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EC Summary Requirements

1. Changes with respect to the DoA

No changes with respect to the work described in the DoA.

2. Dissemination and uptake

This deliverable aims to serve as a scientific framework for evaluating the transition readiness of countries as well
as facilitating the elicitation of stakeholder preferences throughout the PARIS REINFORCE project for better-
informed modelling exercises, in work packages WP5-WP7, by co-defining modelling parameters and scenario
components. It is therefore aimed at academia, policymakers and other stakeholder groups in different countries
in the world.

3. Short summary of results (<250 words)

As a starting point, this report establishes an assessment framework and index for evaluating the readiness of
different countries to achieve a sustainable transition, based on social, economic, political/regulatory, and
technological criteria; the proposed framework is compared against other respective indicators in the literature
and finds that major emitters outside Europe appear to lack capacity for drastic energy transitions. The report then
establishes a new software application that implements a framework for group decision-making, coupled with a
new consensus measuring model to increase robustness of results. Aside from a pilot case study with stakeholders
aiming to assess climate policy risks in the Austrian iron and steel sector, the tool is applied to the first EU regional
stakeholder council dialogue of the project, aiming to prioritise SDGs to incorporate in the modelling analysis for
Europe; as well as to a national stakeholder workshop in Kenya, aiming to establish both sectoral decarbonisation
priorities and sustainability dimensions to consider in WP6 modelling analyses. The first study finds stakeholders
prioritise sustainability aspects related to biodiversity and ecosystems as well as responsible resource use and
social equalities, as targets to integrate in modelling exercises for climate change and policy, despite the limited
representation of these SDGs in models. The second study indicates indicate that modelling efforts should focus
on cross-sectoral policies in the residential and agriculture sectors, considering implications for SDGs 7 and 15,
while at the same time addressing lack of energy access and use of non-sustainable fuels through demand-side
transformations.

4. Evidence of accomplishment

This report, and the associated scientific papers/chapters.
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PARIS REINFORCE will develop a novel, demand-driven, IAM-oriented assessment framework for effectively
supporting the design and assessment of climate policies in the European Union as well as in other major emitters

and selected less emitting countries, in respect to the Paris Agreement. By engaging policymakers and
scientists/modellers, PARIS REINFORCE will create the open-access and transparent data exchange platform 12AM

PARIS, in order to support the effective implementation of Nationally Determined Contributions, the preparation
of future action pledges, the development of 2050 decarbonisation strategies, and the reinforcement of the 2023
Global Stocktake. Finally, PARIS REINFORCE will introduce innovative integrative processes, in which IAMs are
further coupled with well-established methodological frameworks, in order to improve the robustness of

modelling outcomes against different types of uncertainties.
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1 Assessing the energy transition readiness at the
national level

This study was published in: Neofytou, H., Nikas, A., & Doukas, H. (2020). Sustainable energy transition readiness:
A multicriteria assessment index. Renewable and Sustainable Energy Reviews, 137, 109988.

1.1  Introduction

Unless appropriate action is taken promptly, next generations will be facing devastating consequences of climate
change. Scientists and policymakers alike have deduced that focusing on sustainable development can serve to
mitigate climate change and its impacts. Sustainable development regards the enhancement of life, without
affecting the environment, and thus constitutes a core priority in policy design (Antanasijevic et al.,, 2017), but
largely depends on the massive challenge of energy system transformations. During the last decades, fossil fuel
dependence and increasing energy demand have hindered sustainable energy shifts, despite worldwide efforts to
decarbonise the energy sector, which accounts for the largest part of greenhouse gas (GHG) emissions: around
two-thirds of global GHG emissions stem from energy production and use, putting the energy sector at the core
of climate action (Gielen et al. 2019).

Consequently, energy transition is considered among the main drivers of limiting global temperature rise well
below 2°C above pre-industrial levels, according to the Paris Agreement. This is why energy transitions have been
studied deeply over the past five years (Figure 1), in various wordings across literature, e.g. “sustainable” (Sareen
and Haarstad, 2018; Warren et al., 2016; Batinge et al.,2019), “green” (Akermi and Triki, 2017), or “low-carbon”
(Guler et al.,, 2018; Nikas et al., 2020c; Antosiewicz et al., 2019).
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Figure 1: Publications mentioning “energy transition”

Source: Sciencedirect1

1 https://www.sciencedirect.com/
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Energy transition constitutes the core objective of every policy aimed at decarbonisation and can be largely
achieved by accelerated deployment of renewable energy technologies and energy efficiency measures (Li and
Strachan, 2019; Sovacool et al.,, 2018; Tagliapietra et al., 2019). Both major emitting and less developed countries
aim to transform their energy systems, towards ensuring reliable, sustainable and affordable energy supply, which
is critical to economic activity, social development and poverty reduction (Bouzarovski, 2018; Nerini et al., 2018a).
The question is to what degree countries are potent to make the appropriate changes and achieve respective
targets.

A characteristic of today's society is that everything is measured and compared. Decision makers require, among
others, numbers and rankings to underpin their strategies or monitor relative ‘progress’; the latter appears to be
a key-phrase in recent developments in climate policy, constituting the main goal of the global stocktake for
informing new climate action pledges (Doukas et al., 2018). There are increasing efforts to quantify aspects of
national performances in various fields and compare them against a set of goals or other countries (Surminski and
Williamson, 2012), by means of indices, which can be used for highlighting changes over time; assessing progress
in respect to national/regional commitments; informing policymakers on trends and gaps; exploring investment
opportunities; and enabling forecasts (Bandura, 2005).

As far as development of national and international policies is concerned, policymakers tend to set priorities based
on diverse insights. Rankings constitute influencing tools that significantly contribute to policymaking (Meijering
et al,, 2014), by highlighting success stories and comparison references, and eventually helping outline desired
pathways (Araujo, 2014).

This study aims to contribute in this respect, by selecting countries of different profiles and reported progress in
the problem domain, and assessing their readiness level to achieve sustainable, socially acceptable, financially
viable and technically feasible energy transitions. Countries largely differ from one another in several dimensions
that should be considered when delving into national capacity for successful energy transitions. These dimensions
include energy mix; potential for diffusing renewable energy; infrastructure, technological innovation and capacity
to transform; as well as societal values and political ambition. This multiplicity of factors makes the problem of
assessing the global energy transition capacity significantly more complex and cultivates the need for multiple-
criteria analyses; as literature suggests, selecting the best solution, or simply evaluating the different alternatives,
against a multitude of criteria is a frequently described problem in the complex domain of energy policy (Abu-
Taha, 2011; Marinakis et al., 2017a; Watrdbski et al, 2016; Radziejowska and Zima, 2016; Papapostolou et al,
2017a; Nikas et al., 2018a).

The framework developed for the purposes of this analysis draws on the synergistic implementation of two
multiple-criteria decision aid models: the Analytical Hierarchy Process (AHP) method, for determining the criteria
weights; and PROMETHE Il, for ranking the alternatives and subsequently obtaining a sustainable energy transition
readiness (SETR) index.

1.2 Literature Overview

Indicators have long been used as a means of expressing and communicating energy issues to policymakers and
other stakeholders. Indicatively, in 2000 the Latin American Energy Organisation and the Economic Commission
for Latin America and the Caribbean jointly published the principal characteristics of energy transformation
processes of the Latin American and Caribbean countries, ranking them against a set of sustainable energy
indicators (Pistonesi et al., 2000). In 2005, a set of Energy Indicators for Sustainable Development (EISD) was
presented for assessing countries’ energy systems and tracking their progress towards nationally defined
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sustainable development objectives (International Atomic Energy Agency, 2005). Other examples include the
International Energy Agency’s (IEA’s) Energy Development Index (EDI), which measured a country’s progress in
shifting to modern fuels and energy services, by means of normalised and averaged household and community
indicators but without reference to sustainability based on the country’s economic, social or environmental
conditions (International Energy Agency, 2012); as well as the Sustainable Energy Development Index (SEDI), which
focused on establishing the sustainability level of intra- and inter-generational needs (Iddrisu and Bhattacharyya,
2015).

From a broader perspective, several recent studies on environmental indices can be found. The Environmental
Performance Index (EPI) annually ranks 178 countries according to ecological performance comprising twenty-
two single variables (das Neves Almeida and Garcia-Sanchez, 2016). The Environmental Sustainability Index (ESI)
benchmarks the ability of nations to protect the environment, integrating 76 indicators of environmental
sustainability for 146 countries (Michalos, 2014). The Environmental Vulnerability Index (EVI) encompassed risks,
intrinsic resilience and health or integrity of the environment, and quantified the vulnerability of the natural
environment to damage from natural and anthropogenic hazards for 234 nations (Kaly et al., 1999). The Ecological
Footprint (EF) measured consumption of renewable resources by human activities for 52 countries (Loh and
Wackernagel, 2004).

Most of these indicators, however, were introduced long before climate change was highlighted as one of the
most critical threats to global society (Doukas and Nlkas, 2020). Following the Paris Agreement, there emerged
several studies to evaluate targets, national progress made towards them, or national capacities to sustain global
temperature rise (Tagliapietra et al., 2019; Ari and Sari, 2017; Oliveira et al., 2019; Sferra et al., 2019). Burck et al.
(2019) recently introduced the Climate Change Performance Index (CCPI), which tracks 56 countries’ and the
European Union’s (EU’s) policy ambition and progress towards a well-below-2°C pathway. CCPI evaluates the
countries’ 2030 targets based on the weighted average of their scores against fourteen indicators orbiting on
emissions, renewable energy, and energy use, incorporating policies defined in their Nationally Determined
Contributions (NDCs). Furthermore, Climate Action Tracker (2019) indicates 33 countries’ compatibility with the
Paris Agreement, by rating (intended) NDCs, 2020 pledges, long-term targets and current policies; it provides a
transparent way of comparing NDCs based on the broad and diverse literature on equity in effort-sharing. Climate
Action Network Europe (Europe, C.A.N., 2018) ranks EU countries, assessing their energy and climate ambitions,
and their progress in reducing emissions and promoting renewables and energy efficiency at home, based on
overall performance on climate and energy indicators, progress in 2020 targets, national on top of Community
targets, and increased ambition.

Similarly, Ecologic Institute and Climact (2019) recently evaluated the EU Member States’ draft National Energy
and Climate Plans, through a qualitative analysis of adequacy of national targets, completeness and detail of policy
descriptions, and quality and inclusiveness of drafting process; fourteen indicators were used in an assessment
tool developed in consultation with stakeholders.

Sachs et al. (2019b) introduced the Sustainable Development Goals (SDGs) Index (SDGI), indicating 162 countries’
current performance and trends across all seventeen SDGs of the United Nations 2030 Agenda for Sustainable
Development, broken down into 169 detailed targets and means for implementation, of which only twenty regard
sustainable energy, resilient cities and climate action. A strict and explicit methodology is implemented to define
assumptions, handle missing data, ensure quality of data sources and assign weights, before calculating the index
based on arithmetic and geometric means.

There also exist recent studies and reports featuring indices on subjects relevant to, yet not explicitly on, energy
transitions (Cherp et al, 2018). For instance, the Energy Trilemma Index (WEC, 2016) ranks the energy performance
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of countries, based on a weighted average; one of the IRENA project reports presents a country-by-country
analysis, regarding the development of a decarbonisation pathway until 2050 (IRENA, 2017); Ernst & Young (2017)
rank countries based on their renewable energy attractiveness. Straying from a national evaluation framework,
Marinakis et al. (2017b) present an assessment of rural communities’ needs and priorities towards sustainable
development, while IEA (2017) unpacks key elements of policy packages for sustainable energy transitions, and Li
and Strachan (2019) explore whether and how energy system analysis can be broadened to better encompass the
socio-political dimension. Moreover, certain studies focus on a specific country and/or assess countries from a
single perspective (Demski et al., 2015; Apostoli, 2016).

The most recent assessment, closely associated with energy transitions, is the World Economic Forum's Energy
Transitions Index (ETI) (Singh et al., 2019), which calculates the performance of 115 countries, regarding their
energy system performance and transition readiness, thereby falling well within the scope of this study. The ETl is
based on the normalisation of various indicators across the economic (growth and development, capital and
investment), environmental (sustainability), energy (access security, mix), political (commitment and regulation),
institutional (governance, infrastructure, innovation) and human (capital and participation) dimensions. However,
the impressive set of 40 variables considered, although operational, do not from a methodological point of view
constitute a consistent family of evaluation criteria (Bouyssou, 1990), in that there exist functional relations
between the selected criteria, i.e. a change of one indicator cannot be ceteris paribus. As such, the family of 40
variables is not legible or minimal, which is necessary for reflecting a discussion basis that allows analysis to assess
inter-criteria information and implement an aggregation procedure. This is, also, why the selected computational
approach is an equal-weights average, instead of an elaborate MCDA method, which the authors attribute to the
lack of empirical evidence on the relative importance of variables within and across the ETI dimensions for the
covered countries. The use of a remarkable number of standardised indicators as evaluation criteria is convenient
for standardisation of a ranking but may render capacity to align input data for a broader pool of countries difficult,
as also reflected in political commitment to the COP21 Paris Agreement: this is dependent on the NDCs of the
Parties to the accord, making it difficult to assess countries represented by a supranational body and a collective
pledge, like EU member states; while the Climate Action Tracker indicator used to reflect said commitment does
not evaluate but a limited number of countries. It should finally be noted that political commitment is necessary
for a transition but may reflect ambition more than readiness, as explained by Sachs et al. in the SDGI report (Sachs
et al., 2019b).

Motivated by the discussed knowledge and methodological gaps, our study differs from the literature: it is set in
a post-Paris context; explicitly focuses on energy transition; exploits a diverse yet consistent set of social, political,
regulatory, economic and technological criteria; highlights progress and transition readiness rather than ambition
and willingness; and places energy in the forefront of a sustainability context, rather than being as broad as the
diversity of all SDGs, of which energy and climate action are only one; in order to introduce a dedicated SETR
index. More importantly, from a methodological point of view, none of these studies, or to the best of our
knowledge others in the broader literature, exploit an elaborate multicriteria decision support system for
evaluating countries in climate and sustainability dimensions against their capacity to transform their energy
systems. Nonetheless, multiple-criteria decision analysis/aid (MCDA) has been widely used in a variety of studies
regarding inter alia sustainable energy management (Pohekar and Ramachandran, 2004), evaluation of sustainable
energy scenarios in cities (Simoes et al., 2019), and international rankings of energy policies (Siksnelyte et al., 2019),
since these domains comprise problems regarding conflicting objectives (Marinakis et al., 2017a; Papapostolou et
al, 2017b).

In particular, PROMETHEE—Ilying at the core of the proposed methodology— has been widely used in
environmental and/or energy problems (Diakoulaki et al., 2007; Klauer et al., 2006; Tsoutsos et al., 2009), among
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other fields (Behzadian et al., 2010). The synergetic implementation of PROMETHEE and AHP is frequently met in
literature for evaluation purposes (Ren et al., 2009; Sennaroglu and Celebi, 2018; Polat et al., 2016). Therefore, this
study contributes to the literature and the energy policy-science interface by effectively establishing a decision
support framework, based on two well-established techniques for evaluating the energy transition readiness of
different countries against multiple criteria, and introducing a respective index.

1.3 Problem Definition

As discussed above, the purpose of this study is to evaluate the extent to which a number of countries stand ready
to effectively achieve sustainable energy transitions, while considering their prospects to reduce GHG emissions
and contribute to climate action. The decision makers (DM) of this study are thirty-two experts, with many years
of experience in the theoretical and practical field of sustainable energy, energy economics and energy policy,
including policymakers from the Ministry of Environment and Energy as well as stakeholders from utilities, energy
providers, climate-related NGOs, and members of the academic community of the National Technical University
of Athens (professors of energy-related courses, and senior research associates working in energy- and climate-
related projects). Twenty-six were fully engaged in a survey, while six were contacted via bilateral interviews.

1.3.1 The case study countries (alternatives)

Fourteen countries were selected to assess their capacity to successfully and sustainably achieve the desired
transition of their national energy sector: Austria, Canada, Chile, China, Greece, India, Indonesia, Kenya,
Netherlands, Poland, Spain, Sweden, Switzerland, and United Kingdom (UK). The selection was based on the nature
of the problem, which dictates that different dimensions be considered and thus cultivates the need to evaluate a
country pool of diverse economic, political, social and technological profile, as well progress already made towards
sustainable development. It is also in line with the highlighted goals of the Paris Agreement that emphasises the
importance of the national context in the need for climate action, which differs among major emitters and other
less emitting countries. The selection of the countries reflects this need: the pool includes both major emitters
(Canada, China and India) and other less emitting countries (Kenya, Chile, Indonesia), with different priorities across
the mitigation, adaptation and climate finance axes (Doukas et al., 2018); it also includes the EU, which is both a
major emitting supranational body submitting a collective NDC and included though representative major (UK,
Spain, Poland) and less (Greece, Netherlands, Sweden, Switzerland) emitting countries, thereby formulating an
interesting mix. Further discussion of the selection of this diverse pool of countries can be found in Hanger-Kopp
et al, 2019. However, this selection only serves as a case study for the purposes of validating the proposed
framework. Some basic details are given to capture their background and give some insights regarding the reasons
for selecting them.

In Austria, with the iron and steel industry forming 15.5% of total GHG emissions and 38% of total fossil CO2
emissions (Reiter and Lindorfer, 2015) while contributing only 2% of the country’s GDP (Wolkinger et al., 2019),
total fossil fuel consumption accounts for more than 60% of total energy consumption (Martins et al., 2018).
Moreover, in 2013, about two thirds of national electricity generation was derived from hydropower whereas fossil
fuels comprised about 18%; while the country’s economic growth rate had been above the EU-28 average (Wagner
et al, 2015; Dvorokova, 2014), which is no longer the case. Currently, the economic situation is framed by
discussions about strengthening the modest economic growth, mitigating unemployment and reducing
bureaucracy in all sectors (BMWFW, 2016).

Canada not only is one of the top emitters globally, contributing 1.63% to global emissions, but also ranks first
globally in terms of emission intensity per person (Davis et al., 2018; Elias et al., 2019). It has the third largest oil
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reserves in the world, with its oil and gas industry representing approximately 5% of the country’s GDP (Odell,
2013; Dissou, 2010), which in turn represents 2.5% of the world economy, making Canada the 12th largest
economy worldwide (Bekaert and Harvey, 2017). Indicatively, by 2014 its primary energy mix of the country was
crude oil (43%), natural gas (33%), coal (8%), and hydro (7%), with electricity production however being dominated
by hydro (59.3%), followed by nuclear (15.9%), oil and gas (10.2%), coal (9.5%) and non-hydro renewables (5.1%)
(CANADA N R, 2016).

Chile, on the other hand, is facing increasing energy demands in order to respond to the expected social,
environmental and economic welfare of the population. Its primary energy mix depends on oil (32.9%), coal
(24.4%), wood and biomass (23.7%) and hydroelectricity (6.4%) (Venegas-Troncoso et al., 2019). The industrial and
mining sectors consume 64% of total electricity consumption (Duran et al,, 2015). The main sources of electricity
generation in Chile, in 2014 were coal (41%), hydro (34%) and natural gas (16%) (Gaete-Morales et al., 2018).
Chile’s GDP is equivalent to 0.37% of the global economy (IMF, 2016), while almost two thirds of it depends on
international trade (sum of exports and imports).

China is the largest energy producer and consumer as well as the largest greenhouse gas emitter in the world
with its energy system based on coal, electricity, oil, natural gas and renewable energy (Cohen et al., 2018; You et
al., 2018). At the same time, it faces great challenges including among others energy demand pressure; multiple
energy supply constraints; severe damage to the ecological environment; lagging energy technology level; and
energy security issues. China has “sacrificed” its natural environment in order to attain economic growth and, in
order to control its CO2 emissions, has been establishing stricter emission standards and energy development
strategies (Zheng et al,, 2019). In 2014, coal consumption accounted for over 70% of the primary energy mix, as
the country is the largest coal producer and consumer in the world (Bloch et al., 2012; Zhang et al.,, 2018), while
consumption from renewables accounted for 22% (He et al., 2016). Moreover the energy supply and demand gap
is increasing and is currently addressed through imports. Industry is the dominant sector in end-user energy
consumption, which equals 70% of total consumption, while contributing 40% of the country’s GDP (Ouyang and
Lin, 2015).

Greece consumes about 1.6% of the energy consumed totally in the EU (Azam et al., 2016). However, its energy
sector heavily depends on oil and lignite, with its primary energy supply to have been the most carbon-intensive
among the IEA member countries (Nikas et al., 2019¢). Therefore, the country presents large room for increasing
use of wind and solar energy, especially given its potential (Ramirez et al., 2017). A distinctive characteristic of
Greece's energy system is that it is essentially broken down into a mainland grid and a non-interconnected grid
in islands, with the latter being powered mainly by oil-fired plants. Indicatively, in 2016, the country’s electricity
generation mix was mainly shared between lignite (27%), natural gas (22.6%), oil (8.4%), hydro (8.7%) and other
renewables (17.2%); the main reason behind the extended lignite use for power generation lies in the domestic
sources, the exploitation of which improves its energy independency (Orfanos et al., 2019).

India is one of the largest global GHG emitters (Nejat et al., 2015) with more than 80% of electricity generated
from fossil fuel-based sources (Shearer et al.,, 2017). However, in its Intended NDC, it appears to aim to decrease
its emission intensity of GDP by 33-35% below the 2005 level by 2030, by provisioning non-fossil fuel-based
energy, e.g. solar and wind. India ranks third among the highest coal producing countries in the world; this is
because of the domestic abundance of this resource, which accounts for 70% of the power generation mix,
followed by another 10% of natural gas and diesel oil (Shearer et al., 2017). Industry constitutes the largest
consumer over the past years, which can be associated with the economic development of the country (Shahbaz
M et al, 2017).
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Indonesia is the 7th largest emitter in the world but with fairly low per capita emissions (Harvey et al., 2018). Its
recent economic growth was followed by an increase in energy consumption and, in turn, of GHG emissions.
Moreover, its policies have been deemed insufficient to meet its NDC trajectory (Climate Action Tracker, 2016). In
2014, the country was the world's largest coal and fifth largest LNG exporter (Dutu, 2016; Kompas and Che, 2016),
translating into significant revenues; IEA estimates that as much as 30% of government revenues come from fossil
fuels. The indigenous coal and gas reserves represent 2.2% and 1.6% of the world's reserves, respectively
(Kurniawan and Managi, 2018; Purwanto et al., 2016).

Kenya is highly dependent on natural resources making its GDP very sensitive to climate change impacts on the
natural environment. In 2015, 24% of the country’'s GDP came from agriculture and forestry, while industry
accounted for 15% (Ototo and Vlosky, 2018). In 2014, wood fuel and other biomass —accounted for 68% of total
final energy consumption in Kenya, with oil and electricity accounting for 22% and 9% respectively (Sarkodie and
Adom, 2018). The residential sector, typically consuming biofuels and waste for cooking, accounts for 75% of total
final energy consumption (Stoppok et al., 2018).

The Netherlands was among the first countries to invest in emission reduction projects. More than 90% of energy
used in the country is still generated from traditional energy sources such as gas (42%), coal (13%) and oil (36.8%),
while renewable energy accounts for the 5.6%, (Ligtvoet et al, 2016; Holsgens, 2019; Kooij et al, 2018).
Dependence on natural gas can be attributed to it being a domestic energy source, which makes the Netherlands
the largest natural gas producer in the EU. However, large-scale availability of natural gas has reduced the need
in the country to accelerate development and diffusion of renewable energy options (Nikas et al., 2018b).

Poland’s total primary energy supply is largely based on coal by more than 80% (Wierzbowski et al., 2017), while
renewable energy sources (RES) account only for 1% (Szczerbowski and Ceran, 2017). Coal in the Polish energy
mix is considered critical for the country’'s energy security (Manowska et al., 2017) and economic growth
(Antosiewicz et al., 2019), thus there is significant reluctance to reduce its role. Moreover, the large number of
unskilled workers in the mining sector as well as the experience of low pace and rates of these miners shifting
between sectors in Poland in the '90s constitute some other major barriers that hinder the transition from coal to
non-fossil sources (Tyrowicz and van der Velde, 2014). The transition of the Polish economy from central planning
to a free market economy provides an interesting example of decoupling between GDP and CO2 emissions. The
growth of GDP in Poland was accompanied by a drop in emissions per capita and this was largely due to the
shutting down of old power plants as well as due to structural, legislative and economic changes (Kiuila, 2018).

Spain’s primary energy production is mainly based on RES and nuclear with 41% and 43% respectively, whereas
the contribution of coal is about 5% (MINETUR, 2014). The role of RES, which is 100% home-generated in the case
of solar, wind and geothermal power and more than 95% for biomass and biofuels, is crucial in order to satisfy
demand and reduce dependency on oil and natural gas imports. It is estimated that RES contribute to less than
1% of total GDP, peaking in 2012 with a 1.01% (Spanish Renewable Energy Association, 2014). However, despite
the increasing trend until 2012, when the contribution of renewables reached its maximum, there reportedly was
a decrease in 2013 and 2014; this is due to the new regulatory framework, which reduced the public support
devoted to RES and introduced retroactive measures affecting the legal certainty of the sector.

Electricity production in Sweden, in 2014, was based solely on RES (63%), dominated by hydropower (Bergek and
Mignon, 2017) and nuclear (Qvist and Brook, 2015). Fossil fuels dominate road transport with the 8% to be
biodiesel, ethanol and biogas (Larsson et al.,, 2015). It is also worth mentioning that Sweden was EU’s eighth largest
economy in absolute terms and had the tenth highest per capita level in 2015 in the Union (Eurostat, 2015).
Furthermore, Sweden is a leader in innovation and consistently ranks highly in regional and global indices (Maier,
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2018) possibly due to the high investment per unit of GDP in research and development (Freimane and Balina,
2016).

Switzerland is one of the wealthiest economies globally (40th largest economy in the world), and already has an
almost carbon-free electricity supply because of its many hydropower plants. Its electricity demand is covered by
hydropower (56%), nuclear (38%), fossil fuel, waste and new renewables (6%) (Pattupara and Kannan, 2016).

The UK, being the world's fifth largest economy (Lee and Werner, 2018), has an energy system on the verge of
major transition (Geels et al., 2016), driven by three main factors: the age of electricity generation and network
infrastructure, the declining indigenous fossil fuel resources, and the imperative need to reduce GHG emissions.
Its total primary energy supply is based on natural gas by 42.8%, oil by 26.9%, electricity by 9.6%, coal by 8.1%,
bioenergy and waste by 7.2%, petroleum products by 5% and manufactured fuels by 0.3%. Delving into electricity,
the power generation mix comprises 36.8% gas, 16.9% nuclear, 14.9% coal and 13.9% wind and solar (Department
of energy and climate change, 2016).

1.3.2 Evaluation criteria

The multicriteria evaluation system, proposed to assess the capacity of the countries to achieve sustainable energy
transitions, is based on four evaluation pillars: social, political-regulatory, economic and technological. In
particular, based on the need to put together a consistent, operational and legible family of evaluation criteria
(Bouyssou, 1990), and drawing from knowledge gaps in the literature discussed throughout Section 1.2, selected
pieces of which (Cherp et al.,, 2018; Markard et al., 2012; Chappin and Ligtvoet, 2014) served as a discursive space
and basis for exhaustive dialogue with the six interviewed DMs, eight criteria were selected, as shown in Figure 2.
Therefore, the process of determining the evaluation criteria included multiple perspectives, but mainly oriented

on the dimensions highlighted in the literature and the subjective nature of the DMs’ preferences.
( )

1. Public awareness and acceptance

2. Human Capital
\ J

Social

) 3. Political will & compliance with
Political - EU energy policy

Regulatory 4. Regulatory Indicator for

% Sustainable Energy — RISE )

/. | ' N
5. Financial market sector soundness

6. Ease of doing business
N J

4 N\
7. Carbon lock-in

8. Infrastructure & Innovation
(.

Countries’ sustainable
energy transition readiness
evaluation

Economic
——

Technological

Figure 2: The evaluation system of the SETR Index

A brief presentation of the criteria, their evaluation scales and their data sources is provided in Table 1 below:

Table 1: Evaluation criteria, scales and description

e Evaluation -
Criterion Description
Scale

gl. Public awareness 0-5] This criterion is a qualitative index which derives from estimations based
and acceptance on information retrieved from the European Barometer (European
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Commission, 2017). It assesses the general attitude of a country’s citizens
with regard to climate change. Among others, it takes into consideration
the awareness of the citizens, to what extent they act individually, so as to
mitigate the consequences, and to what degree they are receptive to their
governments’ policy measures. The barometer’s values have resulted from
surveys and polls outlining people’s objective view of climate change.

g2. Human capital

[44-6.2]

Human capital indicates each country’s average performance on three
competitiveness pillars: health and primary education; higher education
and training; and labour market efficiency. The data were obtained from
the Global Competitiveness Report 2016-2017 (The World Bank, 2018),
which presents an extended variety of scores per pillar for each country. It
should also be noted that, within this report, competitiveness is defined
as the set of institutions, policies, and factors that determine the level of
productivity of an economy, which in turn sets the level of prosperity that
the country can achieve.

g3. Political will

[0-3]

This criterion, drawing from the literature (Hanger-Kopp et al.,, 2019), is a
qualitative index that assesses politicians’ attitudes and acts against
climate change based on the environmental awareness that the political
leadership exhibited in the past, the political strategy followed today, as
well as the inner political compassion.

g4. Regulatory
Indicator for
Sustainable
(RISE)

Energy

[47 - 92]

RISE, a policy scoreboard by World Bank aimed at helping governments
assess if they have a policy and regulatory framework in place to drive

progress on sustainable energy, assesses countries’ regulatory

performances regarding electricity access,

renewable energy (World Economic Forum, 2016).

energy efficiency and

g5. Financial sector
sustainability

[2.5-5.3]

This
development, which includes, among others, the affordability of financial

index represents each country's performance on financial

services, the ease of access to loans, the sustainability of banks, etc. (The
World Bank, 2018).

g6. Ease of doing
business

[79 - 8]

World Bank’'s ease of doing business rank measures bureaucracy and
constitutes a qualitative criterion (Business, D., 2020). It represents a
country’s ranking based on how easy it makes it for people to start,
operate and expand a business in the country.

g7. Carbon lock-in

[4.55-0]

Carbon lock-in assesses the dependence on fossil fuel-based energy
systems, which essentially hinder the adoption of alternative energy
technologies. The index is based on the domestic fossil fuel reserves and
the existence of newly-built fossil fuel-powered plants. Its calculation was
based in Eq. (1):

CarbonLockIn = /Age * FFshare

where
FFshare: share of fossil fuels (hamely coal and oil) in the power generation
mix.
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Age: the age of the fossil fuel generation fleet, based on (Papapostolou et
al, 2017a) and adapted to current year (2019) and to deal with missing
data on the year of latest rehabilitation/renovation of a unit, as in Eq. (2):
B Yieq Cap;[(Constr.Year; + 40) — 2019]

Age
g 7, Cap;

where

Capi: capacity of coal- or oil-powered unit i;

n: total number of coal- and oil-powered units of a country; and
Constr.Yeari: year of construction of unit i; and

The construction years are provided by Global Energy Observatory (2019).
According to IEA, coal- and oil-powered plants are assumed to have a
lifetime of 40 years (OECD, 2010).

This criterion shows each country’s average performance on the extend

8. Infrastruct 2 and efficiency on efficient infrastructures, such as modes of transport,
. Infrastructure

ig " [3.55-6] | electricity supplies and telecommunication network and the capacity to
nnovation
promote innovative activities, through investments in R&D, adapting to

new technologies (The World Bank, 2018).

1.3.3 Methodological framework

Due to its wide application in this field (Pohekar and Ramachandran, 2004; Nikas et al., 2018a), PROMETHEE |l
(Preference Ranking Organisation Method for Enriching Evaluation 1) was selected as the basis of the proposed
framework. While PROMETHEE | calculates the extent to which an alternative is preferable over the others (positive
outranking flow), and the extent to which it is outranked by the rest of the alternatives (negative outranking flow)
(Brans et al., 1986), PROMETHEE Il is commonly employed for reaching a complete ranking of the alternatives (net
outranking flow) based on impacts, weights, and preference functions. In this study, the Visual PROMETHEE2
software is used to reach numerical and visual results. The entire methodological framework of PROMETHEE is
described in detail in Appendix A.

Drawing from its flexibility and capacity to provide the DMs with a simple and comprehensible procedure to
express their perceived relative importance of one criterion over another, the AHP (Saaty, 1980) method is
implemented to assign weights to the evaluation criteria. The AHP method is a well-organised technique based
on comprehensive mathematical principles where the relative priority of each criterion with respect to each of the
others is derived by a pairwise comparison using a numerical scale (Saaty, 1987). The AHP methodological
framework is described in detail in Appendix B.

2 http://www.promethee-gaia.net/visual-promethee.html
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1.4 Application of the model

1.4.1 Data collection

First, the values of each of the fourteen countries for the eight criteria should be determined. As discussed in Table
1, g1 and g3 constitute qualitative criteria, the quantification of the scores of each alternative against which draws
on the literature. Then, g2, g4, g5, g6 and g8 are based on available indices in the literature, while g7 is calculated
by the authors. It should be mentioned that PROMETHEE is found to effectively address qualitative criteria derived
from surveys, by means of thresholds, in order to mitigate possible error margins in the final results; thus, using
the ‘generalised’ criterion functions, the uncertainty in the criteria performance values can be considered (Hyde
et al,, 2003; Balali et al.,, 2014; Shakey, 2006; Ghazinoory et al., 2013; Albadvi et al., 2007; Rogers et al., 2004).

Public awareness and acceptance (g1)

This is a qualitative criterion, the values for which have been determined based on the authors’ interpretation of
information found in the literature, including the Eurobarometer (for European countries) and other research
and/or reports for non-European countries.

Austria: 3.5

In Austria, climate change is considered to be a rather serious problem by 68% of the population, whereas only
31% believe that action constitutes personal responsibility; 60% also appear to have recently participated in at
least one environmental activity. (European Commission, 2017)

Canada: 4.0

95% of the Canadian population are aware of climate change, which is considered to be a serious threat by 74%
(Pugliese and Ray, 2009); 75% are in favour of national climate change mitigation planning and of the
establishment of the minimum carbon pricing scheme (Harrison, 2012). Moreover, 63% of the population are
willing to pay for more expensive and environment-friendly products, despite acknowledging that climate action
could lead to job losses.

Chile: 1.0

Only 1% of the entire Chilean population find climate change to be a significant environmental problem (Ministerio
de Medio Ambiente de Chile, 2015); however, citizens appear open to RES, but their behaviour is unpredictable
and often contradictory (Carrasco and Cerda, 2019).

China: 1.5

In China, only two thirds of the population are aware of climate change and just 21% believe it poses a serious
threat (Pugliese and Ray, 2009).

Greece: 3.0

Climate change is considered to be a very serious problem by 85% of Greeks, with only 17% believing action is a
personal responsibility: social resistance to clean energy projects and the not-in-my-backyard (NIMBY)
phenomenon still pose a threat to further diffusion of renewables (Nikas et al., 2019b).

India: 2.0
About a third of the population are aware of the changing climate and even less acknowledge it as a significant
issue (Pugliese and Ray, 2009); this lack of environmental awareness can be partly attributed to poverty and access
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to energy, especially in rural areas (Bhattacharyya, 2006). Big city residents, on the other hand, are generally willing
to pay carbon taxes for transportation (Gupta, 2016).

Indonesia: 2.0

39% of the Indonesian population are aware of climate change but significantly less know how it can be tackled
(Pugliese and Ray, 2009). The socio-cultural context is also interesting, given that some renewable options are
deployed but opposed to by certain communities, such as biogas production and Muslim communities (Ali, 2006).

Kenya: 2.5

More than half of Kenyans are aware of climate change, as a serious multifaceted threat (Pugliese and Ray, 2009).
However, about as many live below the poverty line (Njuguna and Muruka, 2017); combined with limited education
and access to modern energy services, environmental awareness is scarce or not prioritised.

Netherlands: 3.0

78% of the Dutch population find climate change to be a very serious problem, and the majority generally engage
in environmental actions (European Commission, 2017). However, citizens have frequently voiced NIMBY
objections to RES installations, with the exception of solar projects (Nikas et al., 2018b), which have largely been
considered as profitable investments (Sijmons and Van Dorst, 2012).

Poland: 2.5

Climate change in Poland is considered to be a serious problem by 58% of population, but less than a third have
personally participated in related activities recently (European Commission, 2017). More importantly, more than
half prioritise growth and job creation instead (Antosiewicz et al., 2019), indicating past negative experiences of
economic transformation in Poland (World Value Survey, 2015).

Spain: 3.5

The vast majority of the Spanish population acknowledge climate change as a critical threat (European
Commission, 2017). Renewables are also seen as an opportunity to alleviate unemployment (Sociological Research
Center, 2016), but recent regulatory changes have made citizens more reserved (Sorman et al., 2019).

Sweden: 4.5

Four out of five Swedes find climate change to be serious and engage in related activities, while a remarkable 59%
believe that action constitutes a personal responsibility (European Commission, 2017).

Switzerland: 3.0

57% of the Swiss population believe climate change is a serious threat to humans and the environment.
Environmental awareness levels had remained relatively stable since 1994, but lately stronger environmental
behavior has been observed, such as in the acceptance of economic constraints in favour of environmental
protection (Bonfadelli, 2016). However, the Swiss are quite attached to their landscapes and recognise their value
in terms of tourism (Nita et al., 2015) and thus find it difficult to accept large-scale RES installations.

UK: 3.0

More than 60% of the UK population characterise climate change as a very serious problem, but only 14% find
climate action to also constitute a personal responsibility (European Commission, 2017). 75% of the population
applaud reductions in electricity use and efforts to reduce dependence on fossil fuels (Demski et al., 2015; Parkhill
et al, 2013), but the current sociopolitical context of Brexit-related uncertainties across all aspects of life and
activities impacts sustainability awareness (Ziv et al., 2018).
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Human capital (gy)

The Global Competitiveness Index (GCl) was introduced by the World Economic Forum (The World Bank, 2018),
for 138 countries. GCl is a weighted average of 114 indicators or other aspects of competitiveness. These indicators
are categorised in twelve pillars and the pillars in three sub-indices that stand as weights based on each country's
development, since the pillars affect different economies in different ways. In our study, human capital has been
calculated as the average of the following three GCI pillars of competitiveness: a) health and primary education;
b) higher education and training; and c) labour market efficiency. In Table 2 the first three columns present the
indices for each of the studied countries; the last column presents the calculated average.

Table 2: Human capital

Health and | Higher education and Labour market | Human capital
primary education | training efficiency (Average)

Austria 6.4 5.8 4.5 5.6
Canada 6.6 5.5 53 5.8
Chile 5.7 5.2 44 5.1
China 6.2 4.6 4.5 5.1
Greece 6.1 49 3.8 49
India 5.5 41 4.1 4.6
Indonesia 53 4.5 3.8 4.5
Kenya 4.7 3.9 4.6 44
The Netherlands 6.7 6.1 5.1 6.0
Poland 6.2 5.0 4.1 5.1
Spain 6.3 5.1 4.2 5.2
Sweden 6.4 5.6 49 5.6
Switzerland 6.6 6.0 5.9 6.2
The United Kingdom | 6.5 5.5 5.5 5.8

Political will (g3)

As with g1, this is a qualitative criterion, the values for which have been determined based on the authors’
interpretation of information found in the literature (e.g. Hanger-Kopp et al, 2019).

Austria: 2.0

Despite having signed international treaties and committing to community targets, Austria was reportedly the
worst performing Member State on EU targets in 2009 (European Environment Agency, 2014). For long, economic
policy had focused on growth, tackling unemployment and bureaucracy but not environmental problems; since
2010, however, energy efficiency and RES have been the pillars of the Austrian Energy Policy (BMWFW, 2016), but
most political parties still refrain from discussing and promoting climate change issues, in fear of
deindustrialisation (Wolkinger et al., 2019). Another barrier is industry being regulated by the energy and
telecommunications service, while transport and buildings by local authorities, leading to conflicts of interest or
incoordination.

Canada: 3.5

Recent measures announced by both the government and regional authorities indicate a positive tendency
towards tackling climate change (Beale et al., 2015; Leach et al., 2015); however, conflicting federal and provincial
policies or agendas and industry lobbying are considered to be strong political barriers to an energy transition
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(Virla et al., 2019).

Chile: 3.5

Energy policy is at the heart of public policies in Chile, aimed at lowering prices, reducing energy use and increasing
the share of renewable energy in the country's energy mix. Chile, in the context of the Paris Agreement, has also
imposed taxes on industry and transport to reduce GHGs (Carrasco and Cerda, 2019). However, the government
is committed to achieving the environmental targets only if coupled with economic growth (Mardones and Flores,
2018).

China: 4.0

Under the National Energy Management blueprint for the period 2016-2020, $361 billion are being channeled
into RES, creating thirteen million new jobs (Liu and Chu, 2019). These actions reflect China's effort to tackle climate
change, but at the same time shield its economy from the absence of carbon that has been dominating growth
for many years. In a recent assessment of stakeholder-perceived risks to decarbonisation, the political axis was not
discussed, due to China’s political system being stable over the past decades and to policy support from the
central government to push forward decarbonisation efforts (Song et al., 2019).

Greece: 2.5

Greece has achieved its national GHG emission targets for 2020 (Ministry of Environment and Energy, 2018).
However, despite the recognition of the problem of climate change by the government, all political parties
prioritise tackling economic recession over a sustainable energy transition (Nikas et al., 2019b).

India: 3.0

The country's political leadership recognises the need to reorganise the nation’s energy system and, in the
framework of India's participation in the Paris Agreement, it presented a very ambitious plan for energy and
climate. However, the lack of synergy between central and local governments hinders the formulation of clear
policy towards achieving the objectives and discourages investors from new energy technology investments
(Ghosh and Ghosh, 2016).

Indonesia: 3.5

In the context of the Paris Agreement, Indonesia has set ambitious goals and formed policies to increase RES in
its energy mix (UNFCCC, 2017). Moreover, the installation of a center for clean energy is considered as a significant
commitment to sustainable development. However, the simultaneous need to tackle structural problems in the
country, as well as efforts to secure economic growth often lead to conflicting policies (Wibisono and
Badruzzaman, 2018).

Kenya: 3.0

In collaboration with the African Union (Union A, 2014), Kenya focuses on the enforcement of environmental
taxes, carbon pricing and the integration of RES into energy production, while responsible bodies have also been
set up at national level to research new energy technologies. Although Kenya defined sustainable development
goals in its new constitution, regional authorities seek to exploit local oil and coal deposits and use power supply
funds for other purposes (AfDB/OECD/UNDP, 2016).

Netherlands: 2.5

The Dutch climate policy is primarily an implementation of EU directives and its government is usually passively
supportive. The country takes a variety of measures to achieve its targets but they seem to be insufficient (Caymaz,

The PARIS REINFORCE project has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme under grant agreement No 820846.




eration of key modelling parameters, risks and priorities ‘ :yo Béﬁ\lllS:OQCE

2013; Nikas et al., 2018b), while there is currently little policy support for sustainable energy actions at the local
scale (de Bruyn-Szendrei et al,, 2019).

Poland: 1.5

The government formally recognises EU requirements and the Paris Agreement (UNFCCC, 2017) and urges the
modernisation of the coal industry. Actions to achieve the latter goal include plans to build more efficient coal-
fired power plants, closing oldest plants and voluntary exit programs for miners to shrink the industry. However,
these efforts are not socially accepted and all parties indirectly support the mining sector. Thus, significant
dependence on coal makes the Polish government appear reluctant to act (Mardones and Flores, 2018), which can
be reflected in the heated debate in the country (Antosiewicz et al., 2019).

Spain: 3.0

The government has formulated a strategy with specific targets for the period up to 2030. Regulatory frameworks
have been developed, while the government has committed itself to specific rates for improving energy
consumption and efficiency. National and local authorities are working in this direction, but political instability,
poor prioritisation and overall volatile agendas of political parties (Sorman et al., 2019) have a diverse impact on
the budget channeled towards sustainable energy (Tirado and Jiménez Meneses, 2016).

Sweden: 4.5

The government plans to reduce oil imports, optimise the use of bioenergy for heating and develop an electric
vehicle fleet, aiming to become fully independent from fossil fuels by 2040. Efforts are being made through a
government-industry partnership, and supporting technological development. Traditionally governments in
Sweden spend a significant part of the budget towards research and development (European Commission, 2016;
Global Innovation Index, 2016).

Switzerland: 2.5

Energy is not a top priority in Switzerland, as political will is strongly intertwined with societal acceptance, due to
its political system of direct democracy (‘People’s Initiatives’); many sustainable energy projects therefore end up
being blocked in referendums (van Vliet, 2019), while many referendums on carbon use and taxation have never
passed the federal level; however, the government has provided support programs for hydroelectric power
generation and following the decision on nuclear phase-out, it aims to replace them with imported renewable
electricity (Lilliestam and Hanger, 2016).

UK: 3.5

The UK is the only dominant European economy that has formulated a legally binding plan for gradual total carbon
independence. However, due to Brexit, there is strong uncertainty about its future relationship with the EU,
whether it will comply with its directives and how it will replenish EU funding for energy innovation (Hepburn and
Teytelboym, 2017).

Regulatory Indicator for Sustainable Energy (RISE) (ga)

RISE is a global inventory of policies and regulations in support of SDG7 progress, indicating 133 countries’
performance across electricity access, energy efficiency and renewables. It measures how close to or far from
offering an attractive policy and regulatory environment a country is. SETR uses RISE global scores for measuring
the regulatory framework relevant for the transition readiness, presented in Table 5, as all three sub-indices contain
relevant aspects (Foster, V. et al., 2018).
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Financial sector sustainabilit 5

Scores in this criterion were determined by the financial market development pillar from the Global
Competitiveness Report (World Economic Forum, 2016). Scores are presented in Table 5.

Ease of doing business (ge)

The World Bank publishes are report ranking 190 countries against twelve areas of business regulation, including
starting a business, dealing with construction permits, paying taxes, enforcing contracts, and so on, by measuring
procedures, times and costs. Ranks are interpreted as criterion values, as presented in Table 5.

Carbon lock-in (gy)

After determining the active power plants, their capacity and the year of their construction, we used Eqg. (1) and
Eq. (2), as discussed in Table 2. To illustrate this, the case of Austria is presented below. Table 3 provides a list of
power plants and their specifications necessary to calculate the country’s carbon lock-in (Papapostolou et al,
2017a).

Table 3: Austria’s carbon lock-in

Capacity
(MWe)

Construction
Year

C=Constr.Year + 40 -
2019

Capacity*
C

Power Plants

Mellach CHP Power Plant Austria 246 1986 7 1722
Duernrohr CHP Power Plant | 405 1985 6 2430
Austria 352 1985 6 2112
Lenzing Thermal Power Plant
. 38 1999 20 760

Austria

Theiss Thermal Power Plant | 180 2000 21 3780
Austria 250 2003 24 6000

The calculated age of Austria’s fossil fuel generation fleet is 11.42. Electricity production from coal and oil sources
in Austria’s energy mix was found to be 9.64% (Trading Economics, 2015). Therefore, Austria’s carbon lock-in is
1.05. The values of all countries are provided in Table 5. It should be also noted that Sweden and Switzerland have
no coal or oil power plants and therefore their carbon lock-in equals zero.

Infrastructure & innovation (gs)

Similar to g2, scores against the infrastructure & innovation criterion has been calculated as the average of two
GCl competitiveness pillars (World Economic Forum, 2016): a) infrastructure, and b) innovation.

Table 4: Infrastructure & Innovation

‘ Infrastructure Innovation Average
Austria 5.8 5.0 54
Canada 5.7 4.6 5.2
Chile 4.7 34 4.1
China 47 4.0 44
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Greece 4.8 33 4.1
India 4.0 4.0 4.0
Indonesia 42 4.0 4.1
Kenya 33 3.8 3.6
The Netherlands 6.4 54 5.9
Poland 43 34 38
Spain 5.9 3.8 49
Sweden 5.6 5.5 5.6
Switzerland 6.2 5.8 6.0
The United Kingdom 6.0 5.0 5.5

1.4.2 Multicriteria analysis

Having calculated all the criteria values for each country, the evaluation table is developed as shown in Table 5.

Table 5: Alternative scores for each criterion

Countries g1 g2 g3 g4 Js Je g7 gs
Austria 35 5.6 2.0 79 45 27 1.14 5.40
Canada 4.0 5.8 3.5 90 5.3 23 0.99 5.15
Chile 0.5 5.1 3.5 77 4.8 59 3.28 4.05
China 1.5 5.1 4.0 80 42 31 447 435
Greece 3.0 49 2.5 81 2.5 79 2.61 4.05
India 1.5 4.6 3.0 75 44 63 4.55 4.00
Indonesia 2.0 4.5 3.5 47 4.3 73 4.17 4.10
Kenya 2.5 44 3.0 61 4.2 56 2.27 3.55
The Netherlands 3.0 6.0 2.5 89 4.5 42 3.07 5.90
Poland 2.5 5.1 1.5 65 42 40 2.90 3.85
Spain 4.0 5.2 3.0 79 4.0 30 1.24 4.85
Sweden 45 5.6 45 83 5.2 10 0.00 5.55
Switzerland 3.0 6.2 2.5 85 5.3 36 0.00 6.00
The United Kingdom 3.0 5.8 3.5 92 4.9 8 1.25 5.50

The criteria weights were extracted by means of the AHP method (Appendix B), based on the DMs’ collective
preference model. Table 6 presents the pairwise comparison of the assessment The Consistency Ratio (CR) (Saaty,
1980) was found 8.8%.
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Criterion

g1

g2

g3

Jda

gs

Je

g7

gs

Public Awareness
and acceptance

(91)

1.00

0.25

0.20

0.20

0.33

0.33

0.13

0.25

Human Capital
(92)

4.00

1.00

0.25

0.33

0.25

3.00

0.20

0.50

Political Will and
compliance with

the EU energy
policy (g3)

5.00

4.00

1.00

3.00

2.00

5.00

0.33

3.00

Regulatory
Indicator for
Sustainable
Energy — RISE (ga4)

5.00

3.00

0.33

1.00

0.20

4.00

0.20

2.00

Financial market
sector soundness

(9s)

3.00

4.00

0.50

5.00

1.00

4.00

0.33

5.00

Ease of doing
business (ge)

3.00

0.33

0.20

0.25

0.25

1.00

0.14

0.33

Carbon lock-in
(97)

8.00

5.00

3.00

5.00

3.00

7.00

1.00

5.00

Infrastructure &
Innovation (gg)

4.00

2.00

0.33

0.50

0.20

3.00

0.20

1.00

Criteria weights
based on AHP

0.03

0.06

0.19

0.10

0.18

0.04

0.34

0.07

In a further step, the preference functions as well as the criteria thresholds for the PROMETHEE Il method were
defined (Table 7), after discussing with the DMs and gaining insights from other surveys (Brans et al., 1986; Sultana
and Kumar, 2012; Mohamadabadi et al., 2009; Sola et al., 2011). As part of this study, two different types of criteria
preference functions were modelled: level and linear (Figure 3). PROMETHEE provides the option to use thresholds
to further capture the preferences (Appendix A).

Table 7: Criteria characteristics

[ ]] g2 g3 Ja Js Je g7 Js
Preference function level linear level level linear level linear linear
Indifference threshold
q 0.5 0.2 0.5 5 0.3 5 0.50 0.20
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Preference threshold —
1.0 0.5 1.0 10 0.6 10 0.80 0.50
p
Level criterion Criterion with linear preference and
4 " indifference era

0.5 —i

q_ P o p
0, if 0<do.0. <q (indifference) |0, if 0<da.0 <q (indifference)
b (e, a,)==0.5,if g< oo, <p P (ay,0,)= ‘T{ZT ;q Jif g<das <p

1, if da.a, >p (strict indifference) |1, if du.a, >p (strict indifference)

Figure 3: The level and linear criteria preference functions

PROMETHEE Il was finally implemented and the net outranking flows of the alternatives were calculated. Table 8
illustrates the net outranking flows of the fourteen countries, as extracted by Visual PROMETHEE.

Table 8: Countries’ ranking and net outranking flows

. Net outranking

Ranking | Country

flows
1 Sweden 0.761
2 Switzerland 0.534
3 Canada 0.519
4 The United Kingdom 0.492
5 Spain 0.111
6 Austria 0.083
7 The Netherlands -0.035
8 Chile -0.107
9 China -0.261
10 Kenya -0.283
11 Greece -0.390
12 Poland -0.453
13 India -0.464
14 Indonesia -0.508

Results indicate that, among these countries, Western European countries and Canada appeared to perform
higher, with the others showing that significant progress is still to be made. Particularly, Sweden ranks first by far,
outranking the second (Switzerland) by 43%. Between the top four countries and the bottom ten there is an
evident gap, with the UK (4th) outranking Spain (5th) by 342%. This could be attributed to the fact that the top
four feature the lowest carbon lock-in and stronger political will (two criteria with the highest importance,
according to the DMs), compared to the other ten countries. We also observe that Canada and Poland only slightly
differ from the UK and India, meaning that changing some of the problem’s parameters (e.g. thresholds) could
result in a different ranking.
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Weight sensitivity was explored by calculating the stability intervals. These represent the range of weights, for
each of the criteria, for which the ranking remains unchanged. A large interval indicates more stability and
robustness against larger changes in criteria weights. Figure 4 shows the assigned weights as well as the lower
and upper limits for each criterion.

Weights
j=]
o
o

e Assigned Weight
s M)

e M AX

Public Awareness Human Capital Political Will and RISE index Financial market Ease of doing Carbon lock-in Infrastructure &
and acceptance compliance with the sector soundness business Innovation
EU energy policy

Criteria

Figure 4: Stability intervals

The blue and orange circles in Figure 4 indicate the wider and narrower intervals respectively. Ceteris paribus
changes in assigned weights within the respective intervals will not alter the ranking of alternatives; overall results
appear to be sensitive to the weights, since the intervals are mainly small. It is also evident that, among the weights
assigned by the DMs, the carbon lock-in has the greatest impact on the final ranking.

Results (in a range of [-1, 1]) are further normalised in a range of [0, 1] using Eqg. (3):
_x+ 1
2

xl

3)

Where x is the attribute value to be normalised.

The SETR index for each country is presented below:

Table 9: SETR index of the fourteen countries

Country >EIR

[0, 1]
Sweden 0.881
Switzerland 0.767
Canada 0.759
The United Kingdom 0.746
Spain 0.556
Austria 0.542
The Netherlands 0.482
Chile 0.447
China 0.369
Kenya 0.359
Greece 0.305
Poland 0.274
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India 0.268
Indonesia 0.246

1.4.3 Comparative analysis

CCPI (Burck et al., 2019), SDGI (Sachs et al., 2019b) and ETI (Singh et al., 2019) are selected to compare the outputs
of this study with existing indices and indicate whether and to what extent they are aligned (Table 10). The four
indices include different aspects of measurements as well as different methodological approaches. Through this
comparison, we seek to validate the proposed SETR index, understand the resulting differences for the selected
countries, and potentially gain insights for future research.

Table 10: Comparison between SETR, SDGI, CCPI and ETI

Country SETR SDGI CCPI ETI

Sweden 0.881 85.0 75.77 74.9
Switzerland 0.767 78.8 60.61 743
Canada 0.759 77.9 31.01 61.0
The United Kingdom 0.746 79.4 69.80 70.2
Spain 0.556 77.8 46.03 63.5
Austria 0.542 81.1 4474 70.7
The Netherlands 0.482 804 50.89 68.5
Chile 0.447 75.6 62.88 63.0
China 0.369 73.2 48.16 49.6
Kenya 0.359 57.0 no data 52.1
Greece 0.305 71.4 52.59 56.2
Poland 0.274 75.9 39.98 514
India 0.268 61.1 66.02 51.2
Indonesia 0.246 64.2 44.65 54.6

Figure 5 illustrates the rankings and highlights the differences between SETR-SDGI, SETR-CCPI and SETR-ETI, with
all scores normalised in the entire [0, 1] range for comparability using Eq. (5):
X — Xmin (5)

[
Xmax — Xmin

Where x is the attribute value to be normalised.
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Figure 5: Comparison between (a) SETR & SDGI, (b) SETR & CCPI, and (c) SETR & ETI

In most cases, SETR does not coincide with the SDGI (Figure 5a), with Sweden, Switzerland, UK and Austria ranking
high in both cases and one country group remaining comparable: Spain, Chile, China, Greece appear with the
same sequence in the middle. This can be largely attributed to the fact that SDGI considers the sum of seventeen
SDGs, while SETR focuses on sustainable energy. It is also noteworthy that Poland does fairly better in SDGI than
in SETR, meaning that Poland appears to lag behind in the energy sector but thrives in other dimensions of
sustainable development. Kenya, on the other hand, ranks relatively low in terms of sustainable energy transition
readiness but performs the worst in terms of overall sustainable development.

SETR is also compared to CCPI (Figure 5b), which however does not cover Kenya, again with large differences.
Sweden ranks top in both cases. Switzerland and the UK rank high in both cases, while Spain and Austria hold
their relative ranks but lower in the CCPI chart. Canada and India constitute the extreme cases. Canada ranks the
worst in climate change performance among the thirteen countries, while having larger capacity to transform its
energy system, according to SETR; this could be due to the country implementing its coal-fired power plant phase-
out, yet in clear need to take more climate action, as emissions are projected to still be above 1990 levels beyond
2030, far from its Paris Agreement target (Climate Action Tracker, 2019). India has the second worst performance
in SETR but appears in the 3rd place in CCPI; this is an expected finding, given that the country appears to be on
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a 2°C-compatible pathway, but has not abandoned plans to build new coal-fired power plants (Climate Action
Tracker, 2019).

Finally (Figure 5c), despite some differences, SETR and ETI present more evident similarities. To begin with, Sweden
and Switzerland rank first and second, respectively. These are followed, in both cases, by a group of countries with
average performances, with similar rankings: UK, Spain, Canada, Netherlands and Chile. The remaining six
countries present the worst performances. Pairwise comparisons between Greece and Indonesia as well as Poland
and India are similar in both cases. Expectedly, among the three benchmark indices, SETR resembles ETIl the most,
as they share the same objective. However, they also differ from each other, since ETl incorporates environmental
sustainability, through energy intensity, CO2 per capita etc.; energy security; energy mix, instead of conventional
fuel lock-ins; and numerous other aspects. SETR, in contrast, does not measure political commitment via NDCs
but qualitatively, with broader considerations, and captures public awareness; more importantly, it does not apply
an equal weighting method and features a detailed mathematical approach underpinning its framework. A
discussion on the core methodological differences between the two, and possible explanation of the differences
between the resulting rankings, can be found in Section 1.2.

1.5 Conclusions

The study presented in this paper addresses the assessment of sustainable energy transition readiness, introducing
a respective assessment index, based on a multi-criteria evaluation system oriented on the AHP and PROMETHEE
Il methods. The model provides a ranking of countries exploiting societal, political, economic and technological
indicators that are perceived to be drivers of energy transition. Taking everything into consideration, Sweden
appears to have by far the most favourable conditions to transform its energy system to a more sustainable one,
followed by Western Europe and Canada. Results were compared against three other indicators in the literature,
on progress in the entire SDG framework, the narrower climate action front, and the broader energy transition.
Our analysis is relevant to both global agendas, since it offers insights into the strengths and weaknesses of a
country regarding energy needs and requirements towards drastic energy transformations, which are central to
climate mitigation efforts but also constitute a major pillar of overall sustainability, without disregarding other
relevant socio-political and techno-economic dimensions. From an empirical point of view, it is also noteworthy
that, among the examined countries, it primarily is major emitting countries to be found in dire need of
improvements. The proposed model also enables the development of tailored assessments, since the evaluation
process is an independent procedure that allows decision makers to specify their own preference models on
weights, thresholds and functions.

The SETR evaluation system can be used to inform policymakers and help plan the future national low-carbon
transition pathways. Consequently, a comprehensive future perspective of this study lies in the extension of the
evaluation system to broaden the country pool, as well as in its establishment as a yearly benchmark, further
supporting analysts and policymakers in keeping track of the progress made, and identifying key areas in which
each country is lagging behind and must therefore focus on improving. It should be noted that the group of
engaged stakeholders in the analysis of the selected country pool is not intended to be exhaustive, as Section 1.4
is only a validation framework of the proposed methodology, aimed at showcasing the real-world applicability
potential of the framework; as such, the engagement of only thirty-two experts is an acknowledged limitation of
this study.

Last but not least, enhancing the framework with further robustness analyses and relevant indices is meaningful
and can potentially add significant value, towards assessing whether and to what extent differentiations over the
final ranking emerge, with respect to changes in the DMs’ preference model(s).
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2 APOLLO: A Fuzzy Multi-criteria Group Decision-Making
Tool in Support of Climate Policy

This study was published in: Labella, A, Koasidis, K., Nikas, A., Arsenopoulos, A., & Doukas, H. (2020). APOLLO: A
Fuzzy Multi-criteria Group Decision-Making Tool in Support of Climate Policy. International Journal of
Computational Intelligence Systems, 13(1), 1539-1553.

2.1 Introduction

Decision-making (DM) problems range from the most common situations in human beings’ daily lives (e.g., what
film to see at the cinema) to much more complex ones that may affect larger social units, including communities
(a new policy to reduce pollution in a city center), nations (a financial incentive to boost technological innovation),
regions (sectoral coverage of the European Union’s Emissions Trading System), or the globe (effort sharing in
mitigating climate change). A DM problem always comprises a set of alternatives or possible solutions for the
problem, and often a group of experts with different attitudes, who evaluate these alternatives in order to
collectively select the "best” one. More often than not, the evaluation of the alternatives is based on several criteria,
leading to multi-criteria decision-making (MCDM) (Kacprzyk, 1986; Ishizaka and P. Nemery 2013).

However, in many MCDM problems, complexity significantly increases, with conflicts emerging among
alternatives’ performances across the evaluation criteria and reaching one optimal solution not being a
straightforward process (Forouli et al., 2019). Furthermore, combined with the lack of information related to the
alternatives, this complexity often implies the apparition of uncertainty. In this situation, modeling uncertainty is
not a trivial task, since experts are usually unable to express it by using exclusively discrete assessments. To
overcome the latter limitation, linguistic variables (Zadeh, 1975) have been used successfully (Rodriguez et al.,
2010). By means of such variables, experts can express their opinions by using linguistic terms, such as good or
very bad, high, or insignificant, etc., which are closer to their way of thinking. Under these conditions, MCDM
becomes linguistic decision-making (LDM) (Martinez et al., 2009).

The classical resolution scheme for MCDM problems considers only the aggregation of the experts’ opinions over
the alternative actions in order to obtain a ranking of these actions and select the best one (Roubens, 1997). This
could often lead to situations where the possible disagreements that may emerge in the group are ignored or not
reflected in the aggregate preferential model (Nikas et al., 2017). Consequently, some experts might not agree
with the solution achieved and feel outside of the decision process. To increase the robustness of the chosen
solutions, a consensus level of the experts can be measured (Bender and Simonovic, 1997) to identify sources of
proximity and disagreement.

Nowadays, many of the most important real-world MCDM problems are related to sustainability issues (Neofytou
et al, 2020). The effects of global environmental change are becoming increasingly obvious and its impacts on
our societies, economies, and environment, today and in the near future, constitute one of the main concerns
worldwide. This is why nations have long set out to address this challenge (e.g., the Kyoto Protocol and, recently,
the Paris Agreement), in a globally coordinated and cooperative manner (Doukas et al., 2018).

The enormous complexity of problems associated with climate change and action, especially in the context of an
all-inclusive, participatory, and transparent dialogue, based on the principles of Talanoa (Sorman et al., 2020),
makes experts often come up with a series of assumptions that fail to reflect the real-world constraints, in order
to reduce such complexity. MCDM has long been used to address challenges and resolve problems associated
with environmental, energy, and climate policy (Doukas and Nikas, 2020). Respectively, decision support systems,
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i.e., software tools used to support decisions, judgements, and courses of action, have recently been developed,
featuring the capacity to solve climate change-related MCDM problems from the perspective of multiple
stakeholders (e.g., Nikas et al., 2018a; Jeong, 2018), without however aiming to improve consensus.

In this direction, this research aims to make an important qualitative contribution within the climate change policy
research area by presenting a new fuzzy decision support system, A grouP decisiOn fuzzy TOoL in support of
cLimate change pOlicy making (APOLLO). The main aim of APOLLO is to facilitate a consensus measuring process
of a group of individuals toward reaching the best decision for an MCDM problem related to climate change and
policy issues. Additionally, the software has the ability to analyze the conflicts (or disagreements) that emerge
among the experts. Furthermore, in order to validate it and showcase its usefulness, APOLLO is presented and
stress-tested in a real-world case study that was carried out in Austria, in the context of assessing the risks
embedded in pathways for decarbonizing the country’s iron and steel sector.

From a methodological point of view, this paper seeks to contribute to the literature by establishing a new decision
support system that focuses on dealing with problems related to climate change adaptation and mitigation policy
issues. It takes into account the challenges of engaging with multiple actors from various stakeholder groups and
thereby increases ownership of decisions, while introducing a new consensus analysis method, drawing from the
literature.

The rest of the paper is organized as follows: Section 2.2 reviews several basic concepts toward facilitating the
understanding of proposed method and tool. Section 2.3 introduces both the resolution process and the
architecture of APOLLO. Section 2.4 describes the real-world case study on evaluating risks associated with the
decarbonization of Austria’s iron and steel sector, showcasing the performance of the APOLLO decision support
tool. Finally, in Section 2.5 some conclusions and prospects of our research are drawn.

2.2 Methods and Tools

This section describes the proposed methods and tools that will be implemented in APOLLO. First, the choice of
linguistic variables is facilitated through the review of LDM and the presentation of the 2-tuple linguistic model.
Second, the 2-tuple Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) model that APOLLO
uses to solve group DM problems is described. Finally, the new consensus measuring framework is introduced.

2.2.1 Linguistic Decision-Making

Human beings are continuously faced with decision problems; what to eat, what mobile phone to buy, or what
shoes to wear today are common examples of this type of problems. As the problematic, along with the impacts
of a decision to address it, shifts from individuals to larger social units (e.g., policymaking), the decision-making
process requires ownership of a collectively acceptable solution and therefore entails the engagement of more
than one decision maker. Formally, in these cases, the DM problem is formed by a set of experts, E = {e, ..., ex},
who evaluate different alternatives, A = {a, ..., a,,}, and choose the best one(s) as solution(s) to the problem, by
evaluating them against a set of different conflicting criteria, C = {cy, ..., c,} (Nikas et al., 2018a).

As complexity of a DM problem increases, with decision makers not knowing all of the information required to
make a decision about the problem, uncertainty and vagueness are present. Under these circumstances, the
classical probabilistic models cannot be used to obtain a solution and a different approach to deal with these
problems is necessary. The fuzzy linguistic approach and fuzzy variables (Zadeh, 1975) have been widely used in
the DM area in order to model the inherent uncertainty that appears in many decision situations, giving place to
LDM (Martinez et al., 2009). In an LDM problem, the group of engaged individuals provide their opinions by using
linguistic expressions, which are considered closer to the way in which human beings express their ideas.
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Due to experts using linguistic expressions to give their opinions, it is essential to carry out computations with
such linguistic information in order to provide consistent solutions for the LDM problems. Furthermore, these
results should also be represented linguistically to promote understanding from the decision makers’ point of
view. The Computing with Words (CWWs) methodology (Doukas et al., 2010; Martinez et al., 2010; Martinez and
Herrera, 2014) tries to mimic the reasoning process of human beings, by obtaining linguistic outputs from the
linguistic inputs provided by the stakeholders. Many DM methods follow this methodology to solve an LDM
problem. In this research, we focus on an extension of the TOPSIS, based on the 2-tuple linguistic model.

2.2.2 The 2-Tuple Linguistic Model

The 2-tuple linguistic computational model (Martinez and Herrera, 2012) is a symbolic model that was introduced
as an improvement of other linguistic modeling approaches (Rodriguez and Martinez, 2013). It carries out linguistic
computational processes in an easy and comprehensive manner, without losing information, using a continuous
linguistic domain, and outputs results that are expressed in the same linguistic domain (Nikas et al., 2018a).

To represent linguistic information, the 2-tuple model uses a pair of values that is called linguistic 2-tuple (s, a),
where s is a linguistic term and a is a numeric value representing a symbolic translation.
Let S = {so, ..., S5} be a linguistic term set and 8 € [0, g] be the result of a symbolic aggregation operation, where
g + 1is the cardinality of S. Let i = round(B) and a = B — i be two values, such that ie[—-0.5,0,5); then « is called
a symbolic translation. The symbolic translation of a linguistic term s; is a numerical value within [-0.5,0,5)
indicating the difference of the information between the calculated value g € [0, g], and its closest element within
{so, .-, S¢} indicating the content of the closest linguistic term S (i = round(f)).
In essence, the 2-tuple linguistic representation model extends the use of indexes modifying the fuzzy linguistic
approach, by adding a symbolic translation that represents the linguistic information by means of a linguistic 2-
tuple.
[-0.5,0.5),if s; € {s1,52, ., Sg-1}
a= [0,0.5),if s; = s )
[—0.5,0),if s; = 54
Finally, for a linguistic term set S = {S,, ...,s,} and a value supporting the result of a symbolic aggregation
operation B € [0, g], the 2-tuple expressing the equivalent information to S is calculated:
A:]0,g] » S x (—0.5,0.5)
A (B) 2

- , s; i =round (B)
- (Si' a)’ Wlth {a = ﬂ —l af[_O-S; 015)

Evidently, the conversion of a linguistic term into a linguistic 2-tuple consists of adding a value 0 as symbolic
translation: s; € S = (s;,0).

2.2.3 The 2-Tuple TOPSIS Model

TOPSIS (Hwang and Yoon, 1981) is an MCDM method based on the idea that the best alternative is the closest to
a positive ideal solution and the farthest from a negative ideal solution. Initially, TOPSIS was proposed as an MCDM
method that can deal with numerical assessments and has been found to be relevant in the climate policy domain
(Nikas et al., 2018a); but, as already discussed, uncertainty often appears in many DM problems and, consequently,
the need for linguistic information emerges. Several fuzzy TOPSIS methods have been proposed both in the
broader literature as well as in climate policy support research (Doukas and Nikas, 2020).

Here, we build on the 2-tuple TOPSIS approach introduced in Sohaib et al. (2019), which makes use of the 2-tuple
linguistic model (Martinez et al, 2015) and a new distance function that allows to obtain more precise and
interpretable results than other models. However, instead of aggregating the initial input from the stakeholders
using average values and then perform the 2-tuple TOPSIS, we follow the methodology established by Krohling
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and Campanharo (2011) where the fuzzy TOPSIS was used in the experts’ preference to create a global model and
then another round of fuzzy TOPSIS was performed to acquire the global solution with the experts’ individual
solutions acting as the criteria. Nikas et al. (2018a) expanded the concept of using a double round of TOPSIS in
group DM by using behavioral instead of fuzzy TOPSIS. The 2-tuple TOPSIS method to be used on this study
consists of the following steps:

Defining a weight vector U, = (uf)].,, where uf € U is the linguistic preference by stakeholder e, for criterion ¢;
and U is a linguistic term set, with U = {u;, u,, ..., u,} transformed into a 2-tuple linguistic decision matrix U, =

( 0)1*11
Calculating the normalized 2-tuple weight vector U’ = (&if, B/)1.,, for each stakeholder e, as
_ o' (u],0)
(uj’ ) A < T _1 )’ (3)
j =1,2,..,nand Ty is the cardinal of set U.

Normalizing with the cardinal of the linguistic scale instead of the maximum value, as suggested in the original
method, is preferred to avoid exaggerating the differences between the responses.

Defining the decision matrix X, = (r, ]) .+ Where (r5) €S is the linguistic value preference provided by

stakeholder e, for alternative a; over criterion c;, and S is the linguistic term set, with S = {sy, s;, ..., s} transformed
into a 2-tuple linguistic decision matrix X, = (r,0)

Calculating the weighted decision matrix X, = (7, Tij» ij)m*n for each stakeholder e, with

(LS’_t) AS( 1(u'ﬁ])A51( ijr )): (4)
i=12,..mj=12,..,n

Calculating the positive and negative ideal solutions for each stakeholder e, as:
@t at ) = (5 i), (B el o, (et el and
b, ab) = {(rl'_,af'_), (rz'_,a;_),...,(r ,ak )} where

(UH t+) max{( San) |C1 € B} ormm{( i i) |Cf € B’} and

(5" a7) = min{(7}, @) |c; € B} ormax{( . at;) |c; € B'}, where

i=12,..,mj=12,..,nand where B and B’ are the benefit and cost criteria sets respectively.

Determining the distance of each alternative from the positive and negative ideal solutions for each stakeholder

e; as
t+ - (Ts’ - 1)
(fi '771 ) AS’ Z (TS _ 1)
(IAS1 75, (5)
= (5" "))
and
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n
— =\ _ 1 (Ts’_l)
(&%) = A niy (Ts—1)
-(las* (7 at; (6)

- ("))

where S’ = {s1,s3, ...,si,} is the linguistic term set for the distances, Ts and T the cardinals of sets S and S’
respectively.

Calculating the relative closeness degree of each alternative from the positive ideal solution for each stakeholder

e; as

¢ e 8 (&) '
(e = (<A;r1(ff*.nf'*)+A;%(ff'inf")

(7)
(Ts — 1)), i=12,..,mand Ts the cardinal
of set S.

In the current form the results are expressed in the linguistic scale S used by the stakeholders to increase
interpretability. The results could have been displayed in the scale S which was defined explicitly to express
distances; however, presenting the results in the new terms, despite being considered more appropriate, might
confuse the stakeholders.

Computing the collective 2-tuple linguistic decision matrix X = (i, @)k, Where  (Fy, @) = (EEnH), i=
1,2,...,mt =1,2,..., k. In this step the stakeholders are considered equally weighted. By adjusting steps 1-4, the
new matrix X could be calculated to also include weights for the expert.

Calculating the positive and negative ideal collective as

" a) ={, a), (F, af), ..., (1, @)} and

(r=a7) ={07,a0), (5, a3), ..., (rg, ag )}, where

(rt,at) = ml_ax{(ﬁ-t, @) |c; € B} or miin{(ﬁt, @) |c; € B'} and

(i, ap) = miin{(f'it, @) |c;j € B} or ml_ax{(ﬁt, @) |c; € B'}, where
i=12,..,mt=12,..,kand B and B’ are the benefit and cost criteria sets respectively.

Determining the distance of each alternative form the positive and negative ideal solutions for each stakeholder ¢

1 (Tgr—1) e~
as (fi+'77i+) = Ay (; It(=1 (TSS—1) (145 Ty, @) — (i, “EL)D)

(TS’ -1)
(Ts—1)

and (&7,17) = Agr (23K T2 (185" (G @) — (7 a)]) ), where

S' = {s1,s3, ..., si,} is the linguistic term set for the distances, Ts and T the cardinals of sets S and S’ respectively.

Finally, calculating the relative closeness degree of each alternative from the positive ideal solution as

Y AL I GE) ,
Eomd) = As ((AE}((f{r.nf'))MEf(s‘i'.m‘))

(Ts — 1)), i=12,..,mand Tsis the

(8)

cardinal of set S.
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The results could have been displayed in the distance scale S’, but instead they are converted to the scale the
stakeholders provided their answers in for clarity of results, needed in the next steps.

2.2.4 Consensus Measuring

MCDM methods allow to obtain a solution for a DM problem. In certain occasions, however, the solutions obtained
do not satisfy all of the engaged stakeholders participating in the decision-making process. For this reason,
Kacprzyk (1987) suggests measuring a realistic and “human-consistent” degree of consensus to calculate these
differences, softening the concept of complete agreement by introducing the “soft” consensus degree (Kacprzyk,
1986; Kacprzyk and Fedrizzi, 1986; Kacprzyk and Fedrizzi, 1988). Kuncheva (1994) identifies five metrics for
consensus measuring based on comparisons between the experts’ evaluations, which capture either common
ground among the answers or sources of disagreement (Bender and Simonovic, 1997). Many studies used such
metrics to extract consensus level information from comparing the experts' preference data (Bryson, 1996; Herrera
et al, 1996). However, Herrera-Viedma et al. (2002) argue that these methods can withhold information or
underestimate consensus, since different evaluations may lead to similar solutions. To avoid this bias, they propose
an alternative approach, which is based on comparing the rankings of the experts’ assessments with a global
solution instead of each other’s preferences. Boroushaki and Malczewski (2010) adapted the model to integrate
geographical information systems with MCDA, while Ben-Arieh and Chen (2006) also considered the degree of
importance of each expert.

However, in this approach, alternatives with similar evaluations in the global solution may result in huge differences
in the rankings, which will subsequently lead to exaggerations of dissimilarity, if only the rankings are taken into
account. Here, we build on Herrera-Viedma et al. (2002) by applying a consensus measuring model that is similarly
based on the comparison of a global solution with the experts' assessments but takes advantage of the 2-tuple
TOPSIS evaluations provided by the distance function instead of the rankings. The model is described below:

The dissimilarity of each expert for each alternative pl-(x,-) is calculated by comparing the distance between the
result of the 2-tuple TOPSIS of that alternative in the experts’ individual solution and in the collective one as
follows:

c_ pi\?
o) =) = (0
e[01], b=0
where ( stands for each expert, j stands for each alternative, b can be in the range of (0, 1) to control the
rigorousness of the model, R is the result of the 2-tuple TOPSIS of the alternative j in the group solution, R} is
the result of the 2-tuple TOPSIS of the alternative j in expert's ( solution, and T is the cardinal of the linguistic term
set, used to normalize the dissimilarity values. With this approach, the evaluation of the group solution and the

expert is compared for each alternative instead of the positions in the ranking, enabling us to capture the full
information provided by the stakeholders.

Next, we calculate the consensus degree of all experts on each alternative x; using the following expression:
m
pi(%)
Clg)=1- ) oL
(%) 2" (10)
i=

where m stands for the total number of experts.

Finally, we calculate the consensus measure over the set of alternatives, called Cy:
k c
=1 C(xj) * Rj

k C
j=1R;

Cx = (1M

The PARIS REINFORCE project has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme under grant agreement No 820846.




eration of key modelling parameters, risks and priorities ‘ :yo Béﬁ'\IHSZOQCE

where k is the total number of alternatives. In the original model, the aggregation of the consensus degree of each
alternative into the final consensus measure was performed by using the S-OWA OR LIKE operator (Yager and
Filev, 1994). Through this process the set of alternatives was split in a set of solutions and a set of remaining
alternatives, where the former is given an increased weight, leading to the dependence of the consensus measure
on the choice of the OWA operator. To avoid this issue, in our approach, the aggregation is performed through a
weighted average formula, where the evaluation of the 2-tuple TOPSIS of the global solution for each alternative
is used as the weight of the consensus degree over this alternative.

Applying a similar approach with the consensus measure, the proximity of i-th expert to the global solution can
be calculated:

k c

pi = 2= (1-pilx)) = RS

X k [
j=1R;

(12)
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Figure 6: A group decision fuzzy tool in support of climate change policy making's (APOLLO) resolution

scheme.
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2.3 APOLLO

This section introduces a fuzzy MCDM group decision tool, APOLLO, to solve multicriteria problems under
uncertainty, related to climate change and policy. First, we discuss the different steps that describe the resolution
scheme of the introduced software, and then we present its architecture.

2.3.1 Resolution Scheme

APOLLO has been developed with the aim of solving LDM problems related to climate change issues, fully aligned
with policy developments, such as the Paris Agreement and the Talanoa dialogue, as well as with emerging
scientific paradigms in support of these developments (e.g., Doukas et al., 2018; Weitzel et al., 2019). Furthermore,
due to the complexity and importance usually linked to these kinds of problems and in the aim of maximizing
governance (of science, risks, and policy), our goal is to also provide solutions in which the majority of stakeholders
(and stakeholder groups) participating in the decision process agree with one another. Hence, it is necessary to
propose a specific LDM solving process that, on one hand, allows using MCDM methods in order to provide
solutions for the decision problem and, on the other hand, guarantees that such solutions satisfy the largest part
of the group of engaged individuals as much as possible, mitigating potential disagreements. APOLLO's resolution
scheme is composed by different steps that are described in the following subsections (see Figure 6).

2.3.1.1 Problem definition (Framework)

This step allows defining the MCDM problem. Stakeholders, criteria, alternatives, and the expression domains that
the stakeholders use to provide their preferences. In this application, we consider that stakeholders use linguistic
expressions in order to facilitate the preference elicitation process, thus the expression domains are represented
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by fuzzy linguistic term sets, the label numbers of which can be selected by the user/analyst.

2.3.1.2 Knowledge domain assignment (Knowledge)

Although linguistic expression domains are created in the previous step, it is essential to match these domains to
each participating stakeholder. In doing so, several linguistic scales can be defined, each one tailored to the
knowledge/preference of each engaged decision maker.

2.3.1.3 Preference elicitation (Gathering)

At this stage, stakeholders provide their assessments by using linguistic expressions. In this version, stakeholders
may use expressions represented by single linguistic terms, such as Good, Bad, High, or Very Low.

2.3.1.4 Multi-criteria solution (Rating)

This phase carries out the resolution of the MCDM problem. This version of APOLLO uses the 2-tuple TOPSIS
method to solve the defined MCDM problem by following the steps introduced in Section 2.2.3.

2.3.1.5 Consensus measuring

This step allows us to measure the consensus and proximity level of the solution found in the previous stage.
APOLLO calculates consensus based on the model presented in Section 2.2.4

If desired, a consensus reaching process (CRP) (Labella et al., 2018; Rodriguez et al., 2018) can be applied to bring
the experts’ assessments closer with one another and achieve an acceptable level of agreement in the group
(consensus control) (Saint and Lawson, 1994). The initial experts' preferences would then be modified through
iterative rounds and used to obtain a consensual solution for the problem (feedback process), to conclude the
CRP cycle (Palomares et al., 2014).

2.3.2 Architecture

APOLLO has been developed using an Eclipse Rich Client Platform (RCP) developed by IBM and created for
building desktop applications with richer functionality. The main advantage of this technology is the capability to
extend, modify, and reuse the applications easily in different operative systems thanks to the components-based
architecture. Components or also so-called plugins are small pieces of software interconnected with each other
that compose the whole RCP application. The use of plugins allows connecting them to other RCP applications
and increase their functionality without the need to have a full understanding of how the application works.
APOLLO is composed by several plugins classified into different categories:

User interface: the plugins which belong to this category are used to visualize the user interface of the
application (buttons, plots, etc.).

MCDM: the plugins included in this category represent all the information related with the MCDM problems
and their resolution. Here we can find plugins to represent the different elements of the problems, for instance,
experts, alternatives, criteria, or expressions domains. In addition, the MCDM models to solve the problem are
also classified in this category. For this version of APOLLO, the 2-tuple TOPSIS is the selected MCDM method
but others can be added.

Consensus: APOLLO solves MCDM problems by using MCDM methods but also incorporates plugins that
measure the consensus level. In this way, the selection of the best alternatives is accompanied by a consensus
level to obtain a more robust solution.
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The APOLLO's architecture is represented in Figure 7.

OPERATIVE SYSTEM

APOLLO

USER INTERFACE

MCM Consensus

2-tuple TOPSIS Measure

ECLIPSE RCP
LIBRARIES

Figure 7: A group decision fuzzy tool in support of climate change policy making's (APOLLO)
architecture.

2.4 Case Study

In order to show the usefulness of APOLLO, we use it to solve a real MCDM problem related to the decarbonization
of iron and steel production in Austria.

2.4.1 Background Information

Iron and steel is considered an energy-intensive industry (Gerres et al., 2019), accounting for 4%-7% of the
industrial CO, emissions in the EU (Pardo and Moya, 2013), while in 2017 contributed almost 16% of the industrial
and 1.5% of the total GHG emissions (UNFCCC, 2017). In Austria, these shares are even higher, with iron and steel
producing 65% of the industrial and 14% of the total GHG emissions in 2017, according to the UNFCCC Inventory,
highlighting the importance of decarbonization of the sector as part of the country’s emissions mitigation targets.
As seen in Figure 8, the emissions of the sector do not only represent a high share, but they steadily increased
through time, despite the fluctuation of the total emissions and the obvious decrease from the 2005 level, even
rebounding from the decrease caused by the economic crisis in 2008.

The PARIS REINFORCE project has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme under grant agreement No 820846.



eration of key modelling parameters, risks and priorities ’ g’o géﬁ\l”S:OQCE

100,000.00
90,000.00
80,000.00
70,000.00
60,000.00
50,000.00
40,000.00
30,000.00
20,000.00
10,000.00

0.00

Annual GHG emissions in kt CO; equivalent

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2007
2008
2009

2001
2002
2005
2006
2010
2011
2012
2013
2014
2015
2016
2017

W Total GHG emissions without LULUCF m Industrial Processes and Product Use

W Iron and Steel Production

Figure 8: Total, Industrial and Iron and Steel greenhouse gas (GHG) emissions in Austria.
Source: UNFCCC (2017), own elaboration.

Part of the intensity of the iron and steel industry can be attributed to technological reasons for the production
process. The dominant process for primary production is the energy-intensive Blast Furnace/Basic Oxygen Furnace
route (BF-BOF), where iron ores are reduced to iron, using coke as a reducing agent (Arens et al., 2017). The
secondary steelmaking process is the Electric Arc Furnace (EAF) route which produces steel from recycled scrap,
requiring a third of the energy needed in the BF/BOF route (Arens et al.,, 2012).

In Austria the majority of iron and steel produced is based on the BF/BOF route (Mousa et al, 2016). The
dominance of BF-BOF compared to other European regions makes Austria one of the most sensitive countries to
CO; prices in the EU (Bachner et al., 2020). Therefore, radical innovations need to be implemented in the sector to
be able to adapt to deep decarbonization strategies (Lechtenbdhmer et al., 2016), since simple solutions like the
Best Available Techniques have limitations (Fischedick et al, 2014). Such cutting-edge technologies include
hydrogen-based production that could drastically reduce emissions intertwined with renewable energy production
(Vogl et al., 2018). However, actors are usually skeptical about large-scale transitions out of fear of the cost and
risk associated with the adoption of radical innovations (Wesseling et al., 2017). These fears need to be considered
during the development of policies, since actively engaging stakeholders in the process could provide valuable
insights on their point of view towards a "greener” industry (Bachner et al., 2020). This background constitutes the
motivation of our study, showcasing why the Austrian iron and steel sector was selected as a case study.

2.4.2 Alternatives and Evaluation Criteria

In order to facilitate the transition pathway of the Austrian iron and steel industry, risks associated with this
transition are prioritized through the engagement of stakeholders in an iterative co-creative process that will
provide insights into what key actors of the system fear the most.

In our study, we focus on risks that cut across a number of dimensions, such as energy infrastructure, the political
and institutional status, environmental issues related to end-use acceptance, financial markets, and technological
innovation (Table 11), adapting from the clustering of risks performed in Bachner et al. (2020) and Wolkinger et
al. (2019).
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Most risks are intertwined with the need to achieve wide-scale diffusion of centralized and decentralized
renewable energy sources, in order to support green hydrogen production to be used in industry. This is evident
in the infrastructure cluster, where the challenges posed to the stability of the grid due to the increase of renewable
generation (Wang and Blaabjerg, 2018) and storage limitations are analyzed. Importance is also given to the
institutional level to manage policy-related risks and financially support technological innovation that will pave
the way for a just transition that will be acceptable by the society despite lock-ins in the dominant regimes (Nikas
et al., 2020b). The list of risks is not exhaustive, given the multiplicity of the various risks that can hinder the
envisaged transition pathway, but was considered by the stakeholders to be representative of the risks
decelerating the energy transition.

The identified risks are evaluated against four criteria: (a) their likelihood to manifest; (b) the level of the perceived
impact that they can have on the climate mitigation policy framework; (c) lack of state/societal capacity to mitigate
them; and (d) level of concern.

Table 11: Risk classification and evaluation criteria.

Group Alternatives Evaluation Criteria

R1. Lack of transparency C1. Likelihood to manifest
R2. Grid Instability C2. Impact on policy
Energy infrastructure
R3. Lack of storage capacity C3. Lack of mitigation capacity
R4. Complicated investment procedures C4. Level of concern

R5. Social injustices

R6. Insufficient consideration of lifestyles

Environmental/ )
o R7. Resource consumption overlooked
acceptability
R8. Social resistance against investments
R9. Lack of investment framework
R10. Non-evidence-based regulatory framework
R11. Short-sighted energy/climate planning
Political/

R12. Market distortions

institutional framework
R13. Lack of political leadership

R14. Fluctuation of CO; prices

R15. Non-coordination at the EU level

R16. Uneven distribution of transition costs

Financial R17. Non-engaging/unstable markets

R18. Narrow consideration of competition

R19. Price risks due to new technologies

R20. Limited funding capacity

Innovation and technology
R21. Bad timing of new industry technologies
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R22. Technological lock-ins in iron and steel

R23. Little integration across multiple sectors

R24. Lack of information flows

R25. Imperfect picture of transition

2.4.3 Stakeholder Input

Based on the stakeholder dialogue format described in (Bachner et al., 2020), ten stakeholders (E1...E10) from the
Austrian iron and steel sector were engaged in the process through bilateral interviews and workshops.

Initially the stakeholders were asked to assess the importance of the four evaluation criteria, using a 5-term
linguistic scale {None (N), Low (L), Medium (M), High (H), Extreme (E)}. The evaluations are presented in Figure 9.

Criteria Weights

e e e ]
] ® ® ® ] [ ] ®
L ® [ ] e e ® [ ] ® e ®
o ] [ ] o ] ® ] ]
1 2 3 4 5 6 7 8 9 10

® Likelihood to manifest ® Impact on policy

® Lack of mitigation capacity @ Level of concern

Figure 9: Criteria weights assigned by the ten stakeholders.

Despite significant variance in the responses, the majority of the stakeholders consider the level of concern over
each risk to be an important evaluation factor, with six of them weighting concern with extreme importance, two
with high importance and only two considered it of low importance.

In the next step, stakeholders were asked to evaluate each alternative/risk against these criteria answering to the
questions in Table 12.

Table 12: Questions asked to the stakeholders for the evaluation of each risk against the four criteria.

Evaluation

Question Linguistic Scale of the Answers

Criteria

C1. Likelihood to What is the likelihood for the following risks to | {Very unlikely, Unlikely, As likely as not,
manifest occur? Likely, Very Likely}
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C2. Impact on
policy

If the following risks were to occur, what would | {Limited, Considerable, Great, Extreme,
be the extent of their impact? Catastrophic}

C3. Lack of If the following risk were to occur, how would
mitigation you estimate the capacity of relevant actors to | {None, Low, Medium, High, Extreme}
capacity mitigate them?
{Not worried, A little worried,
C4. Level of ) . . . .
How worried are you about following risks? Somewhat worried, Very worried,
concern

Extremely worried}

The responses of the stakeholders are then converted in the same scale used for the weights, {None, Low, Medium,

High, Extreme}, while the answers for Criteria 3 are appropriately adjusted to reflect the lack of capacity.

Based on the adjusted answers, the distribution of the assessments for each term of the linguistic scale is presented

in Figure 10. Most of the experts’ answers are concentrated around medium and neighboring terms.

350
300

250

200
150
100
50 I
o E

None Low Medium High Extreme

Figure 10: Distribution of the experts’ assessments for each linguistic term.

However, the experts seemed more reluctant to use the higher scales, since "none” received almost double the
answers of “extreme,” while “low” received a higher number of responses than “high.” This indicates that the

experts showcased a moderate behavior being less willing to use stricter terms.

2.4.4 Results

2.4.4.1 Experts’ individual solutions

After initial assessments, the 2-tuple TOPSIS model described in Section 2.2.3 is applied to the answers of each
expert independently, in order to calculate the rank and the score of each alternative. In Table 13, the assessments

and results of 2-tuple TOPSIS are presented for Expert 1; a similar process is followed for the rest of the experts.

Table 13: Assessments and results for Expert 1.
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Weights |[L |H |M |E

R1 M |L |[L L |092
R2 E |H |[L | M |277
R3 H | M |N M |185
R4 HIH M |M|292
R5 H |L N |[L |077
R6 H |[L [N L |077
R7 M |L |[L L |092
R8 H |H |L |[M|262
R9 E |H |[L |H |338
R10 MM M |M|231
R11 H|L M |M|200
R12 L [N |[L | L |O0.31
R13 H M |L |H |277
R14 H M |M M|246
R15 H |H |L |[H |3.23
R16 H I M M |M|246
R17 H M |M | M|246
R18 H | M |H M |277
R19 H L |[L | M|169
R20 MM | M |M|231
R21 H |H L |[M|262
R22 M |L |[L L |092
R23 H | M L |H |277
R24 E |H M |M|308
R25 H I M |M | M|246

In Figure 11, the results of the 2-tuple TOPSIS for each expert are presented. Despite general similarities among

the results, significant differences between individual choices exist. For example, Expert 4 considers alternative R22

“Lock-ins due to capacity mechanisms” to be the most important risk with an evaluation of (Extreme, —0.19), while

Expert 3 considers it to be the risk with the lowest importance and a score of (Low, -0.45). These differences

illustrate that the stakeholder pool is well diversified, mitigating possible biases in the collective solution.
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Figure 11: Results of 2-tuple Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) for
each individual expert.
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2.4.4.2 Collective solution

The results for each individual expert are used to create the new matrix to be used to calculate the collective
solution of the group. In that case, the experts will play the role of equally weighted criteria. The 2-tuple TOPSIS
is then run again to the new matrix (Table 14) to assess the importance of each alternative as a collective group.

Table 14: New decision matrix for the collective solution.
‘ ‘ E1 E2 ‘ E3 E4 ‘ E5 E6 ‘ E7 ES E9 E10

R1T |092 | 1.04 221|057 | 175|130 | 041 | 1.85| 0.93 | 0.67

R2 | 277|222 |124|038|200|0.86 | 166 1.13 | 253 | 2.13

R3 | 1.85 | 281|276 | 286 | 250 | 238 | 234 | 2.77 | 2.27 | 1.87

R4 | 292 | 252|055 | 114|275 | 141 | 234 | 1.44 | 0.80 | 3.07

R5 | 0.77 | 281 | 069 | 190 | 1.63 | 2.70 | 1.10 | 2.26 | 0.53 | 0.40

R6 | 077 | 341|303 | 152|275 281|124 |3.18 | 1.60 | 2.93

R7 092|370 | 290 | 210 | 1.25 | 249 | 234 | 1.64 | 2.00 | 3.33

R8 | 262|222 |345| 152|238 | 249|234 | 205 | 147 | 2.80

R9 | 338|237 248 | 1.71 | 3.13 | 3.24 | 207 | 3.38 | 2.67 | 2.53

R10 | 231 | 148 | 166 | 0.76 | 1.50 | 1.19 | 1.66 | 1.13 | 1.33 | 2.53

R11 | 2.00 | 222 | 1.79 | 3.05 | 3.00 | 3.24 | 1.79 | 0.82 | 293 | 1.73

R12 | 031 | 1.63 | 1.38 | 0.95 | 0.88 | 2.70 | 1.38 | 2.46 | 2.13 | 2.67

R13 | 2.77 | 281 | 1.38 | 1.52 | 0.75 | 3.14 | 221 | 1.95 | 240 | 2.53

R14 | 246 | 0.59 | 3.03 | 229 | 1.25 | 270 | 1.79 | 1.85 | 1.60 | 3.47

R15|3.23 | 0.30 | 221 | 3.43 | 0.88 | 3.03 | 290 | 1.85 | 1.87 | 2.80

R16 | 246 | 2.67 | 097 | 0.19 | 1.13 | 3.03 | 1.52 | 2.67 | 2.40 | 2.53

R17 | 246 | 3.85 | 345 | 286 | 3.13 | 1.19 | 3.17 | 0.82 | 2.40 | 2.27

R18 | 2.77 | 3.26 | 276 | 3.43 | 2.00 | 3.14 | 248 | 1.74 | 240 | 2.80

R19 | 1.69 | 237 | 124 | 1.14 | 2.88 | 2.92 | 1.38 | 1.13 | 2.67 | 2.13

R20 | 231 | 148 | 221 | 2.10 | 1.88 | 2.16 | 1.38 | 2.15 | 2.13 | 1.20

R21 | 262 | 148 | 1.52 | 1.71 | 1.00 | 249 | 248 | 2.77 | 2.40 | 1.60

R22 | 092 | 296 | 0.55 | 3.81 | 0.75 | 1.41 | 1.79 | 2.26 | 1.07 | 1.87

R23 | 277 | 193 | 276 | 2.10 | 225 | 3.03 | 1.79 | 1.13 | 1.07 | 2.40

R24 | 3.08 | 1.78 | 2.21 | 1.52 | 3.25 | 3.24 | 290 | 1.74 | 1.20 | 2.40

R25 | 246 | 3.26 | 3.17 | 267 | 238 | 2.70 | 3.17 | 0.51 | 2.13 | 2.67
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The ranking of the alternatives according to the second 2-tuple TOPSIS are presented in Table 15. Out of 25 risks
examined, 8 were evaluated in the scale of “High,” the majority fluctuates around medium values, while only 3
received a "Low” score. Despite the moderate answers of the experts who avoided higher rates as discussed in
Section 2.4.3, the percentage of high-importance risks indicate a broad concern of the stakeholders for the
envisaged transition. Specifically, the risks with the higher importance with almost identical scores are the “Lack
of investment framework” and the “Narrow consideration of competition.” The performance of these risks
indicative a request from the experts to the state to develop a coherent strategy that will address the high
investments costs of the transition and deal with competitiveness issues especially from major exporting countries,
like China, that can offer cheaper commodities due to lower energy efficiency investments (Mao and He, 2018)
and the slower development of a universal carbon market (Weng and Xu, 2018). This is further established by the
high performance of the risk “Imperfect picture of transition,” leading to the conclusion that the design of a clear
transitional pathway that addresses the aforementioned concerns is vital.

Table 15: Final ranking of risks based on the collective solution.

Ranking | Alternative 2-tuple TOPSIS Linguistic

1 R9 (High, 0.04)

2 R18 (High, 0.02)

3 R17 (High, -0.15)

4 R25 (High, -0.21)

5 R3 (High, -0.31)

6 R8 (High, —0.46)

7 R24 (High, —0.46)

8 R6 (High, -0.47)

9 R7 (Medium, 0.45)
10 R11 (Medium, 0.44)
11 R15 (Medium, 0.42)
12 R13 (Medium, 0.29)
13 R23 (Medium, 0.25)
14 R14 (Medium, 0.23)
15 R21s (Medium, 0.09)
16 R16 (Medium, 0.02)
17 R19 (Medium, 0.02)
18 R20 (Medium, -0.05)
19 R4 (Medium, -0.06)
20 R22 (Medium, -0.27)
21 R2 (Medium, -0.34)
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22 R12 (Medium, -0.40)
23 R10 (Low, 0.47)

24 R5 (Low, 0.37)

25 R1 (Low, —0.06)

In Figure 12, the results are presented following the allocation of the risks to the groups described in Table 11.

Extreme

High

Medium
i | ‘ | | | i ‘ ‘ |
None |

R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 R21 R22 R23 R24 R25

Energy Environmental Political/ Institutional Financial Innovation and
[nfrastructure /Acceptability framewrok Technology

Figure 12: Clustered results of the collective solution.

From an infrastructural perspective, the “Lack of storage capacity” is considered the most important risk, since it
is associated with the ability of the grid to maintain high shares of renewable energy productions. The procedures
for investments in infrastructure and the stability of the grid perform slightly below medium, showcasing that, if
the storage capacity is improved, the stakeholders are confident about the efficiency of the infrastructure
economically and technologically. The transparency of the infrastructural procedures concerns stakeholders the
least, not only in the same cluster, but over the complete set of alternatives, which indicates that, if the financial,
technological, and social aspects of the transition are determined, it will be easier to adapt to procedural

requirements.

In the environmental cluster, apart from the lack of an investment framework, consumption of resources received
attention, since the activities of the iron and steel industry commence from the iron ores, as discussed in Section
2.4.1. Significant concern also exists over the behavior of the end-users both through “Insufficient consideration
of lifestyles” and “Social resistance against investments.” Interestingly, however, the risk of “Social Injustices” that
could arise in a transition and affect the local communities received low importance, ending in the second to last
place. Despite being concerned over the resistance they may face over the transition of the sector, stakeholders
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lack the understanding or the will to address the primal reasons that can cause resistance from the community.
The importance of understanding the negative impacts, such as job losses, in the process of developing the plan
requested by the stakeholders should be a key aspect of a “just transition” (Newell and Mulvaney, 2013), built on
a social dialogue that includes all interested parties (Nikas et al., 2018a).

Regarding the political/institutional framework, the balanced results indicate that there are some concerns over
“Fluctuation of CO2 prices” and the “Lack of political leadership” that should not be neglected, but they do not
raise immediate threats. On this cluster “Short-sighted energy/climate planning” seems to be the most important
risk, with the stakeholders fearing that the current plans lack long-term vision. On the other hand, the stakeholders
believe that “Market distortions” and the “Non-evidence-based regulatory framework” do not constitute
significant risks, placing them in the lower positions of the ranking.

Having discussed the “Narrow consideration of competition” which has been identified by stakeholders as one of
the top two risks, “Nonengaging/unstable markets” also received a comparably high score, establishing the
financial cluster as an important factor of the risks associated with the transition. Industries like iron and steel that
provide supplies for other major industries are bound to the stability of these markets and especially their
reluctancy of adopting cleaner solutions (Janipour et al., 2020). This is associated with the “Price risks due to new
technologies,” since low-carbon products may cause higher prices, which may lead to “Uneven distribution of
transition costs,” two risks that both received medium importance. Financial coordination among the EU countries
is also an aspect identified as fairly important by the stakeholders to outbalance the competitive advantage of
countries like China, as previously discussed.

In the innovation and technology group, we discussed the importance of developing a clear picture of the
envisaged transition, with the clustered results also indicating this picture should incorporate effective information
flow channels. In the innovation system of iron and steel, these networks will allow cooperation in the distribution
of knowledge and implementation of innovative projects (Esparcia, 2014). “Technological lock-ins in iron and

"o "o

steel, Bad timing of new industry technologies,” and “Little integration across multiple

sectors” are risks of medium importance that should be taken into account, as part of this broader strategy.

Limited funding capacity,

2.4.4.3 Consensus level

To calculate the consensus level of the experts compared to the global solution we use the methodology proposed
in Section 2.2.4 and then compare the results with the original method proposed by Herrera-Viedma et al. (2002).
The results are shown in Table 16 and Figure 13, where for both models a value of b=1 was used, since only one
round of stakeholder engagement took place so there was no need to add rigorousness on the assessments.
Specifically, for the methodology of Herrera-Viedma et al. (2002) the OWA operator was set to =0.8 in the middle
of the proposed interval for the variable, the ties in the rankings were not broken, while it is presumed that the
set of solutions consist of the alternative ranked first.

Table 16: Consensus measure and proximity levels of individual solutions compared to the collective.

‘ ‘ Herrera-Viedma et al. (2002) Proposed Methodology

EXP1 | 944 84.4
EXP2 | 583 83.1
Proximity level | EXP3 | 66.3 85.6
EXP4 | 55.9 82.8
EXP5 | 915 84.3
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EXP6 | 94.9 86.3
EXP7 | 60.1 89.1
EXP8 | 92.9 794
EXP9 | 90.8 84.6
EXP10 | 64.7 86.9
Consensus measure 77.0 84.6

ES E3 == Herrera-Viedma et
al. (2002)
e Proposed
E8 E4 Methodology

E6

Figure 13: Proximity level of each expert.

From the results, it is showcased that the proposed consensus model is less rigorous than the initial methodology
both in terms of the total consensus level and the variance of the proximity of each expert.

Our method results to a consensus level of 84.6% compared to the 77% level of the initial model. The main reason
for this difference derives from the way Herrera-Viedma et al. calculate the dissimilarity, which is based on the
position in the rankings of the collective and the experts’ solutions, whereas in the proposed method the scores
of TOPSIS are used. In this case study, many alternatives where concentrated around the “medium” scale. For that
reason, calculating dissimilarity simply based on the position can exaggerate the existing differences. For example,
as we can see on Table 15, the positions from 6 to 11 in the collective solution are separated by only a 0.12
difference in the five-term scale. Therefore, no strong preference can be deduced, rather than merely a tendency.
However, the 5-place distance between the rankings of these risks in a total of 25 alternatives can strongly increase
the dissimilarity level. This exaggeration is mitigated in the proposed methodology, since the 2-tuple TOPSIS
results are used, taking into consideration the exact distance in the assessment of the individual expert and the
collective solution, thus using all the available information to calculate the consensus level.

For the proximity levels of each expert to the collective solution, the results show less variance in the proposed
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methodology compared to the initial partially due to the exaggeration explained above, but also because of the
choice and use of the OWA operator, a bias already recognized by Herrera-Viedma et al. Specifically, by using the
value of p=0.8 the alternatives that are considered part of the solution set are given a dominant weight compared
to the rest. In this case, we considered the set of solutions to include only the first alternative in the collective
solution. However, the argument about the bias can be valid even if more alternatives were included in the solution
set, since the exaggeration would simply include a limited number of alternatives rather than the complete set. In
MCDM methods based on ranking in the energy sector, valuable insights can be gained even by examining the
patterns on the last places (Ribeiro et al, 2013). To limit the dependence on the first alternatives, we used the
scores of 2-tuple TOPSIS as the weights of the distances placing more importance on the risks ranked higher,
while not undercalculating the outputs from the lower positions. For example, Expert 8 performed poorly on the
majority of the alternatives both based on our methodology and the calculation of the differences excluding the
top alternative for the methodology of Herrera-Viedma et al. However, because the expert ranked “R9” first
similarly with the collective solution, he received a very high proximity level on the latter method, whereas in our
case matching the first solution managed to keep them to adequate proximity levels around 80%, but they were
also punished for their failure to assess the rest of the alternatives appropriately, receiving a smaller percentage
than the rest of the experts. The opposite phenomenon was observed in the case of Expert 7 who performed very
well in most alternatives, but miscalculated the first alternative by rating it with a medium score, leading to an
exaggeration of their consensus level by the method of Herrera-Viedma et al.

As seen in Figure 10 the experts collectively showed a moderate behavior toward lower grades. For example,
Expert 9's solutions show a low deviation with most of them slightly fluctuating around medium values, as seen in
Figure 11. However, both consensus models gave the expert a high consensus percentage due to the fact that
many alternatives in the collective solutions were also rated around medium. Both models need to consider this
bias toward moderate behavior and not punish experts that are more willing to use the full extent of the linguistic
scale to better express the existing differences among the alternatives.

2.5 Conclusions

In this research, APOLLO, a fuzzy decision support tool is presented to deal with MCDM problems in climate
change and policy issues. Stakeholder engagement processes are enabled by using linguistic variables which are
more similar to the way experts think. Therefore, it is easier for them to provide the initial feedback and understand
the final results derived by the tool. On the first stage, APOLLO uses an adaptation of the 2-tuple TOPSIS (Sohaib
et al,, 2019) to analyze the initial assessments and calculate the ranking and the evaluations of the alternatives for
each expert independently. These evaluations are then used as input of the next 2-tuple TOPSIS calculation to find
the collective solution of the group of experts (Martinez et al., 2015).

However, the assessments of the experts may include significant dissimilarities, which threaten the acceptance of
the final solution. To increase robustness of the solution, APOLLO incorporates a new consensus measuring model
that builds on Herrera-Viedma et al. (2002). The contribution of the model lies on the fact that it uses the 2-tuple
TOPSIS evaluations to weight the distances between the experts and the collective solution. From that perspective,
each alternative is given the necessary importance for the calculation of consensus and proximity, limiting rigorous
assessments.

The added value of APOLLO lies in it constituting a complete tool to perform risk assessments and solve broader
problems of DM related to sustainability and decarbonization policies, as its features are tailored to the specificities
of the domain (in terms of types of alternatives and criteria, need for large number of stakeholders, and
requirements for socially just action driven by consensus). The tool provides robust solutions through measuring
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consensus among experts, and results that are comprehensible to all audiences and thus all stakeholder groups,
making it easier for them to trust the analysis and convert findings into concrete actions.

The tool and the proposed framework are used in an Austrian case study, where stakeholders evaluate the
importance of potential risks threatening the low-carbon transition of the iron and steel industry.

We showcase that despite the generally moderate initial answers provided by the stakeholders, many risks
received a final evaluation of “high” based on the 5-scale term used for in linguistic model. This indicates that
there is a broad concern over the sustainable transition of the sector. Experts agreed with a consensus level of
85% that the most important risks threatening the transition refer to the “Lack of investment framework” and the
“Narrow consideration of competition,” closely followed by the “Nonengaging/unstable markets” and the
“Imperfect picture of the transition.” These results can be interpreted as a plea from the experts to policymakers
to create a coherent and clear transformational strategy that provides financial resources toward low-carbon
technologies that are associated with increased shares of RES production, while also dealing with competition
from emerging powerhouses. Regarding the system'’s ability to manage the high penetration of RES, storage
capacity is another risk evaluated as important from the experts.

In our study, a key limitation was that the experts evaluated the alternatives only once, which eliminated the
possibility to perform a complete CRP, by providing them with feedback to alter their initial assessments.
Therefore, APOLLO can be enhanced to incorporate a CRP cycle (Palomares et al., 2014), which can be tested in a
multiple-round stakeholder engagement case study to achieve a higher level of agreement in the group (Saint
and Lawson, 1994). As part of consensus measuring, the moderate behavior should be formally examined, since
current models may punish an expert that deviates from median values. However, such an expert can provide
insights along the entire scale used, instead of fluctuating around median values. APOLLO can also be coupled
with evolutionary approaches like the “multi-level perspective” (Geels, 2002) to create a holistic framework that
captures both the qualitative aspects of innovation in a transition and quantitative multi-criteria risk assessment.
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3 Towards sustainable development and climate co-
governance: a multicriteria perspective

This study was published in: Koasidis, K., Karamaneas, A., Kanellou, E., Neofytou, H., Nikas, A., & Doukas, H. (2021).
Towards sustainable development and climate co-governance: a multicriteria stakeholders’ perspective. In Multiple
Criteria Decision Making for Sustainable Development: Pursuing Economic Growth, Environmental Protection and
Social Cohesion, in press. Springer, Cham.

3.1. Introduction

In 2000, the UN held the Millennium Summit to encourage world leaders to commit to fulfilling a set of eight
targets known as the Millennium Development Goals (MDGs) until 2015 (UN, 2000). These targets placed
significant weight on alleviating extreme poverty in multiple dimensions that include environmental sustainability
(Sachs and McArthur, 2005) and were generally considered an important step to monitoring socio-economic
growth especially for developing countries (Easterly, 2009), while also engaging NGOs and citizens (Brinkerhoff et
al., 2007) in the process. The observed progress towards the targets (Sachs, 2012) led world leaders to extend the
MDGs for the next 15-year period (Griggs et al., 2013) by enhancing the targets until 2030, paving the way for the
adoption of the Sustainable Development Goals (SDGs) in 2015, in parallel with the Paris Agreement. As part of
the Agenda for Sustainable Development, the SDGs constituted a set of seventeen interconnected goals (Nilsson
et al,, 2016) with a broad range of targets that represent multiple sustainability dimensions, including land and
water life preservation, clean energy, and socio-political goals. Climate action (SDG 13) has been found to have
strong interlinkages with other SDGs (Kdberle et al., 2020), showcasing that SDGs and the Paris Agreement are
inseparable, since the pathway towards a "well-below” 2°C affects, and is affected by, different SDG targets (Nerini
et al., 2018b).

Despite the undoubted value of SDGs in studying pathways and roadmaps to sustainability (Fuss et al., 2016; Roe
et al, 2019), policymakers at the country level are still hesitant on their efforts to pursue these goals due to lack
of clear understanding on how to translate the global targets in their national and local contexts (Bryan et al.,
2019). On the other hand, it has been found that SDGs can be adequately assessed with climate policy assessment
tools (Grubler et al., 2018), including integrated assessment models (IAMs) or climate-economy and energy
systems models (Nikas et al., 2019a). The representation of SDGs in IAMs was thoroughly examined by van Soest
etal. (2019), who argued that most goals are only partially represented through some of their sub-goals/indicators.
This is because these sub-goals are not always useful or meaningful in terms of mitigation analysis and fall outside
modelling capabilities. For example, Fujimori et al., (2019) highlight the importance of combating climate change
(SDG 13) in connection with SDG 2 due to trade-offs between climate change mitigation and food security, via the
“people at risk of hunger” metric, i.e. a subset of the broader “food security” notion. Similarly, lyer et al., (2018)
limited the analysis on certain SDG subsets to study the impacts of nationally determined contributions (NDCs)
on SDGs using the GCAM model, using air quality, energy access, energy security, food security, and ocean health
as proxies for measuring SDGs 3, 7, 2 and 14 respectively. On the other hand, Luderer et al. (2019) represented air
quality using a more diverse set of metrics, including particular matter formation and ionising radiation, which is
relevant in scenarios with increased nuclear power. McCollum et al. (2018b) in a model intercomparison exercise
studied SDGs 2, 3, 4, 6, 7 in line with the Paris Agreement goals. Table 17 presents recent modelling studies that
discuss SDG implications from climate change mitigation policies.
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Table 17: Recent modelling studies that discuss implications on SDGs from mitigation policies

Luderer
et al., V v v v v
2019

von
Stechow
etal.,
2016

Fujimori
et al,, v v
2019

Doelman
et al, v v
2020

Vandyck
etal., Vv v v v v
2018

Gil and
Bernardo v v v
, 2020

van der
Zwann et | v v ) v
al., 2018

van
Soestet | V v Vv Vv Vv Vv v Vv Vv v Vv Vv v v Vv Vv Vv

al, 2019

Rosenzw
eig et al., v v
2017

Parkinso
n et al., v v
2019

Ribas et
al., 2017

Ribas et
al., 2019
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McCollu
metal, |V v V v v v V V V v v v v v v v v
2018a

Roe et
al., 2019

Dooley
etal., v V v
2018

Zhou et
al., 2020

Michaeli
s and
Wirths,
2020

Dalla
Longa
and van
der
Zwaan,
2017

McCollu
m et al., v v v v v )
2018b

Taliotis
et al, v v
2020

Wachsm
uth et al., v
2019

Fuhrman
etal, v v
2019

Lucas et
al, 2019

Byers et
al, 2018

Jakob et
al., 2019
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Godinez-
Zamora
etal.,
2020

Liu et al.,
2019

lyer et
al., 2018

van der
Zwaan et v v
al., 2019

van de
Ven et v ) v
al., 2019

Johnson
et al, v
2019

Portugal
-Pereira
etal.,
2018

Humpen
oder et v Vv Vv v v
al, 2018

Doelman
et al, v v
2019

Garcia-
Casals et v
al., 2019

Fujimori
etal., v v v v v v v v
2020

Capellan
-Pérez, %
2020

Rafaj et
al,, 2018
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Gil et al.,
2019

Fuss et
al., 2016

Haga et
al, 2020

Tatarewi
czetal, ) v
2019

Kearney,
2019

Dioha M.
Et al., v
2020

O'neil et
al., 2020

Lanati et
al., 2019

Dagnach
ew et al., v
2018

Although these state-of-the-art studies provide valuable insights in terms of achieving SDGs, the fact that results
are heavily influenced by parameter choices made by modelling teams or forced due to limitations in model
capabilities may lead to reluctance or hesitation to make use of the resulting policy prescriptions. This adds to an
existing criticism of IAMs that they are complex and often regarded as black boxes (Doukas et al., 2018), making
it difficult for stakeholders to translate their outcomes into action or even engage in the scientific process in the
first place. However, this strong interdependence of SDGs with energy and the various and complex interactions
among them creates the necessity to establish new approaches in integrated assessment policy efforts (McCollum
et al,, 2018a). To bridge this gap, much like other complex problem domains (Zopounidis and Doumpos, 2002),
multi-criteria decision analysis (MCDA) is often used to assist decision makers in the challenging task of climate
policymaking (Doukas and Nikas, 2020). Combined with climate- and energy-economic models, MCDA is usually
implemented to optimise the modelling outputs and create robust policy mixes (Shmelev and Van Den Bergh,
2016), evaluate alternatives (Balezentis and Streimikiene, 2017) or rank associated transitional risks (Jun et al., 2013;
Nikas et al, 2018a). However, MCDA can also be used to provide input to models through the inclusion of
stakeholders and their preferences. Such mixed methodologies are found to perform better in terms of dealing
with complexities in decision making than solemnly relying on IAMs (Scholten et al, 2017). This shifts the
discussion on the climate change and action framing in the broad sustainability spectrum from what IAMs alone
can provide (Nikas et al., 2021), to what stakeholders believe is important to study and which assumptions are
more impactful.
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In the context of expanding modelling capabilities to incorporate stakeholder preferences, this study uses the 2-
tuple TOPSIS model, an MCDA technique, to prioritise the SDGs. The selected framework draws from a systematic
literature review on MCDA studies that examined SDGs, in different approaches, with special focus on climate
policy. In a group decision making framework based on a regional stakeholder workshop for the PARIS REINFORCE
research and innovation project, we reach a ranking of SDGs ranking expressing the preference of the participating
31 stakeholders in terms of the need to incorporate SDGs in modelling exercises and extract SDG-relevant
indicators from climate-economy modelling simulations. An important point this study also attempts to capture
is the fluctuations in preferences between the different stakeholder groups. Towards identifying these trends and
increasing robustness of the outputs, the analysis is also coupled with consensus measuring techniques.

3.2. The use of MCDA in SDG analysis

MCDA is a dominant field of operational research, with a wide range of applications. In relation to climate change,
MCDA techniques have been found to be successfully employed to support decision makers in sustainability and
climate policy problems (Doukas and Nikas, 2020). In this section we examine the extent to which MCDA has
recently been used in the literature to assess SDGs and map the different roles SDGs play in the analysis. To
investigate this, a thorough literature review was conducted to identify relevant scientific publications since 2016
by using the following two queries in Google Scholar:

e "multiple-criteria decision" +SDGs +"sustainable development goals”
e "multi-criteria decision" +SDGs +"sustainable development goals”

This search resulted in a vast literature review comprising 164 peer-reviewed articles in scientific journals related
to the implementation of MCDA models for the analysis of SDGs. A first filtering can be conducted according to
the method of MCDA used (Figure 14). It is important to note that several studies used more than one MCDA
methods, as well as that Figure 14 presents only the methods employed in more than one study. Some studies
furthermore used a method that they developed, without naming it (e.g. Choi et al., 2020), or failed to name the
method used (e.g. Wu et al., 2020a).
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Figure 14: The number of papers using each MCDA method

Figure 14 indicates that AHP is the dominant method, due to its versatility to be used standalone or in combination
with other frameworks, then followed by TOPSIS. For example, Phonphoton and Pharino (2019) examined
alternative solutions for the waste management system of Bangkok, Thailand, focusing on criteria like food security
(SDG 2), human health (SDG 3), water resources (SDG 6) and impact on biodiversity (SDG 15). Ullah et al. (2018)
investigated the impact of three alternative gaseous fuel types on the transportation sector of Pakistan, using
SDG-based criteria tracing to human well-being (SDG 3), economic growth (SDG 8) and climate action (SDG 13).
Coupled with other methods, AHP is frequently applied to calculate the criteria weights in sustainability problems
(Neofytou et al,, 2020), before feeding the results to other frameworks performing the final evaluation of the
alternatives,. An interesting example is Guzman-Sanchez et al. (2018), who used AHP with TOPSIS, to assess the
impact of various roof types on the sustainability of the building sector through AHP-weighed indicators that are
directly linked to sub-goals of various SDGs (1, 2, 3, 6,7, 8, 11, 12, 13, 14, and 15).

Another important insight from Figure 14 is that several studies used fuzzy MCDA methods. For example, 40% of
the VIKOR studies use the fuzzy version of the method, such as Hameed et al. (2020) that used fuzzy VIKOR to
examine the impact of several risks related to e-waste and, linking risks to SDGs as criteria, concluded that pollution
from e-waste recycling is one of the major risks, linked to SDG 13. Fuzzy methodologies are found to be relevant
in handling uncertainty (Linkov et al., 2006), which is a key aspect of exercises that include stakeholders. However,
MCDA methods can also be applied in stakeholder engagement processes without necessarily using fuzzy versions
(Huang et al., 2011). Table 18 summarises the key studies that include stakeholder engagement as part of the
MCDA framework for SDGs-related analysis. Although numerous studies include experts in the analysis, we
highlight those mobilising the knowledge embedded in a noteworthy number of participants while presenting a
diversity in means of engagement, regions, and focus areas.

Table 18: MCDA studies on or around SDGs including stakeholder engagement

Means of engagement Region Focus area
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akistan
2020b) Fuzzy VIKOR planners, environmentalists, Special Economic
and government officials Zones
Identify and
Interviews and prioritise the most
(Balali and e questionnaires with 144 | suitable building
ran
Valipour, 2020) experts in Shiraz (Iran) facade's smart
buildings materials according
to SDGs
) 666 surveys with fisher Social adaptive
(D'agata et al,, Madagascar, . o
TOPSIS households and 89 capacity of fishing
2020) o . Kenya
communities’ key informants households
Assessment of
environmental,
economic, and
(Deshpande et 31 responses in a scientific social impacts of
MAVT Norway -
al., 2020) workshop landfilling,
incinerating, and
recycling of waste
fishing gears
150 surveys with engineers, .
) ) Evaluation of
(Hameed et al., industrial experts and ) . )
Fuzzy VIKOR . . Pakistan environmental risks
2020) academics on chemical and . o
. . . using Modified-SIRA
material engineering
Microgrid planning
Survey with 71 academics, and off-grid power
(Jamal et al., . .
2020) AHP industry experts and Australia supply system
consultants options for a remote
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64 stakeholders (society,
(Zeug et al., ) . Relevance of SDGs
Mean averages business and science Germany i
2020) to bioeconomy
stakeholder groups)
Indicators for
sustainable city
. ) development
83 remote sensing experts
(Lehner et al., . . through remote
AHP judgements from online Global

2018)
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context of the
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Apart from reviewing the MCDA methods used for SDG analysis, it is important to investigate the roles SDGs
played in each study. Three categories are identified based on how SDGs are assessed:

1. Criteria (SDGs are either directly used as criteria or indirectly through sub-goals)
2. Focus areas (SDGs provide the scope, context and/or research questions of the studies)
3. Alternatives (SDGs constitute, or are related with the selected alternative options)

Expectedly, the first of these categories is the most common as progress in sustainability dimensions, explicitly
referred to via SDGs or implicitly tracing back to SDGs, provide a useful evaluation for alternative strategies,
technologies, policies, etc. (Figure 15).

SDGs as criteria
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Figure 15: Number of papers that examine each SDG as an MCDA criterion

Figure 15 showcases that the SDGs most referred to as criteria on MCDA methods are climate action (SDG 13),
good health and well-being (SDG 3), decent work and growth (SDG 8), clean water (SDG 6), and affordable and
clean energy (SDG 7). In most of these studies, SDGs are implicitly used to define related criteria, highlighting a
tendency of the sustainability literature to focus on indicators like emission reduction, health and economic
impacts, and access to clean energy and water, to assess the different alternatives. For example, Diemuodeke et
al. (2019) used TOPSIS to evaluate various alternatives for hybrid energy systems in Nigeria based on CO;
emissions and renewable energy share, both constituting SDG sub-indicators (13.2.2 and 7.2.1, respectively).

In relation to climate change mitigation, over 100 of the examined studies used SDG 13 as an explicit or implicit
criterion in their analysis or focus on its achievement. Table 19 presents some of these studies that find application
in a broad range of sustainability areas and regions. On the other hand, since most MCDA studies focus on the
selection of technological or policy alternatives, societal issues like inequalities and peace are rarely examined. In
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Table 19: MCDA studies on SDGs with a focus on climate action (SDG 13)
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particular, SDGs 5 (Gender Equality), 10 (Reduced Inequalities) and 16 (Peace, Injustice and Strong Institutions) are

Study Method Focus area
Re-examining the
Fuzzy AHP, Fuzzy . . .
(Ahmed et al., 2020a) VIKOR Pakistan objectives of national
climate policy
. Small Island Water-related
(Ahmed and Mishra, 2020) AHP )
Developing States | challenges
. Energy and
(Hassan et al., 2019) MCDA Pakistan ) )
environmental security
Policy portfolio
Weighted Sum ) / p
(Shem et al.,, 2019) Vietnam evaluation for low
Method -
carbon transition
Sub-Saharan Africa | Prioritisation of climate
(Sanneh, 2018) Fuzzy AHP (with focus on change adaptation

Ghana and Senegal)

measures

(Soni et al,, 2017a)

Fuzzy PROMETHEE

India (as part of the
India-EU strategic
Dialogue)

Penetration of ICT and
efficacy of e-governance
across multiple sectors
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few MCDA studies examined SDGs as alternatives (Figure 17).

Less MCDA studies focus on SDGs as their focus area, instead of criteria (Figure 16), explicitly focusing on specific
SDGs. For instance, Budiman et al. (2017) assessed various poverty alleviation programs in Indonesia and identified
eligible citizens to examine the impact of each scheme on fulfilling SDG 1 (poverty-related) targets, using a diverse
combination of AHP, VIKOR, TOPSIS, PROMETHEE, ELECTREE, SMART, and SAW. Similarly, Diaz-Sarachaga et al.
(2017) proposed a new assessment framework for infrastructure investments in developing countries, which is one
of the main subjects of SDG 9 (Industry, Innovation, and Infrastructure), using AHP and MIVES. In contrast, very
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Figure 16: Number of MCDA studies examining one or multiple SDGs as a focus area
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Figure 17: Number of MCDA studies assessing one or more SDGs as an alternative

One the most direct attempts to treat SDGs as alternatives was performed by Zeug et al. (2020), who attempted
to prioritise the SDGs based on the relevance of the corresponding sub-goals to bioeconomy; the ranking was
produced from the aggregation of the evaluations of different stakeholders based on average values. Rampasso
et al. (2019) examined Brazil's education and the insertion of sustainability in engineering curricula, which can be
linked to SDG target 4.7, aiming to provide every person with relevant education; using TOPSIS, they evaluated
ten challenges to introducing sustainability in engineering classes. Gupta and Singh (2020) introduced the Graph
Theory Matrix Approach (GTMA) as a framework for assessing the sustainability of logistics service providers in
India. Finally, D'Alpaos and Andreolli (2020) conducted a literature review regarding urban quality assessment to
search for the most investigated aspects regarding the improvement of urban environment, with SDG-relevant
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aspects comprising their alternatives, which they evaluated with AHP across social, economic and environmental
criteria.

3.3. Urgency of SDG assessment, in relation to climate policy, from the experts’
point of view

3.3.1 Scope

In this section, we perform a multi-criteria analysis to evaluate stakeholders’ assessments of climate action in
relation to the sustainable development spectrum. In a regional workshop that was held in November 2019 in
Brussels, Belgium, stakeholders were asked to contribute to responding to the research question: “How urgent is
it to assess each SDG in line with climate change and the Paris Agreement goals?”. To achieve the objective of the
study, the 2-tuple TOPSIS method is employed, coupled with a consensus measuring technique to increase
robustness of the outcome and understand the dynamics between the different categories of stakeholders
involved. The aim is to use the results of the MCDA analysis to inform the climate-economy modelling community
on the most important SDGs that should be integrated in modelling exercises, and against progress on which
climate action should be evaluated.

3.3.2 Context: Event, alternatives & criteria

The stakeholder engagement event was held as part of the “15* PARIS REINFORCE Stakeholder Council Dialogue
workshop”, entitled "Enhancing climate policy through co-creation”, which took place on November 21, 2019, at
the premises of Bruegel, in Brussels, Belgium. During the MCDA/SDG session, 31 participants from different
backgrounds and level of expertise (Figure 18) were asked to evaluate the SDGs against a set of predefined criteria,
using an online polling platform.

' = National Government
= International Institution
= NGO
m EU Policymaker
q = Private Sector/ Industry
' = Academia

Figure 18: Distribution of Stakeholder Groups

To engage with the research question of the study, the SDGs are placed as the alternatives of the analysis. Since
the main objective of IAMs is to evaluate scenarios that assess the technological and economic feasibility of climate
policy and goals (Ackerman et al., 2009), we axiomatically exclude SDG 13 from the analysis, when searching for
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additional SDGs to include in modelling activities. SDG 17, related to global partnerships and cooperation, is also
excluded from the analysis as it falls outside the scope of integrated assessment modelling tools, which is to
evaluate Paris Agreement pledges (Krey et al., 2019).

The stakeholders were asked to evaluate each SDG based on three criteria: importance, relevance to climate
change, and trend of progress. These were selected on the basis of forming a consistent family of criteria that
attempt to capture the broader viewpoint of the experts. Specifically, the “importance” criterion aims to capture a
broad perception of the importance of fulfilling the targets of each SDG in society; relevance to climate change
focuses more on the interlinkages between climate change and each of the other SDGs, reflecting whether an SDG
should be examined coupled with climate goals. Finally, trend of progress aims to capture stakeholders’ knowledge
and perception of the improvements made so far towards achieving each SDG. The details on the formulation of
the problem are presented in Table 20.

Table 20: Alternatives and evaluation criteria used in the analysis

Alternatives

Evaluation Criteria

SDG 1: No Poverty C1. Importance

How important do you find this SDG is to
SDG 2: Zero Hunger
address?

SDG 3: Good Health and Well-Being {very low, low, moderate, high, very high

importance}
SDG 4: Quality Education

SDG 5: Gender Equality

SDG 6: Clean Water and Sanitation

C2. Relevance

SDG 7: Affordable and Clean Energy

How relevant to climate action do you think
this SDG

SDG 8: Decent Work and Economic Growth

is?

SDG 9: Industry, Innovation and
Infrastructure

{very low, low, moderate, high, very high
relevance}

SDG 10: Reduced Inequalities

SDG 11: Sustainable Cities and Communities

SDG 12: Responsible Consumption and
Production

C3. Trend of Progress

SDG 14: Life Below Water

How do you perceive the trend of progress in
meeting

SDG 15: Life on Land

the sub-goals of this SDG so far?

SDG 16: Peace, Justice and Strong
Institutions

{very low, low, moderate, high, very high
progress}
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Due to the supplementary nature of the criteria, the resulting ranking is expected to reflect, from a stakeholders’
perspective, the urgency to further study the integration of each SDG in modelling activities based on three key
questions: how important is an SDG, how relevant to climate change is it and what is the progress so far? In line
with the research question and to better express the urgency we adapt the last criterion to express the lack of
progress. In that case an SDG receives the highest ranking and therefore the most urgent to study in models, when
it is evaluated as important, relevant but at the same time there is limited progress in meeting the determined
goals.

3.3.3 Methodology

3.3.3.1 The 2-tuple model

The results are displayed in a universal 5-term scale {very low, low, medium, high, very high}. These terms are
closer to the natural language of the stakeholder in line with the computing with word methodology in
sustainability decision making problems (Doukas et al., 2010), which increases the comprehensibility of the analysis
outcomes. To fully exploit the linguistic terms, the 2-tuple model is used (Herrera and Martinez, 2000; Martinez
and Herrera, 2012), which consists of a 2-tuple linguistic representation (s, a), where s is a linguistic term and a is
a numeric value representing a symbolic translation to increase accuracy without overcomplicating the
interpretation of the end result.

Let S = {so, ..., S5} be a linguistic term set and 8 € [0, g] be the result of a symbolic aggregation operation, where
g + 1is the cardinality of S. Let i = round(B) and @ = B — i be two values, such that ie[—0.5,0,5); then « is called
a symbolic translation. The symbolic translation of a linguistic term s; is a numerical value within [—0.5,0,5)
indicating the difference of the information between the calculated value g € [0, g], and its closest element within
{so, ..., 54} indicating the content of the closest linguistic term S (i = round(g)).

In essence, the 2-tuple linguistic representation model extends the use of indexes modifying the fuzzy linguistic
approach, by adding a symbolic translation that represents the linguistic information by means of a linguistic 2-
tuple.
[-0.5,0.5),if s; € {S1,S2, ..., Sg—1}
a= [0,0.5),if s; = sg
[-0.5,0),if s; = s4
Finally, for a linguistic term set S = {SO,...,sg} and a value supporting the result of a symbolic aggregation

operation Be [0, g], the 2-tuple expressing the equivalent information to g is calculated:

A:[0,g] » S x (=0.5,0.5)
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_ ) s; i =round ()
A(B) = (s a), with {a = B —i ae[-0.5,0,5)
Evidently, the conversion of a linguistic term into a linguistic 2-tuple consists of adding a value 0 as symbolic
translation: si € S =(si,0).

3.3.3.2 The 2-tuple TOPSIS model

As a ranking multicriteria methodology that calculates the distance of an alternative from a positive and a negative
ideal solution, TOPSIS (Yoon and Hwang, 1981) has been found to perform significantly well in fuzzy systems with
the extension of Fuzzy TOPSIS (Chen et al. 2006). It is also preferred and frequently employed in climate policy to
handle uncertainty in relevant decision-making problems (Doukas and Nikas, 2020). In this study, the 2-tuple
TOPSIS is used, combining the original TOPSIS method with the 2-tuple model. One of the first applications of a
combination between 2-tuples and TOPSIS was performed by Doukas et al. (2010) to assess RES alternatives in
the Greek electricity system, while the proposed framework was also later used to assess energy and environmental
policies of Small-Medium Enterprises (Doukas et al., 2014), with 2-tuples allowing to present input and output
data without affecting internal calculations of TOPSIS. The 2-tuple TOPSIS model was formally introduced by Wei
(2010), where the proposed methodology was applied in an investment problem with multiple experts. To deal
with the loss of linguistic interpretation, Sohaib et al. (2019) introduced a distance function in the calculation of
the 2-tuple TOPSIS by setting different linguistic domains for the evaluation of the preferences, the weights, and
the final distances. However, in decision making problems that include stakeholder engagement with feedback
processes, using three different linguistic domains may be technically correct from a modelling perspective but
create difficulties in stakeholders to quantify the final results, thus affecting their ability to translate them into
action. Although the addition of the distance function is a useful tool to distinguish between the interpretation of
initial preferences and final distances, defining strictly different domains to evaluate them is not necessary, as long
as the distance function is properly handled. Labella et al. (2020) followed the methodology introduced by Sohaib
et al. (2019), including the distance function, but the same general 5-scale term was used both for the preferences
and the calculation of the distances. Understanding that the terms in the two scales may be the same but used to
express different variables allowed the mapping of each value in a universal domain without disturbing linguistic
interpretability. Here, we argue that the approach used in Labella et al. (2020) is better suited for climate policy
problems with stakeholder engagement to allow them to compare the results in the values in which they provided
the initial input. Therefore, in this study we use the methodology followed by Labella et al. (2020), described below:

(i) Defining a weight vector U, = (u]?)f*n, where ujt € U is the linguistic preference by stakeholder e, for
criterion ¢; and U is a linguistic term set, with U = {uy, uy, ..., u,} transformed into a 2-tuple linguistic

decision matrix Uy = (uf, 0)1.,.
(i) Calculating the normalised 2-tuple weight vector UY = (iif, B)1.,, for each stakeholder e, as (ﬁjtgjt) =

Azt (ut,
A, (@) ,j =1,2,..,nand Ty is the cardinal of set U.

Ty—

t

(i) Defining the decision matrix X, = (Tis')m*n’ where (r;) € S is the linguistic value preference provided by

stakeholder e, for alternative a; over criterion ¢;, and S is the linguistic term set, with S = {sy, s,, ..., 5¢}
transformed into a 2-tuple linguistic decision matrix X, = (1},0) .

(iv) Calculating the weighted decision matrix X, = (7,

dfj)m*nfor each stakeholder e,, with (7}, af;) =

as (831, B1)-057(15,0) ) 1 = 12, mj = 12,1,
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(v) Calculating the positive and negative ideal solutions for each stakeholder e, as: (rt*, att) =
t,+ t,+ t,+ t,+ t,+ t,+ - -\ t,— t,— t,— t,— t,— t,—
{(r1 ,a; ), (rz ,ay ),...,(rn , )} and (%, ab )—{(rl ,ay ),(rz ,ay ), ...,(rn , )}, where

ai) |c]- € B}or miin{(ﬁ-t a;) |cj € B’} and (7}-':'_, a}:‘_) = miin{(fiz-, ai;) |c]- €

t,+ t,+) _ —
(13. . )—miax{(rit i

jl
B} or max{(7, af;) |c; € B'}, where i = 1,2,...,m,j = 1,2,...,n and where B and B’ are the benefit and
13

cost criteria sets respectively.
(vi) Determining the distance of each alternative form the positive and negative ideal solutions for each

stakeholder e, as: (¢/n7") = Ay (3 Zus Gy (145" (7, @) = (5%, o)D) and (F7,mi) =

n ==t (15-1)

Tor—1 — — . . . e
Agr (% i ((Tss'_l)) (1452 (75 al) — (5 e )|)) where S’ = {s{, s, ..., s,} is the linguistic term set for

the distances, Ts and Trthe cardinals of sets S and S’ respectively.
(vii) Calculating the relative closeness degree of each alternative from the positive ideal solution for each

AsH(E " mT)
e G T O G

of set S. In the current form the results are expressed in the linguistic scale S used by the stakeholders

stakeholder e, as: (¢f,n%) =Ags << )) (T — 1)), i =1,2,..,mand Ts the cardinal

to increase interpretability. The results could have been displayed in the scale S which was defined
explicitly to express distances, however presenting the results in the new terms, despite been more
appropriate, could confuse the stakeholders.

(viii) Computing the collective 2 tuple linguistic decision matrix X = (i, &;t)m«, Where (Fi, &) =
&5, i=12,..,mt =1.2,..,k. In this step the stakeholders are considered equally weighted. By
adjusting steps 1-4, the new matrix X could be calculated to also include weights for the expert.

(ix) Calculating the positive and negative ideal collective as: (r*,a®) = {(r{", &), (), a), ..., (nd, i)} and
(r=a”) ={07,a0), (7, a5), .., (g, ap)}, where (i, af) = miax{(ﬁ't' @) |Cj € B}or ml_in{(ﬂ-t, @) |Cj €
B’} and (7, a;p) = miin{(ﬁ-t, ;) |c]- € B}or miax{(ﬁ-t, ;i) |Cj € B'}, where i =1,2,..,m,t =12,..,k and
B and B’ are the benefit and cost criteria sets respectively.

(x) Determining the distance of each alternative form the positive and negative ideal solutions for each
1 (Tgr—=1) s~ N
stakeholder  t s (§,n7) = Ay (X, 2 (145" (e, i) — (nﬂa?)l)) and  (§.m) =

Ts-1)
Tor—1 . . .
Agr (% b ((ri,,—n) (1451 (Fye, @) — (7, a{)l)), where S’ = {s1,s5, ..., s,} is the linguistic term set for the

distances, Ts and T the cardinals of sets S and S’ respectively.

(xi) Finally, calculating the relative closeness degree of each alternative from the positive ideal solution as:

(&) +asH(Em7)

could have been displayed in the distance scale S', but instead they are converted to the scale the

PP
&,n) = Ay ((Agl( As (& 1;) ) - (Ts — 1)), i =1,2,..,mand Ts the cardinal of set S. The results

stakeholders provided their answers in for clarity of results, needed in the next steps.

As evident from the description of the framework steps, two rounds of 2-tuple TOPSIS are used in line with the
approach suggested by Krohling and Campanharo (2011) for fuzzy TOPSIS, and then extrapolated for behavioural
and 2-tuple TOPSIS (Nikas et al, 2018a; Labella et al., 2020). The first round calculates an initial solution
independently for each stakeholder and then, from the intermediate results, a new matrix is formed, where 2-tuple
TOPSIS is again applied, with stakeholders being the “criteria” of the new TOPSIS model.

The PARIS REINFORCE project has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme under grant agreement No 820846.




PARIS
REINFORCE

eration of key modelling parameters, risks and priorities

3.3.3.3 Consensus measuring

In group decision making problems, dissimilarities may exist between individual answers and the collective
solution. Experts from different backgrounds, like in this study, tend to evaluate alternatives differently
representing a variety of perspectives and interests. To measure these different assessments, Kacprzyk and Fedrizzi
(1986) introduced the concept of “soft” consensus as a metric to capture and calculate the level of dissimilarity,
since reaching total consensus is usually not possible. Consensus measuring techniques, either independently or
as part of complete consensus reaching processes that include feedback mechanisms, have played an important
role in group decision making, especially when including linguistic variables (Herrera et al., 1996). To calculate
consensus, usually two approaches are followed (Dong et al., 2018); the preferences of stakeholders are compared
either with one another in pairs (e.g Palomares et al., 2013) or with a collective solution (e.g. Ben-Arieh and Chen,
2006). Herrera-Viedma et al. (2002) argued that, by comparing a collective solution with individual preferences, it
is possible to capture differences in rankings rather than evaluations, avoiding overevaluating different
assessments that lead to similar rankings. Labella et al. (2020) extended this approach by using the evaluation of
the 2-tuple TOPSIS as a collective solution to weigh the distances from individual preferences, capturing both
differences in rankings and exact numerical dissimilarities. Overall, a lot of different consensus measuring models
exist, with Palomares et al. (2014) mapping them based on the processes followed, to state that it is imperative
not only that models be created or compared, but also that the suitability of a model to solve specific types of
group decision making problems be described. The model proposed in Labella et al. (2020), already used for risk
assessment of a sustainability transition, is found appropriate to deal with climate policy group decision problems
with multiple stakeholders. In such problems, due to the conflicting nature of interests among the different groups
participating, usually it is not always the purpose of the process to force a consensus solution that would be very
difficult to implement, but to understand the different dynamics among the participants. For that purpose, a
framework that employs a ranking MCDA model to arrive to an initial solution and then calculates a consensus
measure to increase robustness of such solution and allow further processing to identify where each group stands,
can act as a first step in the efforts to increase climate science diplomacy (Nikas et al., 2020a) and co-ownership.
The steps of the consensus measuring model are described below:

(i) The dissimilarity of each expert for each alternative p; (xj) is calculated by comparing the distance between
the result of the 2-tuple TOPSIS of that alternative in the experts’ individual solution and in the collective

one as follows: p;(x;) = p(R, R)(x;) = <| |> [0,1], b= 0, where i stands for each expert, j stands

for each alternative, b can be in the range of (0,1) to control the rigorousness of the model, R]-C is the result
of the 2-tuple TOPSIS of the alternative j in the group solution, R} is the result of the 2-tuple TOPSIS of
the alternative j in expert’s i solution, and T the cardinal of the linguistic term set, used to normalise the
dissimilarity values.

(i) Next, we calculate the consensus degree of all experts on each alternative x; using the following
expression
C(x)=1-3", plm’) where m stands for the total number of experts.
py A lc(x])*RC
Z] 1 ]
k is the total number of alternatives. In this approach the aggregation is performed through a weighted

(iii) Finally, we calculate the consensus measure over the set of alternatives, called Cy: Cy = - where

average formula, where the evaluation of the 2-tuple TOPSIS of the global solution for each alternative is
used as the weight of the consensus degree over this alternative.
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(iv) Applying a similar approach with the consensus measure, the proximity of i-th expert to the global

Z§=1(1‘Pi(xj))*R§:

k C
Zj=1R]-

solution can be calculated: P} =

3.3.4 Results

During the workshop, the 31 participants provided their assessments of the 15 SDGs included in this study, based
on the three criteria and the corresponding questions described in Table 20. As already explained, the answers are
converted in a common five-term linguistic scale {very low, low, medium, high, very high}, while the answers on
the third criterion of progress are inverted to express the lack of progress. By combining all the criteria, we can
calculate the urgency to study each SDG in climate policy modelling exercises. Figure 19 illustrates the distribution
of the answers in the linguistic scale.

very e I -
e N >::
vediors N 307

Linguistic Term

v I 7>
very Low | 53

0 100 200 300 400 500

Number of Answers

Figure 19: Distribution of assessments in the linguistic scale

The importance of the SDGs and the necessity to continue progressing towards meeting the goals is already
evident. The stakeholders’ answers tend to be in the higher end of the scale with "high” and “very high”
assessments dominating almost 58% of the total answers and the average value being (High, -0.33), despite
decision makers in general following a more moderate behaviour (Mascarenhas et al., 2014) and/or preferring
moderate alternatives (Chen et al., 2020). Even though this is an initial step of the analysis, these answers could be
interpreted as a general interest of the stakeholders in the integration of SDGs in models and the insights such
exercises can provide.

The input is then inserted in the 2-tuple TOPSIS model described in Section 3.3.2. After the first round of analysis,
afinal assessment of the SDGs is carried out for each stakeholder individually. To visualise this intermediate output,
we rank the assessments of the stakeholders per SDG to produce the heatmap presented in Figure 20a. The
heatmap provides us with a first impression on the urgency of each SDG in the assessment of the stakeholders,
while the corresponding breakdown of the results highlights some tendencies of each group (Figure 20b).
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(b)
Figure 20: (a) SDG urgency heatmap and (b) group breakdown of assessments after the first round of 2-
tuple TOPSIS

In particular, SDGs 14 and 15 seem to concentrate the highest values, indicating a first preference of the
stakeholders for issues related to life below water and on land, being concerned about the effect of climate change
on the life cycles of plants and animals. Reduced Inequalities (SDG 10) also seem to be an important priority of
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the stakeholders with almost two-thirds of the evaluations being in the higher end of the scale. However, although
general inequalities were assessed as important, with stakeholders understanding that the effects of climate
change can be harsher on certain societal groups, gender inequalities (SDG 5) received lower evaluations, possibly
reflecting knowledge of limited capabilities of modelling frameworks to look into gender issues and therefore
lower expectations.

Most stakeholder groups showed variance in the evaluations among the members of each group, with the answers
of the stakeholders being spread in the entire range of the scale of the map (Figure 20b). This deviation is expected,
especially in the groups represented by more participants (e.g. academia). Notably, however, two groups showed
patterns in their assessments. Members from international institutions provided evaluations that are placed slightly
higher on the map, while on the contrary most evaluations from national policymakers were placed in the lower
terms, with very few exceptions breaking through the other end; Figure 21 enhances the evaluations of national
policymakers. This is also evident from the fact that after averaging the answers of the stakeholders, coming from
national governments, no SDG received an assessment of more than (medium, 0.23), possibly reflecting either a
sense of comfort with the progress made in each SDG and with the need for further analysis and/or a dedicated
focus on climate change and action per se.

SDG 1

SDG 2 . ..
SDG 3

SDG 4 ..

SDG 5 L
SDG 6

SDG 7 .

SDG 8.

SDG 9 .
SDG 10 . .
SDG 11 . .
SDG 12 . .
SDG 14-
SDG 15 . .
SDG 16 . .

Academia Industry NGO

- National Government International Institution EU Policymaker

Figure 21: SDG assessments by national government representatives

After the intermediate outputs, the SDG ranking and evaluation of each stakeholder is used in a new round of 2-
tuple TOPSIS, as described in Section 3.3.2, to produce the collective solution of the group. The final ranking is
presented in Table 21 and Figure 22.

Table 21: Final prioritisation of the SDGs from the engaged group of stakeholders

Ranking Evaluation

SDG 15: Life on Land (High, 0.05)
SDG 14: Life Below Water (High, -0.02)
SDG 10: Reduced Inequalities (High, -0.08)
SDG 12: Responsible Consumption and .

i (High, -0.32)
Production
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SDG 2: Zero Hunger

(Medium, 0.44)

SDG 7: Affordable and Clean Energy

(Medium, 0.42)

SDG 6: Clean Water and Sanitation

(Medium, 0.4)

SDG 1: No Poverty

(Medium, 0.26)

SDG 16: Peace, Justice and Strong
Institutions

(Medium, 0.21)

SDG 11: Sustainable Cities and Communities

(Medium, 0.08)

SDG 3: Good Health and Well-Being

(Medium, -0.01)

SDG 9: Industry, Innovation and
Infrastructure

(Medium, -0.12)

SDG 4: Quality Education

(Medium, -0.29)

SDG 5: Gender Equality

(Medium, -0.33)
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SDG 8: Decent Work and Economic Growth (Low, 0.45)
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Figure 22: Final Ranking and evaluations of the SDGs

Results of the second step of the analysis validate previous insights, with 4 out of the 15 SDGs being assessed with
a "high” evaluation, ten receiving evaluations around “medium”, and only one receiving a “low” evaluation. As
previously discussed, life on land, life below water and reduced inequalities were prioritised, with responsible
consumption and production—frequently associated with climate change—also performing well. On the other
hand, decent work and economic growth failed to gather attention, with stakeholders either considering it as less
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important than others or reflecting that there is already good progress towards this goal. It is also evident from
the results that stakeholders prioritised SDGs covering aspects on which the impact from climate change is more
evident, while SDGs with less profound links with climate change, like gender equality or quality education, fell

behind in the ranking.

We already observed that certain groups display different evaluation patterns. From that perspective, it is
interesting to calculate the collective solution of each group independently. For that reason, using APOLLO (Labella
et al., 2020), the second round of 2-tuple TOPSIS is repeated for each group, this time including only the members
of the group itself. Since the idea behind TOPSIS is to compare alternatives to a positive and negative ideal
solution, which are defined internally in the framework, and given that the runs were independent for each group,
the results should not be interpreted as a direct quantitative comparison of the assessments, but only to compare
the order they produce for each group. In Figure 23 the results of this process are presented without a linguistic

scale to avoid misinterpretation.

The PARIS REINFORCE project has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme under grant agreement No 820846.



SDG 1
5DG2
5DG 3
SDG 4
5DG5
5DG 6
5DG7
5DG 8
5DG9
SDG 10
DG 11
5DG 12
SDG 14
5DG 15
SDG 16

DG 1
5DG 2
5DG 3
5DG 4
5DG 5
5DG 6
5DG7
5DG 8
5DG 9
SDG 10
SDG 11
DG 12
SDG 14
SDG 15
5DG 16

SDG 1
5DG2
5DG 3
5DG 4
5DG 5
DG 6
5DG7
SDG 8
5DG 9
SDG 10
SDG 11
SDG 12
SDG 14
SDG 15
5DG 16

eration of key modelling parameters, risks and priorities

’y PARIS
Q REINFORCE

Academia EU Policymaker

SDG1  —

SDG 2
SDG3 ——

SOG4 ——

SDGS  ———

SDG6
SDG7
SDG S
SDG Y ——
SDG 10
SDG 11
SDG 12
SDG 14
S DG 1 |
SDG 16

Industry International Institution

sha1
5DG2
SDG3
S0G4
SDG5
SDG 6
SDa7
SDG 8
SDG9
SDG 10
SDG 11
5DG 12
SDG 14
SDG 15
5DG 16

NGO National Government

SDa1
5DG2
50G3
S0G4
SDG5
DG 6
SDa7
SDG 8
SDG9
SDG 10
SDG 11
SDG 12
5DG 14
SDG 15
5DG 16

Figure 23: Independent prioritisation of the different stakeholder groups

Despite significant differences between the groups, in five of the six groups the first SDG in the ranking is one of

the four that received a "high” evaluation in the collective solution (SDGs 10, 12, 14, 15). This provides a first

indication of the consensus among the group about which SDGs are considered a priority in studying through

modelling activities, since they received high evaluations in most groups despite their final order. Alterations in

the ranking of SDGs with medium initial priority were expected since each group evaluates based on different

viewpoints. Similarly, a consensus also seems to exist regarding the lowest priorities, with SDGs 4 and 8

underperforming in most groups.

Having acquired a qualitative assessment of the consensus of the group and especially the highest and lowest
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priorities, we calculate the consensus measure based on the framework described in Section 3.3.3. Comparing the
prioritisation of each expert from the first round of TOPSIS with the collective prioritisation from the second round,
the level of consensus is estimated at 81.4%. Based on this, the proximity level between each individual stakeholder
and the collective solution is presented in Figure 24.
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Figure 24: Proximity level of each stakeholder with the collective solution

From Figure 24, we can observe that the range of proximity levels is among 69% (Stakeholder #25) and 90%
(Stakeholder #15), indicating significant differences among the stakeholders. To capture these differences in the
preferences of the groups of stakeholders, we independently compare the stakeholders in each group with the
collective solution. For example, to calculate the group consensus level of academia, we include only the
stakeholders of this group and compare them with the global solution. This process is repeated for each group.
Additionally, from the independent group solutions presented in Figure 24, we calculate an internal consensus
level comparing this group solution with the solutions of the stakeholders of the group. The first measure is an
indication of how close the stakeholders of each group are with the collective solution, while the second indicates
how close the members of each group are with one another. The results are presented in Figure 25.
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Figure 25: Group consensus level with collective solution and internally

Expectedly, internal consensus is higher than the group consensus level with the collective solution in all groups.
Industry representatives as well as EU and national policymakers had lower consensus than the total, while NGOs
had the highest level, with members from academia and international institutions being around the average value.
Members from NGOs, international institutions and national governments had very high levels of internal
consensus, which for the latter led to the highest difference between the consensus on the collective solution and
the internal consensus.

3.3.5 Discussion

This study attempted to answer a key research question of how urgent climate stakeholders believe it is to
incorporate SDGs in climate- and energy-economy modelling exercises by prioritising them based on their
perceived importance, relevance to climate change, and progress achieved so far. Early in the analysis, it became
evident that the engaged stakeholders considered that further studying SDGs in relation to climate change is
critical. Most of their initial answers were concentrated towards the higher end of the linguistic scale, with the
“very high” term receiving the most answers. This indicates that stakeholders not only believe that SDGs are
important and relevant to climate change and action, but also that until now limited progress has been made in
achieving meeting them. Given a general tendency of stakeholders to follow a moderate behaviour and avoid
extreme values of the scale, these high ratings provide a first indication that climate stakeholders are highly
interested in integrating SDGs more in modelling exercises.

Both from the intermediate multicriteria analysis and the final ranking, a preference can be deduced regarding
SDGs 10, 12, 14, and 15, which received high evaluations from the majority of the stakeholders, as evident in the
heatmap and an evaluation around “high” in the final ranking. In fact, life on land and below water (SDGs 15 and
14) were prioritised the most, indicating that stakeholders are mostly concerned about the effects of climate
change on ecosystems and biodiversity, as well as how human behaviour affect the broader environment and life
on it, especially correlated with how humans treat resources (SDG 12). This output is interesting as few modelling
studies are found to have analysed impacts on biodiversity, while SDGs related to inequalities are not well covered
in modelling studies, apart from a limited number of indicators (van Soest et al., 2019). On the latter front, the
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connection between broader and gender inequalities as well as poverty and the increase of vulnerabilities caused
from climate change creates an interlinkage between SDGs 1, 5 and 10 (UNESCO, 2017). However, in this study
stakeholders’ evaluations showed a large spread in the scale for these SDGs, with reduced inequalities ranking
high, poverty eradication in the middle, and gender inequalities in the bottom. This difference is prone to two
interpretations. First, it could express a genuine preference of SDG 10 as more important than the others, implying
that by focusing on achieving broader social equality targets will promote progress in the others; but it could also
reflect misconceptions and lack of knowledge about broader effects of climate change in societal issues.
Considering that reduced inequalities indeed ranked high in the prioritisation leads to the conclusion that
stakeholders do not ignore inequality issues altogether but provided a preference of what they consider most
important to integrate in the formalised modelling frameworks. The overall analysis may reflect that stakeholders
chose to emphasise what is hitherto overlooked in modelling studies (e.g. SDGs 14 and 15), instead of aspects
that are by default included in these studies (e.g. SDG 8). Despite the latter's widely acknowledged importance in
promoting sustainable work and growth, this result adds to the debate on whether SDG 8 adequately focuses on
decent work without conflict with the entire agenda (Rai et al.,, 2019). More co-creation studies with stakeholders
could shed light on the reasons behind the experts’ preferences, especially when related with different evaluations
for SDGs with evident synergies, as our study hints that modelling activities do not seem to adequately consider
stakeholders preferences.

To increase robustness of the final calculated ranking, the consensus level was also measured, at 81.4%, indicating
a significant level of agreement despite the divergence of the stakeholders’ backgrounds, enhancing the output
that the four SDGs identified with a high evaluation are the majority's preferences. Despite this agreement,
fluctuations of both the ranking and the evaluations are present among the different groups. The most notable
example lies in the results of the national policymaking group, with assessments concentrated in the lower end of
the scale. While the consensus of the group with the global solution was below average, internal consensus was
very high at around 87%. With concerns rising over the progress on achieving the targets of the goals (Sachs et
al, 2019b), this result opens the question on whether national governments are fully committed to achieving
sustainability or even understanding the importance of following up on the 2030 Agenda.

3.4. Conclusions

This study attempted to prioritise SDGs based on the evaluations of 31 stakeholders from different backgrounds
in order to shed light on which SDGs they consider most urgent to study in modelling activities. This necessity
derives from a systematic literature review, which identified that modelling exercises have difficulties representing
SDGs and only achieve so through sub-goals and approximate metrics. Similarly, a lack of studying SDG directly
as MCDA alternatives is reflected in the small number of such studies, in which in fact SDGs are mostly referred to
implicitly. Therefore, to achieve the purpose of the analysis, a group decision making framework was employed
based on the 2-tuple TOPSIS model that uses linguistic variables, which are closer to the language that experts
are more comfortable using, and further enhanced using consensus measuring calculations to improve robustness
of the outputs. The SDGs are inserted in the analysis as alternatives with the aim to prioritise them based on their
importance, relevance to climate change and achieved progress so far. Due to the high evaluations that the
stakeholders provided, we concluded that they collectively consider SDGs to be a very critical part of future
modelling exercises. A key output of the analysis was that a select few SDGs (15, 14, 10, 12) on life below water
and on land, equality and responsible production and consumption were the most vital from the stakeholders’
point of view. Despite fluctuations among the rankings of the different groups, these SDGs performed consistently
high, with a consensus of 81.4%. Another interesting output was the fact that national governments
representatives participating in the workshop tended to evaluate the importance of integrating SDGs in climate
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policy modelling analysis significantly lower than the rest of the groups, possibly reflecting the determination or
ability of EU national governments to align national Paris Agreement-compliant pathways with the sustainability
agenda.

The study can provide valuable insights for future research. Modelling activities can be informed by the results
and place more importance in including and representing the SDGs that the stakeholders considered as more
important: significant efforts are placed in improving modelling capacity (Nikas et al., 2021); adding complexity to
integrate everything in one-size-fits-all approaches may prove infeasible, but focusing on aspects that
stakeholders and policymakers themselves deem critical paves a technically more realistic way. Additionally, this
study can be further improved by including more regions especially from developing countries to capture different
needs and approaches. This could also increase the number of participants, further increasing the robustness of
the results and validating the tendencies observed in groups with a small number of participants.
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4 Climate and sustainability co-governance in Kenya: a
multi-criteria analysis of stakeholders’ perceptions and
consensus

This study is currently under review in: Koasidis, K., Nikas, A., Karamaneas, A., Saulo, M., Tsipouridis, I, & Doukas,
H. (2021). Climate and sustainability co-governance in Kenya: a multi-criteria analysis of stakeholders’ perceptions
and consensus. Environmental Science & Policy, under review.

4.1. Introduction

Climate change is undeniably one of the most severe threats faced by humanity in the efforts towards
sustainability. This is especially the case for the developing African countries, with climate change being a major
challenge to the region due to distinctive socio-economic (Ochieng et al., 2016; Sanneh, 2018) and geographic
(Sanneh, 2018) factors. The Paris Agreement and the 2030 Agenda for Sustainable Development, both established
in 2015, embody highly intertwined targets and guidelines to act for the climate crisis in conjunction with
sustainable development (Nikas et al., 2021), but for the developing world these targets have contexts and
meanings that transcend the mitigation-oriented focus of high-income, major emitters. Many countries in the
African region have already set the proper coordination and governance mechanisms for the implementation of
Sustainable Development Goals (SDGs) by setting respective roadmaps and action plans in response to climate
change (Allen et al., 2018). However, progress toward sustainable development is still very limited for a multitude
of reasons.

For Kenya, in particular, these inter alia include lack of a detailed regulatory framework, poor infrastructure and
innovation, insufficient human capital, as well as limited public awareness and acceptance (Neofytoy et al., 2020).
Another major bottleneck hindering progress can be found in limited access to energy (Moner-Giona et al., 2018),
both at a regional and national level, with only 23% of East Africa and 18% of Kenya having access to electricity
(Dagnachew et al., 2017; Schwerhoff and Sy, 2018), with the Sub-Saharan African (SSA) region ranking lower than
any other in the world in terms of access to modern energy sources (Van de Ven et al,, 2019). This severe problem
is further observed in rural Eastern African areas, where the share of electricity access is even lower, only at 12%
of the population (Dagnachew et al., 2017). With the 2010 electricity generation capacity being lower than 2 GW
in Kenya and showing only a small increase by 2017 (Kazimierczuk, 2019), energy needs are covered by alternative
fuels like biomass for cooking purposes and oil in the transportation sector (Dalla Longa and van der Zwaan, 2017).
Despite biomass use in SSA being higher than the rest of the world (Liembach et al., 2018), non-renewable
fuelwood remains the dominant fuel used (Van de Ven et al., 2019) prolonging the existence of poor cooking
methods, with more than half of Kenyan households relying on traditional biomass stoves to accommodate their
cooking needs—even more in rural areas.

Additionally, the availability and quality of food supply in the country is subject to limitations since most open-
access sites feature poor ecological conditions, regarding coral reefs and fishing grounds, affecting many coastal
communities relying on fisheries (D'Agata et al.,, 2020). In another dimension showcasing the interplay of climate
change and other sustainability priorities, global warming threatens the productivity of crop yields and the
efficiency of the agricultural sector (Mason-D'Croz et al.,, 2019), one of the key pillars of the Kenyan economy
(Kogo et al.,, 2021), and hence the ability of agricultural enterprises to secure their productivity and the capacity to
preserve the local environment (Norese et al., 2020), considering that the agriculture, forestry and land use
(AFOLU) sector produces the highest amount of greenhouse gas (GHG) emissions (UNFCCC, 2010). Combined
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with extreme poverty and a very low GDP per capita in the SSA region (Leimbach et al.,, 2018), these conditions
contribute to nutrition being of poor and low calorific quality. As a result, not longer than a decade ago a third of
Eastern African population was facing hunger risk, compared to a global average of 15%, highlighting food
availability concerns even among other African regions; it is also projected to remain around 2,500 kcal per person
in 2030, well below the 3,000 kcal global average (Mason-D'Croz et al.,, 2019).

Lack of energy access, extreme poverty, low food consumption alongside unsafe water supplies, insufficient
sanitation, and indoor air pollution have consequently caused significant health-related issues in the region,
leading to high mortality shares. For example, household air pollution is killing 60 per 100,000 residents mainly
due to poor cooking techniques (Dagnachew et al., 2020). Kenya, finally, ranks poorly in child and maternal health
(Luque et al., 2017), despite high vaccinanation preparedeness (Leon et al, 2019), leading to increased child
mortality. More than 100 million children lack access to modern energy sources, with similar shares for access to
clean water and sanitation (Lucas et al., 2019). Until recently, SSA noted 125 deaths per 1,000 births before the
age of 5 due to malaria, which is almost twice the global share. In fact, malaria cases and other communicable
diseases are expected to double in the region due to service cancellations (UN's Department of Economic and
Social Affairs, 2020).

So far, mitigation analysis in the region has been based on climate-economy (integrated assessments) models,
which however focus on supply-side transformations to achieve climate targerts (Creutzig et al., 2018). For SSA
countries these models tend to predict significant increases in investments in renewable energy sources (RES)
(Longa and van der Zwaan, 2017). Mid-term solutions aiming to inform the country’s Nationally Determined
Contributions (NDC) propose a variety of solutions to drive a sustainable pathway addressing the threats faced,
like biogas (Forouli et al.,, 2020), geothermal energy (Schwerhoff and Sy, 2018) and PV micro-grids (Dagnachew et
al., 2017; 2018). With all these solutions focusing on power generation, concerns have been raised over the ability
of African, and especially SSA, countries to achieve such high penetration of RES, with projections indicating this
may prove much more difficult than initially anticipated (Alova et al., 2021).

Considering the inconsistencies between model preferences and feasibility, policy scenarios produced by these
models can provide useful insights but can also be difficult to implement in the context of SSA/Kenya. Complexity
of such models (Sachs et al., 2019a) and especially modelling parameterisation, which significantly influences final
results, can cause reluctance when the scientific process is detached from stakeholders, who tend to treat IAMs as
black boxes and are hesitant in translating the outputs into action (Doukas et al., 2018). To bridge this gap and
establish new approaches in integrated assessment for climate action and sustainable development while
addressing potential policy spillovers across sectors and sustainability domains (McCollum et al., 2018a), multi-
criteria decision aid (MCDA) can be used to engage stakeholders in the process and support decisions in climate
policymaking (Doukas and Nikas, 2020). So far, MCDA has been used to supplement modelling analysis to handle
uncertainty, optimising outputs to establish robust policy mixes (Shmelev and Van Den Bergh, 2016) and
prioritising scenarios and transitional risks (Balezentis and Streimikiene, 2017; Jun et al, 2013). With mixed
methodologies having been found to perform better in terms of mitigation analysis (Scholten et al., 2017) and the
ability of MCDA to elicit stakeholder preferences to inform scenario planning (Zheng et al., 2016), MCDA can be
used not only for output analysis, but to provide input for better informed, context-relevant, stakeholder-driven
modelling, resulting in insights that are beneficial from multiple perspectives (Nikas et al., 2021).

In line with previous research in support of climate change mitigation and acknowledging the role of theoretical
modelling in it, this study attempts to engage with Kenyan stakeholders in order to capture their perceptions of
prioritising action for SDGs and sectoral decarbonisation. Drawing from Koasidis et al. (2021), it builds on an MCDA
framework based on the 2-tuple group TOPSIS model (Labella et al., 2020), designed to facilitate eliciting
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stakeholders’ unbiased assessments, aiming to inform future modelling activities on topics, research questions
and scenarios of interest.

4.2. Methods and tools

4.2.1. Stakeholder engagement and elicitation of preferences

In the context of the PARIS REINFORCE research and innovation project orienting on stakeholder-driven modelling
in support of climate action, a regional stakeholder workshop was held with experts from Kenya, in 28 October
2020. In the workshop, held virtually due to COVID-19 implications for travel and organisation of events, 23
stakeholders participated in a dedicated session and live polling, in order to evaluate and help (a) assess the
sectoral decarbonisation priorities in terms of contributing to sustainable development; and (b) prioritise the
urgency of each SDG in the context of the country’s climate action.

In the workshop session, stakeholders were asked to express their preferences in two questionnaires filled in via
on online polling platform, sli.do, with regard to prioritising decarbonisation action in Kenya by sectors, in terms
of sustainable development; and sustainable development, as broken down into SDGs in the UN’s 2030 Agenda,
in terms of climate action in the country. The questionnaires allowed stakeholders to use familiar linguistic terms,
to then be used in the analysis, thereby increasing human perception of both the inputs and the outputs in the
same format (Doukas et al., 2010).

In the first questionnaire, stakeholders were invited to assess the importance of the decarbonisation of six sectors,
namely power generation (POWER), agriculture, forestry and land use (AFOLU), heavy and light industry
(INDUSTRY), the tertiary and services sector (SERVICES), residential buildings and energy use (RESIDENTIAL), and
public and private transportation (TRANSPORT), based on four criteria: human development, resource use, earth
system conservation, and equality. Similarly, in the second questionnaire, the engaged stakeholders were asked
to evaluate fourteen out of the seventeen SDGs, based on their relevance to climate change and action, the trend
of progress in Kenya, the national policy ambition, and their importance in the Kenyan context. SDG 13 (climate
action) is not included as an alternative in the questionnaire, as it is with respect to climate action that SDGs are
evaluated. Similarly, SDGs 16 (peace, justice, and strong institutions) and 17 (partnership for the goals) are
excluded from the analysis because, first, they have been found underrepresented in models individually and/or
in conjunction with other SDGs and, second, they are similarly underrepresented in the PARIS REINFORCE
modelling ensemble (Sognnaes et al., 2020; Giarola et al., 2020). Tables 22 and 23 summarise key information of
each questionnaire.

Table 22: Alternatives, criteria, and linguistic scale of questionnaire on sectoral decarbonisation priorities

in terms of contributing to Kenya's sustainable development

Alternatives Evaluation Criteria Linguistic Scale
RESIDENTIAL C1. Human Development Evaluation Scale
POWER
How important would decarbonising this {none, very low, low,
INDUSTRY sector be for human development (economy | medium, high, very high,
growth, employment education, health)? excellent}
SERVICES

The PARIS REINFORCE project has received funding from the
European Union's Horizon 2020 Research and Innovation
Programme under grant agreement No 820846.




eration of key modelling parameters, risks and priorities ’ Q’Q géﬁ\llISZORCE

TRANSPORT C2. Resource Use

AFOLU How important would decarbonising this

Weight Scale

sector be for resource use (clean/affordable
energy, food, water)?

) {very low, low, medium,
C3. Earth System Conservation

high, very high}

How important would decarbonising this

sector be for earth system conservation
(biodiversity, climate)?

C4. Equality

How important would decarbonising the

power sector be for equality (social, gender)?

Table 23: Alternatives, criteria, and linguistic scale of questionnaire on urgency of each SDG the context of
Kenya's climate action

Linguistic

Alternatives Evaluation Criteria

Scale

SDG 1: No Poverty

C1. Significance

Universal Scale

SDG 2: Zero Hunger

SDG 3: Good Health and Well-Being

How significant do you find
this SDG is to address in the
Kenyan Context?

SDG 4: Quality Education

C2. Relevance

{very low, low,
medium, high,
very high}

SDG 5: Gender Equality

SDG 6: Clean Water and Sanitation

How relevant to climate
action do you think this SDG
is?

SDG 7: Affordable and Clean Energy

C3. Trend of Progress

SDG 8: Decent Work and Economic
Growth

SDG 9: Industry, Innovation &
Infrastructure

How do you perceive the
trend of progress in meeting
the goals of this SDG so far?

SDG 10: Reduced Inequalities

C4. Ambition
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SDG 11: Sustainable Cities and
Communities

How do you perceive the
ambition of the Kenyan policy

SDG 12: Responsible Consumption &
Production

towards meeting the goals of
this SDG so far?

SDG 14: Life Below Water

SDG 15: Life on Land

4.2.2. Multiple-criteria group decision analysis

To analyse stakeholder input and carry out the multiple-criteria analysis, we employ APOLLO (Labella et al., 2020),

a multi-criteria group decision support model that uses the 2-tuple TOPSIS method.

The 2-tuple group TOPSIS MCDA framework essentially comprises (a) the TOPSIS multi-criteria framework (Yoon

and Hwang, 1981) that is among the most popular MCDA methods in climate change decision making (Doukas
and Nikas, 2020) and sustainable development (Koasidis et al., 2021), (b) the 2-tuple linguistic representation
model (Martinez and Herrera, 2012), and the group TOPSIS variant (Krohling and Campanharo, 2011) as enhanced

in a two-stage TOPSIS approach by Nikas et al. (2018a). The framework entails the following steps:

U]
(i)
(iii)

(iv)

V)

(vi)

Defining a weight vector U, = (uf)].,, Where uj € U is the linguistic preference by stakeholder e, for
criterion ¢; and U is a linguistic term set, with U = {uy, uy, ..., u,} transformed into a 2-tuple linguistic

decision matrix U, = (u}, 0)].,..
Calculating the normalised 2-tuple weight vector U = (@i}, 8)].,, for each stakeholder e, as (i}, 3{) =

Az (ubo
A L) ,j = 1,2,...,nand Ty is the cardinal of set U.
u Ty-1 U

Defining the decision matrix X, = (ris-)m*n, where () € S is the linguistic value preference provided by
stakeholder e, for alternative a; over criterion c;, and S is the linguistic term set, with § = {sy, s, ..., 5¢}

transformed into a 2-tuple linguistic decision matrix X, = (v, O)m*n.

t

Calculating the weighted decision matrix X, = (r‘ij,afj)mmfor each stakeholder e,, with (7}, af;) =

A5 (831 @5 BD). 057 (5, 0)) i = 12, ,m j = 12, ..

Calculating the positive and negative ideal solutions for each stakeholder e, as: (r®* ab*) =
(0, (0, ()} and (7, a@t) = (7 ), (), o (5 0)), where
(5" a) = mlax{(fitj, ai;) |c; € B} or miin{(fl-’}, af;)|ceB” } and (r""af7) = miin{(ﬁ-tj, af)|c €
B} or mlax{(r‘fj,c‘zfj) |c;€B” }, where i =12,..,m,j =12,..,n and where B and B’ are the benefit and
cost criteria sets respectively.

Determining the distance of each alternative form the positive and negative ideal solutions for each

stakeholder e as: (67) = 8y (13- iy (142 () = (57, )D)) and (&fmi) =

n~J=1 (Ts-1)
15n
AS/ (ZZ}zl

(T -1 — — ’ ’ ’ . . ..
T (145275 al) — (5 o )|)> where S” ={s; ,s; ,...,s,- }is the linguistic term set
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for the distances, Tg and T~ the cardinals of sets S and S’ respectively.

(vii) Calculating the relative closeness degree of each alternative from the positive ideal solution for each

At (i .
stakeholder e, as: (&,nf) =4y ((A-l (fHStE)M_ (g)‘f‘nt 5 “(Ts—1) |, i =1.2,..,mand Ts the
S’ i

U
cardinal of set S. In the current form the results are expressed in the linguistic scale S used by the
stakeholders to increase interpretability.

(viii) Computing the collective 2 tuple linguistic decision matrix X = (i, &t )m«, Where (Fiy, &) =
&), i=12,..,mt =1.2,.., k. In this step the stakeholders are considered equally weighted. By
adjusting steps 1-4, the new matrix X could be calculated to also include weights for the expert.

(ix) Calculating the positive and negative ideal collective as: (r*,a®) = {(r{", o), (), ad), ..., (nF, i)} and
(T‘_, 0.'_) = {(Tl_' 0.'1_), (7”2_: az_), Ry (rk_l a;)}, Where (rt+t a{') = ml.ax{(fit' &it) |Cj € B} or miin{(fit' &it) |Cj €
B’ } and (17, a7) = min{(fi,, @) |c; € B} or max{(Fie, @) |c;eB” }, where i=12,...mt=12,..,k
and B and B’ are the benefit and cost criteria sets respectively.
(x) Determining the distance of each alternative form the positive and negative ideal solutions for each
) T -1) o o
stakeholder t as:  (&,nf) =4y (;Z’t‘=1 - (45" (e, i) — (r?.at*)l)) and  (§,m) =

(Ts-1)
( Zt T(rs-1) (Ts 1)

for the distances, Ts and T, the cardinals of sets S and S’ respectively.

(|A5 (Fip, @) — (r;,at_)l)), where S ={s, ,s,, ...,st//} is the linguistic term set

(xi) Finally, calculating the relative closeness degree of each alternative from the positive ideal solution as:

as* (§emi)
Gum) =4y ((AE} ((E;jﬁ Jeg? (fz"m-')) (Ts — )) ,m and Tg the cardinal of set S.

4.2.3. Consensus measuring

Two of the main critisims TOPSIS and other ranking MCDA methods receive focus on the lack of internal procedure
to calculate the weights of criteria, and the subjectivity of information provided by the stakeholders, when used in
decision-making problems (Huang and Li, 2012; Shafabakhsh et al., 2014). Furthermore, such participatory settings
feature conflicting natures associated with stakeholders coming from different backgrounds; in such group
decision making problems forcing a middle solution may yield a result of low acceptance (Ben-Arieh and Chen,
2006; Fu and Yang, 2010). It is, therefore, interesting to explore the gaps between different stakeholder groups as
well as couple each alternative with a consensus level.

Using the 2-tuple variant of TOPSIS, like other fuzzy solutions to the these issues (Mangla et al., 2015; Bayram and
Sahin, 2016), and further coupling it with a coherent methodology for measuring the levels of agreement, the
proposed framework attempts to address these challenges. The employed consensus measuring framework
(Labella et al., 2020), entails the following steps:

(i) The dissimilarity of each expert for each alternative p;(x;) is calculated by comparing the distance between

the result of the 2-tuple TOPSIS of that alternative in the experts’ individual solution and in the collective

one as follows: p;(x;) = p(R, R)(x;) = <%) [0,1], b = 0, where i stands for each expert, j stands
for each alternative, b can be in the range of (0,1) to control the rigorousness of the model, R; is the result
of the 2-tuple TOPSIS of the alternative j in the group solution, R} is the result of the 2-tuple TOPSIS of

the alternative j in expert’s i solution, and T the cardinal of the linguistic term set, used to normalise the
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dissimilarity values.

(i) Next, we calculate the consensus degree of all experts on each alternative x; using the following

expression

C(x)=1-3", plm’) where m stands for the total number of experts.

Z] 1C(x])

L where
Z] 1 1

(iii) Finally, we calculate the consensus measure over the set of alternatives, called Cy: Cy =
k is the total number of alternatives.

(iv) Applying a similar approach with the consensus measure, the proximity of i-th expert to the global

2o (1-pix)))RY

k c
2:J 1RJ

solution can be calculated: P} =

4.2.4. Increasing robustness: integrating the two individual exercises into one

The two seemingly separate individual MCDA exercises, where climate action and sustainability dimensions are
decision alternatives and evaluation criteria respectively in the first, and vice versa in the second, are then coupled
by using the second exercise as a feedback to the first one, allowing to modify the criteria weights and increase
robustness of the results. In particular, the four criteria used in the sectoral analysis are used as clusters of the
SDGs: we draw from the SDG classification made by Van Soest et al. (2019) and adapt to the Kenyan context as
well as the scope of our study and the SDG representation, by focusing on equality instead of infrastructure as the
fourth cluster of our analysis.

Considering this interplay between the two questionnaires, the analysis is performed in two phases. First, the
assessments of the stakeholders are analysed independently, serving to directly elicit their tacit preferences.
Second, considering the connection between the SDGs and their clusters used as criteria in the sectoral analysis,
the assessments of the stakeholders from the two questionnaires are integrated as illustrated in Figure 26.
Assuming that providing assessments for the SDG analysis requires a broader and more holistic understanding of
sustainable development in Kenya, this second questionnaire is used as a criteria weight filtering for the first
exercise: the SDG analysis results are used as a correction for the criteria weights provided by the stakeholders,
grouped and producing an average value depending on their affiliation with the respective criterion. By doing so,
we can improve the consensus levels of the engaged group and increase the robustness of the analysis outcomes.
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Figure 26: Integration of the two MCDA exercises

4.3. Results and Discussion

4.3.1 Initial sectoral analysis

During the first session, 21 stakeholders featuring different backgrounds and levels of expertise evaluated the
importance of decarbonising each economic sector in different sustainability pillars, as clusters of SDGs. The
distribution of their background is presented in Figure 27 (note: one of the stakeholders did not disclose how they
would describe their current working capacity).

5%
14%
43%
29%\‘
9%
= Academia/Research = |International Institution = Private Sector/Industry

= Nationa Government = Not Available

Figure 27: Distribution of stakeholders across groups in the first exercise

Based on the assessments of the stakeholders in a seven-term scale of importance, {None, Very Low, Low, Medium,
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High, Very High, Excellent}, and the methodology described in Section 2, the global solution (i.e. sectoral ranking)
of the MCDA problem is calculated. The ranking of each alternative is presented in Figure 28. From this initial
prioritisation, no clear group preference can be derived for the sectors, as decarbonisation is deemed as similarly
important across them. A distinction can be made about services, which was the only sector with a very low
evaluation, indicating that stakeholders perceive the decarbonsation of the other sectors as more urgent and
relevant to sustainable development overall. Compared to the other alternatives, services received varying
evaluations across the stakeholder pool, even in the criteria that the importance of the sector performed highly; it
was also deemed less critical in terms of human development and equality. Considering the challenges identified
in the Kenyan and SSA context, this opens the question as to what extent stakeholders correlate carbon dominance
and issues like access to clean water and sanitation services in the region (Hyvérinen et al., 2020).

E

VH

M
V I
N

AFOLU TRANSPORT RESIDENTIAL POWER INDUSTRY SERVICES

—

-

Figure 28: Initial prioritisation of sectoral decarbonisation

Although the AFOLU sector, being critical in terms of both contribution to the national economy and emissions
produced, seems to receive the highest prioritisation, it is not deemed as markedly more important than the
remaining sectors. In fact, due to the negligible differences among their evaluations and with the exception of
services, all sectors ended on the medium-to-high scale. Since TOPSIS calculates the distance between the positive
and negative ideal solution, this intermediate evaluation should not be interpreted as a medium importance of all
sectors, rather than a lack of strong preference over each alternative. This initial global solution received a low
consensus level of 78.1%, with stakeholders individually showcasing a large range of personal consensus
fluctuating from 65% to 92%, thereby highlighting the limited capacity to produce robust insights without taking
the consensus into account. Figure 29 expands the decision-making process to include not only the evaluation,
but also the consensus level of each alternative in this collective solution. Despite the indifference in preferences,
consensus allows a better distinction among the alternatives. The agricultural sector presents the highest
consensus among the examined alternatives, being the only sector that tilts in the higher consensus area, i.e.
outperforming the global consensus levels. On the other hand, the residential and transport sectors seem to be
more of a "middle-of-the-road” solution, while industry and power generation display low consensus. To better
understand how these differences are produced, the internal solution of each stakeholder group is also presented
in Figure 30.
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Figure 29: Importance-Consensus levels of each sector in the initial analysis
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Figure 30: Proritisation of each sector per stakeholder group
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Figure 30 provides many interesting insights, since each group of stakeholders considers a different sector as the
most critical to decarbonise, in respect to sustainable development. Academia and research stakeholders favour
the residential sector, with AFOLU being the second most important sector, according to their responses. As
already presented in the Kenyan context above, the residential sector is an important factor regarding air pollution
since households rely on traditional biomass for their energy needs due to lack of access to electricity and modern
energy sources. On the other hand, international institutions and national government stakeholders consider the
power sector as the most important, indicating that lack of access to electricity should be sought in
transfromations in power generation. It is also important to mention that both groups consider the agricultural
sector highly important. Finally, private and industrial sector representatives appear to consider that industry is
the most important one to decarbonise in Kenya. High prioritisation of their professional domain may seem biased;
however, the remainder of their ranking follows similar patterns to the broader stakeholder pool, placing the
residential and agricultural sectors at the second and third position, respectively.

The fluctuation highlighted in Figure 30 confirms the outputs of our consensus analysis, with the AFOLU sector,
despite not being evaluated as the most important sector by any group, appearing consistently in the higher
places of the ranking. The rest of the alternatives display significant fluctuations, especially power and industry,
justifying the lower ranks in the consensus axis (Figure 29). In fact, the power sector, despite ranking first among
two groups, was evaluated poorly by the others. Similarly, the bias of private and industrial sector stakeholders in
upvoting their sector is also observed in Figure 31, where the internal consensus of the group is lower than the
global consensus, while all other groups expectedly had higher internal consesus.
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Figure 31: Internal consensus for the first exercise per stakeholder group

4.3.2 SDG Analysis

The first exercise showed unclear prioritisation of sectors for decarbonisation with regard to sustainability gains,
also backed by low consensus levels among stakeholders. A second exercise was carried out, with two objectives:
first, to prioritise SDGs as key research topics in model-based mitigation analysis; and, second, to reinforce in a
feedback mechanism the sectoral analysis, by introducing weights to the evaluation criteria used of that exercise.
This time, following a kind invitation motivating those with a broader understanding of the SDG framework, its
progress and relevance to the country’s context and its relationship with climate change and action, sixteen
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stakeholders participating in the workshop chose to engage in this exercise. Figure 32 presents the distribution of
their working capacity.
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Figure 32: Distribution of stakeholders across groups in the second exercise

Applying the methodological framework described in Section 2, Figure 33 illustrates the global results of the
exercise, ranking the 14 SDGs according to stakeholders’ responses. Evidently, SDG15 (Life on Land) received the
highest prioritisation with an evaluation of (High, -0.11). Both the connection between climate change and SDG15
and of its impact towards achieving the sub-goals of this SDG are well-established (Hamidov et al., 2018): Kenya
heavily depends on traditional and non-sustainable biomass, leading to significant implications for land use
change, agriculture, and deforestation. Considering the trade-offs between these aspects and SDG15 (Campbell
et al,, 2018) as well as the corresponding food implications identified in the local context, without overolooking
the numerous endangered species of the country (Earth's Endangered Creatures, 2020), this provides an initial
validation of the importance of the changes in the AFOLU sector, as established in the first questionnaire. Also it
indicates that stakeholders prioritised AFOLU based both on the sector’s importance for the economy and
emissions, and on broader land use and biodiversity concerns.
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Figure 33: Prioritisation of SDGs in relation to climate action in Kenya

Specifically, fear of biodiversity loss can be another driver for the prioritisation of SDG15 as the most important
sustainability goal, due to the perceived relationship between habitat destruction and the current global health
emergency (IPBES, 2020). Aside from COVID-19, although health issues in general, like high mortality especially in
children, are already identified as a major threat in the broader SSA region, the corresponding goal (SDG3) was
not found among the top priorities, ranking in fact second to last. However, this should not be interpreted as
indifference toward such issues, as the evaluation considers the importance of each SDG in relation to climate
change. Nevertheless, it is an important finding, as most modelling studies in the literature exploring interactions
between climate action and other SDGs in the region focus inter alia on SDG3 (e.g. Van de Ven et al., 2019; Forouli
et al., 2020; Rafaj et al., 2021; Vandyck et al., 2018), mostly targeting sub-goals and indicators like air quality (lyer,
et al., 2018), which remains an important and fairly studied aspect, but missing the link to broader systemic drivers,
which apparently stakeholders consider of further importance.
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Figure 34: Internal consensus for the second exercise per each stakeholder group (excluding the small
group of national government stakeholders taking part in this exercise)

SDGY7 (affordable and clean energy), another SDG directly related with threats identified in the country, was the
only other SDG with an evaluation in the high range of the linguistic scale. Severe lack of energy access appears
to be the root of major issues the country faces, with stakeholders expressing the need to address this threat in
conjunction with climate change. Achieving the targets of this SDG requires more than securing universal energy
access, especially for developing countries. Emphasis needs to be placed on providing clean and affordable energy
access (SDG7.1), as well as on drawing significant investments toward clean energy research and infrastructure
(SDGs 7.a.1 and 7.b.1). Recent energy-innovation initiatives in the country need to be expanded to maximise
impact on the local community (Chan et al,, 2017). At the same time, improvements in energy efficiency (SDG7.3)
should not be disregarded, especially considering that SDG12 (responsible consumption and production) also
ranked high. With African countries, including Kenya, facing an uphill battle to achieve widespread penetration of
renewables until 2030 (Alova et al., 2021), energy efficiency can have a significant impact on improving energy
access in the near-term (du Can et al., 2018). Therefore, according to the participating stakeholders, establishing
a comprehensive investment plan toward clean energy infrastructure and research that also considers distinct local
elements, such as reliance on non-sustainable biomass and energy efficiency, should be among the top priorities
of a national strategy for a sustainable transition.

SDG4 (quality education) is ranked last according to the stakeholders, in fact with a large gap separating it from
the other SDGs, performing in the low importance term of the scale (Low, 0.21). Most educational issues Kenya
faces are related to higher education (McCowan, 2018) and, although improvements in access to education rates
have been noted in the last decades, stagnation of quality indicators like completion rates still pose major
challenges (Sifuna, 2007). However, it should be noted that previous studies showed stakeholders also prioritise
improvements in the quality of education in primary and secondary schools, when assessing the impact of
demand-side electricity sector transformations (Dal Maso et al., 2020). In our case, it could be that this impact was
disregarded by the pool of stakeholders, that it was considered indirect in SDG13 interacting with SDG7 interacting
in turn with SDG4, or that implementing demand-side solutions with clear implications for climate change is
perceived to have an impact on education but not vice versa.

The heatmap of Figure 35 illustrates the distribution of stakeholders’ multi-criteria assessments of each SDG, which
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can be extracted within APOLLO as an intermediate step of the MCDA framework: TOPSIS is first applied on the
alternatives against the criteria for each stakeholder, and then once more on the alternatives against the
stakeholder assessments (Nikas et al., 2018a). In addition to validating previous insights, we can see that SDG9
(industry, innovation and infrastructure) was rather favourly assessed by some stakeholders, yet this did not
manage to place it among the least critical SDGs. Apart from displaying significant variance in responses and
therefore low consensus levels, this consistently confirms the low sectoral prioritisation of industry in the first
exercise, further hinting that stakeholders of the corresponding group slightly boosted the sector and respective
SDG in the rankings. It is also an indication of this bias with respect to SDG9, as highlighted in Figure 36. Apart
from SDG9 and SDG14 (life below water), most SDGs orbit around the center of the axes, with fluctuations that
generally follow tha patterns identified in the absolute ranking. Although SDG14 did not stand out in the ranking,
it showed the highest consensus among the stakeholders meaning that almost all groups agreed on its
importance, in line with literature emphasising the necessity for mitigating marine pollution and addressing known
issues like overfishing (Alati et al., 2020).

SDG1
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SDG7
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Figure 35: SDG intensity heatmap
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Figure 36: Importance-Consensus of each SDG

Figure 37 presents the fluctuations of rankings by different groups, which mostly followed the patterns of the
global ranking. Interesting outliers are also present, with stakeholders from international institutions prioritising
SDG11 (sustainable cities and communities), and government representatives highlighting the importance to SDGs
10 (reduced inequalities), 3 (good health and well-being) and 6 (clean water and sanitation). While most of these
issues are well established threats to Kenya's sustainability, these preferences hint that the government is
prioritising efforts on the social dimension. Interestingly, however, this group drove evaluations higher compared
to the other stakeholders: private sector stakeholders showed overall indifference to SDGs, including those ranked
the most important.
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Figure 37: SDG ranking per stakeholder group

4.3.3 Revisiting the sectoral analysis

As explained in Section 2, the weights of the criteria of the first exercise are revisited to reflect the prioritisation of
the SDGs from the second exercise. In particular, the evaluation criteria weights are modified based on the average
evaluations of the SDGs included in each cluster, and therefore calibrated to minimise errors induced by human
subjectivity. Figure 38 displays the rankings of the initial analysis, i.e. the analysis with the unmodified weights as
provided by the stakeholders, and the rankings after calibration of the weights based on the results of the second
exercise. In the initial solution, the five sectors, excluding services that in both cases ranked poorly, were placed
around the medium scale, making it difficult to establish clear prioritisation. After the weight calibration process,
the final ranking shows a clearer distribution, with the residential sector emerging as the most important sector
and an evaluation around Very High. In fact, the sector presented the highest difference compared to the initial
prioritisation. The key difference that led to this change is the improved consensus: the residential sector seems
to be evaluated as highly important by most stakeholder groups despite not necessarily ranking first for all groups.
The process drove consensus to reach a level of 82.6%, rising from 78.8% in the initial exercise.
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Figure 38: Prioritisation of the sectors based on the three approaches

A common criticism of MCDA methods having no internal weight (re-)calculation method seems to apply, as the
calibration process have had an impact on the final ranking, albeit limited, but most importantly it has had an
impact on the achieved consensus. Figure 39 shows the differences in the internal (stakeholder group) consensus
in the two analyses, with and without weight calibrations. Although the small increase in total consensus is overall
evident, consensus among the much smaller international institution group was actually reduced after applying
the calibrated weights. Delving into the weight inputs of the members of the group and comparing them to their
SDG prioritisations, significant discrepancies appear, especially in the order of importance of each criterion, giving
in the initial exercise an inconsistent sense of internal consensus among the group. Contrary, the weight calibration
process increased the internal consensus of the private sector/industry group by reducing the bias induced by
members of the group towards evaluating their own sector. Overall, these discrepancies were not enough to
impact the global solution; however, as part of climate diplomacy the goal is not only to reach or improve global
consensus, but also to understand the different dynamics and conflicts among different groups. Climate policy
has much to gain by attempting to implicitly elicit stakeholder assessments to reduce human subjectivity and
understand the driving motives of each participant.
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Figure 39: Comparison of internal consensus levels per group with and without weight calibration

Improvements in consensus are also evident in Figure 40, with the majority of alternatives being placed in the high
priority-high consensus quadrant, while preserving the distinctions among the sectors. In fact, although most
sectors improved their position consensus-wise, the AFOLU sector maintained its position in the scatter, indicating
that the strong preference of the participating stakeholders from the initial steps holds after criteria weight
calibraiton, without being affected by the modified weights nor the shift toward the residential sector, indicating
robust preference, as hinted and discussed earlier.
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Figure 40: Importance-Consensus of each sector in the final analysis

This prioritisation of the residential and AFOLU sectors fit and enhance the narrative from both a sectoral and an
SDG perspective. Stakeholders are concerned over the lack of access to elelctricity and related issues, such as
reliance on non-sustainable biomass and implications over AFOLU and SDG15. The group of experts, in a better
informed MCDA framework of the Kenyan sustainability context, also provide additional insights into the preferred
prioritisation of these issues. Pointing towards SDG7 and the residential sector while stepping back from power
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generation, the engaged stakeholders acknowledge that deep penetration of renewables is likely to be harder
than anticipated and therefore prefer to prioritise near-term demand-side transformations, with the transport
sector following closely. Considering the discrepancies between national strategies and sectoral policies, which in
the case of the AFOLU sector have so far led focus to orient on economic growth (Faling, 2020), our results indicate
the necessity to build cross-sectoral policies between AFOLU and the residential sector accounting for the impact
on SDGs 15 and 7, and especially the key threats identified in the context of Kenya, like limited electricity access,
extensive use of non-sustainable biomass and respective health implications.

4.4. Conclusions

This study aims to provide insights for policymakers and modellers alike, into stakeholder preferences over the
interplay between climate action at the sectoral level and sustainable development for Kenya and the broader
Sub-Saharan African region, in which five intertwined threats loom large, posing significant challenges for the
design of an effective and sustainable transition pathway: climate change, lack of access to electricity, extreme
poverty, poor cooking means/nutrition, and health issues. To better address these threats in line with Paris
Agreement targets and the 2030 Agenda for Sustainable Development, a multi-criteria decision aid framework is
designed, based on the 2-tuple group TOPSIS and a consensus measuring approach, and applied to a stakeholder
workshop with Kenyan stakeholders, via two seemingly separate yet highly intertwined questionnaires. The first
aimed at assessing the importance of the decarbonisation of economic sectors for four sustainable development
axes, and the second at prioritising SDGs in relation to progress, ambition, as well as relation to climate action and
the national context.

Initially, a traditional MCDA approach was employed, in which stakeholders provided their assessments of each
alternative against the four criteria, while offering criteria weights themselves. In this exercise, they appeared
divided over the importance of the different sectors considering almost all of them as equally important, with only
the services sector straying as least important. Considering consensus for each sector, AFOLU more clearly standed
out from the rest of the alternatives. This preference was confirmed in the SDG prioritisation exercise employing
a similar setting, with SDG15 (life on land) ranking first as the most critical to SDG to both integrate with climate
action and pay attention to in mitigation analysis for Kenya. These outputs trace back to the national and regional
context, where limited electricity production has driven reliance on non-renewable biomass, and especially
fuelwood, consequently leading to indoor air pollution and employment of poor cooking methods. With their
evaluations, stakeholders highlighted the importance of considering AFOLU, biodiversity and ecosystem
implications of the region’s sustainable transition, especially regarding use of biomass and the switch to more
efficient fuels. From a modelling perspective, this indicates that indirect links between social issues and climate
change should also be considered outside the energy access and mitigation spectrum commonly explored (e.g.
van der Zwaan et al, 2018; Van de Ven et al., 2019; Dagnachew et al., 2020; Forouli et al, 2020), instead of
traditional metric-based evaluations that left stakeholders less interested. After modifying weights based on the
results of the second exercise, another iteration of the sectoral decarbonisation exercise showed decisively singled
out the residential sector, both as a top priority and agreed upon by stakeholders the most; the AFOLU sector,
although now outranked, still remained fairly important as a result of the steadily strong consensus. This new
prioritisation can also be linked with efforts for affordable and clean energy (SDG7), which apart from SDG15 was
the only other SDG receiving a high evaluation, thereby further highlighting stakeholders’ concern over the
challenge of limited access to modern energy. At the same time, stakeholders hinted that a solution in the shorter
run should not rely exclusively on renewable energy diffusion, which can be much more difficult than anticipated,
but consider demand-side transformations in the residential sector. The latter, as with some SDGs prioritised the
most, is another aspect underrepresented in the modelling capabilities (Nikas et al., 2020a), which is another core
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finding on its own. Increasing energy efficiency with targeted research and improving fuel quality can be an
effective way to promote renewables and address AFOLU challenges and concerns. Overall, future cross-sectoral
policies in the AFOLU and residential sectors should consider implications on these issues and the progress

towards the respective SDGs.

Drawing from the outputs of this study, future modelling advancements and exercises could prioritise analysis of
the sectors and SDGs identified as most pertinent by the Kenyan stakeholders to shed light on Paris-compliant
pathways that at the same time address local threats and ensure the region’s sustainable development. The
proposed framework can be enhanced in cross-country comparison setups, enabling to gain insights into how
different stakeholders from different national and regional contexts perceive the SDG framework, in relation to
their country’s climate action, and vice versa, for better informed modelling that transcends one-size-fits-all

comfort zones.
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Appendix A

The application of the PROMETHEE method includes five steps:

Determination of the criteria weights, w;, using the preferable method. The DM is asked to define the weights so
as to counterbalance the importance of each alternative. The sum of these weights has to equal the unit: Y w; = 1.
The methodology used for the calculation of the weights is presented in Section 1.4.2.

Determination of a preference function in order to translate deviation between the evaluations of two alternatives
(a and b) on a specific criterion (g;) into a preference degree. Each criterion has a preference function:
Pi(a, b) = F;[d;(a, b)] (A1)

where F; is a non-decreasing function of the observed deviations d; and d;(a, b) = g;(a) — g;(b).

The larger the deviation, the stronger the preference (0 for no preference, 1 for strict preference). If d; < 0 then
P;(a,b) = 0in other case the analyst should choose between multiple types: Usual, U-Shape, V-Shape, Level, Linear
and Gaussian. Some extra parameters may be used such as indifference threshold or preference threshold in case
of using any type of the function except the Usual.

Calculation of a global preference index m(a, b)which represents the intensity of preference of alternative a over
b taking the weights into account.

- A2
m(a,b) = Z P,(a, b)w; A2

Jj=1
where, P;(a, b) is the preference function and w; represents the weight of criterion ;.

Calculation of outranking flows. Positive outranking flow ¢*(a) and negative outranking flow ¢~ (a) measure how
much the alternative a is outranking or outranked by the other alternatives.

by — L (A3)
™ (a) = n(a,b)
2

n—1

1
¢~ (a) = mz n(b,a) B4
b

Calculation of the net outranking flow. Finally, in order to completely rank all alternative actions, the net outranking
flow p(a) is determining using the equation below:
p(a) = ¢*(a) — 9~ (a) (A.5)

The indifference threshold (q) represents the largest value below which there is no preference for one alternative
over another, and then the preference function equals 0. The preference threshold (p)represents the smallest
value above which there is a strict preference for one alternative over another and in that case the preference
function equals 1. The zone between (q) and (p) indicates weak preference and the preference function should
be calculated according to the type of the chosen generalised criterion.
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Appendix B

The Analytical Hierarchy Process (AHP) was developed by Saaty in 1980 and is based on the relative priority of
each criterion over another, deriving from a comparison per pair, using a specific numerical scale. The first step in
the process of calculating weights through the AHP method is to develop a table for pairwise comparisons, which
reflects the preferences of the DMs upon the data under consideration. The table entry comes from a fundamental
scale used for comparisons (Saaty scale or relative scale), as presented below:

Table 24: The fundamental scale of Saaty

Intensity of importance on an -
Definition
absolute scale

1 Equal importance

2

3 Moderate importance of one over another

4

5 Essential or strong importance

6

7 Very strong importance

8

9 Extreme importance
The intermediate values (2, 4, 6, 8) are used when compromise is needed.
Reciprocal numbers of the above | If activity a has one of the above numbers assigned to it when compared to
values activity b, then b has the reciprocal value when compared to a.

The DM then assigns the relevant importance between the criteria (in pairs) and insert them to the square

comparison matrix:

Table 25: AHP comparison matrix

gl |1 P12 P1j P1n

g2 P21 1 P2j P2n
(1)

gi Pi1 Pi2 Pij

(M)

gn Pn1 Pn2 Pnj 1

In order to maintain the consistency of the matrix, P;; * P; = 1.

Calculation of the weights included four basic steps in the approximate method (Mu and Pereyra-Rojas, 2017;
Sennaroglu and Celebi, 2018), used in this research:

Calculation of the sum of each column:
Sj_column = 211‘1=1 Pij, forj =1..n (B.1)

Division of each element of the matrix by the corresponding column sum to obtain the normalised matrix:
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Py (B.2)

N j_column

Pnorm;; =

Table 26: AHP normalised matrix

gl 1/S1_column P12/S2_column P1j/Sj_column P1n/Sn_column
g2 P21/S1_column | 1/S2_column P2j/Sj_column P2n/Sn_column
(1)
gi Pi1/S1_column | Pi2/S2_column Pij/Sj_column
(1
gn Pn1/S1_column | Pn2/S2_column Pnj/Sj_column 1/Sn_column

Calculation of the sum of each line:
Si_tine = Xj=q1 Pnorm;j, fori =1..n (B.3)

Division of each line sum with the total number of the criteria (n), to calculate the weight of each criterion:

w; = Si*:lﬂ, fori=1..n (B.4)

Once the criteria weights are calculated, consistency of the comparison matrix, which is filled with the DMs’
subjective preferences, should be measured in order to ensure it is well below the tolerance limits of inconsistency.
This procedure includes nine steps.

Presentation of the initial comparisons’ matrix, adding in the first line the calculated weights:

Table 27: AHP comparison matrix and weights

w1 w2 wj wn
g1 1 P12 P1j P1n
g2 P21 1 P2j P2n
(M
gi Pi1 Pi2 Pij
(1)
gn Pn1 Pn2 Pnj 1

Multiplication of each element with the corresponding weight:
Pnew;; = P;; x gj, fori,j=1..n (B.5)

Table 28: AHP weighted matrix calculations

gl T w1 P12*w2 P1j*wj P1n*wn
g2 P21*w1 T*w2 P2j*wj P2n*wn
gi PiT*w1 Pi2*w2 Pij*w;j

gn Pn1*w1 Pn2*w2 Pnj*wj 1*wn
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Calculation of the sum of each line (also known as weighted sum):

Snew; jime = Xj=1 Pnew;;, fori,=1..n (B.6)
Division of each sum with the corresponding diagonal element of the matrix

D, = ZWiline g = j=1_.n (B.7)
Pnewi]-

Table 29: AHP normalised matrix calculations

gl | Pnew11 Pnew12 Pnewj Pnew1n D1=Snew1_line/Pnew11
g2 | Pnew21 Pnew2?2 Pnew?2j Pnew2n D2=Snew2_line/Pnew22
gi | Pnewil Pnewi2 Pnewij Di=Snewi_line/Pnewii

gn | Pnewnl Pnewn?2 Pnewnj Pnewnn Dn=Snewn_line/Pnewnn

Calculation of the average of D;, also known as Amax:
_ XD (B.8)

Amax -

Calculation of the Consistency Index (CI):
Cl = Amax =1 (B.9)
n—1

Calculation of the Consistency Ration (CR):

_ (B.10)
CR = RCI

Where RCl is the Random Consistency Index. Saaty has calculated the CI of a number of randomly generated
comparison matrices of different sizes as shown below:

Table 30: Saaty’s Random Consistency Index
n 1 2 3 4 5 6 7 8 9 10
RCI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

If CR < 10%, the level of inconsistency in the comparison matrix (Table 25) is acceptable and thus the process of
decision-making may continue. Otherwise, the entries of the matrix should be revised to achieve better
consistency.
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