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Abstract: The Life Cycle Sustainability Assessment (LCSA) is a proven method for sustainability
assessment. However, the interpretation phase of an LCSA is challenging because many different
single results are obtained. Additionally, performing a Multi-Criteria Decision Analysis (MCDA) is
one way—not only for LCSA—to gain clarity about how to interpret the results. One common form
of MCDAs are outranking methods. For these type of methods it becomes of utmost importance to
clarify when results become preferable. Thus, thresholds are commonly used to prevent decisions
based on results that are actually indifferent between the analyzed options. In this paper, a new
approach is presented to identify and quantify such thresholds for Preference Ranking Organization
METHod for Enrichment Evaluation (PROMETHEE) based on uncertainty of Life Cycle Impact
Assessment (LCIA) methods. Common thresholds and this new approach are discussed using a case
study on finding a preferred location for sustainable industrial hydrogen production, comparing
three locations in European countries. The single LCSA results indicated different preferences for
the environmental, economic and social assessment. The application of PROMETHEE helped to
find a clear solution. The comparison of the newly-specified thresholds based on LCIA uncertainty
with default thresholds provided important insights of how to interpret the LCSA results regarding
industrial hydrogen production.

Keywords: hydrogen; life cycle sustainability assessment; multi-criteria decision-analysis; PROMETHEE

1. Introduction

The transformation of the energy system is of high importance to meet the goals of the
Paris agreement [1]. Innovative energy technologies are necessary to make a considerable
contribution to this transformation process. Hence, the European Commission proposed
the European Green Deal, a concept for Europe to become climate neutral by 2050 and to
transform the EU’s economy in a sustainable manner [2]. Preceding this, the EU published
the Hydrogen Roadmap Europe [3] in 2019. Hydrogen, as a secondary energy carrier, is
discussed frequently in energy transformation scenarios, e.g., [4,5]. It is easier to store than
electricity, can be directly used as feedstock, or can help to electrify several other sectors
besides the energy sector, e.g., mobility or industry. However, hydrogen should only be
used if a direct electrification is hard to achieve, e.g., large battery demand for heavy-duty
vehicles or demand of a very steady heat source in the glass industry, because of the lower
efficiency of hydrogen applications compared to direct electrification.

In order to analyze greenhouse gas reduction potentials without losing track of other
associated effects, a comprehensive sustainability assessment is necessary. In addition to
other environmental impacts, this should also include economic as well as social implica-
tions [6]. The Life Cycle Sustainability Assessment (LCSA) is one approach for a holistic
assessment of emerging technologies [7]. The interpretation phase of an LCSA, however,
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is challenging, because many different single results are obtained and it is not easy to
propose one unambiguous solution. For scientific communities, it might be interesting to
discuss them separately in detail and the UNEP/SETAC even recommends to do so [7].
For decision-making processes and for audiences not too familiar with the single-impact
categories, this seems even more challenging. To structure and guide decision-making
processes in this context, the Multi-Criteria Decision Analysis (MCDA) has been developed.
The MCDA comprises mathematical approaches to cluster the wide number of individ-
ual results to fewer but more manageable results [8,9]. One well-known method is the
weighted sum approach, which is very easily manageable but fails to cover more complex
decision-making contexts. In contrast, elaborated MCDA approaches such as the Tech-
nique for Order of Preference by Similarity to Ideal Solution (TOPSIS), Preference Ranking
Organization METHod for Enrichment Evaluation (PROMETHEE) or Elimination Et Choix
Traduisant la REalité (ELECTRE) are able to address complex problems. Regardless of
which method is to be used within the MCDA guidance process, fundamental value-based
choices have to be made. One mandatory decision is to what extent compensation between
indicators is allowed [10]. One class of non-compensatory methods is based on outranking
of the different options assessed, e.g., PROMETHEE.

Irrespective of compensations, for options where the indicator results are close to
each other, often no definitive statement should be made due to uncertainties. In MCDA,
thresholds have been introduced to prevent the overrating of very small indicator devia-
tions, though “very small” is not exactly defined. Bouyssou [11] even found it of utmost
importance to use thresholds when applying non-compensatory methods. For the determi-
nation of these thresholds, different approaches are available [12], based, for example, on
the decision-makers’ uncertainty about their preferences [13]. How reasonable thresholds
can be defined in the context of LCSA is discussed in this paper. The focus here is on the
uncertainty of impact categories in LCSA.

Some methodological aspects of LCSA are discussed beforehand in this paper, which
are necessary for the determination of thresholds based on the applied indicators/impact
categories. Furthermore, outranking in general and the chosen MCDA method is presented
in more detail. Subsequently, our newly developed approach to derive indicator thresholds
for LCSA is introduced based on Life Cycle Impact Assessment (LCIA).

To secure that a climate-friendly and cost-effective technology does not deteriorate
other environmental impacts and social conditions, LCSA is applied to the industrial
production of hydrogen with alkaline water electrolysis (AEL) in the European context.
Up to now, only a few LCSAs for hydrogen have been conducted [14–16]. Here, the
current situation of AEL is assessed. Three European countries (Austria, Germany and
Spain) are compared as potential production locations based on earlier publications by
the authors [17–19]. To find unambiguous statements about the preferential location in
three selected Western European countries, we integrate MCDA in the interpretation phase
of the LCSA without allowing compensation. The aim is to strengthen the validity of the
conclusions obtained for the three quite similar systems. In particular, the question of
which deviation of indicator results for two options is large enough to prefer one option
to the other or if these indicator results have to be considered as indifferent is addressed.
With the approach developed in this paper, LCSA practitioners will be able to integrate
uncertainty in particular derived from the impact assessment methodology in a simple and
practical manner.

2. Methods

The methodological goal is to derive thresholds for different impact assessment
indicators to define indifferences and preferences of LCSA results that can be used in an
outranking method for MCDA. To achieve this, first some methodological aspects are
discussed that tackle, in particular, indicator selection and the definition of uncertainties.
In addition, the chosen outranking method is presented with a focus on preferences and
required thresholds. By quantifying the uncertainties for threshold definition, a specified
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threshold is assigned to each impact category so that indifferences and the preferences can
be determined. To finalize this section the applied approach for weighting the different
indicators is presented.

2.1. Life Cycle Sustainability Assessment—Indicators and Uncertainties

The LCSA is a partly standardized methodology [7] that consists of the three methods
of Life Cycle Assessment (LCA), Life Cycle Costing (LCC) and social Life Cycle Assessment
(S-LCA, and has been used for a wide range of studies [20]. The three methods originate
from very different scientific disciplines and have different approaches in the LCIA phase.
In particular, the S-LCA is a rather young method and varying strategies exist to assess
social sustainability for a product or service [21]. For this study, the hot spot approach with
the help of a database (Product Social Impact Life Cycle Assessment PSILCA [22]) has been
chosen for S-LCA. Based on these framework conditions, indicator selection for LCSA is
shortly introduced and different types of uncertainties are discussed.

2.1.1. Indicators

The LCSA indicator set comprises indicators from the LCA, LCC and S-LCA. The LCA
is an established method to evaluate environmental impacts of technologies or products.
The LCA indicator selection in this study is based on the International Reference Life
Cycle Data System (ILCD) recommendations [23] and the more recent guidance from the
UNEP/SETAC [24,25] on a midpoint level. The suggested method for the assessment of
water (Swiss ecoscarcity), however, was substituted for the scarcity method AWARE, which
is a more recent consensus in the field of water assessment [26]. The analysis is performed
with the GaBi 7 software [27] using the ecoinvent [28] as well as the GaBi professional
database [29]. LCC is an established approach in economics [30,31]. Here, the LCC
indicators refer to a guide prepared by the European Investment Bank [32] and literature
on economic assessment of energy technologies, e.g., [33]. As mentioned before, S-LCA
is a relatively new field of research with little consensus on methodology and indicators.
The PSILCA database 2.0 [22] as implemented in openLCA [34] applies one of several
approaches which try to operationalize social assessment. The indicators are based on the
S-LCA guidelines [21,35] and the accompanying methodological sheets [36]. In addition
to the recommendations of the specific LCA, LCC and S-LCA methodologies, Sustainable
Development Goals (SDGs) were used for the selection of meaningful indicators [34]. While
the SDGs are defined on a country level and are often qualitative, the LCSA indicators are
often on a technology level. In this indicator selection, double or even triple counting of
indicators is prevented [15].

2.1.2. Uncertainties

The goal of an LCSA study is often the comparison between two or more different
product systems. Uncertainty within the input data or assessment methods can result
in a misleading assessment of the product systems. A discussion and quantification of
uncertainties is therefore helpful to interpret the results. First, a distinction must be made
between variability and uncertainty [37]. Variability comprises explicit practitioner choices
with regard to time, e.g., setting the reference year to 2017 or 2020 or choosing between
impact assessment methods with a timeframe of 20 or 100 years. Other types of variability
address spatial differences, e.g., analyzed country, and differences between objects. Un-
certainty, on the other hand includes everything we do not know, thus assumptions and
simplifications have to be made. The sources for uncertainty are manifold. In Table 1, the
different types of uncertainty are separated against each other, and each type is exemplified
for the Life Cycle Inventory (LCI) phase and the LCIA phase, respectively.
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Table 1. Types of uncertainty in the Life Cycle Sustainability Assessment, based on [37].

Type Example Life Cycle Inventory Example Life Cycle Impact Assessment

Parameter uncertainty Inaccurate data Lifetimes of substances

Model uncertainty Assuming linearity Assuming steady-state conditions

Scenario uncertainty Technology level Characterization method (TAP500 or Accumulated Exceedance)

Epistemological uncertainty Ignorance Ignorance

Relevance uncertainty - Concentrating on indigenous rights with a product system
centered in Western Europe

Mistakes Mixing up kWh and MJ Wrong characterization factor for flows

Mostly addressed in LCA studies is parameter uncertainty of the LCI data [37,38]
using, e.g., a Monte Carlo analysis or the pedigree matrix approach, which is implemented
in the ecoinvent database [28]. Benetto et al. [39] proposed to use these results from the
Monte Carlo Analysis in the fuzzy multi-criteria method NAIADE. The group of Ren
proposed in several papers [40,41] to use interval numbers for indicator results combined
with fuzzy methods. Less frequently, uncertainty in the LCIA is discussed. In their recent
paper, Qin et al. [42] made an effort to also introduce the pedigree matrix to characterization
factors in LCIA, but found the task “to create a different pedigree matrix for each impact
category and each characterization model” [42] too complex for the estimated resources.
Another way to integrate uncertainty of the LCIA into the MCDA was proposed by the Joint
Research Centre (JRC) of the European Commission [43]. The main goal of this work was to
introduce weighting factors for LCA indicators based on the opinion of the general public,
LCA experts and LCIA development experts. However, this working group also included
a factor into the weighting factors that accounts for the robustness of the LCIA method.

For LCC, the biggest issue is the uncertainty of the inventory, e.g., the discount rate or
direct investment costs, rather than uncertainty of the impact assessment.

The types of uncertainty mainly applying for S-LCA are parameter and epistemo-
logical uncertainties. In our opinion, the largest factors for uncertain parameters here are
missing detailed geographical resolution. Even when official data for a certain country or
industrial sector is available, the number of unreported cases is high.

When integrating the LCSA indicator results by means of the MCDA, new uncertainty
sources are added. In particular, the definition of weighting factors bears high uncertainties.
Thus, several LC(S)A studies with MCDA tackled this challenge with different methods,
e.g., [40,43,44].

In this paper, we introduce a new approach for addressing uncertainty in the LCIA.
The approach does not discuss the different types of uncertainty separately but combines
parameter, model, scenario and epistemological uncertainty of the LCIA into one. Rele-
vance uncertainty cannot be covered by this approach because it highly depends on the
goal and scope definition of an LCSA and cannot be easily quantified. The same is true
for mistakes.

2.2. Outranking

The most popular outranking methods are ELECTRE [44] and PROMETHEE [45,46].
In this publication, we focus on PROMETHEE because it guides users through the whole
decision-making process.

PROMETHEE is a family of outranking methods developed by Brans and colleagues
in the early 1980s [45,47]. Since then, several variations of this method have been developed
to be guidance in more complex decision-making. This includes PROMETHEE I-VI and
the visual interactive module GAIA (Geometrical Analysis for Interactive Aid) [48]. The
most relevant variations are still PROMETHEE I and II, which will be used in this paper.
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The principle of PROMETHEE is based on a pairwise comparison of alternatives along
each recognized criterion—understood as an indicator or an impact category—and can be
described in five steps [46]:

1. Determination of deviations based on pairwise comparisons between different options.
2. Application of the preference function.
3. Calculation of the global preference index.
4. Calculation of positive and negative outranking flows for each alternative.
5. Net outranking flow for each alternative and complete ranking (only included in

PROMETHEE II).

PROMETHEE I stops at step 4 and gives a partial ranking of the alternatives with
the outranking flows Φ+ and Φ−. The higher Φ+ and the lower Φ− is, the better is the
overall rank of the analyzed option. However, this can also lead to incomparabilities
when Φ+ and Φ− indicate different preferences. PROMETHEE II adds step 5 to derive a
complete ranking of the alternatives (outranking flow Φnet) by calculating the difference
between the two flows. This leads to a complete ranking under some degree of detail
loss [49]. Thus, PROMETHEE I and II might come to different results. For a more detailed
definition, consult the (Supplementary Material, which additionally includes a minimal
example to explain the stepwise calculation. In general, Φ can be understood as the
aggregated indicator or performance index as it is called in other MCDA methods. The
actual outranking takes place in step 2. For a more elaborated outranking, preference
functions are introduced, which are often deemed necessary due to very small differences
between indicators and methodological uncertainties as discussed before. The preference
functions translate the difference between the indicator results obtained by two alternatives
into a preference degree ranging from zero to one. Strict preference (one), indifference (zero)
and the zone of weak preferences (between zero and one) are denoted. In this way, the
user can implement their opinion on what preference actually means. In PROMETHEE, six
different preference functions for the criteria are proposed [45,49]. Based on the analyzed
indicator (also known as criterion) different functions have their purpose regarding the
level of uncertainty and the nature of the values, i.e., qualitative, discrete or continuous.
The values of the LCSA practiced here are continuous, resulting in the suitable linear
preference function shown in Figure 1 [50].
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The user has to define the parameters q and p, which express absolute values. The
indifference threshold q marks the value up to which two results are considered equal, and
p marks the value above which strict preference is given. Weak preferences exist between
q and p. For clearer understanding, this function is written as the following equation
(Equation (1)):

Hk(d) =


0, i f d ≤ qk

d−qk
pk−qk

, i f qk < d ≤ pk
1, i f d > pk

(1)

d: indicator value;
k: indicator index;
Hk(d): outranking value of indicator k as a function of d.
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This function helps to deal with the uncertainties of the obtained indicator values [51],
but the guidance how to derive good thresholds for this function is small. In general,
these thresholds subsume different aspects of uncertainty and variability of input data and
impact assessment methodology.

2.3. Determination of Thresholds in Life Cycle Sustainability Assessment

For every applied methodology in LCSA, e.g., LCA, uncertainty occurs in different
areas. Ren et al. [52] performed an LCSA of different hydrogen production options and
used PROMETHEE as the MCDA approach. They chose the Gaussian preference function
with the average variance of the jth criterion, which can be considered as common thresh-
olds without differing between different indicators. A similar approach is used by Rogers
et al. [53] for their LCA study on drive trains for passenger vehicles accompanied with the
outranking approach ELECTRE. In an LCSA study about tire life extension scenarios, do
Carmo et al. [54] used PROMETHEE and defined thresholds by interviewing stakeholders,
in this case, truck tire development experts. However, this requires that the stakeholders
already know when indicator results can be considered as indifferent. For life cycle costs,
this might be true; for human health indicators, this becomes questionable. In their most
recent paper, Ren et al. [55] used the linear preference and indifference zone function when
performing PROMETHEE for the LCSA of hydrogen production options. The thresholds
are decided by decision makers, too. These values as well as the thresholds are part of the
sensitivity analysis to reflect the subjectivity of these assumptions. To analyze uncertainty,
rather than to perform MCDA, Mendoza Beltran et al. [56] applied modified Null Hypoth-
esis Significance Testing on the LCA of different electric powertrains in passenger vehicles.
They set a common ‘difference threshold’ equally for all analyzed indicators.

Common thresholds include several aspects of uncertainty based on, e.g., inventory
and impact assessment. Instead of defining absolute thresholds q and p for each indicator
individually, it is convenient to use the concept of relative thresholds Q and P, enabling a
flexible handling of thresholds. As a starting point, the relative default (index Def) thresh-
olds, QDef and PDef, are defined in this study as 5 and 10% of the minimal indicator result,
which is a practical approximation. This prevents options with relatively small differences
to be ranked harshly. However, using these default values has a certain degree of arbitrari-
ness [11] and LCSA practitioners know that for some impact categories uncertainties are
higher. In general, it is difficult for decision makers to find reasonable thresholds [57].

Here, a new approach is introduced that determines indifference and preference
thresholds based on the quantified uncertainty of only LCIA methods for each indicator as
discussed in Section 2.1.2, representing a subset of uncertainty compared to what common
thresholds (q, Q and p, P) include. As these new thresholds only include a subset of the
before discussed aspects subsumed in common thresholds, they are referenced as q′ and
p′ from here on forward. Furthermore, with the indices Def and Spec (for specified), it
is indicated if default thresholds, here 5 and 10% of the minimum values (QDef/Q′Def
and PDef/P′Def), are applied or if newly specified thresholds discussed in the following
section (Q′Spec and P′Spec) are applied. That means that these specified thresholds exist
only for the LCIA subset of what common thresholds include. This adds up to six different
absolute thresholds (qDef, pDef, q′Def, p′Def, q′Spec, p′Spec) and a corresponding number of
relative thresholds.

Each impact assessment method is assigned to one uncertainty class. As the three
methods of LCSA—LCA, S-LCA and LCC—use different approaches for impact assess-
ment, the methods are discussed separately in the following subsections. For LCA, several
publications have been published regarding uncertainty [37,38,58]. Therefore, the approach
is mainly developed based on the LCA and later adapted for the S-LCA. As a result, indica-
tor specified thresholds can be applied in PROMETHEE. Other aspects, e.g., uncertainty of
the inventory, are not considered.
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2.3.1. Assignment of Uncertainty Classes in Life Cycle Assessment

For LCA, JRC gives recommendations for midpoint and endpoint impact assess-
ment methods by its ILCD [23]. The recommended impact assessment methods are rated
against five criteria: (1) Completeness of scope, (2) Environmental relevance, (3) Scientific
robustness and certainty, (4) Documentation, transparency and reproducibility, and (5)
Applicability into three classes: I Recommended and satisfactory, II Recommended but in
need of some improvements, and III Recommended but to be applied with caution [59].
In addition, already in 2009 Humbert et al. [60] assessed in a Monte Carlo simulation the
uncertainty of impact assessment methods. For climate change and cumulative energy
demand, they considered that “any difference lower than 10% is not . . . significant”. For
particulate matter, acidification and eutrophication ”the difference needs to be higher than
30% to be significant” and ”For the toxicity categories, an order of magnitude (factor 10)
difference is typically required for a difference to be significant” [60].

In this assessment, the two approaches are combined and the ILCD classification [59]
from I to III is translated using the threshold levels of Humbert et al. [60]. Six uncertainty
classes are defined by refining the classification of the ILCD. The whole numbers 1, 2
and 3 represent the classes I, II and III. Additionally, intermediate values from 1.5 to 3.5
are introduced to give more flexibility for other non-LCA indicators. Together with the
uncertainty values from Humbert, this leads to the relative thresholds Q′Spec and P′Spec
based on uncertainty classes (Table 2). As described at the beginning of this section, the
percentage is related to the minimum value of the indicator results.

Table 2. Translation of uncertainty classifications into relative thresholds.

Uncertainty Class Q′Spec P′Spec

1.0 10% 20%
1.5 20% 30%
2.0 30% 40%
2.5 50% 60%
3.0 70% 80%
3.5 90% 100%

For the different impact categories in LCA, this results in the definition of relative
thresholds for weak preference (from Q′Spec to P′Spec) as listed in Table 3.

Table 3. Classification of LCA impact categories uncertainty according to [49] and definition of weak
preference zones.

Impact Category Uncertainty Class Weak Preference Zone
Q′Spec–P′Spec

Climate change 1 10–20%
Ozone depletion 1 10–20%

Cumulated energy demand 1 10–20%
Resource depletion, water 2 30–40%

Resource depletion, mineral 2 30–40%
Particulate matter/respiratory inorganics 2 30–40%

Ionizing radiation, human health 2 30–40%
Photochemical ozone formation 2 30–40%

Acidification 2 30–40%
Terrestrial eutrophication 2 30–40%
Aquatic eutrophication 2 30–40%
Marine eutrophication 2 30–40%
Ecotoxicity, freshwater 3 70–80%
Human toxicity, cancer 3 70–80%

Human toxicity, non-cancer 3 70–80%
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2.3.2. Assignment of Uncertainty Classes in Social Life Cycle Assessment

For the characterization of social impacts in PSILCA, performance reference points
are used (reference scale impact assessment RS-LCIA) [21,61]. Thus, it is not the characteri-
zation models for social LCIA are used for the uncertainty classification, but the input data
of the performance reference points, e.g., women in the sectoral labour force in country xy
in sector ab. Such data are provided, e.g., by the International Labour Organization [22].

Based on the uncertainties due to missing geographical resolution (Section 2.1.2) as
well as the reliability and age of the data source for these reference points the assignment
to the specific uncertainty classes is performed (Table 4). Most often, data availability for
certain countries is an issue. In total, 189 countries are covered by the database. Some
impact categories are downgraded due to high numbers of alleged undocumented cases,
e.g., weekly hours of work per employee from 1.0 to 1.5.

Table 4. Classification of PSILCA indicators uncertainty and definition of weak preference zones.

Impact Category Uncertainty Class Weak Preference Zone
Q′Spec–P′Spec

Women in the sectoral labour force 1.0 10–20%
Life expectancy at birth 1.0 10–20%

Social security expenditures 1.0 10–20%
Unemployment 1.0 10–20%

Weekly hours of work per employee * 1.5 20–30%
Gender wage gap 1.5 20–30%

Net migration 1.5 20–30%
Health expenditure 1.5 20–30%

International migrant stock 1.5 20–30%
Fatal accidents 1.5 20–30%

Child labour, total * 2.0 30–40%
Public sector corruption * 2.0 30–40%

Trafficking in persons * 2.0 30–40%
Non-fatal accidents 2.0 30–40%

Certified environmental management system 2.0 30–40%
Indigenous rights 2.0 30–40%

Education 2.0 30–40%
Illiteracy, total 2.0 30–40%

Youth illiteracy, total 2.0 30–40%
Fair salary 2.0 30–40%

Association and bargaining rights 2.0 30–40%
Trade union density 2.0 30–40%

Social responsibility along the supply chain 2.5 50–60%
Drinking water coverage 2.5 50–60%

Sanitation coverage 2.5 50–60%
International migrant workers (in the sector/site) * 3.0 70–80%

Active involvement of enterprises in corruption and bribery * 3.0 70–80%
Frequency of forced labour * 3.0 70–80%

Safety measures 3.0 70–80%
Workers affected by natural disasters 3.0 70–80%

Violations of employment laws and regulations * 3.5 90–100%
Goods produced by forced labour * 3.5 90–100%

Anti-competitive behavior or violation of anti-trust and monopoly legislation * 3.5 90–100%
Presence of business practices deceptive or unfair to consumers * 3.5 90–100%

* Downgraded indicators due to high numbers of alleged undocumented cases.

2.3.3. Assignment of Uncertainty Classes in Life Cycle Costing

For LCC, no impact assessment methodology is used. As no uncertainties are consid-
ered (Section 2.1.2), no preference functions are necessary and for each indicator a strict
preference can be determined for the discussed options.

2.4. Weighting of Indicators

For deriving weighting factors for the LCSA indicators, several MCDA approaches are
available. For example, for LCA, subjective weighting factors have been developed based
on the opinion of the general public, LCA experts and LCIA development experts [43].
However, these weighting factors do not include the other two LCSA dimensions and can
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thus not be applied. The applications of other weighting approaches also imply value-
based choices, e.g., [62–64]. To keep weighting simple and to focus on thresholds in this
study, a two-stage equal-weighting approach is used—being fully aware that there are
many other reasonable approaches available. That means that on the first step (LCA vs.
S-LCA vs. LCC), each sustainability dimension is equally important (weighting factor
wSus = 1/3). Within each dimension (second step), each indicator receives the same weight
(wLCC = 1/4, wLCA = 1/15, wS-LCA = 1/26). The absolute weighting factor of each indicator
is derived from the multiplication of the individual weighting factors (wSus × wi). This
implies low indicator weight in case of a high number of indicators within a dimension.
The method explicitly accepts that indicators from different dimensions have different
weights in case the number of indicators per dimension is different. Vice versa, requiring
indicators having same weights goes along with different weights for dimensions if there
are different numbers of indicators per dimension.

3. Case Study of Industrial Hydrogen Production by Alkaline Water Electrolysis

The object of this LCSA is the hydrogen production by an advanced AEL in three
European countries. First, a description of the technical system is provided, followed by a
short presentation and discussion of the indicator results, i.e., the LCA, LCC and S-LCA. In
these results, uncertainty is not considered at this point and will be discussed in the results
for PROMETHEE (Section 4).

3.1. System Description

It is assumed that the mature technology of AEL is manufactured in Switzerland using
technical input data from a local AEL supplier. The assembled electrolyzer is then trans-
ported to operation sites in either Germany, Austria or Spain. All three countries represent
advanced Western European countries but differ with respect to important parameters,
such as electricity supply, integration into international trade or social framework. How-
ever, other parameters might be quite similar, which emphasizes the use of indifference
and preference thresholds to distinguish differences. Figure 2 outlines the components
considered in the assessments from cradle-to-gate.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 22 
 

 
Figure 2. Outline of the 6 MW alkaline water electrolyzer system. 

The core element is the construction and operation of a pressurized 6 MW AEL, 
which contains four cell stacks consisting of 139 cells each within a stack framework em-
bedded in the balance of plant (BOP). Electrolysis cells consist of a membrane, electrodes, 
a cell frame and a gasket. The BOP comprises tanks, heat exchangers, pumps, power elec-
tronics/inverter and a potassium hydroxide filter. A detailed elaboration of the structure 
and materials used for the AEL unit as well as an extensive description of the system 
boundaries are given in Koj et al. [17]. 

The technical lifetime of the unit is expected to be 20 years, with a replacement of cell 
stacks necessary after ten years. Assuming a yearly operation time of 8300 h/year, the hy-
drogen output of the 6 MW AEL unit (118.25 kg H2/h) has a production rate of 980 t/a 
(based on scaled-up data for a commercial AEL unit from the EU R&D project ELYGRID 
[65]). In addition to large amounts of electricity, further operation inputs include de-ion-
ized water, potassium hydroxide solution (KOH), process steam and nitrogen. While elec-
tricity, de-ionized water and KOH are relevant for the electrolysis process constantly, pro-
cess steam and nitrogen are required for the run-up phases only. 

The functional unit is the production of 1 kg of hydrogen at 33 bar and 40 °C. Hydro-
gen compression, storage, transport and further use are not considered. Due to the lack of 
data availability, the end-of-life treatment was not integrated. The utilization/selling of 
the by-product oxygen is not taken into account, as large-scale deployment of electrolysis 
capacities may go along with market saturation for oxygen and strongly decrease prices 
[66]. Consequently, no allocation is necessary. 

The specific material and energy inputs of the 6 MW AEL corresponding with the 
production of 1 kg of hydrogen are summarized in Table 5. The table additionally includes 
the industrial sectors used for these inputs in the modelling with of the S-LCA with 
PSILCA. 

  

Figure 2. Outline of the 6 MW alkaline water electrolyzer system.



Sustainability 2021, 13, 7009 10 of 21

The core element is the construction and operation of a pressurized 6 MW AEL, which
contains four cell stacks consisting of 139 cells each within a stack framework embedded
in the balance of plant (BOP). Electrolysis cells consist of a membrane, electrodes, a cell
frame and a gasket. The BOP comprises tanks, heat exchangers, pumps, power electron-
ics/inverter and a potassium hydroxide filter. A detailed elaboration of the structure and
materials used for the AEL unit as well as an extensive description of the system boundaries
are given in Koj et al. [17].

The technical lifetime of the unit is expected to be 20 years, with a replacement of
cell stacks necessary after ten years. Assuming a yearly operation time of 8300 h/year,
the hydrogen output of the 6 MW AEL unit (118.25 kg H2/h) has a production rate of
980 t/a (based on scaled-up data for a commercial AEL unit from the EU R&D project
ELYGRID [65]). In addition to large amounts of electricity, further operation inputs include
de-ionized water, potassium hydroxide solution (KOH), process steam and nitrogen. While
electricity, de-ionized water and KOH are relevant for the electrolysis process constantly,
process steam and nitrogen are required for the run-up phases only.

The functional unit is the production of 1 kg of hydrogen at 33 bar and 40 ◦C. Hydrogen
compression, storage, transport and further use are not considered. Due to the lack of
data availability, the end-of-life treatment was not integrated. The utilization/selling of
the by-product oxygen is not taken into account, as large-scale deployment of electrolysis
capacities may go along with market saturation for oxygen and strongly decrease prices [66].
Consequently, no allocation is necessary.

The specific material and energy inputs of the 6 MW AEL corresponding with the
production of 1 kg of hydrogen are summarized in Table 5. The table additionally includes
the industrial sectors used for these inputs in the modelling with of the S-LCA with PSILCA.

Table 5. Specific material and energy inputs per kg of hydrogen produced [65] and their respective industrial sectors (input
PSILCA) [19].

Unit Per kg H2 DE AT ES

Electricity kWhel 53.9 Electricity and district heat Electrical energy, gas, steam and
hot water

Production and distribution of
electricity

Water, de-ionized kg 10.11 Water supply Collection, purification and
distribution of water

Collection, purification and
distribution of water

KOH solution mg 275 Manufacture of chemical products Chemicals, chemical products
and man-made fibres Basic chemical products

Process steam
(Natural gas and

heating oil for
steam from water)

g 38
Gas supply/Coal, coke and
petroleum products, nuclear

fuels/Water supply

Electrical energy, gas, steam and
hot water/Coke, refined

petroleum products and nuclear
fuel/Collection, purification and

distribution of water

Manufacture and distribution of
gas/Coke, refined petroleum

products and nuclear
fuel/Collection, purification and

distribution of water

Nitrogen mg 71.15 Manufacture of chemical products Chemicals, chemical products
and man-made fibres Basic chemical products

While the technology parameters are identical for all countries under consideration,
the supply of inputs is country-specific. The electricity supply reflects the national gross
production mixes (see also [17]). For investment as well as operation and maintenance,
costs correspond to the country specific markets and regulatory conditions.

3.2. Indicator Results

The LCSA of the hydrogen production is based on three different already existing
assessments: the LCA [17], LCC [18] and S-LCA [19]. The previous LCA [17] compared
the environmental effects considering nine impact categories. In a subsequent assessment,
a further six categories were added [15]. The results emphasize the almost exclusive
dependence of most environmental effects on the operation phase caused by the site-
specific electricity mix. For most impacts, its share amounts to 80% in the case of Austria
and even 90% in the cases of Spain and Germany. Austria shows the lowest environmental
impacts in 13 out of 15 categories. Only for ‘Eutrophication, freshwater’, mainly caused
by phosphorous compounds from bioenergy in the electricity mix, does Austria perform
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the worst. For ‘Human toxicity’, specifically concerning cancer effects, Spain shows lower
impacts (Table 6).

Table 6. LCSA indicator results, based on [15].

Indicator Unit DE AT ES

LCA
Acidification mMole H+ eq. 44.5 21.6 50.3

Climate change kg CO2 eq. 29.8 10.2 16.2
Cumulative energy demand MJ 534 341 513

Ecotoxicity, freshwater CTUe 5.59 3.31 3.71
Eutrophication, marine g N eq. 11.2 7.31 11.6

Eutrophication, freshwater mg P eq. 128 133 93
Eutrophication, terrestrial mMole N eq. 116 65 121

Human toxicity cancer nCTUh 37.5 14.8 27.1
Human toxicity non-cancer nCTUh 977 507 434

Ionizing radiation Bq U235 eq. 2760 32 3200
Ozone depletion ng CFC-11 eq. 63.2 43.8 50.3

Particulate matter mg PM2.5 eq. 2000 870 246
Photochemical ozone creation g NMVOC 30.0 16.4 33.0

Resource depletion—Abiotic resources mg Sb eq. 129 388 938
Resource depletion—Water m3 world eq. 23.6 23.9 43.9

LCC
Levelized cost of hydrogen €2015/kg H2 3.64 4.22 4.31

Profitability index * - −6.38 −7.45 −7.74
Net present value * m€2015/kg H2 −50.1 −58.1 −59.4

Marginal cost €2015/kg H2 3.72 4.52 4.73

S-LCA
Active involvement of enterprises in corruption

and bribery Med. Rh 2.15 2.94 4.55

Association and bargaining rights Med. Rh 6.54 16.48 1.81
Certified environmental management system Med. Rh 19.41 37.19 20.47

Child labour, total Med. Rh 0.98 1.08 0.60
Drinking water coverage Med. Rh 2.60 2.90 1.65

Education Med. Rh 3.01 2.32 4.56
Fair salary Med. Rh 5.46 7.73 2.30

Fatal accidents Med. Rh 0.40 0.55 0.26
Frequency of forced labour Med. Rh 0.46 0.57 0.16

Gender wage gap Med. Rh 5.47 31.94 7.96
Goods produced by forced labour Med. Rh 0.30 0.29 0.22

Health expenditure Med. Rh 6.07 6.24 3.59
Illiteracy, total Med. Rh 4.45 4.43 2.21

Indigenous rights Med. Rh 1.44 1.79 0.78
Non-fatal accidents Med. Rh 4.03 13.82 27.12

Public sector corruption Med. Rh 15.99 16.85 12.68
Safety measures Med. Rh 4.89 5.71 5.15

Sanitation coverage Med. Rh 13.89 14.17 8.15
Social security expenditures Med. Rh 5.79 5.72 2.62

Trade union density Med. Rh 25.75 18.46 43.89
Trafficking in persons Med. Rh 2.30 2.81 1.34

Unemployment Med. Rh 0.81 0.77 37.43
Violations of employment laws and regulations Med. Rh 1.93 3.22 3.04

Weekly hours of work per employee Med. Rh 0.26 0.48 0.45
Women in the sectoral labour force Med. Rh 1.85 1.93 3.93

Youth illiteracy, total Med. Rh 0.75 0.81 0.45
CTU: Comparative toxic unit; Med. Rh: medium risk hours; * Only costs and no revenues are considered, leading
to negative values.

Considering ‘Resource depletion—water’, hydrogen production in Spain has the
highest impact due to its water scarcity. However, the highest ‘Resource depletion—Water’
impact was the electrolyzer production, which is the same for all three process chains. It is
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almost exclusively caused by the upstream chain of nickel, which is crucial for the anode,
cathode and cell frame. In addition, ‘Ozone depletion’ is almost completely dominated by
nickel and the polytetrafluoroethylene used for cell manufacturing. For all other impact
categories, construction of system components and the replacement of cell stacks have
minor contributions.

Overall, from the environmental perspective, hydrogen production in Austria is by far
the best option. Between Spain and Germany, the ranking is almost even, with Germany
scoring the worst in eight categories and the best in one and Spain scoring the worst in
seven and the best twice.

For the evaluation of the economic impacts of the system [15,18] country specific
investment and operational costs (O&M), labor cost and, in particular, electricity costs were
taken into account. The electricity costs differ widely in the countries considered due to
national regulations for electricity generation and the transformation towards sustainable
electricity systems with a high penetration of renewable and carbon-free energy sources.
Again, the results are dominated by the need of electricity. In contrast to the environmental
impacts, the German hydrogen production performs best in all financial metrics, due to
a beneficial regulatory status of energy-intensive industries within the financial support
of renewable energy sources. Although investment cost is slightly lower and labor cost
is significantly lower in Spain, the difference cannot outweigh the higher electricity cost
compared to Germany. Austria is always between Germany and Spain.

The S-LCA [15] complements the environmental and economic assessment. In Werker
et al. [19], a deeper analysis of 5 out of 26 indicators was conducted to address the working
conditions under which industrial hydrogen production takes place in the EU. The results
showed that hydrogen production in Austria entails the highest risks in four out of five
categories, followed by Spain and Germany. It also showed that with respect to ‘Trade union
density’ and ‘Fair salary’, other upstream locations, such as India and China, negatively
affect the Austrian and German process chain. ‘Gender wage gap’ and ‘Weekly hours of
work per employee’ are mainly caused within the countries Austria and Spain. Considering
the remaining 21 social indicators, Austria scores the worst 15 times, while Spain has the
lowest risks in 13 impact categories [15]. Overall, the risks associated stem mainly from the
water (ø 60%) and electricity (ø 40%) sector as well as their upstream chains. Other sectors
only exert marginal impact. All indicator results are summarized in Table 6.

Summarizing the results of the three dimensions of sustainability, there is no clear
winner. While Austria most often has the lowest environmental impacts, Germany has
the lowest costs and Spain most often has the lowest social risks. This emphasizes the
use of the MCDA to combine the different outcomes. The question of uncertainties and
thresholds comes on top.

4. PROMETHEE for Integrating LCSA of Industrial Hydrogen Production

As each type of analysis, i.e., LCA, LCC, S-LCA, leads to a different preferred location
for hydrogen production, an outranking becomes necessary. In order to make a decision
on the best location for sustainable hydrogen production, PROMETHEE is applied. As
the previous studies also indicated that several impacts are in a quite similar range, the
application of thresholds seems reasonable. Here, first the results of PROMETHEE with
relative common default thresholds of QDef = 5% and PDef = 10% of the minimal indicator
result are presented. In a second section, the influence of specifying the thresholds (q′Spec,
p′Spec) to LCIA methods is discussed.

4.1. PROMETHEE Results with Common Default Thresholds for Uncertainty in General

Using the common threshold concept with default values, quantifying the absolute
thresholds leads to individual absolute qDef and pDef values for each indicator. These
absolute thresholds are listed in Table 7 for the discussed default approach. For a better
understanding of the procedure in PROMETHEE as well as the deviations between two
options, i.e., pairwise country comparisons, based on the results presented in Table 6 are
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listed in Table 7. If indicator values result in indifference for two countries, this is indicated
with italic writing of the indicator; italic writing of the deviation shows which country
pairing has indifferent results for this indicator.

Table 7. Absolute pDef and qDef thresholds for hydrogen production, with default approach and deviations between
indicator results (italics: indifference between two options).

Indicator Unit qDef pDef
Deviation

DE-AT DE-ES AT-ES

LCA
Acidification mMole H+ eq. 1.08 2.16 22.90 5.8 28.70

Climate change kg CO2 eq. 0.51 1.02 19.60 13.60 6.00
Cumulative energy demand MJ 17.1 34.1 193.0 21.0 172.0

Ecosystem toxicity, freshwater CTUe 0.17 0.33 2.28 1.88 0.40
Eutrophication, marine g N eq. 0.36 0.73 3.89 0.40 4.29

Eutrophication, freshwater mg P eq. 4.66 9.32 5.00 34.80 39.80
Eutrophication, terrestrial mMole N eq. 3.25 6.5 51.00 5.00 56.00

Human toxicity cancer nCTUh 0.74 1.48 22.70 10.40 12.3
Human toxicity non-cancer nCTUh 21.7 43.4 470 543 73.0

Ionizing radiation mBq U235 eq. 1.64 3.28 2727 440 3170
Ozone depletion ng CFC-11 eq. 2.19 4.38 19.40 12.90 6.50

Particulate matter mg PM2.5 eq. 43.5 87.0 1130 460 1590
Photochemical ozone creation g NMVOC 0.82 1.64 13.60 3.00 16.60

Resource depletion—Abiotic resources mg Sb eq. 1.94 3.88 90.2 35.2 55.0
Resource depletion—Water m3 world eq. 1.18 2.36 0.28 20.30 20.02

LCC
Levelized cost of hydrogen €2015/kg H2 0.182 0.364 0.580 0.670 0.090

Net present value m€2015/kg H2 2.97 * 5.94 * 8.00 * 9.30 * 1.30 *
Profitability index - 0.387 * 0.774 * 1.070 * 1.360 * 0.290 *

Marginal cost €2015/kg H2 0.186 0.372 0.800 1.010 0.210

S-LCA
Active involvement of enterprises in corruption

and bribery Med. Rh 0.11 0.21 0.80 2.40 1.61

Association and bargaining rights Med. Rh 0.09 0.18 9.94 4.73 14.67
Certified environmental management system Med. Rh 0.97 1.94 17.77 1.05 16.72

Child labour Med. Rh 0.03 0.06 0.10 0.38 0.48
Drinking water coverage Med. Rh 0.08 0.17 0.30 0.95 1.24

Education Med. Rh 0.12 0.23 0.69 1.55 2.24
Fair salary Med. Rh 0.12 0.23 2.27 3.16 5.43

Fatal accidents Med. Rh 0.01 0.03 0.15 0.14 0.29
Frequency of forced labour Med. Rh 0.01 0.02 0.11 0.29 0.41

Gender wage gap Med. Rh 0.27 0.55 26.47 2.49 23.98
Goods produced by forced labour Med. Rh 0.011 0.022 0.008 0.080 0.072

Health expenditure Med. Rh 0.18 0.36 0.17 2.47 2.65
Illiteracy, total Med. Rh 0.11 0.22 0.02 2.25 2.23

Indigenous rights Med. Rh 0.04 0.08 0.35 0.66 1.02
Non-fatal accidents Med. Rh 0.20 0.40 9.78 23.09 13.31

Public sector corruption Med. Rh 0.63 1.27 0.87 3.31 4.17
Safety measures Med. Rh 0.24 0.49 0.82 0.26 0.57

Sanitation coverage Med. Rh 0.41 0.82 0.28 5.74 6.02
Social security expenditures Med. Rh 0.13 0.26 0.07 3.17 3.10

Trade union density Med. Rh 0.92 1.85 7.29 18.14 25.43
Trafficking in persons Med. Rh 0.07 0.13 0.52 0.96 1.48

Unemployment Med. Rh 0.04 0.08 0.04 36.62 36.66
Violations of employment laws and regulations Med. Rh 0.10 0.19 1.29 1.11 0.18

Weekly hours of work per employee Med. Rh 0.013 0.026 0.212 0.181 0.030
Women in the sectoral labour force Med. Rh 0.09 0.19 0.07 2.07 2.00

Youth illiteracy, total Med. Rh 0.02 0.04 0.06 0.30 0.36

CTU: Comparative toxic units; Med. rh: medium risk hours; * For indicators with negative indicator results, here, absolute values are taken
for further calculations.
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The different dimensions of the LCSA are unequally affected by the application of
thresholds. From the 15 LCA indicators, only ‘Resource depletion—Water’ shows results
that can be considered equal between Germany and Austria. For all other LCA indicators,
a clear distinction can be made which option to prefer. Weak preference is represented
three times between Germany and Spain (‘Cumulative energy demand’, ‘Eutrophication,
marine’ and ‘Eutrophication, terrestrial’) and once for ‘Eutrophication, freshwater’ between
Germany and Austria.

The matter is different for LCC, as three out of four indicators of indifference between
Austria and Spain can be identified, and for the fourth indicator, only a weak preference
between those countries applies. Thus, a more detailed analysis is advised. For example,
in Austria the connection to the grid level has a strong influence on the electricity prices
(7.64 to 10.13 €2015c/kWh) [18] and prices for electricity for industrial customers rose by
23% from 2017 to 2020 (excluding VAT, deductible taxes and other levies) [67].

Six out of 26 S-LCA indicators show indifference between two options, which is
always between Germany and Austria. Additionally, there were five times when only a
weak preference between the indicator results applied. However, this is evenly distributed
between the country parings and never are all three options of one indicator affected by
weak preference.

These absolute thresholds are used to calculate the PROMETHEE I and II results for
the selection of location for industrial hydrogen production in Europe. In Figure 3, the
corresponding outranking flows are shown in a bar chart.
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Figure 3. Outranking results using default thresholds for selecting the more sustainable location for
hydrogen production; PROMETHEE I: Φ+ and Φ−, PROMETHEE II: Φnet (DE: Germany, AT: Austria,
ES: Spain).

The two outranking flows of PROMETHEE I (Φ+ and Φ−) as well as the outrank-
ing flow of PROMETHEE II (Φnet) show the same tendency in their results. Hydrogen
production in Germany is more sustainable than in Austria or Spain and production in
Spain is in the selection of these countries always the least sustainable option. Thus, no
incomparabilities occur and PROMETHEE I and II come to the same conclusions.

4.2. PROMETHEE Results with Specified Thresholds Based on Uncertainty in Life Cycle
Impact Assessment

In the second analysis, the thresholds do not address uncertainty in general but are
specified to the LCIA. As presented in Section 2.3 specified absolute thresholds (q′Spec
and p′Spec) for each indicator are derived based on the different uncertainties of their
characterization models and reference values. These specified thresholds are compared
with default thresholds (Q′Def = 5% and P′Def = 10% again as a practical approximation).
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In Table 8, relative thresholds (Q′ and P′) are converted to absolute numbers (q′ and p′)
based on the hydrogen production case study. It has to be stressed that even though here
the same default values are taken as in Table 7 they only represent uncertainty due to the
impact assessment. The LCC is not listed here because, as described above, it does not use
an impact characterization model in the life cycle thinking sense. The LCC indicators are
included in the PROMETHEE analysis without thresholds. Similar to Table 7, italic writing
of an indicator indicates indifference based on the specified thresholds for two options.
Moreover, bold writing indicates indifference for all three options. For deviations between
the different hydrogen production options refer to Table 7.

Table 8. Absolute p′ and q′ thresholds for hydrogen production, with default and indicator specified values addressing
uncertainty in the impact assessment (bold: indifference between all options, italic: indifference between two options—for
indicator specified thresholds).

Default Thresholds Indicator Specified Thresholds

Indicator Unit q′Def p′Def q′Spec p′Spec

LCA
Acidification mMole H+ eq. 1.08 2.16 6.48 8.64

Climate change kg CO2 eq. 0.51 1.02 1.02 2.04
Cumulative energy demand MJ 17.1 34.1 34.1 68.2

Ecosystem toxicity, freshwater CTUe 0.17 0.33 2.32 2.65
Eutrophication, marine g N eq. 0.36 0.73 2.19 2.92

Eutrophication, freshwater mg P eq. 4.66 9.32 28.0 37.3
Eutrophication, terrestrial mMole N eq. 3.25 6.5 19.5 26.0
Human toxicity cancer nCTUh 0.74 1.48 10.4 11.8

Human toxicity non-cancer nCTUh 21.7 43.4 304 347
Ionizing radiation mBq U235 eq. 1.64 3.28 9.8 13.1
Ozone depletion ng CFC-11 eq. 2.19 4.38 4.38 8.76

Particulate matter mg PM2.5 eq. 43.5 87.0 261 348
Photochemical ozone creation g NMVOC 0.82 1.64 4.92 6.56

Resource depletion—Abiotic resources mg Sb eq. 1.94 3.88 11.6 15.5
Resource depletion—Water m3 world eq. 1.18 2.36 7.09 9.46

S-LCA
Active involvement of enterprises in corruption and bribery Med. Rh 0.11 0.21 1.50 1.72

Association and bargaining rights Med. Rh 0.09 0.18 0.54 0.72
Certified environmental management system Med. Rh 0.97 1.94 5.82 7.77

Child labour, total Med. Rh 0.03 0.06 0.18 0.24
Drinking water coverage Med. Rh 0.08 0.17 0.83 0.99

Education Med. Rh 0.12 0.23 0.69 0.93
Fair salary Med. Rh 0.12 0.23 0.69 0.92

Fatal accidents Med. Rh 0.01 0.03 0.05 0.08
Frequency of forced labour Med. Rh 0.01 0.02 0.11 0.13

Gender wage gap Med. Rh 0.27 0.55 1.09 1.64
Goods produced by forced labour Med. Rh 0.01 0.02 0.20 0.22

Health expenditure Med. Rh 0.18 0.36 0.72 1.08
Illiteracy, total Med. Rh 0.11 0.22 0.66 0.88

Indigenous rights Med. Rh 0.04 0.08 0.23 0.31
Non-fatal accidents Med. Rh 0.20 0.40 1.21 1.61

Public sector corruption Med. Rh 0.63 1.27 3.80 5.07
Safety measures Med. Rh 0.24 0.49 3.42 3.91

Sanitation coverage Med. Rh 0.41 0.82 4.08 4.89
Social security expenditures Med. Rh 0.13 0.26 0.26 0.52

Trade union density Med. Rh 0.92 1.85 5.54 7.38
Trafficking in persons Med. Rh 0.07 0.13 0.40 0.53

Unemployment Med. Rh 0.04 0.08 0.08 0.15
Violations of employment laws and regulations Med. Rh 0.10 0.19 1.74 1.93

Weekly hours of work per employee Med. Rh 0.01 0.03 0.05 0.08
Women in the sectoral labour force Med. Rh 0.09 0.19 0.19 0.37

Youth illiteracy, total Med. Rh 0.02 0.04 0.13 0.18

CTU: Comparative toxic units; Med. Rh: medium risk hours.
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As done for the common default thresholds addressing uncertainty in general, it is
discussed whether the new specified thresholds lead to indifference between two options
or even whether an indicator cannot be used at all to find a more sustainable option.

Compared to using default thresholds for impact assessment, in the LCA, more in-
dicators show indifference between at least two options. The numbers are compared
between the two threshold options (default and specified) based on impact assessment
uncertainty in Figure 4. In particular, the specified comparison between hydrogen pro-
duction in Germany and Spain must do without six indicators due to indifference and
two more indicators fall into the category weak preference. In total, these are more than
half of all proposed environmental indicators. The indicators in question come from very
diverse backgrounds. For example, ‘Cumulative energy demand’ has the best uncertainty
classification (uncertainty class 1, cf. Table 3), but the result for hydrogen production
in Germany is only 4% higher than for hydrogen production in Spain (cf. Table 6). In
contrast, the result for ‘Ecosystem toxicity, freshwater’ in Germany is roughly 50% higher
(cf. Table 6) than for that in Spain, but this indicator is classified as 3 (cf. Table 3) and
thus even a difference of more than 50% does not lead to a clear preference. Within the
LCA, ‘Ecosystem toxicity, freshwater’ is the only indicator which shows indifference for
all discussed hydrogen production locations. The similarity of the LCA results might be
explained by similar structures of electricity generation in Spain and Germany (cf. [17]).
In both countries, the electricity mix of the investigated year depends on a mix of fossil
and nuclear power plants as well as some renewable energy sources, whereas in Austria, a
high share of electricity is generated by hydropower.
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For S-LCA, the number of indicators showing specified indifference between at least
two discussed options rises significantly, too. However, here, the proximity of indicator
results is the highest for Germany and Austria. The number of indicators with indifference
rises from six for the default thresholds to 16 for the specified thresholds. Including
the number of indicators with weak preference, only eight indicators are left with strict
preference (Figure 4) out of the 26 initial S-LCA indicators. The proximity of the S-LCA
results for hydrogen in Germany and Austria might be explained by the similarity of
the social systems, the regulations and the international supply chains. For the other
two pairwise comparisons there are fewer effects, i.e., Germany–Spain and Austria–Spain
comparisons still have 20 S-LCA indicators to lean on. In S-LCA, some indicators do
not allow to prefer one option to the other two options at all. In total, four indicators—
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indicated with bold writing in Table 8—fall into this category. The indicators ‘Violations
of employment laws and regulations’ and ‘Goods produced by forced labour’ suffer from
high uncertainty, whereas for the other two indicators the options actually have very close
absolute results.

In Figure 5, the PROMETHEE results of the case study are depicted for the default
threshold (a) and the specified threshold (b) cases based on uncertainty of the impact
assessment. In both versions, Germany is the best location for hydrogen production
according to PROMETHEE I (Φ+ and Φ−) and II (Φnet). The ranking is not affected by the
stricter thresholds. However, the results for the German and Austrian outranking flows
are moving closer together, indicating a closer proximity of the hydrogen production in
Germany and Austria compared to hydrogen production in Spain.
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5. Conclusions

Former assessments on electricity-intensive industrial hydrogen production by AEL
in Spain, Germany and Austria showed different preferences with regard to the LCA,
LCC and S-LCA, which advised the application of the MCDA. At the same time, the three
western European countries are quite similar, making the use of an outranking method
reasonable. Therefore, this case study was chosen to test the implementation of thresholds
in PROMETHEE. When using PROMETHEE as an MCDA method, the implementation of
thresholds has proven to be an easy and effective way for integrating uncertainty aspects.
However, identifying and quantifying uncertainty is still challenging. Often, common
default thresholds are used, which subsume different aspects of uncertainty. In this article,
a new approach to integrate uncertainty of LCIA into LCSA studies was presented because
uncertainty of LCIA is, in contrast to input data, seldom addressed in LCSA.

Within LCA, several publications already dealt with the topic of quantifying uncer-
tainties on an impact level and have been used here for defining thresholds. For S-LCA, less
information is available, and in this paper, the quantification of uncertainty is based on ex-
pert knowledge. As for the LCC, no impact assessment is used and no uncertainty for LCIA
is considered. Based on this framework, we were able to identify and quantify specified
thresholds to be used within PROMETHEE besides commonly used default thresholds.

The goal of the analyses was the comparison of both approaches. In a first analysis,
common default thresholds were applied, which address uncertainty in general. In a second
analysis, the default and specified thresholds were applied, which exclusively addressed
the uncertainty of LCIA. In all analyses, a clear preference of hydrogen production in
Germany compared to Austria and Spain can be found.

The common default thresholds for general uncertainties indicated that based on the
economic indicators, a prioritization of Austria or Spain can rely only on one indicator.
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For three out of four economic indicators, indifference between those two countries was
observed. The fourth indicator shows only weak preferences. Regarding these indicators, a
more detailed analysis is advised.

The second analysis with thresholds for LCIA highlighted the indifference of several S-
LCA indicators for the comparison between Germany and Austria when utilizing specified
thresholds. A clear preference can be determined between Germany and Austria for
only 8 out of the 26 S-LCA indicators. The default thresholds for social LCIA show a
comparable amount to the general results. Since by using the PSILCA database only a
hotspot analysis can be performed, a more detailed analysis is needed for indicators of
high interest when comparing hydrogen production in Germany and Austria. For LCA,
the specified thresholds also show a decrease in indicators with clear preferences, however
to a smaller degree. Especially the environmental comparison between Germany and Spain
becomes less diverse, relying on seven instead of twelve indicators.

Even though both assessments came to the same result in the end, the whole process
brought deeper knowledge about the results of the case study and it was proven that the
obtained ranking of the three countries for industrial hydrogen production is robust, given
system boundaries and inventory. Incorporating uncertainties in the LCIA methodology,
however, reduces indicators showing clear preferences between all three countries down
to 16 out of the 41 initial indicators. This confirms the underlying assumption of similar
countries to be compared.

Still, the detailed examination of thresholds, uncertainty of LCIA and PROMETHEE
helped to identify crucial points of the whole MCDA process and has shown where more
detailed analyses are needed to pursue LCSA of industrial hydrogen production further.

However, relying only on the uncertainty of the LCIA is often not sufficient. Thus, an
additional assessment of uncertainty and variability regarding the input data, for example,
with a Monte Carlo analysis, could be helpful. Regarding the identification of uncertainty
of LCIA by defining specified thresholds, more research is needed. In particular, with the
identified thresholds for social LCIA we stimulate the discussion. Next, information on
data quality regarding LCIA in PSILCA should be integrated.

For the validation of the new LCIA based approach, testing it on other case studies
and transferring these thresholds to other MCDA methods, e.g., TOPSIS, is needed. We
are confident that the approach can be transferred to other MCDA studies. Overall, this
proposed approach will help to gain knowledge about the whole decision problem as well
as to find robust results.
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