Int. J. Multicriteria Decision Making, Vol. 1, No. 2, 2011 177

A multicriteria approach for evaluating high
temperature hydrogen production processes

Ouassim Galzim and Christine Mansilla*

CEA, DEN, I-tésé,

F-91191 Gif-sur-Yvette, France
Fax: +33-1-69-08-35-66

E-mail: ouassim.galzim@cea.fr
E-mail: christine.mansilla@cea.fr
*Corresponding author

Alberto Giaconia

ENEA — Casaccia Research Centre,
Via Anguillarese 301 Rome, Italy
E-mail: alberto.giaconia@casaccia.enea.it

Sabine Poitou

CEA, DEN, DTN,
F-13108 Saint-Paul-lez-Durance, France
E-mail: sabine.poitou@cea.fr

Jim Hinkley

CSIRO,
P.O. Box 330, Newcastle NSW 2300, Australia
E-mail: jim.hinkley@csiro.au

Sune Dalgaard Ebbesen

Risoe DTU,

Frederiksborgvej 399, P.O. Box 49,
DK-4000 Roskilde, Denmark
E-mail: sune.ebbesen@risoe.dk

Michael Gasik

Helsinki University of Technology,
P.O. Box 11000, FI-00076 Aalto, Finland
E-mail: mgasik@cc.hut.fi

Copyright © 2011 Inderscience Enterprises Ltd.



178

O. Galzim et al.

Thierry Gilardi

CEA, DEN, DTN,
F-13108 Saint-Paul-lez-Durance, France
E-mail: thierry.gilardi@cea.fr

Francois Le Naour

CEA, DRT, LITEN, DTBH,
F-38054 Grenoble, France
E-mail: francois.le-naour@cea.fr

Daniela Graf, Martin Roeb and
Christian Sattler

DLR,

Linder Hoehe, 51147 Koeln, Germany
E-mail: daniela.graf@dlr.de

E-mail: martin.roeb@dlr.de

E-mail: christian.sattler@dlr.de

Raffaele Liberatore and Pietro Tarquini

ENEA — Casaccia Research Centre,

Via Anguillarese 301 Rome, Italy

E-mail: raffacle.liberatore@casaccia.enea.it
E-mail: pietro.tarquini@casaccia.enea.it

Rafael Moliner and Isabel Suelves

CSIC,

Miguel Luesma Castan 4, 50015 Zaragoza, Spain
E-mail: rmoliner@icb.csic.es

E-mail: isuelves@icb.csic.es

Daniel Gstoehl

PSI,
5232 Villigen PSI, Switzerland
E-mail: daniel.gstoehl@psi.ch

Ulrich Vogt

EMPA,
Uberlandstrasse 129, CH-8600 Diibendorf, Switzerland
E-mail: ulrich.vogt@empa.ch



A multicriteria approach

Ray Allen

University of Sheffield,
Western Bank Sheffield S10 2TN, UK
E-mail: r.w.k.allen@sheffield.ac.uk

Greg J. Kolb

SNL,

New Mexico, P.O. Box 5800,
Albuquerque, NM 87185, USA
E-mail: gjkolb@sandia.gov

Abstract: Hydrogen demand has already significantly increased due to the
industry needs. Mature technologies based on fossil fuels are not satisfactory
due to greenhouse gas concerns. In response, a range of advanced processes are
being developed throughout the world.

Within the ‘International Energy Agency — Hydrogen Implementing
Agreement — Task 25°, a multicriteria methodology was developed for the
evaluation of high temperature hydrogen production processes. The aim is to
guide R&D strategy by highlighting to which extent the processes may appear
promising. The method that was developed is based on the elimination and
choice translating the reality (ELECTRE). This study has conducted a first pass
application to hydrogen production and highlights the importance of significant
weightings and discriminating criteria.

Decision makers can apply this method to extract their own subset of
processes from the alternatives, according to their system of values defined
through the selection of criteria and the associated weights.

Keywords: high temperature; multicriteria; decision making; decision aiding;
elimination and choice translating the reality; ELECTRE; hydrogen production.
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1 Introduction

It is now clear that the demand for hydrogen has undergone strong growth with the
increasing needs of industry — especially for fertiliser production and in petrochemical
refining, while the hydrogen consumption per barrel of oil has doubled over the last
30 years. This growth is likely to continue, and may be augmented by an increased
market demand for hydrogen energy. Moreover, synthetic fuels that could replace
conventional oil in the medium-term require large amounts of hydrogen. Mature
technologies based on fossil fuels are not satisfactory due to limited resources
and the greenhouse gas emissions that are generated. Only alkaline electrolysis can
presently produce hydrogen without emitting greenhouse gases, provided of course the
consumed electricity is also produced without causing emissions. So-called advanced
processes, or high temperature processes, such as high-temperature electrolysis or
thermochemical cycles, can be powered by carbon-free heat sources like nuclear and
concentrated solar energy and may be more efficient than low temperature processes,
thereby reducing power consumption and possibly hydrogen production cost as a
consequence. The possibility of better efficiency is the initial driver of interest in these
processes.

These processes are very different (in terms of process characteristics, maturity, etc.),
which makes objective comparison difficult. Previous studies used the efficiency of the
process as the principal basis for comparison (Lewis et al., 2009). The efficiency is of
course an important parameter since it is related to the process sustainability and cost to
some extent. Consequently some studies focus on efficiency optimisation through process
integration (Andress et al., 2009). However, considering the efficiency alone is limiting.
Indeed the energy source may be renewable, so that increasing the energy consumption
may not reduce sustainability. Conversely, increasing the efficiency may increase
production costs out of proportion to their benefit.

It is likewise difficult to compare processes on the basis of production cost. Recent
studies have been carried out, either in the context of a solar heat source (Graf et al.,
2008) or coupling to a nuclear reactor (McLaughlin et al., 2006; Yang et al., 2008). The
results are strongly dependent on the economic model which is implemented and
assumptions about the maturity of processes and especially the underlying cost data,
which makes comparison difficult.

Due to the increasing demand for hydrogen, R&D 1is assessing promising
high temperature processes and needs to be guided for effectiveness. As a result, within
the International Energy Agency — Hydrogen Implementing Agreement, a special task
was devoted to high temperature hydrogen processes (Task 25) uniting the solar and
nuclear hydrogen production communities. Over 20 experts from twelve different
countries participate in this collaboration. Their broad fields of expertise encompass



184 O. Galzim et al.

chemical engineering, industrial engineering, materials science, chemistry and
electrochemistry.

One of the missions assigned to this task is to develop a multicriteria assessment
method, which assesses the weaknesses and strengths of the various processes in specific
energy scenarios (e.g., high fossil fuel prices in the medium term, natural gas shortage),
in order to facilitate the development of high temperature processes for massive
production of hydrogen with minimal greenhouse gas emissions. The general goal of the
hydrogen production process assessment is thus to identify a subset of promising
processes, defined according to their evaluation against a set of criteria.

In such a framework the process comparison cannot be restricted to technical
performance but needs to be widened to include economic and environmental issues. The
results of this study will help define R&D objectives to make a process competitive for
future massive hydrogen production. This paper presents the methodology that was
developed, which is based on multicriteria decision making (MCDM) methods, with the
aim of taking into account:

e the multi-technology aspect: the studied processes employ very different
technologies

o the different states of development of the processes: some of the studied processes
are firmly in R&D, while others are at the pilot plant stage

e the data uncertainty: due to the early stage of development of some processes

e non-comparable criteria: because very different criteria such as production costs or
CO, emissions should be considered.

The first part of the paper is dedicated to the selection of the method, and its
implementation to the evaluation of hydrogen production processes. The second part
presents the initial results, verifying the consistency of the method and the need for
further studies.

2 Selection of a method and implementation to assess hydrogen production
processes

2.1 Selection of the method

Different studies have already been carried out to assess hydrogen production processes.
The first ones mentioned above focus on the efficiency of the process: the work carried
out by Lewis et al. (2009) deals with three levels of efficiency — progressively more
detailed — before conducting a down-screening process including other technical criteria:
the chemical viability and engineering feasibility to meet the US Department Of Energy
(DOE) timeline (“to operate a nuclear hydrogen production plant at a cost competitive
with other alternative transportation fuels by 2019”, Lewis and Masin, 2009). Numerous
thermochemical cycles have been examined identifying ‘show-stoppers’ for some of
them. This method provides a go/no go decision for the processes on technical grounds.
As it was mentioned earlier, other types of criteria should be included in a robust
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approach with longer term considerations; therefore a process should not be definitively
screened out because of a poor engineering feasibility today.

Hydrogen production processes have already been compared through the
establishment of figures of merit (Ewan and Allen, 2005) and hydrogen chains through
the definition of sustainability index (Afgan et al., 2007). The method detailed by Ewan
and Allen (2005) normalises environmental and economic criteria before defining the
process figure of merit as the product of the normalised criteria. Such a method considers
each criterion as important as the next one. Moreover, through the product calculation, it
is possible to offset bad performances: a process with a high performance in one criterion
and a bad one in another will not be distinguished from a process with average
performances on both criteria. The definition of a sustainability index, as it is done by
Afgan et al. (2007), has the same drawback: a weighted sum is calculated from four
economic and one environmental criteria.

The methods that are developed by Ewan and Allen (2005) and Afgan et al. (2007)
belong to the compensatory MCDM model family: all criterion values are aggregated in a
single evaluation value to rank all the alternatives. Compensatory MCDM models have
been mainly based on the multi-attribute utility theory (MAUT, cf., Saaty, 1980) where a
single overall criterion is postulated and optimised. Contrary to such an approach, non-
compensatory MCDM models are mainly based on pair wise comparisons of alternatives,
which are made with respect to individual criteria. An example of the latter approach is
the elimination and choice translating the reality (ELECTRE) method, first developed by
Roy (1985) and detailed by Figueira et al. (2005). The weights in ELECTRE are
coefficients of importance and not criterion substitution rates; and a very ‘bad’ value on
one criterion cannot be offset by ‘good’ values on other criteria through the use of vetoes.
According to this method, processes may then not be directly compared when a given
process cannot be declared either superior or inferior to the next one; this is termed
‘non-comparable’.

In this case, the objective of the study is not to classify the processes from the best to
the worst, but to compare each process to the others and highlight strengths and
weaknesses in order to obtain a subset of interesting processes (in the identified subset
the processes are equally regarded). For instance a process could be environment-friendly
but quite complex and expensive. The aim is to find out whether these characteristics
allow it to appear among the most promising processes, when compared to the other
available processes.

Method parameters will allow widening or tightening this subset as is explained
later. The ELECTRE 1 method seems well-suited to reach this objective, since it is a
non-compensatory method that was designed to solve such decision-aiding problems
(as opposed to other ELECTRE methods aiming at ranking actions). Moreover, the
uncertainties can be important due to the nature of the retained criteria (economic ones
for instance). This is acknowledged by using ELECTRE 1S which employs fuzzy logic to
permit the use of pseudo-criteria’ (S means ‘Seuil’, i.., threshold in French).
The ELECTRE 1S software was provided by the LAMSADE to perform all needed
calculations. The LAMSADE laboratory was established in 1974 as a joint laboratory
of the Université Paris-Dauphine and the CNRS (LAMSADE, 2009). Its central research
activity lies at the interface of two fundamental scientific areas: computer science and
decision making (and, more generally, operations research).
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2.2 Description of the method

The general goal of the hydrogen production process assessment is to identify a subset of
promising processes, which is defined according to their evaluation against a set of
criteria. Criteria ‘agree’ or not with the fact that a given process is interesting compared
to others. One could also compare it to a voting procedure, in which each criterion has
one vote to express its opinion about the statement “action « is at least as good as action
b”. This vote is balanced according to the importance assigned to the assessed criterion.

In methodological terms, the kernel (i.e., best subset) is identified through pair wise
comparisons of alternatives (also called actions, i.e., the various hydrogen production
processes). The outranking of an alternative by another one is established through the
concordance (‘agreement’) or discordance (‘disagreement’) concepts. Criteria are in
accordance or not with the statement “action « is at least as good as action b (i.e., action a
outranks action b)”. Actions within the kernel are equally regarded: they are the selected
actions.

A first step in the decision making process is to identify the decision maker to whom
the study is intended (e.g., a politician willing to fund R&D, or an industrial company
needing to implement a process). In this case, the role is filled by the IEA/HIA — Task 25
group members. Having several participants involved in the process raised several issues,
especially regarding how to take into account the stakeholders’ different value systems.
This is detailed in the next section, with an explanation of the method implementation to
this specific study.

A set of potential actions that covers the most important alternatives in the point of
view of the decision maker is then defined. For this study, the actions are hydrogen
production processes.

A set of criteria is also proposed and discussed before being validated. This set must
satisfy all the assumptions of a criterion family: exhaustive, coherent and not redundant.
Once the processes and the criteria are identified, the assessment matrix (Table 1) is built.
In case of disagreement on the values of the matrix, compromises have to be made to
satisfy the majority of the stakeholders. It can be highlighted here that the most difficult
was of course to agree on production costs: assumptions are different depending on the
countries, as well as the level of detail applied. It was therefore agreed that the defined
assessment matrix is a first case study to highlight the potential of the method.

Table 1 Assessment matrix example (a;: action; g;: criterion)
81 82 &j
a gi(a)
a
ay gi(ay)

Once the matrix is filled, the following method parameters are needed:

o The objective function type means whether the criterion should be maximised or
minimised (e.g., a production cost should of course be minimised whereas the
process efficiency should be maximised).



A multicriteria approach 187

o  The indifference and preference thresholds help express the scatter of data due to the
different points of view of the experts, or the uncertainty of data. For instance, one
may consider that 0.05 €/kgy, is not significant to distinguish two processes
(indifference), whereas 0.3 €/kgy, is significant (preference threshold). Each
criterion has a structure of preference defined by the indifference threshold and the
preference threshold, and is associated with a scale.

e  The veto threshold indicates the gap that overrules an outranking for a given
criterion. For example, an extremely high level of toxicity could be considered a
‘show-stopper’ regardless of other process characteristics. Trade-offs between
criteria is avoided by the introduction of a veto.

o  The weight reflects the relative importance of the criterion among the set. It is
usually established through criterion ranking.

Through the definition of these parameters, the decision maker’s own system of values is
made explicit and organised, e.g., does he favour economics over environmental benefits,
or the other way around? Indeed when numerous and conflicting criteria are at stake,
common sense may not be enough to globally assess several alternatives. An important
contribution of this method is that it provides the framework for discussion and debate,
especially since several stakeholders are involved in this study. The co-construction of
the model through the interaction of the experts is a part of the ‘European’ conception of
decision aiding, as it is explained by Roy (2010).

The results of such a study may only be considered ‘subjective’ in the sense that they
depend on the decision maker’s own value system, a value system that is made
clear through the use of the methodology. In this case the input assumptions reflect the
wider level of understanding of the IEA Task 25 group members about the various
processes being evaluated. Similar approaches are detailed by McDowall and Eames
(2007) and Yiziigilli and Deason (2007). The methodology is a thinking process in
which iteration is allowed and encouraged: assumptions may be revised as well as
preferences.

Finally a pair wise comparison of alternatives is carried out to identify the best
subset of alternatives according to the decision maker’s value system. The action a
outranks the action » means that the action a is at least as good as the action b. The
action a outranks the action b, only if most of the criteria accept that a is at least as
good as b, i.e., the global concordance index is higher than a defined threshold (called
the concordance threshold), and if there is no criterion that uses its veto against this
statement (e.g., if the value of the veto is set to five for a criterion for which a is rated 1
and b 7, the relationship ‘a outranks b’ is refused whatever the evaluation of the other
criteria).

The global concordance index of the relationship ‘a outranks b’ is designated by
C(a, b):

Cla,b) =D k;-c;(a,b);
J
where k; is the weight of the criterion j and where c/(a, b) is the partial concordance

index of the relationship ‘a outranks b’ according to the criterion j, defined by
equation (1):
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1ifgj(b)_qj ng(a)
p; _[gj(b)_gj(a)]

Pj=4;
0 lfgj(a)ggj(b)_pj

Cj(a’b): ifgj(b)_Pngj(a)ng(b)_qj (1)

gi(a;) is the assessment of the action a; according to the criterion j. The indifference
threshold for the criterion j is noted g;, and the preference threshold for the criterion j is
noted p;.

Figure 1 illustrates this preference structure. When « is slightly or strictly preferred to
b, or even when a is equivalent to b, the partial concordance index of the relationship ‘a
outranks b’ is equal to 1. Thus even if the two actions are within the indifference
threshold, the criterion still contributes to the outranking.

Figure 1 Preference structure of a given criterion (g is the assessment according to the regarded
criterion) (see online version for colours)

bisstrictly b is slightly b is equivalent to a a is slightly ais strictly
preferredtoa preferredtoa | : , preferredto b  preferred to b
] I ! T I L
g(b) - p gb)-q a(b) a(b) + 4 alb) +p g(a)
~a _ il
Preference threshold Indifference threshold

Figure 2 Outranking graph example (see online version for colours)

@ Non-active vertex . Kernel vertex

Notes: Outranking relationships are symbolised by arrows. The active vertex is the
process which is selected in the software by clicking. The kernel vertexes are the
selected processes.
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The outranking graph visualises the outranking relationships for the set of couples
(a, b). According to the graph theory, each action is represented with a vertex
(Figures 2 to 5). If the action @ outranks the action b, a pointing arrow is drawn from the
vertex a to the vertex b. If no outranking relationship exists, then no arrow is drawn
between the two vertexes (this happens when the global concordance index is lower than
the selected concordance threshold both for the relationships ‘@ outranks b’ and ‘b
outranks a’). In the example in Figure 2 for instance, Action 5 outranks Actions 3, 4, 6
and it is outranked by Action 2.

Figure 3 Short-term scenario — reference case —s = 0.74 — final outranking graph (see online
version for colours)

SoliCd0)

Mye/HTE (1

SaliZnn (12)

SolfSmMR1 U3

(D Mon-active verex . Kemel viertes

Notes: Outranking relationships are symbolised by arrows and the alternatives’ numbers
and abbreviations refer to Section 2.3. The active vertex is the process which is
clicked on. The kernel vertexes are the selected processes.
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Figure 4 Long-term scenario — reference case —s = 0.74 — modified outranking graph (see online
version for colours)
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Figure 5 Long-term scenario — reference case —s = 0.74 — final outranking graph (see online

version for colours)
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Notes: Outranking relationships are symbolised by arrows. Abbreviations refer to

Section 2.3. The active vertex is the process which is clicked on. The kernel
vertexes are the selected processes. Artificial vertexes stand for several processes
gathered in one because of their comparable performances as regards the
considered criteria.

The kernel (selected subset of processes) is defined by:

all processes which do not belong to the kernel are outranked by at least one process
in the kernel (i.e., a given process is not in the kernel because a ‘better’ process could
be found)

the processes included in the kernel are not outranked by any process within it
(i.e., all the processes of the kernel are equally regarded).

2.3 Implementation of the method to assess hydrogen production

processes —a searchfor consensus

The major task of the method implementation to the assessment of high temperature
hydrogen processes was the co-construction and population of a common value system
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with the group of experts. Consensus was sought when defining the preference model, as
well as when assessing the processes according to this model.

2.3.1 Selection of the processes

Fourteen hydrogen production processes were considered. Benchmark processes such as
steam methane reforming (the cheapest process today) and alkaline electrolysis have been
included in the study. The other processes that have been considered emerged from the
expert group as potentially promising processes in the longer-term. Among them are
several thermochemical cycles which involve the dissociation of the water molecule
using heat rather than electricity. The key feature of these cycles is the use of
intermediate materials to reduce the extreme temperature that would be needed for direct
thermal decomposition of water into hydrogen and oxygen. High temperature electrolysis
was also considered, which has a lower electrical demand than conventional alkaline
electrolysis, as hydrogen is produced from steam inside high temperature electrolysis
cells.
The processes selected for the study are:

1 Steam methane reforming (SMR): Steam reforming of natural gas is the most
common method of hydrogen production; it is a mature process and widely used
today (IEA/HIA Task 25, 2010c).

2 Solar alkaline electrolysis (Sol/AE): Alkaline electrolysis is a mature technology
based on the electrochemical splitting of water into oxygen and hydrogen using a
conductive electrolyte. The electricity required for the electrolysis is generated by
solar energy (Graf et al., 2008).

3 Nuclear alkaline electrolysis (Nuc/AE): As above, except that the electricity required
is generated by a nuclear plant.

4 Nuclear sulphur iodine cycle (Nuc/SI): The sulphur-iodine thermochemical cycle is a
three-step thermochemical cycle. It has been demonstrated at lab scale (IEA/HIA
Task 25, 2010d). Thermal energy is provided by an advanced nuclear reactor
(Leybros et al., 2010a).

5  Solar sulphur iodine cycle (Sol/SI): Thermal energy is provided by a solar plant in
this case (IEA/HIA Task 25, 2010d).

6  Nuclear hybrid sulphur cycle (Nuc/HyS): The hybrid sulphur cycle, also known as
the Westinghouse process, is a two-step cycle including a thermochemical step and
an electrolysis step (IEA/HIA Task 25, 2010b; Leybros et al., 2010b).

7 Solar hybrid sulphur cycle (Sol/HyS): The source of the primary thermal energy is a
central solar receiver instead of advanced nuclear reactors (IEA/HIA Task 25,
2010b).

8  Solar copper chloride cycle (Sol/CuCl): The solar copper chloride cycle is a three-
step process: it includes a hydrolysis reaction, oxy-chloride decomposition and
electrolysis (Kolb, 2009).

9  Solar cadmium cycle (Sol/CdO): The solar cadmium cycle consists of three steps:
oxide decomposition, cadmium vapour quenching and hydrogen generation through
hydrolysis (Kolb, 2009).
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10 Solar ferrite cycle (Sol/FeOx): The solar ferrite cycle is a two-step thermochemical
water splitting cycle: solar thermal reduction and steam oxidation (Kolb, 2009).

11 Nuclear high temperature electrolysis (Nuc/HTE): High temperature electrolysis in
solid oxide cells (SOEC) consists of electrolysing steam, instead of liquid, at high
temperature, reducing the electricity demand (IEA/HIA Task 25, 2010a).

12 Solar Zn/ZnO cycle (Sol/ZnO): Hydrogen is produced from water using solar energy
via a two-step thermochemical cycle. It is based on simple chemistry analogous to
the solar cadmium cycle, but requires a very high temperature (IEA/HIA Task 25,
2010e).

13 Solar steam methane reforming 1 (Sol/SMRI): The entire chemical process,
comprising reforming reactors, steam generator, and separation units is powered
using a molten salt mixture at 550°C as the solar heat carrier (Giaconia et al., 2008).

14 Solar steam methane reforming 2 (Sol/SMR2): There are different configurations for
the solar steam methane reforming cycle, so two different flow sheets have been
studied (Giaconia et al., 2008).

It should be highlighted once more that steam methane reforming is a benchmark process
only; the IEA/HIA — Task 25 project is dedicated to carbon-free processes. Solar steam
reforming was also included as an option to reduce the environmental footprint of the
most common method of hydrogen production today: classical steam methane reforming.
For space matters, the processes will not be further detailed hereafter.

2.3.2 Selection of the criteria

In order to assess the processes retained for the study, criteria were defined through
discussion among the experts. A first set of criteria was defined and proposed for
validation. The proposed criteria were defined to ensure a common understanding of all
the group members. Further, the experts were asked to give the assumptions or the
calculation methods to determine comparable values.

After several exchanges some criteria were added (the process complexity because of
its influence on the decision to implement a given process) and others were removed
(investment and land use). The investment and land use criteria were not suitable for
assessment due to a lack of information for the different processes. However, these
factors are not completely ignored, since the production cost takes them into
consideration. Finally, the family of criteria was validated.

The selected criteria are:

e  Production cost (€3909/kg): including all cost items (investment, energy consumption,
etc.).

e Maturity (10 to 40%): indicates the maturity level of the technology used.

e Direct CO, emissions (kgcoo/kgy,): only includes the emissions due to the process
itself (without ‘carbon footprint’ of the plant), and does not include emissions due to
the electricity consumption. Electricity consumption was excluded because it is
related to the energy mix of the site where the process would be implemented and is
not a characteristic of the process itself.
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e Efficiency: of the hydrogen production process as an indicator of whether it makes
‘good’ use of available energy.

e Process resource availability (10 to 40°): the present estimated lifetime of the energy
source for the process.

e Maximum process temperature (°C): design temperature of the highest temperature
step of the process (high temperatures imply high investments but are also related to
the availability of the energy source. For instance a nuclear driven process operating
at 800°C would require the development of high temperature nuclear reactors).

e  Environmental threat/toxicity (10 to 40%): of the raw materials or products involved
in the process, including chemicals internally re-circulated (e.g., sulphuric acid or
SO,).

e Complexity (10 to 40°): indicates the difficulty of implementation due to process
characteristics such as the number of steps, or the handling of both solids and liquids.

A range of 10 to 40 was retained for qualitative criteria in order to let the experts express
their rankings of the different processes. Other criteria such as reliability or technical
feasibility could have been retained, but were judged to be factored into other criteria.
Safety issues are somewhat analogous to the environmental threat, and technical
feasibility is related to the production cost and the maturity.

2.3.3 Completion of the assessment matrix

Once the processes and criteria were identified, the assessment matrix was sent for
review. In this case, this step was performed at the same time with process and criteria
definition and validation to fit a tight schedule. The experts were asked to provide a value
for each criterion for each process in the assessment matrix. Generally, they only
provided values for processes under development within their organisation. In case of
disagreement on the values of the matrix, compromises were made to satisfy the group of
stakeholders.

The most difficult criterion was production cost: assumptions were different
depending on the countries, and also the level of detail applied. To meet the tight
schedule, the experts were not asked to re-evaluate the assessments, but rather to detail
how the calculations were performed. It was agreed that this assessment matrix is a first
case study and that values from it should be considered carefully since they are not fully
harmonised.

Table 2 presents the assessment matrix which was populated using data from many
sources (Allen et al., 2009; Brown et al., 2003; Carles et al., 2009; Felder, 2007; Giaconia
et al., 2007; 2008; Hauch et al., 2008; IEA/HIA Task 25, 2010a; 2010b; 2010c; 2010d;
2010e; INNOHYP CA, 2004; 2006; Jensen et al., 2007; Kolb et al., 2007; Kolb, 2009;
Leybros et al., 2010a; 2010b), and of different kinds, classified here into three categories:

e data provided by experts (bold font in Table 2)
e data based on averages of the experts’ data®

e qualitative expert’s assessments (italics in Table 2).
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Hydrogen production processes’ assessment matrix

Table 2
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2.3.4 Attribution of criterion weights

Concerning the criterion weights, the group members were asked to rank the criteria. The
transformation of ranks into weights was carried out as below (Maystre et al., 1994):

o first the criteria were classified from the least important to the most important taking
into account the equalities (i.e., two criteria having the same rank) and the blanks
(i.e., having a rank left blank, without any criterion)

e cach criterion, including the blanks, was assigned a weight; the least important
criterion was assigned 1, the next one 2, and so on

e if there were several criteria which had the same rank, their weight was the average
of the criterion weights of this rank; otherwise the weight was defined by the
previous step

o the relative weight (expressed as a percentage) was then obtained by dividing the
criterion weight by the sum of the weights excluding the blanks

e the weights were rounded to verify that their sum is 100%.

It was evident that the experts had different opinions concerning the importance assigned
to each criterion. Two different visions could be distinguished among the rankings
provided by the experts (each expert providing only one ranking). This led to the
identification of two scenarios, as envisaged by B. Roy as a possibility in the ‘European’
conception of decision aiding in Roy (2010). In this case, the questioning protocol led to
the retention of several sets of weights to define different scenarios. For a given scenario,
each criterion weight was calculated from the average of the weights assigned by the
experts (Maystre et al., 1994).

e  Short-term scenario

The first scenario will be referred to as ‘short-term’ because economic and process
feasibility criteria are prominent.

Table 3 summarises the criterion weights. This kind of scenario could correspond to
the vision of an industrial stakeholder. In this scenario, the production cost is the
most important criterion followed by three other criteria with the same importance,
while the other criteria do not have a significant weight.

e Long-term scenario

The second scenario will be referred to as ‘long-term’ since environmental criteria
are favoured. Table 3 also summarises the criterion weights of this scenario. In this
scenario, while CO, is the most important criterion, there is not much difference
between the weights of the next criteria. This is perhaps a limitation of the
methodology when there is not a single decision maker. The decision to deal with
conflicting evaluations using averages of the weights assigned by the experts led, for
the long-term scenario, to a common preference model which is not very
discriminating.

These two scenarios acknowledge that two value systems were identified in the expert
group. The fact that the efficiency has a low rank in both scenarios means that, according
to the defined value systems, it does not appear as a key driver to implement a process
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(when compared to other criteria), although naturally it has a strong bearing on the
production cost.

Table 3 Criterion weights

Criteria Short-term weights (%) Long-term weights (%)
Production cost 24 14

Direct CO, emissions 17 22

Maturity 17 10
Complexity 17 10
Toxicity/environmental threat 10 17
Maximum process temperature 5 5
Efficiency

Process resource availability 5 19

3 First results and discussion

3.1 Reference case

3.1.1 Reference case definition

As explained in Section 2.2, the analysis is performed by setting threshold values. Results
are first provided for what is called the ‘reference case’ in which no threshold is included
(no preference, no indifference, and no veto). The impact of the methodology parameters
will be then assessed by carrying out other case studies.

When setting the different thresholds, the dilemma was between not having the
parameters too flexible because all of the processes would then be equivalent
(e.g., setting an indifference threshold of ten for the CO, emissions criterion would have
made all processes equivalent for this criterion) and not having them too restrictive
because the processes would be unable to be compared. This could happen if a very high
concordance threshold was set, precluding global concordance indices higher than the
concordance threshold, in which case no outranking relationship would be established. In
both cases, the results would be useless. Thus, both scenarios have been studied with
several concordance thresholds each. The maximum attainable value for the concordance

index is s, =1- m}n k; with k; being the weight of the criterion j. In fact, C(a, b) = Siax

means that all the criteria accept the assumption ‘the action @ outranks the action b’
except the one having the weakest weight’.

For the 1st scenario, the ‘weakest’ criteria are the maximum process temperature, the
efficiency, and process resource availability with 5% weight; the efficiency has the
lowest weight in the 2nd scenario with 3%.

For the present study, a maximum concordance threshold value of 0.94 was chosen.
For each scenario, the analysis was performed for four concordance threshold values in
order to examine the sensitivity of the kernel to this parameter (the selected values are:
0.94, 0.84, 0.74 and 0.64 in order to cover the range 0.5 t0 Si.). When this threshold
increases, more processes can enter the kernel as non-comparable (it is ‘harder’ for a
process to outrank another one since the concordance threshold is high). When it

max
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decreases, more equivalence is allowed (possible generation of artificial processes, i.e.,
several processes gathered in a new one because of their comparable performances for
the considered criteria).

3.1.2 Short-term scenario results

Figure 3 displays the final outranking graph for a concordance threshold of 0.74 (selected
because of its intermediate value of the concordance threshold). Each process is
symbolised by a vertex. Outranking relationships are quite numerous (each outranking
relationship being symbolised by an arrow pointing from the process which is outranking
towards the process which is outranked).

For all concordance thresholds, nuclear alkaline electrolysis is within the kernel for
the first scenario. This result is quite logical since alkaline electrolysis is the most mature
process, has the lowest CO, emissions, is the least toxic and the least complex, and has a
production cost below the average production cost of the processes considered.

For the first three concordance thresholds, steam methane reforming is also found
within the kernel. Despite having the highest CO, emissions and this criterion being
ranked the second most important, it still is within the kernel due to its low production
cost. In these cases steam methane reforming is not comparable with the other processes
(it cannot be declared either superior or inferior to the others) since it is the cheapest one
and since there is not any veto for the CO, criterion.

However, for the least restrictive case (i.e., lowest concordance threshold: s = 0.64),
steam methane reforming is no longer within the kernel. It is outranked by nuclear
alkaline electrolysis whereas it was not comparable with it in other cases. CO, emissions,
process resource availability, maximum process temperature and toxicity criteria all
favour the outranking of steam methane reforming by nuclear alkaline electrolysis. The
low production cost is not enough, even in this short-term scenario, and other criteria rule
steam methane reforming out.

When increasing the concordance threshold other processes enter the kernel. Among
the most interesting are the appearance of the solar hybrid sulphur cycle and the solar
copper chloride cycle. They belong to the kernel because they are not comparable with
nuclear alkaline electrolysis, due to higher performance on the production cost and
resource availability criteria.

3.1.3 Long-term scenario results

Unlike the short-term, there is no clear ‘favourite’ process. In this scenario, nuclear
alkaline electrolysis can be outranked by other processes, as less importance is assigned
to the production cost criterion.

This scenario gives higher significance to environmental criteria: assigning the
greatest weighting to the direct CO, emission criterion (22%) has increased the values of
the concordance indices. One should note that almost all the processes do not emit any
CO,, so they are equivalent according to this criterion. Consequently, there are many
outrankings (i.e., many arrows) as it can be seen in Figure 4 (long-term scenario results)
when compared to Figure 3 (short-term scenario results).

When, at the same time, two or more actions outrank and are outranked by one
another (due to close performances for instance), they form a ‘circuit’ and are substituted
by an artificial equivalent action. In this case outrankings need to be added or removed in
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order to compare the new action to the initial ones. In the long-term scenario, artificial
processes are created reflecting the equivalence of some processes (e.g., process 15
which represents three processes in Figure 5: solar and nuclear alkaline electrolysis and
high temperature electrolysis), which belong to the kernel.

The fact of having similar criterion weights in the long-term scenario leads to this
situation, because of the greater degree of difficulty in differentiating between processes.

As for the short-term scenario, new processes appear in the kernel when the
concordance threshold is higher. Some of these processes that were not identified in the
short-term scenario are now considered interesting for the long-term scenario, like
nuclear high temperature electrolysis, the solar Zn/ZnO thermochemical cycle and the
solar ferrite cycle. This highlights the importance of the criterion ranking: depending on
what matters the most, different processes could be selected.

3.2 Sensitivity analysis

3.2.1 Case definition

The previous study (reference case) was performed with the criteria considered as ‘true’
[i.e., the preference and indifference thresholds are set to zero (¢ = p = 0)]; and no veto
was included either. It is also important to understand how the results evolve when the
methodology parameters are modified. The sensitivity analysis examines the variation of
the results stemming from modification of the input data.

Such modifications:

e enable taking into account the uncertainty of the data and the hypotheses that were
made (sensitivity to the assessment matrix values)

e verify the coherence of the method and its independence from the analyst
subjectivity (i.e., sensitivity to the method parameters).

The input data, which may be varied, are the value of the assessment matrix and the
criteria thresholds. The chosen thresholds are given in Table 4. Note that the criterion
weights have not been modified since the analysis has already been performed for two
different scenarios corresponding to two different sets of criterion weights.

Table 4 Threshold definition for the sensitivity analysis

Parameters

Indifference Preference Veto

Criteria threshold q threshold p threshold v
Production cost 0.5 2 3
Maturity 5 5 No veto
Direct CO, emissions 0 0 No veto
Efficiency 10 10 No veto
Process resource availability 10 10 No veto
Maximum process temperature 0 0 No veto
Environmental threat/toxicity 5 5 No veto

Complexity 5 5 No veto
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The adopted approach for the sensitivity analysis is progressively to:

e modify the method parameters (indifference, preference, veto and concordance
thresholds)

e modify some of the assessment matrix values
e combine both modifications.

Thus, the sensitivity analysis will be based on different combinations of the single
modifications that are defined below:

e doubling or quadrupling the steam methane reforming production cost which is the
cheapest process [such production costs could be reached by 2030 or 2050 due to the
increasing energy price (IEA, 2008)]

e halving or quartering the nuclear sulphur iodine production cost which is the most
expensive process in the present assessment

e considering all the criteria as true (no preference or indifference threshold)
e considering an indifference threshold for the production cost criterion

e considering a preference threshold for the production cost criterion

e considering a veto threshold for the production cost criterion

e considering indifference thresholds for all criteria.

Thus, 15 cases were studied with several concordance thresholds for each case.
It should be underlined that the choice of the thresholds is made in order to:

e not withdraw many processes from the beginning of the evaluation: no veto was then
added except for the production cost criterion

e be coherent with the assessment values: no preference nor indifference was fixed for
the CO, and temperature criteria since there are widely different values (setting a
threshold in these cases would either not change anything or make all the processes
equivalent)

e allow the impact of indifference and preference thresholds to be seen by increasing
comparability when the production cost is changed.

3.2.2 Sensitivity study results

The introduction of indifference and preference thresholds for the production cost
increases comparability (indifference or weak preference) between the processes. The
kernels are composed of the same processes or fewer if new outrankings are established.
Consequently, nuclear alkaline electrolysis still stands out for the short-term scenario.

The introduction of a veto threshold for the production cost does not change the
kernels. Actually, the same processes or more would be in the kernel if there is a veto for
an outranking: some outrankings could disappear and make new processes enter the
kernel. Steam methane reforming could belong to the kernel when it expresses its veto
against solar alkaline electrolysis but it did not because it remains outranked by nuclear
alkaline electrolysis.
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The introduction of indifference thresholds for all the criteria allows more
indifference relationships between the processes: thus the values of the concordance
indices in this case are higher than in the reference case. This implies more outrankings
and fewer processes in the kernel (or artificial process creation). The effect is as if the
concordance threshold was decreased. In fact, when an action « is indifferent to an action
b, then they outrank each other.

For instance, in the long-term scenario, for the lowest concordance threshold, all the
processes are within the kernel as an artificial equivalent process.

Doubling the steam methane reforming production cost is not enough to change the
results. Steam methane reforming only leaves the kernel in the short-term scenario when
its production cost is multiplied by four. In this case, which is more heavily weighted
towards economic criteria, it is outranked by nuclear alkaline electrolysis, which becomes
cheaper.

In contrast, even dividing the nuclear sulphur iodine production cost by four does not
affect the results: the kernels remain the same in the different cases. Nuclear sulphur
iodine is in particular outranked by the solar sulphur iodine, due to higher process
resource availability. Reducing the production cost is not enough to improve this process,
since it does not have ‘good’ evaluations against the other criteria. This highlights the
need for R&D studies to increase the performance characteristics of this process.

Finally, another case study was carried out based on the long-term scenario, after
having removed the CO, emission criterion. Consequently, only the carbon-free
processes were then considered in the study (all steam methane reforming processes were
removed). This scenario appeared to provide stable results: only alkaline electrolysis
appears in the kernel at different concordance thresholds. After having also removed this
benchmark process, to focus on the longer term, five processes were found to stand out:
nuclear high temperature electrolysis; and the solar hybrid sulphur, copper chloride,
ferrite and Zn/ZnO cycles. For a nuclear source, only one process is identified, whereas
four processes are still considered for a solar heat source. From these results, it could be
advised that in a medium term deployment perspective R&D should focus on these
processes, while major progress needs to be demonstrated on the other ones and only
longer-term deployment could be envisaged.

4 Conclusions and outlook

This study has conducted a first pass application of the MCDM method to hydrogen
production processes. The methodology has been used to explore a set of processes
identified by the group of experts from the IEA/HIA Task 25, and assessed according to a
set of criteria accepted by the same group.

The purpose of this work is not to identify the ‘best’ process but to highlight, for each
process, whether its weaknesses and strengths enable it to compete with other potentially
promising processes. One major interest of the method is providing a framework for
discussion and debate, especially since several stakeholders are involved.

Two different scenarios were considered, a short-term scenario and a long-term
scenario. In the short-term scenario, nuclear alkaline electrolysis was the most favourable
process. This is quite logical, as this process is the reference for CO,-free hydrogen
production today. A sensitivity analysis on these results confirmed that the methodology
produced a stable and consistent result.
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In long-term scenario, the study highlights that the results are very sensitive to the
input assumptions, as could be expected. This is especially true for unrestrictive
requirements (low concordance thresholds), and there was no single process that stood
out in all the studied cases: in each case a different kernel emerged.

The stability of the short-term scenario results reflects that the criterion weight
attribution corresponds to a steady, economically driven vision. Such a preference model
could belong to an industrial stakeholder. On the other hand, for the long-term scenario
there is not any real gap between the weights of the criteria, and many have almost
equivalent weights. It should also be noted that the direct CO, emission criterion has the
highest weight, yet almost all the processes are carbon-free. This leads to much
equivalence, and many outrankings must be added or removed in order to identify the
kernel, which disturbs the stability of the results. It was seen in the final study that the
stability could be achieved through a proper revision of the preference model.

Decision makers such as politicians willing to fund R&D, or industrial companies
needing to implement hydrogen production processes can apply this method to extract
their own subset of processes from the alternatives, according to their system of values
defined through the selection of criteria and the associated weights.

The methodology is a thinking process in which iteration is allowed and included:
assumptions may be revised as well as preferences. This is why, after having
demonstrated the consistency of the method, further studies are now planned to improve
the assessment of high temperature processes in a CO,-free perspective.

The multicriteria assessment allows an evaluation of the potential promise of the
processes in the medium and longer term. The results of this work can therefore be a
valuable input into the R&D strategy for high temperature hydrogen production
processes. This is the focus of another sub-task of Task 25, to finally provide
recommendations to the International Energy Agency on R&D priorities.
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Notes

1 A pseudo-criterion means that it is associated to an indifference and a preference threshold
that are not equal to zero (these thresholds will be defined in next section). On the contrary, a
criterion is ‘true’ when these thresholds are equal to zero. For such a criterion: the action a is
indifferent to the action b, only if their assessments are strictly equal. Otherwise either a is
preferred to b, either b is preferred to a.

2 Maturity scale: 10: R&D; 20: laboratory scale; 30: large experimentation; 40: industrial
deployment.

3 Process resource availability scale: 10: limited in the short-term; 20: limited in the medium
term; 30: limited in the long-term; 40: unlimited.

4  Environmental threat/toxicity scale: 10: lack of toxicity; 20: potentially toxic; 30: toxic; 40:
very toxic.
5 Complexity scale: 10: simple; 20: little complex; 30: fairly complex; 40: very complex.

When evaluations were provided by several experts for the same process, the final value was
assessed from average calculations.

7 If a process was worse than another one for each criterion, there would be no point in
examining it because it could never appear in the promising processes, being always defeated
by another process.



