation using the“energy content (clearly stating the energy’ basis; e.g., lower heating
value). Howeyer,this is not possible for many secondary products. If considering the energy
content is, not feasible, due to the characteristics of the obtained products, then physical
allocation based on number of moles is suggested. Otherwise, prioritising non-physical
allocation’(e.g. economic allocation) is recommended (Box 31).

Economic allocation is suggested for the ¢ases‘in which the previous alternatives are not
representative of the system and/or, where ‘the“economic aspects of the products are
particularly relevant. The economicivalues selected should be from the same studied region.
In addition, the investigation off price oscillations over the past two years should be
considered through a sensitivity ‘analysis if relevant. Finally, if economic aspects are not
relevant to distinguish the different outputs of the process, then the recommendation is the
application of physical allocation based on the mass (Box 31). Further information about the
choice of allocation fagtors for ‘hydrogen systems are provided in the individual SH2E life-
cycle guidelinesi#Section 3.4 and Section 1.7 of the SH2E deliverables D2.2 (Bargiacchi et
al., 2022) and D4.2 (Iribarren et al., 2023), respectively.

To ensure that multifunctionality is addressed consistently across sustainability
dimensions, a hierarchy for handling multi-functionality is applied. However, the hierarchy
may vary depending on the dimension:

1. For environmental LCA and SLCA, the hierarchy includes:
e Subdivision
e System expansion
e Allocation

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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2. For LCC, the hierarchy simplifies to:
e Subdivision
e System expansion

In all cases, sensitivity analyses are recommended to investigate and compare the different
approaches to deal with multi-functionality.

Box 30 General decision flow for multi-functionality in LCSA of hydrogen
production systems

1. The multi-functionality approach selected by the practitioner must be
consistent across sustainability dimensions. Any differences‘must be transparently
acknowledged, explicitly stated and justified.

2. Subdivision must be preferred. ¢

3. If subdivision cannot be applied, system ex

4. |If it is not possible to apply system exp
physical allocation based on energy c
(-carrier) products are involved. If n ible, physical allocation based on num
of moles must be selected. Othe onomic allocation is suggested. If t
no economic relevance or the prai ernatives are not possible, mass allaca

S e second preferable option.
i@min“environmental LCA and SLCA, )
s to be applied when only ener

should be applied, and the Jimitations of this application should be st th
recommended allocation methods® are not suitable for the investi@s m,
0]

allocation factors sho e defined based on causal relation activity
variables, such as w r hours or added value.
7N

Case 2. Systems using hydrogen

One of the mosticommon hydrogen applications is in fuel cells. Fuel.cells generate electricity
and heat, which cansbe considered both valuable proeducts in“many cases. Therefore, this
would representiascase of multi-functionality. The produeed water is usually not a functional
flowy, since it can be modelled as a waste. For fuel eells, it might be not possible to apply
subdivision, as the same system is generating both electricity and heat. On the other hand,
sometimes system expansion can also involve concerns on the identification of a
representative alternative for heat production. Regarding the application of allocation,
exergy should be defined as the functional unit and the reference for allocation (Box 31). If it
is not possible to apply physical allocation\based on exergy, then economic allocation should
be applied (Box 31).

The approach to manage multi-functionality should consider the sustainability dimension
being evaluated:

1. For environmental LEA and SLCA, the hierarchy to address multi-functionality
consists of:

o  Subdivision

e (System expansion

o Allocation (exergy-based allocation and, if not feasible, economic allocation)
2. For LCC, thejhierarchy simplifies to:

e Subdivision

e System expansion

The different approaches to deal with multi-functionality should be investigated through
sensitivity analysis. Sensitivity analysis to investigate the effects of economic values
oscillation is also recommended for economic allocation.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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It is important to emphasise transparency and clarity when addressing potential differences
across sustainability domains. These differences should be clearly acknowledged, justified
and reported. If heat is not a valuable product, it should be modelled as an emission to the
environment (therefore an elementary flow, and not a case of multi-functionality); the water
produced in fuel cells can also be modelled as an elementary flow.

Box 31 Fuel cells and multi-functionality

For fuel cells constituting a case of multi-functionality, in case physical allocation is
applied, exergy must be applied for the calculation of the itioning factors between
electricity and heat. If it is not possible to apply physical catiop, economic allocation
is the second alternative for the definition of the aIIocam IS.

V'S

For all the other cases with systems that apply hydregen for the most distinct functions, the
general recommendations for multi-functionality shouldibe respected, and sensitivity analysis
to investigate the different approaches and compare their effect on the results_is
recommended.

Evaluation: “method readiness level”
The approach on how to handle multi-fungtionality in LCSA is the following:

= Identification of multi-funetionality eeeee
= Dealing with‘multi-functionality in systems producing hydrogen eeeeo

= Dealing with'multisfunctionality in systéems using hydrogen eeeco

This‘section is linked to the following sections of the présent guidelines:
\Z\ = 3:2: Functional unit
=), 3.3: System boundaries

3.5 Materiality assessment and stakeholdenengagement

The range of topics to address within an'LCSA iswide. Many important aspects in all three
dimensions including environment; ecenomy, and social aspects, exist, but sometimes not
all of them can be addressed at the same. time. Key topics for the goal of the study have to
be identified and prioritised in order to generate a set of indicators that suitably reflects the
goal of the LCSA study. In additionpalso the system boundaries have to be drawn in a way
that all relevant unit procesSes are included, i.e., the processes that affect one of the three
LCSA dimensions minimum,(Valdivia et al., 2021).

A concept addressing these issues is materiality assessment, originally stemming from
accounting and its reporting requirements (Bean and Thomas, 1990). According to the Global
Reporting Initiative (GRI, 2023a), material topics “[...] are topics that represent an
organization’s most'significant impacts on the economy, environment, and people, including
impacts on their human rights.” The UNEP guidelines for SLCA (UNEP, 2020) define
materiality assessment as “[...] a process to select topics that are more important because
of their impact on stakeholders and/or on the business.”

The definitions reveal the two-sidedness of the concept, what is called double materiality.
GRI (2022) and the directive for corporate sustainability reporting of the European Union
(2022) distinguish between financial materiality and impact materiality. Financial materiality
entails information relevant to investors, e.g., on value creation, development and
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performance of the organisation, also including how sustainability aspects (i.e. risk from a
sustainability point of view) affect the organisation. On the other hand, impact materiality is
about information for various stakeholders, e.g., next to investors, also customers,
employees, suppliers, and local communities. The impacts incorporate the economy,
environment and people including topics as human rights, anti-corruption, and bribery.

GRI (2023a) has set up a procedure to identify material topics. The first step is to get an
understanding about the context of the own business, including the business activities,
business relations, sustainability aspects, and stakeholders. In a second step, the actual and
potential impacts, positive and negative ones, are identified. This can be conducted by
information from different sources, e.g., financial audits or healthsand safety inspections. Also
documents from the Organisation for Economic Cooperationsand Development (OECD) can
be conducted, e.g., the OECD due diligence guidance_for, responsible business conduct
(OECD, 2018) or sectoral guidance (OECD, 2023). in the third'and last step, the significance
of the impacts is assessed, e.g., how severe they aréiand,the probability of their incidence.
The sector standards by GRI can support all of these steps. More information can be found
in their universal standard (GRI, 2023a).

For LCSA, the GRI procedure as well as_the GRI sector standards can help practitioners
identify material topics. Even though GRI standards are not available for every sector, this
does not contradict their procedure, which cansstill be followed through GRI (2023a;2023Db).
While no standard exists for the hydrogen sector, the oil and gas sectors serve.as an
example. Within this sector standard, 22°material topics are stated, includingsenvironmental
topics, e.g., air emissions, biodiversity and waste; economic topics like.asset integrity or
economic impacts; and sogial. material aspects, e.g., health and safety; forcedflabour and
modern slavery (GRI,22023c).

The LCSA-related ORIENTING framework states that materiality,assessment can be built
upon literature, e.g., previous studies, sector guidelines, reports orsstakeholder consultations
and own estimations (Pihkola et al., 2022). They provide several guiding questions which
help with the identification of material topics, including, (Pihkola'et al., 2022):

“What arefthe raw materials included in the ‘product’silife cycle (including packaging
materials)?

- “What is the origin of those raw materials?

- Are any of the raw materials critical according to the European Commission’s list of
Critical Raw Materials (CRMs)? [,

- Do you have any data, measurement or qtantified knowledge of circularity actions
in place that retain the value ofitheproduct, its parts, or materials?

- Do you know what type offenvironmental, economic and social impacts are or could
be related to different life ¢ycle stages?

- Do you have any measured information, data or other evidence or knowledge about
the impacts that mightitake place in other stages of the life cycle? Is it possible to
collect such data from suppliers, other actors or from statistics?

- What type of environmental, social or economic risks could be related to the differ-
ent life'eycle’stages? Are there any processes or measures in place for mitigating
such risks?”

The relation of materiality assessment and stakeholders is twofold. With the help of a
materiality assessment, relevant stakeholders to address within the social dimension of an
LCSA can be identified, e.g., different stakeholder groups like workers, the local community
or society. However, also using stakeholder consultations as a starting point for materiality
assessment, as stated above, is possible.

If relevant stakeholders are to be selected, focus groups can help (UNEP, 2020). In addition,
expert judgements, literature and the availability of data are points to include in the selection

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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(Tragnone et al., 2022). Also, participatory approaches are a useful tool. They divide
stakeholders into two groups: directly affected and involved stakeholders, and external
stakeholders. With the help of questionnaires, stakeholders have the chance to provide
priorities for sustainability topics and, by doing so, add to the materiality assessment (Bouillas
et al., 2021).

Several ways to identify material topics exist. Practitioners can choose the best fitting option
for the entity to be assessed and its available resources, e.g., depending on whether a
disclosure for financial and sustainability reporting is in place (and if it follows, e.g., the GRI
guidelines), if there are established ways to communicate with different stakeholders, etc.
The materiality assessment, in either case, must be conducted,in a transparent manner,
which makes the process comprehensible and reliable.

Evaluation: “method readiness level”
= Consideration of the application of materiality assessment in LCSA eeee0

This section is linked to the following sections of the present guidelines:

I *= 2: Goal of the Life Cygle Sustainability Assessment
= 3: Scope of the LifelCy€le Sustainability Assessment

3.6 Final remark

It should be noted that certaif aspects of the goal and scope included inthe individual SH2E
life-cycle guidelines, suchias considerations related to biogenicicarbontin environmental
LCA and discounting win LCC, are ohighly specific 5to their respective
methodologies/dimensions.» Due to the spécialised naturesof\these topics, detailed
information cangbenfound in Section 3.5 of the SH2E deliverable D2.2 on FCH-LCA
(Bargiacchitet,al.#2022) and in Section 3.1.3 of the SH2E deliverable D4.1 on FCH-LCC
(Wulf et al., 2022a)*Additionally, an illustrative example regarding modelling of a biogenic
carbon balance ¢an be consulted in Annex 5.

4.3Life,Cycle Inventory

4.1  Activity and intensity

In LCA, an activity refers to an individual processyoperation or action that is involved in the
life cycle of the product system. Attivities are identified and described in the LCI phase of an
LCA study, where data related te"inputs,and outputs for each activity are collected and
quantified. In the case of intensity, this is a measure used to quantify the impacts associated
with a specific activity (EuropeamCommission, 2010). In the context of an LCSA study, some
distinctive characteristics canbe found across sustainability domains.

In environmental LCA:

- At the LCl¢stage, each activity is assigned several inputs and outputs (International
Organizationifor Standardization, 2006a, 2006b). Those from and to the biosphere,
conceived as natural substances that are called elementary flows, are the native drivers
of the environmental impacts corresponding to the activity. Some examples of such
elementary flows are CO; emitted into the air or copper extracted from the ground.

- At the LCIA stage, each elementary flow, at each individual impact category, is
characterised by an intensity factor (i.e. characterisation factor). An example of
characterisation factor for the climate change impact category (as defined in the
Environmental Footprint method) is the 1 kg of CO»-eq assigned to the mass unit of CO>
emitted by a process.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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In LCC and SLCA:

- While the concepts in LCC are analogous to environmental LCA, with the particularity of
monetisation as intensity, the concept of activity becomes more intricate in SLCA. For
instance, in type | SLCA, the activity variable more commonly used (i.e. worker hours)
is to be assigned a qualitative risk level that determines which intensity factor applies to
it afterwards (UNEP, 2020). Moreover, this risk level varies depending on the social
indicator that is aimed to be assessed. In this sense, the intensity concept merges into
the LCI stage, turning an a priori single activity variable type (i.e. worker hours) into a
wider set defined by the qualitative attributes that emanate from the impact assessment
phase (e.g. worker hours; child labour indicator; high fisk). The present guidelines
include an illustrative discussion of social database implementation with and without
activity variable (Annex 6).

The distinctive feature of LCSA is the integration(of-the environmental, economic and social
dimensions into a single assessment framework (Valdivia et al., 2011). In this context, the
separation between activities and intensitiesseanibecome less clear, especially in SLCAL It is
essential to recognise that this integration inhierently involves data asymmetry, wherehy data
sources and data granularity may vary ‘significantly across sustainability dimensions In‘light
of this, clear and transparent reporting of data sources for both activities an@uintensities
becomes paramount to ensure the reliability and reproducibility of LCSA resultsy(Valdivia et
al., 2021).

4.2 Data sourcesrand availability

The essence of LCSA is rooted in acknowledging and addressing.data.asymmetry along the
three common sustainability dimensions, and it underscorés she need for open and
comprehensive (documentation of data sources and quality. This practice is crucial to
advance theiunderstanding of the sustainability impacts' of FEH systems while fostering
robust, transparent, and data-driven assessments across the environmental, economic and
social facets of sustainability.

A 2
Bo&ta sources traceability
Every data source must be clearly s/ensuring data traceability), and an
assessment of transparency an cre ity iS'recommended.

For LCSA, there are no additional data‘sources foreseen, as LCSA is an integration of the
results obtained in LCA, LCC, and SLCA. The share of foreground data can of course be
addressed. For environmental LCA, an evaluation table for foreground data sources has
been developed and is/eseribed in the FCH-LCA guidelines (Bargiacchi et al., 2022). This
evaluation table is“also‘applicable to data sources used in LCC and SLCA. Often, however,
all three dimensions will share one inventory, and thus the processes will be shared as well,
which, in turn, ‘will' make a repeated assessment of the same processes in different
sustainability dimension not very meaningful. As system boundaries in the three dimensions
will be equivalent but not necessarily identical, some processes may remain to be evaluated
in LCC and SLCA. It is therefore recommended to apply the table provided in the
environmental FCH-LCA guidelines (Bargiacchi et al., 2022) to all processes used in the
LCSA inventory.
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4.3 Data quality
Motivation

Just like for each of the single life-cycle methods, it is also interesting in LCSA to understand
how far the considered information fits to the decision at stake. Hence, data quality addresses
how well information fits to stated requirements, and thus, for example, to a decision.

Description of the topic and key terms

For LCA, LCC and SLCA, a common approach and structure for assessing data quality was
proposed in the respective guidelines, using the pedigree (matrix approach, with slight
customisations tailored to the specific sustainability dimensiony(Bargiacchi et al., 2022; Wulf
et al., 2022a; Iribarren et al., 2023). As recommended/in each’set of guidelines per each
aspect, the aggregation of data quality scores should, be,executed on a per-indicator basis
throughout the product's life cycle, meaning that the result’is a final, aggregated score per
data quality indicator, over the life cycle, for each ofithe sustainability dimensions.

In LCSA, therefore, a key task is to seek for harmonisation, and to aggregate these data
quality results, towards one sustainability/datar quality. Since all data quality assesSmentssin
the different dimensions follow the same principles, it can be assumed that they fit together;
and are consistent and sufficiently harmenised, so that they can indeed be aggregated.

For the aggregation, different pathways can be conceived (Figure 4):

— First, per dimension. Here, data quality scores are aggregated over impaet‘'categories
and over the differentQualitysindicators, per sustainability dimension. Afterwards, results
for the three sustainability. dimensions are aggregated into onefinal data quality result.
This is shown inthe upper half of the figure.

— A second option'is to' aggregate initially overall impact assessment categories, keeping
the results per data quality indicator separate. This is shown in the bottom part of the
figure (1 in‘the figure). This result can be further aggregated, either via the data quality
indicators; keeping the impact categories separate (2a in the figure), or via the impact
categories, keeping the quality indicators separate (2b). These two results can be further
aggregated into one final aggregated data.quality result in steps 3a or 3b.

Next to decide are the “mechanics” of the_aggregation in each case (i.e. the aggregation
formula) and also the weights when aggregating_across sustainability dimensions, or also
across different impact categories, inqone,sustainability dimension. This topic has already
been addressed several times in literature, e.g., by Greco et al. (2019) and Wulf et al. (2023),
without one clear recommendation ‘especially for hydrogen systems. For SHZ2E, it is
recommended to apply the same weighting as in the result calculation itself.

Rules for the aggregation acrossdata quality indicator cannot be taken from the result
calculation, as these data guality indicators are specific to data quality. There is much less
literature about thisttopie. For now, it is recommended to let users decide about weights,
address them ift goal and scope, and apply these then in the aggregation.

For the aggregation of data quality scores apart from the weights, a simple arithmetical
average can be applied (a). An alternative is to take the square root of the sum of squared
scores (b). Scores commonly used for data quality assessment (Bargiacchi et al., 2022; Wulf
et al., 2022a; Iribarren et al., 2023) range from 1 to 5, with 1 being best. The aggregation with
squares puts more emphasis on extremes, as small values get very small, and values above
one become large. This means that with the squared aggregation, unfavourable scores will
be emphasised.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Finally, the number format of the scores resulting from the aggregation needs to be specified.
In the original pedigree approaches (Funtowicz and Ravetz, 1990; Ciroth, 2004) the scores
are always full numbers. This is typically motivated by the idea of pedigree as a rough
classification, which best fits to an ordinal result, which can even be re-translated into text
(very good, good, etc.). In contrast to this, in the environmental footprint, scores remain as
they are calculated, and thus are commonly reported with two decimal places. For the SH2E
methodology, it is recommended to provide, as an option, also the fully calculated results,
with two decimal places.

ELCA SLCA LCC
DAQ Indicator R C T G F

Impact Category A

Impact Category B

Impact Category C
Step 1 l
Overall DQ score
per assessment \
Step 2
QOverall DQ score d - Score 1
for LCSA
L 3 Poor - Score 5
\\:A ,SLCA \ Lce
DQ Indicator C T G F R Cc T G C T G F
Impact Cate A
Impact C;
| ct Categol
LCSA -
1 aggregation over G F 2a aggregation
multistep g9reg 99789

dimension, per
indicator

over indicator, per
impact category

L 4

- | 3afinal aggregation of
e v

3b final aggregation of
indicators

Figure 4. Data quality aggregation in LCSA.
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Glsan Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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Box 33 Data quality |

Data quality must be documented and a data quality system with different data quality
indicators must be applied for LCSA studies in general and about hydrogen systems
specifically.

: Example: (from SH2E deliverable D6.3, regarding the LCSA and benchmarking of a PEMFC passenger car) ;

. “The quality of all flows and processes was assessed in the software openLCA, using the
. ecoinvent data quality system. For the background processesy‘the ecoinvent data quality
- system was also applied.”

”””””””””””””””””””””””” F v
Box 34 Data quality |l %:

]
Data quality must be considered for unit pro& sets, for exchanges, for aggrega
data sets, and for calculation results an i * l

Further information about data quality“indicators for hydrogen systems are provided in the
individual SH2E life-cycle guidelines: D2.2 Section 4.2 (Bargiacchi et al., 2022),.D4.1 Section
4.3 (Wulf et al., 2022a), and.D4.2"Section 2.2 (Iribarren et al., 2023).

Evaluation: “method readiness level”
= Data quality assessment eeeco

Thislsection is linked to the following sections of the present guidelines:

I = 2. Goal of the Life Cycle Sustainability Assessment
=, 3: Scope of the Life Cycle Sustainability Assessment
= 4.1: Activity and intensity

4.4 Data verification and validation

It is important to try to ensure that the,assessment model is good and correct, and that the
model assesses what it should. Verification’is the procedure to ensure that the assessment
is correctly executed, and the assessment model correct; validation is the procedure to
ensure that the model assesses,what it should (Ciroth, 2006).

Verification focuses on the technical execution. As the entire LCSA involves many steps,
also many steps could be executed in an incorrect way, which leads to, when executed, a
failed verification#*To, successfully pass a verification, therefore, a combination of several
points is needed or at least desirable:

- Verification of.input data (for processes used in life-cycle models, for the life-cycle
model itself, in the sense that the connections set in the models are not incorrect, for
impact indicators, and for weighting factors).

- Verification of calculation routines; it is recommended to implement the developed
approach in software, and verify the software, so that calculation routines are executed
in an identical way, each time.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
:::; Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
LN ’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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- A support for users to follow the developed approach, with wizards in the software, but
also with guidelines.

- Some aspects can also be verified in combination.

This verification needs to be performed only once for some points, but for others, each single
model and assessment should undergo a verification. This deserves more exploration, but in
short, generic input data and the software tool need to be verified only once. User modelling
actions are case-specific and thus need to be verified per case. One can imagine a
development similar to environmental product declarations, EPDs according to 1ISO 14025.

Validation is a “deeper” term than verification. One can assume'that LCSA should model the
sustainability of a system over its life cycle in a correct way. Sustainability, however, is in its
common definition not easy to operationalise. It would reguire an,assessment of the stability
of the analysed system under stress. This analysis iS'possible with system dynamics models,
which go beyond the scope of the SH2E project. Nevertheless, the deliverable D2.2 on FCH-
LCA guidelines contains a reference and short explanation (Bargiacchi et al., 2022).

Within these FCH-LCSA guidelines, we can simply state that the LCSA model should maodel
the life cycle of hydrogen systems in a correct way, for all three sustainability dimensions;
and provide an aggregated result for the “total” sustainability of the investigated system. With
this definition and understanding, verification and validation are congruent, and\ thus it
suffices to verify the LCSA model.

5. Life Cycle Impact ASssessment
Motivation

The LCIA phase builds onithe inventory and calculates the indicatorsirepresenting different
sustainability impaets (International Organization for Standardization; 2006a; UNEP, 2017).
It is important tQ align the selection of impact assessmentsmethods with the study's goal,
while ensuring that the chosen impact categories_are ®asedyon a thorough materiality
assessment. Itis,crucial to avoid an imbalance in theyevaluation of the three dimensions
of sustainability by carefully considering the number, oftindicators. The consideration of
criticality as an additional sustainability aspect_ is recommended. Information on criticality
implementation is available in Bargiacchi etgqal.4(2022), Zapp and Schreiber (2021) and
Annex 7.

Y § &
Box 35 Life Cycle Impact Assé n

In accordance with the goal ope of the LCSA study, the selected impact
assessment methods witl ssponding impact categories must be stated and
justified through a matefiality ‘assessment that incorporates the perspective of the

stakeholders. Q

5.1 Evaluatienfmethods

To facilitate a comprehensive understanding of LCIA methods, this section compiles the main
features of the individual methods per sustainability dimension.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Environmental life cycle impact assessment method and categories

Box 36 Environmental life cycle impact assessment method and categories

As part of the scope of the LCA, the selected impact assessment method with the impact
categories must be included and justified. As for any LCA, compatibility between the
inventory flows and the flows applied in the calculation method must be verified. The use
of the latest version of the Environmental Footprint method (prepared by JRC) is required
(currently version 3.1), and the impact categories based on a materiality assessment. In
case it is decided not to include a specific impact categorysthis must be justified. The
characterisation factors provided by the method provider s@ checked.

1 Example: (from SH2E deliverable D6.3, regarding the prospective LCSAof a high-temperature hydrogen production system) !

. “The Life Cycle Impact Assessment (LCIA) methed Selected for the study was the !
. Environmental Footprint version 3.1 (EF 3.1, latest.available), developed by the Joint ! i
. Research Centre (JRC) and recommended “as a common way of measuring |
. environmental performance” by the Eurgpean Commission.”

-\ ~\ M

Economic life cycleliimpact assessment method and indicators

Box 37 Economi K cyEIe impact assessment method }ators

The calc% ethod used for the life cycle cost'mg F ducts must be clearly

stated aj ined. x/
- e of’hydrogen production, the LCoH indicator, (levelised cost of hydrogen) must

sed (expressed in economic units perfunctional unit, e.g., €/kg Hy).

- In case of hydrogen use in mobility u%ﬁ s, the TCO indicator (total cost of
ownership) must be used, express ic units per functional unit (€/p-km if
the main function is the tran m\ assengers or €/t-km if the main function is the

transport of goods).

: Example: (from SH2E deliverable D6.3, regarding the prospective LCSA of a high-temperature hydrogen production system) !

. “The LCoH indicator wascaleulated, as required by the SH2E LCC guidelines for hydrogen
. production systems. The'farmula specified in the guidelines was applied, and the value of !
. cost of capitalf(r) was ‘assumed to be equal to the discount rate of 5% [...] The LCoH from |
. SOE is 7.64%z023/kg of hydrogen.”

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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Social life cycle impact assessment method and categories

Box 38 Social life cycle impact assessment method and categories

The calculation method used and the social indicators for the SLCA of FCH products
must be clearly stated and defined. It is required to use the Reference Scale Approach
(Type 1) for the assessment of FCH systems, while the impact categories to be assessed
must be in line with the goal of the study and the materiality assessment. In this sense, a
transparent description of the justification of impact category selection must be included.

] Example: (from SH2E deliverable D6.3, regarding the prospective LCSA of a high-temperature hydrogen production system) |

“The Social Life Cycle Impact Assessment (SLCIA)ymethod selected for the study was the |
' PSILCA method [29]. [...] The impact categories specifically assessed in this study are
- “child labour”, “contribution to economic development’, “fair salary’, “forced labour”,
. “discrimination” and “health and safety.” y

Further information about the specific impact assessment methods are provided in the
individual SH2E life-cycle guidelines: Section'5 of the deliverables D2.2 (Bargiacchi etal.,
2022) and D4.1 (Wulf et al., 2022a), ‘and Section 3 of the deliverable D4.2 (Iribarren et al.,
2023). Finally, it should be noted that certain aspects of the impact assessment in the
individual guidelines, such as considerations related to non-linearity, riskfassessment, and
externalities, are highly specific to their respective methodologies. Due to the specialised
nature of these topics, detailed information can be found in above-mentioned sections.

Evaluation: “method readiness level”

= Selection of impact assessment method eeeco
= Selection ofimpact categories eeeco

This section is linked to the following sections ofthe present guidelines:

I = 3.1: Modelling approach
= 3.2: Functional unit
= 3.3: System boundaries
= 4.1: Activity and intensity

6. Interpretation and final remarks
Motivation

All results from the study need to be discussed in depth, constituting a basis for conclusions,
recommendations, and decision-making in accordance with the goal and scope definition.
The analysis ofyresults includes several steps to check aspects such as completeness,
consistency and sensitivity, also entailing the conclusion, limitations and recommendations
of the study (Valdivia'et al., 2021).

Description

Within the completeness check, the requirements from the goal and scope phase are
checked against their implementation in the inventory and the impact assessment. All
objectives that could not be achieved, as well as the respective reasons for it, are identified

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
’ Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research
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and can be complemented through the iterative nature of the LCSA methodology. If it cannot
be complemented, the goal and scope should be updated.

The consistency check places the focus on data from the inventory and the impact
assessment and answers the question whether they are unambiguous and in line with the
goal and scope.

Box 39 Interpretation

The interpretation should include completeness check, consistency check, sensitivity
analysis, and conclusion with limitations and recommendati

6.1 Sensitivity and uncertainty analysis

Sensitivity analysis is a systematic approach that isiused, within the LCSA context, to
assess the influence of changes in input parameters, assumptions (cf. Annex 8) or data on
the impact results of the study (Wei et al., 2015). dn‘this way, by conducting a sensitivity.
analysis, LCSA practitioners are in positioprof,identifying which are the most relevant factors
of an LCSA study and focus resources on enhancing their accuracy and reliability.

An uncertainty analysis is a process used to evaluate, characterise and, propagate
throughout a model the inherent uncertainties, variability and/ or imprecisions associated with
LCSA data (Heijungs and Huijbregts, 2004). It enables a practitioner to eventually obtain a
probabilistic range of impactsresults, instead of a single nominal score.

Sensitivity analysis and uncertainty analysis can be conductedyjointly within the LCSA
context. This is done by considering uncertainty the source of variability.that is to be assessed
by the sensitivity analysis. In this sense, a common practice is to first perform an uncertainty
analysis to identify "how the characterised uncertainties_in the/input data propagate
throughout aimodeél, to then complete a sensitivity analysis'to detefmine how influential each
of the factors subject to such uncertainties is.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

; Example: (from SH2E deliverable D6.3, regarding the LCSA and benchmarking of a PEMFC passenger car)

© “As previously mentioned, cases of multi-functionality were addressed through system |
' expansion for SMR hydrogen production [...] Three additional scenarios were created
' using energy, physical, and economic allocations to explore the effect of the approaches
' to multi-functionality through sensitivity analysis.”
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i Uncertainty analysis in LCSA

Canada)

1.0

Example: (from reference [Ghandehariun and Kumar, 2016], on the LCA of wind-based hydrogen production in Western

“An uncertainty analysis was performed by building a Monte Carlo simulation model
through ModelRisk. Table 6 shows the variations in key input parameters. The results for
the overall GHG emissions are presented in Fig. 4. As can be seen, with a 95% level of
confidence, GHG emissions of the plant range between 0.66 and 0.77 kg COzeq./kg H2.”
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Example: (fromcreference [Zhang et al., 2022], on uncertainty and sensitivity analysis oni the environmental profile of

“Figure-9a shows the first-order Sobol indices (for ‘each, impact category and input
parameter...] For each impact category studied, under French national average resource
availability and technology mix 2019, around 38 %-501% LCIA results’ variability comes
fromithe variation of French annual solar irradiation available on PV panels. About 23 %-
30 % LCIA results variations come from the uncertainty of the PV panel performance ratio.
The remaining LCIA results’ variations mainly‘eome from PV panel lifetime uncertainty”.
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(vertical axis: acronym for parameters; horizontal axis: acronym for the assessed impact categories)

1.0
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6.2 Integration

Interpreting LCSA results can prove challenging due to the diverse nature of individual
findings. These results consist of various indicators measured in distinct unit. Accordingly, it
is unfeasible to suggest one single unequivocal solution unless one alternative outperforms
all others across all indicators. Identifying the optimal alternative, encompassing a spectrum
of sustainability indicators, within a decision-making context, is a challenging task. It is
necessary to not solely compare indicators within one assessment, e.g., LCA. It is also
important to assess indicators across all three assessments, spanning LCA, LCC and SLCA.

To synthesise individual indicator results within LCSA, mathematical procedures are used.
Initially, these procedures necessitate the assignment of weightsito individual indicators. In
this regard, Multi-Criteria Decision Analysis (MCDA) methods, designed to facilitate
diverse decision-making processes, can provide invaluable assistance in interpreting LCSA
results. MCDA encompasses a suite of mathematical approaches that condense a vast array
of individual results into a more manageablessubset, promoting a more nuanced
understanding of the overarching sustainability picturey(Prado et al., 2012; Jones, 2016).

Given the nascent stage of LCSA and the myriad“tncertainties it entails, as well asgthe
diverse objectives it seeks to address, the UNERI/SETAC recommends the presentation.of
raw results without applying weighting and.aggregation (Valdivia et al., 2011). This approach
allows for a nuanced exploration of the issues‘at hand, preserving the richness of infarmation
without oversimplification. However, there is a preference for generating resultssthat are
readily communicable, not only.for practical use in policy and economics hut also to foster
productive scientific discourse (Finkbeiner et al., 2012). Furthermore, when'weighting and
grouping are not explicitly carried out, each reader inevitably imparts.their own implicit
weighting based on their, individual value system, potentially, leading to divergent
interpretations (Wulf et al.;5;2019).

Figure 5 depictssanrapproach to integrating MCDA into an LCSA study. In addition to its
various mathematicall methods, MCDA centres on the integration’of stakeholders. These
stakeholders ¢an be“decision-makers in industry, peliticians, citizens, etc. MCDA allows for
the integration ofithese stakeholders into the entire decision-making process at numerous
levels, including the goal and scope definition of an, LESA. More frequently, they are
incorporated when determining the weighting factors for the diverse impact categories in an
LCSA. In‘a thorough MCDA process, stakehaldersymust also be involved in interpreting the
outcomes. Further explanation on normalisation, grouping and weighting is provided in the
following sections. If MCDA methods arg used, it is.crucial to acknowledge that they rely on
values that require cautious treatmentiby the practitioners.

Grouping

Various techniques can befused to group impact categories in LCSA. Typically, linear
aggregation methods enableithe full compensation of impact categories. One well-known
technique is the weightéd sum approach, also called simple additive weighting (Wulf et al.,
2017). While easy toyuse; this method does not account for more complex decision-making
contexts. The dechnique for Order of Preference by Similarity to Ideal Solution (TOPSIS)
(Haase et al., 2020) is a more intricate MCDA approach that takes into consideration the
compensation of impacts. TOPSIS smooths out some of the drawbacks of the weighted sum
method. VIKOR (Hashemkhani Zolfani et al., 2020), which falls under the same category of
methods, is also noteworthy. Prior to using any of these aggregation methods, normalisation
iS necessary.

If compensation between different impact categories and sustainability dimensions is not
permitted by the practitioner, it is recommended to use outranking methods. The two most
prominent ones are the Preference Ranking Organization METHod for Enrichment
Evaluation (PROMETHEE) (Bahzadian et al., 2010) and Elimination Et Choix Traduisant la

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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REalité (ELECTRE) (Figueira et al., 2005). More effort is required, such as defining
thresholds for each impact category. While the results may be less transparent, they are also
more robust.

From LCSA: Goal and problem definition
'
From LCSA: Selection of alternatives
Iterative '

process From LCSA: Identification of criteria

,

Selection of MCDA method

/\‘ From LCSA

Weighting of impact Grouping of impact « » LCArresults
categories categories + LCCrresults

\/ » ©SLCAresults

Stakeholder

Results
» Recommendations

* Ranking of alternatives To LCSA .Interpretation

+ __Analysis of the decision process
« Sensitivity analysis

Figure 5. Genéric approach to integrating MCDA into LCSA, based an Haase et al. (2021).

Normalisation

In general, there are two approaches to normalising data. One entails using internal statistical
techniques, whilethe other involves cross-referencing againstexternal benchmarks. Internal
normalisation necessitates division with respect to the range between the minimum and
maximum Vvalues (min-max or linear normalisation) or on a minimum, maximum, or
benchmark basis. Other forms of internal normalisation include vector and logarithmic
normalisation (Hashemkhani Zolfani et al, 2020).; Internal normalisation by division is
problematic due to the possibility, albeit«are, of thesrank order of alternatives being reversed
after aggregation. As a result, this,method, is highly controversial in LC(S)A and is mostly
avoided by practitioners, who prefer, external normalisation instead (Prado et al., 2012;
Verones et al., 2016).

Another normalisation method is‘external reference points. These can encompass the global
or local average impact_category per person, or a political target value for this category
(Prado et al., 2012; De(Benedetto and Klemes, 2009). The use of normalised results allows
for the evaluation'of the'impact's significance within a global context, and the identification of
relevant impacts. Such normalisation is frequently deployed in LC(S)A independently. The
use of external “normalisation factors can heighten uncertainty in the comprehensive
evaluation owing tosthe intricacies of ascertaining reference factors, probable dearth or
disparity of data, and the reality that some impact categories highlight regional rather than
worldwide consequences. Consequently, reliance on global values for comparison may result
in over- or underestimation of impacts (Prado et al., 2017).

The selection of the normalisation method can substantially impact the overall MCDA and,
consequently, in turn the LCSA results (Hashemkhani Zolfani et al., 2020; Prado et al., 2017).
Though these methods may receive lesser attention, they should be chosen with the same
level of care as all other steps of an MCDA.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glaan Hydrogan Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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Weighting

Various methods can be used to identify weighting factors with and without the integration of
stakeholders. The most popular and straightforward approach is to use equal weights for all
impact categories or with a hierarchical structure, where the first level are the three
sustainability dimensions or assessment methods (OECD, 2008). Within each assessment,
every indicator is assigned a weighting factor at the second hierarchical level. This can
ensure results that are dependable and sturdy when coupled with a sensitivity analysis
(Prado et al., 2012; Ibafiez-Forés et al., 2013). The impact of the hierarchical structure of the
study on the overall outcome of the MCDA must be taken into account. Various studies have
investigated alternative hierarchical structures, such as thosesaligned with the Sustainable
Development Goals, and their effect on the results of the MEDA (Blok et al., 2013; Wulf et
al., 2022b).

An alternative theoretical approach used in LCSA for.determining weighting factors involves
the stakeholder profiles of individualists, hierarchists, and egalitarians from cultural theory.
As each stakeholder profile prioritises the_ sustainability dimensions differently, the
application of the cardinal ranking method vyields distinct weighting factors (Ekener et al.,
2018).

In certain decision-making contextsgy it“may be preferable to involve representative
stakeholders in order to promote a participatory and collaborative decision-making process.
This necessitates the implementation of:an interface whereby stakeholders can.communicate
their preferences with regard to.the chosen criteria. Moreover, MCDA technigues can identify
diverging opinions and facilitate ‘resolving potential discrepancies (Goodwin_and Wright,
2014). Various methods can engage participants, such as interviews, decision conferencing
or online surveys (Marttunenyet al., 2015). The choice of method depends on'factors such as
the number of stakeholders, resource availability, and complexity ‘of the issue. Various
methods are available for assigning weightings, such as those based on trade-offs (Simple
Multi Attribute (Rating “ Technique, SMART), direct ratings, lotteries, and pairwise
comparisons, for_ example, the Analytic Hierarchy £rocess (AHP) (Saaty, 1977). While
SMART and AHP,offer means of defining weightings, that ‘are universally applicable, other
methods, such,as conjoint analysis and the discrete ehoice experiment, are dependent on
their specific use cases (Tarne et al., 2019).

For Environmental Footprint calculations, Sala et al, (2018) developed a universal weighting
factor set including all impact categories.\Surveys were conducted among various
stakeholder groups, including lay people, LCA experts, and a workshop with Life Cycle
Impact Assessment experts. Theqresults'were subsequently combined with a robustness
factor for each environmental indicator. However, as similar weighting factors are missing for
LCC and SLCA, it is difficult to incorporate them into LCSA.

It should be noted that surveys and interviews have restricted applicability and transferability
of findings due to their temporal and geographic limitations, as well as the possibility of being
specific to a particular case study.

6.3 Reporting

One additional aspect to note in interpretation is the visual display of results, which can
support the identification of significant contributions as well as of inconsistencies. There are
already tools such as the Life Cycle Sustainability Dashboard (Traverso et al., 2012),
Sustainability Crowns (Corona and San Miguel, 2019), and Life Cycle Sustainability Triangle
(Finkbeiner et al., 2010). However, each of the aforementioned methods comes with its own
limitations (Backes et al., 2023) that should be realised prior to use. Learnt lessons from
these tools can be:

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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- A dashboard-like overview is useful, as it helps users get the full picture before going in
more detail.

- A full drill-down is helpful to understand contributions and also identify potential
inconsistencies.

- A combination of different visualisations (in the simplest form, as multi-scatter plot) helps
practitioners detect inconsistencies and relations.

- A grouping and classification of “similar things” is often helpful; this can be implemented
in the form of a cluster analysis dendrogram, or similar.

e This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
i Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research. 59
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ANNEX 1 - LIFE CYCLE ASSESSMENT OF POWER-TO-
SYNGAS: COMPARING HIGH-TEMPERATURE CO-
ELECTROLYSIS AND STEAM METHANE REFORMING

1. GOAL OF THE LIFE CYCLE ASSESSMENT

The goal of this LCA study is to evaluate the environmental profile of syngas production by
high-temperature co-electrolysis (HT-Co-EC) coupled with direct air capture (DAC) in 2030,
and benchmark it to that of conventional syngas from a small-scale,steam methane reformer.
Steam methane reforming (SMR) is the standard technology for syngas production.

Although the progressive implementation of new (renewable) syngas pathways is expected
to have a large scale-effect, this study places the facus®*en accounting for the potential
environmental impacts of the specific syngas produet; with decision-support limited to the
specific product (i.e. micro-level decision support). A‘'prospective attributional life cycle
inventory (LCI) modelling approach was chosen. The present LCA study is not meant for
decision making at meso or macro level, as itaims at defining the prospective environmental
profile of syngas from HT-Co-EC and cemparing it to that of conventional syngas preduction
by SMR. Moreover, this study should be understood as case-specific.

2. SCOPE OF THE LUEE CYCLE ASSESSMENT

2.1 Modelling%approach

The current LCA _study, places the focus on defining the envirommental profile of syngas
produced by HT-Co-EC coupled with DAC. As the technology readiness level (TRL) of this
type of electralysis is around 5, expecting to reach full maturity by 2030, the system was
modelled basedion the year 2030 to appropriately explote the potential of this syngas option.
In this sense,the present LCA was approached from'a prospective point of view.

2.2 "Prospectivity

The system under evaluation was modelled based, on the year 2030, when HT-Co-EC
technology is expected to reach full technical maturity. Thus, the HT-Co-EC part of the
system was modelled according to the expected technical performance indicators for 2030
(e.g. efficiency and cell degradation, rate). The modelling of HT-Co-EC operation and the
benchmark syngas production by small:scale SMR were based on Aspen process simulation.
External electricity demand linked te .the foreground system involved a prospective electricity
mix for 2030. Data of the DAC plant represent the existing Climeworks DAC plant in Hinwil.
General assumptions abeut.a possible reduction in energy demand by 40% in the future were
not considered here, but cande introduced through a sensitivity analysis.

2.3 Fdnctional unit

The only function ofithe system is to produce syngas. Hence, only one functional flow was
involved. The functional unit (FU) of the study was defined as the production of 1 kg of
syngas with a molar hydrogen-to-CO ratio of two (H2/CO=2), at 20 bar, 40 °C and a carbon
dioxide molar fraction below 0.1 mol%. Although syngas and oxygen are produced during
the HT-Co-EC, no allocation was carried out between the two products. Oxygen is neither
purified, nor stored or used. Before the oxygen is released from the system, it is diluted with
air to mitigate safety concerns. Therefore, it was considered as waste and no allocation was
deemed necessary.

Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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The FU of the competing system for benchmarking (syngas from fossil based small-scale
SMR) was also defined as 1 kg of syngas at the same above-mentioned conditions.

2.4 System boundaries

The system boundaries of the study follow a cradle-to-gate perspective, encompassing all
life-cycle phases of the system under evaluation from raw material extraction to syngas
production (Figure 1-Al). The production system involves two main sections: (i) the syngas
production unit, and (ii) the DAC plant. All auxiliary energy and material flows entering or
leaving these sections were considered. The process design derived a fully heat-integrated
process, so that no steam input and export was required neitherfor the HT-Co-EL nor for the
SMR. To achieve the desired hydrogen-to-CO ratio of twoghot only the HT-Co-EL needs
external carbon monoxide from the DAC but also the SMRs, Processing and use of syngas
for a specific industrial application was left out of the presented scope. Decommissioning of
the production units or other end-of life processes were neglected. No cut-off was applied.

system boundary

1 1
1 1
| captured CO, :
! from DAC !
1 |
1 1
| electricity | 1 kg Syngas
! HT-Co- *
! electrolysis I
resources, cooling water :
I
\ ﬁ |
' sngl—scale !
deionized water ™
: SMR | 'lemissions
i I .
i natural gas :
| | *only considered in case
1
DU, S ; of small-scale SMR

Figure 1-A1. System boundary of the LCA for syngas production (DAC: Direct Air Capture, HT: High-
Temperature; SMR: Steam Methane Reforming):

Capital goods (without EoL) directly relevant to the entire foreground system under
evaluation (HT-Co-EC system including:cells, stack, balance of plant [BoP]; DAC system;
small-scale steam methane reformer) were included in this analysis. The lifetime of the small-
scale steam methane reformermDAE,system and HT-Co-EC system was assumed to be 20
years except for the HT-Co4EC stacks and cells (ten years). Capital goods belonging to the
background processess(e:g. 'supply of deionised water, electricity, natural gas) were
considered relyingson| the information provided by the selected background database
(ecoinvent v.3.8; Sphera database v. 10.7.0.183).

2.5 Multisfunctionality

There is no multi-functionality neither with the SMR nor with the HT-Co-EC due to the heat
integration scheme in the system design.

P This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
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3. LIFE CYCLE INVENTORY

The LCI corresponding to the modelling of the foreground system was retrieved from a

work previously developed within the context of the German Kopernikus project (Schreiber

et al., 2020). Both syngas production plants operate at maximum full load hours (8760 h).
3.1 Data sources and availability

Most of the LCI data of the syngas production technologies (foreground data) were provided
by Kopernikus project partners:

1. Cell and stack construction of HT-Co-EC:

. Forschungszentrum Julich GmbH — Institute,of Energy and Climate Research
(IEK-1, IEK-3).
. Forschungszentrum Jilich GmbH < ‘Central Institute of Engineering,

Electronics and Analytics (ZEA).
2. Small-scale SMR process design and simulation, HT-Co-EC overall system design
and process simulation:
. Linde Aktiengesellschaft (AG);Linde Engineering, Research & Development,
Process Development.

3. DAC:
. Climeworks AG.
4. Electricity supply models:
. Technical University Munich — Institute for Renewablerand Sustainable

Energy Systems.

For the backgroundsprecesses (e.g. electricity and water supply), the ecoinvent 3.8
database (system model “Allocation, cut-off by classification”) was used. The complete LCI
of the foreground and background system is provided in Schreiber et al. (2020).

A simplified ‘€lectricity supply scenario for 2030 was assumed (Table 1-Al) according to a
climate protection‘target of 80% carbon dioxide reduetionycompared to 1990, which supplies
electricity:to both syngas production plants.

Table 1-A2, Simplified Germany electricity supplymMix:2030 based on Bareil3 et al. (2018, 2019).

Share in

Energy technology Eeoinvent 3.8 process electricity mix

DE: elegtricity production, natural gas,

0,
Natural gas power plant combined cycle power plant L7%
Wind energy DE:_eIectr|C|ty production, wind, >3MW 43%

turbine, onshore

. DE: electricity production, photovoltaic, o
Photovoltaic 570kWp open ground installation, multi-Si 24%
Lignite power plant DE: electricity production, lignite 6%
Hard coal power plant DE: electricity production, hard coal 10%

4. LIFE CYCLE IMPACT ASSESSMENT

The Life Cycle Impact Assessment (LCIA) method package selected for the study was the
Environmental Footprint version 3.1, published by the Joint Research Centre (JRC). Table
2-Al provides an overview of the midpoint environmental impact categories and indicators
included in EF 3.1, their reference units, and the corresponding results of the two syngas

L This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
' Clean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European

iy Partnership Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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production systems related to 1 kg of syngas produced (FU). Figure 2-A1 shows a graphic
representation of the results. Overall, the electricity supply generally dominates the
environmental performance of the HT-Co-EC system (Figure 3-Al). In case of syngas
production by small-scale SMR, the additional supply of natural gas is significant. No
normalisation, grouping or weighting of impact categories was performed.

Table 2-A1. LCIA results to produce 1 kg syngas according to the EF3.1 method package in 2030.

Impact categories and indicators Reference Unit T-Co-EC Small-scale SMR
Acidification mol H* eq .73E-03 1.16E-03
Climate change kg CO2 eaq, 2.99E+00 1.56E+00

Climate change — Biogenic kg COze \ 1.44E-03 4.13E-03
Climate change — Fossil kg C 2.99E+00 1.56E+00
Climate change — Land use and LU change kg CO2 eq 1.12E-03 1
Ecotoxicity, freshwater 8.97E+00 ¢ 6@
Ecotoxicity, freshwater - inorganics 8.78E+00 xE-m
Ecotoxicity, freshwater - organics CTUe 1.86E-01 1.59E-02
Energy resources: non-renewabl MJ net calorific value 4.39E+ 4.55E+01
Eutrophication, freshwatq kg P eq 2.44E- 1.04E-04
Eutrophication, marine \ kg N 2E-03 4.69E-04
Eutrophication, terrestria Mol N eq 71E-02 4.92E-03
Human toxicit ca@ CTUh .60E-09 2.60E-10
Human toxicity,‘éancer — inorganics CTUh ¢ 1.10E-09 1.99E-10
Human ncer — organics CTUh \ 5.09E-10 6.07E-11
Human i non-cancer CTU 4.28E-08 1.75E-08
Human toxicity, non-cancer — inorganics C 4.14E-08 1.73E-08
Human toxicity, non-cancer — organics . 1.40E-09 2.45E-10
lonising radiation \ g U-235 ¢q 4.78E-02 4.21E-03
Land use 6 - 3.77E+01 1.73E+00
Ozone depletion kg CFC11 eq 1.08E-06 2.25E-07
Particulate matter disease inc. 4.09E-08 8.49E-09
Photochemical ozone for kg NMVOC eq 5.14E-03 1.41E-03
Material resources / als kg Sb eq 4.37E-05 2.06E-06
Water use m?3 depriv. 6.42E-01 4.64E-02

Clean Hydrogen
.. Partnership

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Water use [m?* world equiv.]/100

Resource use, mineral and metals [kg Sh eq.]* 100
Resource use, fossils [MJ]/1.00E+04

Photochemical ozone formation, human health [kg NMVOC eq.]
Particulate matter [Disease incidences]/* 1.00E+04
Ozone depletion [kg CFC-11 eq.]*1,000

Land Use [Pt]/1.00E+04

lonising radiation, human health [kBg U235 eq.]/10
Human toxicity, non-cancer - total [CTUh]*1.00E+04
Human toxicity, cancer - total [CTUh]*1.00E+06
Eutrophication, terrestrial [Mole of N eq.]
Eutrophication, marine [kg N eq.]

Eutrophication, freshwater [kg P eq.]

Fcotoxicity, freshwater - total [CTUe]/1,000

Climate Change - total [kg CO2 eq.]/1,000

i

Acidification [Mole of.H+ eqd]
0.0E+00 3.0E-03 6.0E-03 9.0e-03 1.2E-02 1&5E-02°  1.8E-02

W HT-Co-EC mSMR

Figure 2-Al. Selected environmental impacts of 1 kg of syngas produced by HI-Co-EC and small-
scale SMR.

100%
80%
60%
40%
20%

0%

Acidification ~ Climate Change  Ecotoxicity, Eutrophication,” Human toxicity, ~ Particulate Resource use, Water use [m®
- total freshwater - total freshwater cancer - total matter mineral and world equiv.]
metals

mBoP HT-Co-EC mDAC mElectricity mix 2030 mHT-Co-EC Stack manufacturing mHT-Co-EC cell manufacturing ~ deionized water

Figure 3-Al. Share of process‘€hain segments of environmental impacts of 1 kg of syngas produced
by HT-Co-EC.

5. INTERRRETATION AND FINAL REMARKS

The interpretation of this study includes the benchmarking of the prospective environmental
profile of syngas production from HT-Co-EC against that of conventional syngas from SMR.
Syngas production via SMR was selected as the benchmark system because it currently
dominates the market (Rostrup-Nielson, 2005). For a meaningful comparison, only a small-
scale steam methane reformer with an output of 330 m%h syngas was used as fossil
reference. The SMR benchmark system was modelled under the same requirements,
recommendations and methodological choices applied to the HT-Co-EC system, using the
process simulation tool Aspen to build the full inventory.

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
# Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Conventional syngas from small-scale SMR was found to outperform syngas from HT-Co-
EC in 15 out of the 16 environmental indicators shown in Table 2-Al1 and Figure 2-Al.
However, it should be highlighted that syngas from HT-Co-EC has a much more favourable
carbon footprint if full-load hours are reduced or the share of renewable generation is
increased (Figure 4-Al).

25 credit for CO2
= 20 captured
e = Emprocess emissions
8 1.5
2 10 natural gas supply
o N
) 0.5 . . melectricity
g 00 -
..; -0.5 ¢ J — mconstruction
2 1o - -
o _1 '5 - mwater supply
small scale HT-SOEC, HT-SOEC, HT-SOEC, HT-SOEC, mDAC

SMR CPT80, 8760 h CPT80, 3000.h CPT95, 8760 h CPT95, 6500 h

Figure 4-Al. Share of process stages on the total impact on Climate Change of 1 kg of syhgas
produced by small-scale SMR and HT-Co-EC supplied by different electricity mixes with different
climate protection targets (CPT) and different,full-load hours.

Overall, these results point out the future potential of HT-Co-EC and highlight the need for
further research and technical "development to ensure no burden-shifting across
environmental impact categories.
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ANNEX 2 - COMPLEMENTING A PROSPECTIVE LCA BY USING
A PROSPECTIVE BACKGROUND DATABASE

When conducting an LCA study of an emerging technology, beyond the requirement of
placing the foreground system at a future time by modelling its technical/operating
parameters and capital goods in a prospective way, it is also recommended to use a
prospective database for background processes (Boxes 4 and 5 of the present
guidelines). By doing so, a better insight into the expected future performance of the system
could be obtained, as the time-dependent economic and/ or industrial context in which such
system would operate is integrated into the analysis. For instance, the consideration of a
decarbonised electricity production mix might have an effect‘ot only on the direct operation
of a certain technology, but also on the upstream manufacturing processes alongside its
supply chain.

In this sense, premise (2023) provides a consolidated framework to generate prospective
scenarios of ecoinvent databases. It does sogby“merging the output results of Integrated
Assessment Models (IAMs) such as REMIND orIMAGE into the original ecoinvent structure,
generating completely equivalent databaSes 'in terms of operationalisation, which can.be
easily implemented in common LCA environments. For further information on premise, and
IAMs (i.e. approaches that integrate knowledge from two or more domains into a single
framework, typically linking features“ef, society and economy with the biesphere and
atmosphere), the reader is advised to consult references (IMAGE, 2023;/ premise, 2023;
REMIND, 2023).

Figure 1-A2 presents resultsyfor two environmental impact categories (“climate change” and
‘resource use, minerals and metals”) for thefproduction of gaseous hydrogen via high-
temperature electroelysis, coupled with a concentrated solar power/(CSP) plant. This system
corresponds to that'used as case study in the deliverable 6.3 of the SH2E project, which
was based on.the.medel provided in Puig-Samper etal. (2022), The impacts are shown for
the different, background databases used to perform“the calculations. These databases,
generated with, premise, include (i) the conventionaliecoinvent cut-off 3.8 database, (ii) a
prospective, version of the former for the year 2030, assuming a Shared Socioeconomic
Pathwaya(SSP) 2 and no climate policies implemented (SSP2 Base 2030), and (iii) an
additional prospective version for 2030, assuming the.same SSP scenario but acknowledging
the fulfilment of the Nationally Determined “Contributions (NDCs) for climate change
mitigation from the Paris Agreement(SSP2 NDC 2030).

Based on the results for climate change in‘Figure 1-A2, the linkage of the foreground system
to the aforementioned databases has a very relevant effect. The results range from 3.5 kg
CO2-eq/kg H2 when using retrospective background data (i.e. conventional ecoinvent) to 1.3
kg CO2-eq/kg Hz (a 63%.reduction) when considering a more optimistic 2030 context (i.e.
SSP2 NDC 2030). Thisfvariation can be especially critical when performing an LCA study for
decision-makingurposes, as restricting the analysis to the use of the conventional database
could lead to misinterpretation regarding the qualification of hydrogen as renewable, e.g.,
when considering a threshold of 3.4 kg CO2-eq/kg Hz (Campos-Carriedo et al., 2023).
Additionally, Figure“1-A2 shows how shifting to a decarbonised economy could increase
impacts on mineral raw materials depletion. Again, restricting the assessment to the use of
a conventional background database could entail losing insights into the implications of
transitioning from fuel-intensive to material-intensive energy systems (International Energy
Agency, 2021).

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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ANNEX 3 - LIFE CYCLE ASSESSMENT OF HYDROGEN FOR
SPECIALTY GLASS PRODUCTION: COMPARING HYDROGEN
HEATING WITH CONVENTIONAL NATURAL GAS HEATING

1. GOAL OF THE LIFE CYCLE ASSESSMENT

The goal of this LCA study is to evaluate the environmental profile of specialty glass
production with a hydrogen heating system in 2020, 2030 and 2050 in Germany. The focus
is on the use of hydrogen for high-temperature heat production in‘industry, rather than on the
actual glass production.

Two hydrogen supply options were analysed (i) €entralised hydrogen production in large
scale polymer electrolyte membrane (PEM) electrolysers‘and subsequent transport to the
specialty glass production plant with liquid organic hydrogen carrier (LOCH), and (ii) onsite
hydrogen production at the glass production plant with.a smaller scale PEM electrolyser. For
selecting the appropriate benchmark technolagy for this case study, a look at the current
situation in Germany is helpful. According to Leisin (2020), mainly natural gas is used.for
fuelling glass production in Germany (295%). A few plants still use heating oil as a‘fuehand
few plants operate fully electric. Thus, selecting a natural gas heating system_for glass
production is advised. For all three options an oxyfuel burner needing additionakoxygen was
used.

Although the progressivedimplementation of new hydrogen pathways is expected to have a
large scale-effect, this_studysplaces the focus on accounting for theypotential environmental
impacts of the specific specialty glass producty with decision-supportilimited to the specific
product (i.e. micre=level,decision support). A prospective attributional life cycle inventory
(LCI) modellingfappreach was chosen. The present LCAgstudy isfnot meant for decision
making at meso or.macro level, as it aims at definingythe prospective environmental profile
of specialtysglass.with hydrogen heating comparing it.toithat,of conventional specialty glass
production with, natural gas heating. Moreover, this studyashould be understood as case-
specific.

2. SCOPE OF THE LIFE CYCLE ASSESSMENT

2.1 Modelling approach

The current LCA study places the focus on defining the environmental profile of specialty
glass produced with a hydrggen, heating system. As the supply options for hydrogen will
further develop over the next decades, the system was modelled for 2020, 2030 and 2050 to
appropriately explore the potential of hydrogen for high-temperature heat production in
industry. In this sense, the present LCA was approached from a prospective point of view.
Since this study dees not aim at guiding decision making at meso or macro level,
consequentiality‘topics were not addressed herein.

2.1.1 Prospectivity

The system under evaluation was modelled based on the years 2020, 2030 and 2050, when
it is expected that hydrogen supply chains will reach full technical maturity. Thus, the
hydrogen supply of the system was modelled according to the expected technical
performance indicators for the respective years (e.g. efficiency, cell degradation rate, and
fuel for truck transport) based on experts’ opinions. The modelling of glass trough operation
with hydrogen and the benchmark with natural gas were based on process simulations.

Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
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External electricity demand linked to the foreground system for the years 2030 and 2050
were modelled with a prospective electricity mix based on the results of an energy system
model.

2.2 Functional unit

The only function of the system is to produce specialty gas. Hence, only one functional flow
was involved. The functional unit (FU) of the study was defined as the production of 1870
kg of specialty glass corresponding to the production of one hour. Although hydrogen and
oxygen are produced during the PEM electrolysis, no allocation was carried out between the
two products. At the central hydrogen production facility, oxygen was considered as waste
and no allocation was necessary; at the glass production plant, itiis used for operating the
oxyfuel burner.

The FU of the competing system for benchmarking (hatural gas heating for specialty glass
production) was also defined as 1870 kg of specialty glass at the same above-mentioned
conditions.

2.3 System boundaries

The system boundaries of the study encompass all life-cycle phases of the system under
evaluation from raw material extraction to glass production (Figure 1-A3). The, production
system involves two main sections: (i)*hydrogen supply, and (ii) operation=ef the glass
trough. However, all capital geoeds and material flows that stay the same (forsall analysed
glass production options were not'considered, e.g., silica and lime as feedstock for the glass
as well as the glass trough as capital good.

For hydrogen supply, two. different optionswere consideredin(i) ‘eentralised hydrogen
production with subseguent transport in LOHC, and (ii) onsite hydrogen production. For
hydrogen transportawith LOHC, the hydrogen is chemically.bound te an LOHC, here benzyl
toluene (BT). during a hydrogenation process. For the release of hydrogen
(dehydrogenation), additional heat is necessary (Rude“et al., 2022). At the same time, the
glass preductien releases waste heat. This waste heat iswused for the dehydrogenation of
hydrogenfrom BT. As this amount of heat is not fully sufficient for dehydrogenation, extra
electric “heating is necessary. Onsite hydrogen production with PEM electrolysis not only
provides hydrogen for the oxyfuel combustion, butialso oxygen. However, as the oxyfuel
combustion is run under excess air conditions, still some oxygen needs to be produced by
an air separation unit.

Processing and use of specialtyrglass for a specific industrial application is out of the
presented scope. Decommissioning of the production units or other end-of life processes
were neglected. No cut-off was applied.

Capital goods (without EeL)ydirectly relevant to the entire foreground system under
evaluation (e.g. PEM electrolyser and air separation unit) were included in this analysis. The
lifetime of the system was‘assumed to be 20 years, except for the PEM stacks, which improve
over the years from'five to ten years. Capital goods belonging to the background processes
(e.g. for electricity‘generation) were considered relying on the information provided by the
selected background database (ecoinvent v.3.6).

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
é Glean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European
L b Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Figure 1-A3. System boundary of the LCA for specialty glass praduction with hydrogen supplied by
Liquid Organic Hydrogen Carrier (LOHC) [BT: benzyl toluene, PEM: polymer electrolyte membrane]
(Wulf and Zapp, 2023).

2.4  Multi-functionality

It was assumed that, for oxygen produced together with hydrogen during electrolysis, there
is no possibility of external use. Furthermore, the heat produced during specialty glass
production was considered as waste if notused internally. Thus, there is no multi-functionality
to consider.

3. LIFE CYCLE INVENTORY

The LCI corresponding te.the modelling of the foreground system was retrieved from a work
previously developed within the context of the"German Kopernikus project (Ausfelder and
Tran, 2022).

3.1 Datasources and availability

Most of the LCl data of the specialty glass production (fereground data) were provided by
Kopernikus project partners:

1. PEM electrolyser:

. Technical University Munich.
2. LOHC technology:
. Hydrogenious LOHC Technologies GmbH.
3. Specialty glass production:
. Schott AG.
4. Energy system models:
. Technical University Munich.
. Ostbayerisehe Technische Hochschule Regensburg.

For the background processes (e.g. electricity and water supply), the ecoinvent 3.6
database (system miodel “Allocation, cut-off by classification”) was used. The complete LCI
of the foreground‘and background system is provided in Wulf and Zapp (2023).

The German electricity mixes used in this study are summarised in Table 1-A3. The future
scenarios are complying with the current climate goals of the German government and will
reach climate neutrality by 2045.

T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
#' Clean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking receives support from the European

iy Partnership Union’s Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.
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Table 1-A3. Composition of the German electricity mix in different years (Bauer et al., 2022).

Energy carrier 2020 2030 2050
Biomass 10% 8% 1%
Hard coal 7% - -
Natural gas 17% 7% 0%
Hydropower 4% 4% 2%
Lignite 16% - -
Photovoltaics 10% 12% 29%
Wind, offshore 5% 23% 20%
Wind, onshore 20% 24% 24%
Mineral oil 1% g -
Nuclear power 12% - -
Import - 23% 24%

4. LIFE CYCLE IMPACT ASSESSMENT

The Life Cycle Impact Assessment. (LCIA) method package selected for the study was the
Environmental Footprintversion 3.1, published by the Joint Research Centre (JRC). Table
2-A3 provides an overview of the midpoint environmental impact categories and indicators
included in EF 3.1, their reference units, and the corresponding resultsiof the specialty glass
production relatedste, 1870 kg of specialty glass produced (FU) oyer the years. Figure 2-A3
shows a graphic¢ representation of the climate change results. In.the current scenario, the
results are dominated by the hydrogen production emisSions. Therefore, the conventional
heating ofithe glass tank with natural gas causes significantly. lower amounts of greenhouse
gasemissionsithan the hydrogen options. Within the hydrogen options, however, significant
differencesy emerge. Onsite hydrogen production benefits not only from not needing
transportation but also from oxygen productién.2Oxygen is produced as a by-product of
electrolytic hydrogen production, meaning that little additional oxygen needs to be produced
for combustion through air separation. Atithe'same time, as greenhouse gas emissions from
electricity decline, hydrogen heating,becomes competitive with conventional natural gas
heating from a climate perspective.

As discussed above, significant climate change benefits are possible from hydrogen heating
for specialty glass production. However, as shown in Figure 3-A3, this is not true for all
environmental impacts analysed.” In particular, resource use, particulate matter and
acidification increase sharply.when hydrogen heating is used. This is significantly related to
the electricity-based hydfogen production. In addition, electricity is also needed to condition
the hydrogen far.transport. Onsite hydrogen production is the best alternative regarding water
use, in addition to climate change. For water use, low results can be achieved because
almost the entire oxygen demand of the glass production is covered by the electrolysis and
the water for cooling the air separation unit is saved. For the acidification and particulate
emissions categories, natural gas use remains a better alternative.

No normalisation, grouping or weighting of impact categories was performed.

- T This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen
Clean Hydrogen
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Table 2-A3. LCIA results to produce 1870 kg of glass with different heating options according to the EF3.1 method package.

SH-E

Impact categories and indicators Unit 2020 2020 2020 2030 2030 2030 2050 2050 2050
Natural gas LOHC Onsite £/ Natural'gas LOHC Onsite  Natural gas LOHC Onsite

Acidification mol H ¢ 1.72E+00 1.47E+01 1.17E+01 1483E+00 8.01E+00 6.25E+00 1.11E+00 4.48E+00 3.42E+00
Climate change kg CO; ¢q 1.72E+03 4.60E+03 3.67E+03 1.51E+03 1.25E+03 9.64E+02 1.46E+03\ 5.47E+02 4.02E+02
Climate change — Biogenic kg COz¢q 7.68E+00 1.12E+02 9.25E+01 7.06E+00 9.76E+01 7.82E+01 185E+00% 2.07E+01 1.65E+01
Climate change — Fossil kg CO; ¢q 1.71E+03 4.49E+037 3.58E%#03 1.50E+03 1.14E+03 8.78E+02 146E+03 5.21E+02 3.81E+02
Climate change — Land use and LU change kg CO; ¢q 2.85E+02 4.33E#08,, 3.57E+03 7.63E-01 9.38E+00 7.46E400 5.383E-01 5.64E+00 4.45E+00
Ecotoxicity, freshwater CTUe 1.44E+03 1.39E+04 |1.08E+04 8.49E+02 3.85E+03 3.08E403 9:22E+02 4.60E+03 3.42E+00
Ecotoxicity, freshwater — inorganics CTUe 1.42E+03 1:36E+04" 1.07E+04 8.27E+02 3.69E+03 2.98E+03 8.98E+02 4.42E+03 4.02E+02
Ecotoxicity, freshwater — organics CTUe 2.61E+01 38.14E+02 1.69E+02 2.20E+01 1.61E+02 1.08E*02 2.41E+01 1.78E+02 1.65E+01
Energy resources: non-renewable MJ net calorific value 2.80E+04 6.98E+04 5.55E+04 2.50E+04 2.19E+04 1.68E+04 2.41E+04 7.87E+03 5.60E+03
Eutrophication, freshwater kg P eq 4.16E-014  5.63E+00 4.63E+00 6.57E-02 2.96E-01 ¢ 2.15E-01 1.11E+00 3.38E-01 3.65E+03
Eutrophication, marine kg N ¢q 6.04E-01 3.38E+00 2.63E+00 4.59E-01 1.03E+00 7.38E-01 1.46E+03 7.24E-01 3.53E+03
Eutrophication, terrestrial mol N ¢q 6.97E+00  4.35E+01 3.41E+01 6.05E+00), 2.67E+01 2.06E+01 1.85E+00 1.05E+01 1.22E+02
Human toxicity, cancer CTUh 1.94E-07 1.04E-06 7.88E-07 1.81E-07 “8.47E-07 5.74E-07 1.46E+03 9.59E-07 2.48E-01
Human toxicity. cancer — inorganics CTUh 8.34E-08 7.10E-07 5.39E-07 6.79E-08"),4.90E-07 3.16E-07 5.33E-01 5.60E-07 5.01E-01
Human toxicity. cancer — organics CTUh 1.10E-07 3.30E-07 2.49E-07 1.13E-07 4 3.57E-07 2.57E-07 9.22E+02 3.99E-07 7.66E+00
Human toxicity, non-cancer CTuh 3.75E-06 3.68E-05 2.90E-05 2.74E-06 2.14E-05 1.50E-05 8.98E+02 2.65E-05 6.67E-07
Human toxicity. non-cancer — inorganics cSIuh 3.51E-06 3.57E-05 2.82E-05 2.51E-06 2.04E-05 1.43E-05 2.41E+01 2.55E-05 3.75E-07
Human toxicity. non-cancer — organics CTUh 2.32E-07 1.06E-06 8.05E-07 2.30E-07 9.99E-07 7.13E-07 7.03E-02 9.54E-07 2.93E-07
lonising radiation kBq U-235 o 8.42E+01 8.38E+02 6.81E+02 4.78E+01 2.63E+02 2.07E+02 4.42E-01 9.73E+01 1.92E-05
Land use - 2.65E+03  3.56E+04 2. 72E+04 2.96E+03 3.75E+04 2.86E+04 4.98E+00 5.34E+04 1.85E-05
Ozone depletion kg CFC11 ¢ 2.23E-04 3.61E-04 2.73E-04 2.15E-04 1.86E-04 1.44E-04 1.93E-07 5.73E-05 6.78E-07
Particulate matter disease inc. 9.35E-06 9.06E-05 “6:85E-05 8.57E-06 7.09E-05 4.92E-05 7.55E-08 5.19E-05 7.45E+01
Photochemical ozone formation kg NMVOC ¢4 1.81E+00 " 6.89E+00 )5.1TE+00 1.61E+00 3.18E+00 2.29E+00 1.18E-07 2.38E+00 4.13E+04
Material resources: metals/minerals kg Sb ¢q 1.29E-03 9:27E-03 5.62E-03 1.39E-03 1.08E-02 6.33E-03 1.68E-03 1.39E-02 9.00E-03
Water use m? depriv. 1.65E+03 2.13E+03 8.14E+02 1.65E+03 2.07E+03 7.40E+02 1.66E+03 2.09E+03 7.60E+02

This project has received funding from the Fuel@ells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant Agreement No 101007163. This Joint Undertaking
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5. INTERPRETATION AND FINAL REMARKS

It was shown that, for the industrial specialty glass production in Germany, a heating system
with electrolytical hydrogen — even with hydrogen that is not green — is more climate friendly
in 2030 and the years to follow than conventional natural gas heating. Taking the long
investment cycles in the industry into consideration, already today such systems must be
further explored. Regarding the different options for hydrogen supply from a climate
perspective, onsite electrolysis is the best option. Not only the hydrogen from the PEM
electrolyser can be used, but also the simultaneously produced oxygen for the oxyfuel
combustion.

However, when looking beyond climate change, there are several trade-offs regarding other
environmental impacts. Resource use will be at least five times higher. Further analyses are
necessary to evaluate the sources of these high demandsias well as their severity. In
addition, measures need to be discussed to mitigate the)impacts of acidification and
particulate matter. It is advised to include further prespectivity aspects of the background
system, for example for steel or cement productions

Before installing a hydrogen heating system, it shoulde checked if a direct electrification_is
another technically viable option or at least.a;hybrid system combining electric and hydregen
heating, because electric melting is more efficient than hydrogen-based systems (Wulf'and
Zapp, 2023).
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ANNEX 4 - SUPPLY CHAIN MODELLING WITH DIFFERENT
SCOPES IN SLCA

This annex illustrates potential issues regarding supply chain definition in life-cycle studies.
In particular, an SLCA case study of a 48 kW Proton Exchange Membrane Fuel Cell
(PEMFC) stack is used for illustrative purposes. Bargiacchi et al. (2022) addressed the SLCA
of one 48 kW PEMFC stack based on a supply chain defined according to a protocol for
product social life cycle assessment (Martin-Gamboa et al., 2020), assuming Spain as the
manufacturing country. The resultant product-specific supply chain involved three tiers: a first
one referring to the stack manufacturing plant, another involving the plants related to the
production of the stack components and the energy flows required by the aforementioned
tier, and a final one containing the plants where the materials and energy flows required by
the second tier are produced. In the original study, in order to preserve the product specificity
of the supply chain, it was not extended by considering upstream interactions at the sector
level. This annex explores the influence of such a choice.

In Figure 1-A4, the identification of contributors to six‘social.indicators for the manufacturing
of one 48 kW PEMFC stack is shown. The colouredboxes,represent the top-five contributors,
from red (indicating the most impactful process)‘to'light yellow (representing the fifth most
impactful process). The analysis distinguishes, between contributions stemming fromhe
activities within the product system as asSessed,in Bargiacchi et al. (2022) (i.e. product-
specific supply chain, labelled "Product” in the figure) and those originating from the
upstream generic sectoral interactions'that*ecould be additionally linked to its last product-
specific tier (i.e. sector-extended supply chain, labelled "Full system"). A produet-Specific
system in SLCA (which could_often be understood as an extended foreground_system in
conventional LCA) is understoodtherein as that in which its supply chain istbuilt upon the
combined use of LCA unit progcess datasets (to identify the exchanges that correspond to
each product-specific dactivity) “and primary or secondary trade data (to identify the
location/countries in whichythese activities takefplace). On the other‘hand, sector-extended
systems complete, the, definition of the supply chain by relyinghon upstream sectoral
interactions provided by SLCA databases such as PSILCA.in,anfattempt to reach the depth
typically achieved'in LCA, at the expense of losing specificity atithe product level.

Overall, incorporating the upstream sectoral interactions,in‘the SLCA model was found to
have,a substantial effect on the magnitude of the social impacts observed across the six
indicators. However, even with this sector-extended perspective, the unit process with the
highest impact remains situated within the confines,of the product-specific supply chain. This
is, in five out of the six indicators, platinum‘production in South Africa. Moreover, other
processes within the product-specific supplyachain.also play an important role as top-five
contributors to the fair salary, forced labour, and health expenditure indicators.

A detailed tree-grouping analysisdusing the functionalities of openLCA reveals that the key
contributors outside the restricted, product system predominantly converge into the most
influential activity (highlighted inyred). This implies that focusing the assessment on the
product-specific supply chain,does not lead to a loss of insights into which stages of the
supply chain require spécial’attention, while ensuring a product-specificity level comparable
to an LCA study«(whichiis envisaged as a key aspect when conducting an SLCA study of
FCH technologies, as they tend to rely on evolving supply chains that might not be suitably
modelled by generic interactions at the sector level).
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Figure 1-A4. Contributors to social impacts acr@ss product-specific (labelled as “Product”) and
sector-extended (labelled as “Full system”) supply chains for the manufacturing of one 48 kW
PEMFC stack.
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ANNEX 5 - BIOGENIC CARBON EMISSIONS AND STORAGE

Susmozas et al. (2016) conducted an LCA study to evaluate the life-cycle performance of
hydrogen produced via indirect biomass gasification with CO, capture. The poplar
gasification system with CO; capture (“PG&C system”) produces hydrogen and carbon
dioxide. In this study, 100% of the environmental burdens were allocated to the main product
of the system: hydrogen. Regarding the carbon cycle, a negative carbon footprint result was
obtained, which means that the bioenergy system provided with CO capture under study
would succeed in attaining net carbon fixation due to the CO» uptake during the cultivation
phase. In this study, a carbon neutral cycle modelling was carried out applying -1 to uptake
and 1 to CO2 emission. A concern regarding this article within the SH2E guidelines refers to
the assignment of carbon credits. In this case, the original study followed a cradle-to-gate
scope that did not include the storage of COs». In order to be/SH2E compliant, the analysis
should be extended to include CO; storage, with a carbon‘storage time higher than 100
years.
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ANNEX 6 - PSILCA WORKER HOURS DATABASE VS. RAW
VALUES (DIRECT QUANTIFICATION) DATABASE

Regarding the Product Social Impact Life Cycle Assessment database (PSILCA) (Loubert et
al., 2023), two approaches of the database exist (cf. the FCH-SLCA guidelines developed in
the SH2E project, D4.2): one relying on the activity variable worker hours (WH — worker
hours approach) and one without an activity variable, but with a direct quantification
approach instead (RV — raw values approach). The application of the two approaches is
described and compared herein for an example of a fuel cell electric vehicle (FCEV).

The social data — raw indicator values — used for the assessment are the same for both
databases. If the indicators gender wage gap and trade union_density are to be assessed,
data for each unit process inside the product system are to_be gathered. For example, the
gender wage gap of the FCEV production can be primary data,if available, or generic, taken
from the German sector “Passenger cars and parts”, from the PSILCA database. PSILCA
retrieves these data from ILOSTAT (ILO, 2019).

In the WH approach, the raw indicator values are'translated into risk levels, with the help of
reference scales, defined by GreenDelta, the developers of PSILCA, which can be adjusted
by the practitioner (Loubert et al., 2023). For.a gender wage gap of 20.87% (German values),
the risk level is ‘high risk’; and a trade unionsdensity of 17 % (German value) posesa very
high risk’. The risk-assessed indicators do_not have quantitative values anymore, but a
qualitative attribute in the form of risk levels. The quantitative amount of the indicators are
the worker hours needed for one unit process, e.g., 12 h for the final FCEV assembly. Thus,
the indicators are written as,s€.g., “Gender wage gap, high risk, 12 h”_and«Trade union
density, very high risk, 12 h*#In theyRV approach, the raw indicator values aresused directly
in the calculation, without¥isk levels and worker hours.

All risk-assessed indicators, the worker hours assigned, andseconemic values form the
inventory of the WHwapproach, i.e., the whole set of data needed for the calculation, whereas
in the RV approach, the inventory consists of the indicaterraw values and the economic
values only.<Thefirst part of the calculation, the inventory results, is the same for both
databases™Follow=up calculations differ.

In thesWHyapproach, these follow-up calculations consist of an impact assessment. The
inventoryyresults are multiplied by characterisation, factors, which have the unit medium risk
hours per hour and are specific to an impact'category (cf. Section 4.1 of the present FCH-
LCSA guidelines). The characterisation factors are defined for each risk level (Loubert et al.,
2023); in the case discussed above, 10 for a high risk and 100 for a very high risk, which are
then multiplied by the social indicater value'and a conversion factor for the unit, e.g., 0.5d *
10 gender wage gap med risk hodrs/hy* 24 h/d = 120 gender wage gap med risk hours.

In the RV approach, inventory,results on an indicator level undergo a normalisation
procedure, which is the weighted ‘average of the indicator raw value (cf. SH2E deliverable
D4.2). The indicator raw valuesrof the inventory as well as the normalised results can have
different units, according‘to the indicator measured, e.g., % for gender wage gap and trade
union density er USD for minimum wage. Compared to the WH approach, this can be easier
to understand. Thé indicator raw values (e.g. gender wage gap 20.87% in Germany and
trade union density'17% in Germany) are used directly in the calculation, without risk levels
or worker hours.

Due to the different calculation procedures of the two approaches, also the modelling
requirements are different. Neither of these requirements are beneficial or adverse, but
important to keep in mind while modelling a product system in the respective database.

In the WH approach, a unit process can be modelled without adding any social indicator flow,
if it is a bridge process, i.e., a unit process not provoking any social impacts. This is not
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possible in the RV approach. Social indicator flows have to be added to every unit process
and, in addition, they have to be the same across the whole product system. Another
requirement is the modelling of a unit process with an output flow equalling 1 USD in the RV
approach, whereas in the WH approach, the reference flow can have any amount and unit
(Loubert et al., 2023). The third one is a consequence of the first two requirements in the RV
approach: every unit process contributes to the results, i.e., the number of unit processes
has an influence on the results.

The results of the WH approach can be interpreted on an indicator as well as on an impact
category level. They are specific for every indicator and impact category, i.e., FS medium
risk hours for the impact category fair salary cannot by compared with CL medium risk hours
for the impact category child labour (Loubert et al., 2023). The results of the WH DB in the
units of indicator specific medium risk hours can only be assessed for comparative systems,
e.g., comparing FS medium risk hours of a battery electric vehicle with FS medium risk hours
of an FCEV (presupposing that they have the same functionalyunit, system boundaries
approach, etc.).

In the RV approach, the results can also be assessed. in.comparison to a product system of
the same functional unit, etc. As the results are expressed in their underlying unit, also a
straightforward interpretation becomes possible.«Te ‘ensure an objective evaluation,
benchmarks are a useful tool to further assess the results. For example, a result for the
indicator gender wage gap of 20.2 % for an FEEV can be compared to the gender wage
gaps of different countries, e.g., by data from'the World Economic Forum (2023) or even‘on
a sectoral level by ILOSTAT (ILO, 20283).
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ANNEX 7 - APPLICATION OF THE SH2E RESOURCE
INDICATOR TO MANUFACTURING OF DIFFERENT WATER
ELECTROLYSIS CELLS

1. BACKGROUND

Given the relevance of addressing material criticality in the life cycle of FCH systems, a
newly defined indicator was developed in the SH2E project. Following the logic of LCA,
characterisation factors (CF) are defined to link the amount of materials being used with their
criticality. Based on the criticality assessment of the European Commission (EC) an
indicator considering the Supply Risk (SR), the material consumption (C) in the EU, the
import reliance (IR), and the recycling input rate (EoLrir) wWassproposed (Bargiacchi et al.,
2022; Zapp and Schreiber, 2021). High consumption poses ashightisk if the EU relies heavily
on imports of this material, and it is not recycled within the.EU.

2. METHOD
The CF is derived by Equation (1):

CF > @)

T Cx(1'=IR + (1~ EoLR[R))

Values for SR, IR, EoLrir, ands€,are provided by the EC critical raw material (ERM) list and
the associated factsheets (European Commission, 2023; Screen Project 2023)s which are
updated and releasedeevery three years. If those values are provided for extracted materials
and processed materials; the, higher value should be chosen.

According to Equation(2), the final criticality indicator is the {preduct of the mass M of a
material m af the fareground system and the CF, consideringyall'materials (critical and non-
critical) addressedhby'the EC:

Criticality, = My * CFy (2)

Following the recommendations in themFCH-LCA guidelines regarding the use of
Environmental Footprint (currently<EF3.1) as, thespreferred impact assessment method
package (Bargiacchi et al., 2022),the propesed criticality indicator should be aligned with the
EF3.1 indicator “Resource use, minerals'and metals”.

3. CASE STUDY

The manufacturingwef 1.4Nn? of cell area (functional unit, FU) for alkaline water electrolysis
(AEL), protonexchange“membrane electrolysis (PEM-EL) and solid oxide electrolysis
(SOEC) was usedqas a case study to test the proposed criticality indicator. The parameters
SR, C, IR, and EolLgir come from the EC list. The Life Cycle Inventory (LCI) data were taken
from Zhao et al. (2020). Materials such as lanthanum strontium cobalt ferrite (LSCF),
gadolinium-doped ceria (GDC) and yttria-stabilized zirconia (YSZ) were divided into
individual elements. Table 1-A7 presents the numbers used for the assessment.
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Table 1-A7. Parameters used for the assessment.

Resource E':?s,.el, Egsgt;‘;cqe' SR Ct IR EoLRrir
Chromium 4.43E-04 0.7 1.2E+06 0.42 0.21
Iron 5.24E-08 0.5 1.3E+08 0.05 0.31
Molybdenum 1.80E-02 0.8 2.9E+04 1 0.3
Nickel 6.53E-05 0.5 3.0E+05 0.75 0.16
Zirconium 5.44E-06 0.8 2.3E+05 1 0.12
Titanium 2.79E-08 1.6 1.0E+06 1 0.01
Platinum 2.22E+01 2.1 1.5E+02 1 0.12
Iridium n.a. 3.9 9.2E-01 1 0.12
Aluminium 1.09E-09 1.2 1.5E+07 0.89 0.32
Barite 0 1.3 5.1E405 0.74 0
Borate 0 3.6 4 2E+04 1 0.01
Cobalt 1.57E-05 2.8 1.8E4#04 0.81 0.22
Manganese 2.54E-06 12 4,8E+05 0.96 0.09
Zinc 5.38E-04 0:2 1.9E+06 0.56 0.34
Lanthanum n.a. 3.5 6.5E+02 0.8 0.0%
Strontium 7.07E-07 2.6 4.9E+04 0 0
Cerium n.a. 4.0 2.7E+03 0.8 0:01
Gadolinium n.a. 3.3 1.1E+01 0.8 0.01
Yttrium 5.69E:07 3.5 5.1E+02 0.8 0.01
Silica sand 0 0.3 3.2E+07 0 0.01
Vanadium 7.70E-09 2.3 1.3E404 0 0.06
45, RESULTS

Figure 1-A7 shows the results of the case study and allows a hotspot analysis within the
three cell types. For AEL, only five materials‘are‘used, with nickel having the highest amount
with more than 7 kg, followed by iron. (1.6 kg),y chromium (0.4 kg), molybdenum (0.06 kg),
and zirconium (0.9 g). None of these materials exceeds the criticality thresholds of the EC
CRM list. Only nickel is listed as afstrategic material in the EC CRM 2023 list. The new SH2E
indicator emphasises the criticality, of nickel, although molybdenum has higher SR and IR.
However, the higher EoLrg/lowers the latter two factors. As molybdenum has by far the
highest CF in the resource depletion method, it is the strongest contributor to this impact
category.

The manufacturing of PEM=EL cells requires, in addition to the materials used for AEL (with
the exception of zirconium), titanium, platinum, and iridium. Titanium (9.7 kg) and iron (0.8
kg) together account for 96% of the total material. Although four materials are listed as critical
(titanium, platinum, iridium) or strategic (nickel) according to the EC 2023 list, the very small
amount (13 g) of iridium dominates when the SH2E criticality indicator is applied because the
very low European consumption (C) of iridium compared to the other materials (Table 1-A7).
Since C is in the denominator of the formula of the SH2E indicator (Equation (1)), the
criticality indicator becomes high when C is small. Regarding EF 3.1 Resource use, platinum
has the by far largest CF with 1000 kg Sb eq. followed by iridium with 140 kg Sb eq., which
is reflected in Figure 1-A7.
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With 18 different materials, significantly more materials are required for the manufacturing of
SOEC cell than for AEL and PEM-EL. However, the SH2E indicator assigns the greatest
importance only to the rare earths (such as lanthanum and yttrium), but especially gadolinium
(Figure 1-A7). Once again, the very low EU consumption of gadolinium is the main driver for
the SH2E indicator. Furthermore, all rare earths must be imported 100% and hardly any
recycling takes place. Although chromium and zinc have similar CFs in EF 3.1 Resource use
among the materials used for SOEC (Table 1), chromium contributes > 99% of the total result
due to its significantly larger amount (chromium 3.4 kg; zinc 0.1 kg).

In summary, this case study shows that nickel and molybdenum for AEL, iridium for PEM-
EL, and gadolinium for SOEC are critical hotspots for cell manufacturing in the EU. Since
consumption (C) is in the denominator of Equation (1), the SH2E criticality indicator becomes
high when C is small. The other parameters (IR, EoLrir) have a smaller effect on the overall
result.

The results of resource depletion (EF3.1 indicator) differ from those, for criticality, especially
for PEM-EL and SOEC. This is not surprising, since both®methods are based on different
perspectives. Therefore, they should not be compared with each other, but should highlight
two different aspects of resource use, the scarcity anditheveriticality aspect.

PEM-EL
100% = "
’ 4
80% 80% — 1 ‘L‘
60% 60% —— _ \—
20% 200 ——— 7' —
0% & ) 0% = &
EF3.1 Resource use SR/(C*(1-IR*(1-EoL EF3.1 Resource use SR/(C*(1-IR*(1-EoL RIR)))
RIR))) B Chromium  Eiron B Molybdenum M Nickel
B Chromium Miron @ Molybdenum M Nickel ~ Zirconium  mTitanium & Platinum Iridium
SOEC
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80% I
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Gadolinum  Zirconium M Yttrium M Silica sand

Figure 1-A7. Results of the new criticality indicator from SH2E and the resource depletion indicator
considered in EF3.1 for the construction of 1 m2 of cell area for three different electrolyser types.

It should be noted that, when using the impact category EF3.1 Resource use, some important
materials for hydrogen technologies (such as iridium, rare earths) do not have
characterisation factors in the underlying methodology (Abiotic Depletion Potential, from
Institute of Environmental Sciences —CML- in 2017) (European Platform on LCA, 2022). For
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this reason, a comparison of the three cell types based on absolute values of the resource
depletion indicator is not recommended for this case study.

Figure 2-A7 shows the comparison of the three cell types based on the absolute criticality
values, which, in contrast to Figure (FU: 1 m? cell), were converted to 1 t of hydrogen
production as reference unit. This allows a comparison between the three cell types including
their different hydrogen production performance over their lifetimes. Hydrogen production of
19, 40, and 16 t was assumed over the lifetime of AEL, PEM-EL and SOEC, respectively
(Zhao et al., 2020). As a result, it can be stated that the AEL performs better in terms of
criticality (1.22E-05 points), of which about 85% is caused by nickel and 14% by
molybdenum. The criticality of PEM-EL is significantly higher with approx. 1.3E-2 points for
PEM-EL, followed by 2.5E-2 points for SOEC, which is almost double that of the PEM-EL.
However, the criticality is mainly caused by different materials as already shown in Figure -
A7 (iridium for PEM-EL, gadolinium for SOEC).
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Figure 2-A7mResults of the new criticality indicator from SH2E toyproduce 1t hydrogen using three
differentelectrolyser types.
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ANNEX 8 - CHALLENGES OF USING FUTURE ASSUMPTIONS
AND DIFFERENT TRL TECHNOLOGIES IN LIFE CYCLE
COSTING OF FCH TECHNOLOGIES

When conducting LCC of FCH technologies, practitioners often must use future assumptions
or different TRL technologies compared with the current technology level. This is because
most FHC products are currently under development and not yet on the market or the
products on the market are expected to be improved in a short term. Therefore, the range of
assumptions to be used will be large. This means data with a high degree of uncertainty or
that only one data point is available when the technology is innovative.

Examples are:

- TRL of the product under development is low or there issno product on the market;
therefore, practitioners must use CAPEX and OPEX speculated using analogous to
similar products or facilities.

- Although products have been commercialised, their market is still small and not sufficient
for providing precise data.

- Cost data in the literature are sometimes unclear in specifying the boundary.

With these data, both development of LClrand conversion to the economic value érom LGl
include uncertainty. When developing, LClfwith future assumptions, different conversien
efficiencies and innovative processes influence LCl. When converting from LCI toyan
economic value (e.g. hydrogen “cost), future unit costs of electricity, fuel“and, other
consumables are proportional to each cost element in total hydrogen cost.

In all the above-mentioned cases, practitioners can understand the fange“of results by
conducting sensitivity“analysis with these assumptions in question, so thatithey can screen
which assumptions te» be set carefully among»uncertain ones. As, shown in the figure,
assumptions with high uncertainty and significant impact on’the, results should be set
carefully, monitored andymanaged depending on the LCC objectives. Other data such as
assumptions, withshigh uncertainty and low impact on the'result'ean be regarded as fixed
assumptions.
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Figure 1-A8. Screening of assumptions to be set carefully by conducting sensitivity analysis.
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