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Abstract: This study is about multicriteria decision aiding (MCDA) for the green airports program of
the Moroccan Airport Authority ONDA. The goal of the program is to develop significant amounts
of renewable power at airports. In particular, ONDA wants to select airports at which large solar
and wind power parks should be built. Multiple criteria, including economy, technical feasibility,
and environmental concerns, must be considered simultaneously. In this study, we apply Stochastic
Multicriteria Acceptability Analysis (SMAA) for ranking the candidates to be developed into green
airports. The analysis is conducted in phases with different sets of criteria. This study is the
first application of MCDA for developing large-scale renewable energy production at airports. As
a theoretical novelty, the pairwise winning indices of SMAA are used to form stochastic partial and
complete rankings of the alternatives. Based on the results, two alternatives obtain the best and
second-best rank in every model, and one alternative is always last, while the ranks of the remaining
alternatives vary depending on the set of criteria.

Keywords: renewable power; green airports; multicriteria decision aiding; SMAA; partial ranking

1. Introduction

The Kingdom of Morocco is committed to meeting future challenges for sustainable de-
velopment. The National Sustainable Development Strategy of Morocco lists the following
seven challenges [1]:

• Consolidating the governance of sustainable development;
• Succeeding in the transition towards a green economy;
• Improving the management and development of natural resources and strengthening

biodiversity conservation;
• Accelerating the implementation of the national climate change policy;
• Giving particular attention to sensitive areas;
• Promoting human development and reducing social and territorial inequalities;
• Promoting a culture of sustainable development.

During recent years, Morocco has strengthened its efforts towards sustainable devel-
opment by increasing shares of renewable energy and, for example, setting up the world’s
largest concentrated solar power plant of more than 2500 hectares [2]. Situated at Noor
Ouarzazate, the gateway to the Sahara Desert, the whole complex provides 580 megawatts,
saving the planet from over 760,000 tonnes of carbon emissions yearly. Additionally, nu-
merous wind farms are connected to the electricity grid. Morocco has a target of sourcing
52% of its electrical energy from renewable sources by 2030, and plans to build 2000 MW
of wind power and 2000 MW of solar power plants by 2025 [3]. Morocco is committed to
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covering 72% of their energy needs with renewable sources by 2035. Morocco is well on
track to hit its target, as 35% of its energy is already renewable.

In the 2018 and 2019 Climate Change Performance Index, Morocco was ranked second
after Sweden and ahead of Lithuania [4]. The score was awarded based on 14 criteria in
4 categories, including greenhouse gas (GHG) emissions, renewable energy production,
energy consumption, and climate policy [5].

The Moroccan Airport Authority (ONDA) introduced the ‘green airports’ program
in 2004, with the aim of making solar power a source of energy for airports. In 2008, the
program was extended to include wind power. Starting from 2011, Moroccan airports
have been supplied by three different sources of energy: solar power, wind power, and
conventional electricity from the national grid. The plan is to substantially increase the
solar and wind power production in the vicinity of selected airports so that they can be
developed towards sustainable airports. Figure 1 illustrates the solar radiation at the
airports of Morocco that are considered in this study. The different colours correspond to
specific photovoltaic power outputs (PVOUTs) defined as photovoltaic energy production
(kWh) per peak power (kWp). The table below the figure shows the daily and yearly totals
of PVOUT.
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In general, green airports should meet several sustainability criteria. Many different
criteria and criteria hierarchies for evaluating sustainable airports have been proposed in
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the literature [7–10]. As an example, Ferrulli [11] divides the criteria for sustainable airports
into the following seven categories (with several subcriteria under each category):

1. Noise abatement;
2. Emission reduction and air quality;
3. Energy use;
4. Water use;
5. Waste management and materials;
6. Water pollution reduction;
7. Biodiversity preservation and land use.

This study focuses on the renewable energy-related aspects of sustainable airport
development in Morocco. The goal is to determine how to best increase renewable energy
production near Moroccan airports. In particular, the decision problem is selecting which
airports ONDA should build solar and wind power plants at and estimating how large they
should be. Decision makers (DMs) of ONDA must consider, in addition to environmental
impacts, other factors such as commercial and financial advantages, technical feasibility,
local potential for renewable energy production, and various political factors. This leads
into a multicriteria decision aiding (MCDA) problem, where the goal is to identify the most
suitable locations and to rank the airports based on suitability.

Some past applications of MCDA methods for sustainable airport-related studies
exist. Lee et al. [12] applied the DEMATEL method with the Analytic Network Process for
selecting green airport fleet management. Kumar et al. [13] applied the VIKOR multicriteria
method for evaluating five Indian airports on several sustainability criteria. Wu and
Qi [14] applied the cross-efficiency model of DEA (Data Envelopment Analysis) to evaluate
the economic and ecological impacts of subsidies for small- and medium-sized airports
in China. Kucukvar et al. [15] benchmarked the sustainability performance of 30 major
airports worldwide using DEA. Kaya and Erginel [16] applied the fuzzy SWARA (Stepwise
Weight Assessment Ratio Analysis) multicriteria method for the sustainable development
of Esenboga airport in Turkey. Nikoloudis et al. [17] applied a blend of three types of
multicriteria approaches, the additive value function, Promethee II, and Electre III to
compare five different investment proposals for the sustainable development of Athens’
Hellinikon airport area. Broniewicz and Ogrodnik [18] evaluated MCDA methods applied
in the field of sustainable transport. None of the earlier MCDA applications have focused
on developing renewable energy production at airports.

MCDA methods have also been applied more widely on regional renewable energy
analyses. For example, Pinto et al. [19] applied Stochastic Multicriteria Acceptability
Analysis (SMAA) for comparing carbon-neutral district-heating technologies in Torino,
Italy. Bandaru et al. [20] developed a multicriteria framework to evaluate the feasibility of
solar energy projects. Vagiona [21] compared four MCDA methods (AHP, TOPSIS, VIKOR,
PROMETHEE II) for ranking solar farm locations in Greece. Tsagkari et al. [22] proposed
a comprehensive multicriteria framework to assess local energy sustainability indicators
with two islands as cases. Alhammad et al. [23] applied a combination of GIS and AHP to
determine the suitability of different areas for solar power in Saudi Arabia.

The novelty of this study is that it is the first application of MCDA for developing
large-scale renewable energy production at airports. In this study, we apply the SMAA
method [24]. As a theoretical novelty, SMAA is extended within this study to form stochastic
partial and complete ranking for alternatives.

The choice of the MCDA method for an application is critical because different methods
may give different solutions to the problem [21,25–27]. Most important is that the MCDA
method suits the characteristics of the decision problem in terms of the problem setting,
decision model, data needs, and interaction characteristics. Cinelli et al. [28] have developed
a comprehensive taxonomy and expert system for recommending MCDA methods for
particular problems based on 156 characteristics. At the time of writing, their system covers
205 different methods.
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The SMAA method is chosen for this application because it supports the flexible mod-
elling of different kinds of inaccurate, uncertain, imprecise, or partially missing information
through probability distribution. More importantly, SMAA can be used even without
a priori preference information, which was not available in this study. For the accuracy
of the SMAA method, see Tervonen and Lahdelma [29]. The development of SMAA was
originally conducted during several real-life environmental and public decision processes.
SMAA has been widely applied for various governmental, social, political, healthcare,
business, financial management, and environmental decision problems. SMAA has also
been applied successfully for centralizing cargo at an airport hub in Morocco [30]. For other
real-life applications of SMAA, see the surveys by Tervonen and Figueira [31], Lahdelma
and Salminen [32], and Pelissari et al. [33]. Pelissari et al. analyse a total of 118 SMAA
articles within the years 1998 to 2017.

This paper is organized as follows. Section 2 briefly describes the SMAA multicriteria
decision analysis method and develops a new methodology for ranking based on pairwise
winning indices. Section 3 defines the decision problem. Section 4 presents the multicriteria
analysis results. Section 5 contains the discussion, and Section 6 outlines the conclusions.

2. SMAA—Multicriteria Analysis Method

Stochastic Multicriteria Acceptability Analysis (SMAA) is a family of decision support
methods for evaluating different alternatives in terms of multiple non-commensurate
criteria. Here, we consider the basic variant of SMAA, which is based on a utility or
value function [34], [24]. SMAA can be used in different problem settings: for identifying
the best alternative(s), for ranking the alternatives, or for classifying the alternatives into
predefined ordered categories. Here, we consider the problem setting of identifying the
best alternatives or ranking the alternatives. As a theoretical novelty, we introduce methods
for producing partial and complete rankings of the alternatives based on transitive and
intransitive pairwise winning index relations in Section 2.2.

2.1. Basic SMAA Method

The alternatives and their criteria measurements form a matrix [xij], where i is the index
for the alternative and j is the index for the criterion. A real-valued utility or value function
u(xi,w) combines criteria measurements with decision makers’ (DMs’) subjective weights
wj to compute an overall utility value ui describing how good alternative i is. Commonly,
the utility function is scaled so that the best (ideal) value is 1 and the worst value is 0.
The additive utility function is often used, but in principle any shape is possible [35]. The
additive utility/value function computes the overall utility as a weighted average of the
partial utilities of alternatives:

ui = u(xi,w) = ∑j wj uj(xij). (1)

Here, the partial utility functions uj(xij) map the criteria measurements to the interval
[0, 1], where 1 is the best value. The weights are normalized so that they are non-negative,
and their sum is 1. This means that the set of feasible weights is defined as

W = {w|wj ≥ 0 and ∑j wj = 1}. (2)

SMAA has been developed for problems where criteria measurements and weights
can be imprecise or uncertain. Uncertain data are treated with Monte Carlo simulation
in SMAA. Uncertain criteria measurements are represented by stochastic variables [xij]
with joint density function f X(x). Similarly, imprecisely known weights are represented by
a weight distribution with joint density function f W(w).

In SMAA, ordinal criteria where only a ranking of the alternatives from best = 1 to
worst rank is provided are treated by simulating different consistent mappings between
ordinal criteria information and the corresponding cardinal values. For example, if al-
ternative A is better than B, which is better than C with respect some criterion j, SMAA
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assigns them partial utilities uA,j = 1, uC,j = 0, and randomly generated uB,j ∈ (0, 1) following
a uniform distribution. See [29,36] for details.

SMAA computes various descriptive measures for the alternatives. Principal SMAA
measures are:

• The acceptability index ai. This describes how widely an alternative can be accepted
as being best (most preferred). It is computed as the share of different (stochastic)
weights that make the alternative xi most preferred. In the group decision making
context, we can think of the applied weight distribution to represent the preferences
of different DMs (and possible other stakeholders). With this interpretation, the
acceptability index can be interpreted as the share of DMs that prefer alternative
xi. Inefficient alternatives are never most preferred, which is indicated by the zero
acceptability index;

• The rank acceptability index br
i . This is a generalization of the acceptability index

for each rank r ∈ {1, . . . , m}. It describes how widely an alternative obtains rank r.
Obviously, b1

i = ai. Rank acceptability indices are useful for a more holistic evaluation
of all alternatives. In particular, in the problem setting of finding one or a few best
alternatives, often no alternatives are clearly superior in terms of the (first rank)
acceptability index. In these cases, it makes sense to study the entire rank acceptability
profile of each alternative. Good compromise alternatives are those receiving high rank
acceptability indices for the top ranks and low indices for the worst ranks. A good
way to visualize the rank acceptability indices is to draw them as a 3-dimensional
column chart where alternatives (xi) are on one axis, the ranks (r) are on the other axis,
and the height of the column is br

i ;
• The pairwise winning index cik. This describes how widely, considering the stochastic

weight distribution, one alternative is better than another. Technically, the pairwise
winning index is the probability that alternative i is better than k. Because the pairwise
winning index is computed entirely based on the two alternatives, it is not subject
to the rank reversal problem. This means that adding or removing other alternatives
or changing criteria measurements of other alternatives does not affect the pairwise
winning index. The pairwise winning indices can also be used to form a stochastic
ranking of the alternatives. This will be described in more detail in Section 2.2;

• The central weight vector wc
i . This describes what kinds of weights are favourable

for the alternative xi, i.e., to make it the most preferable. The central weights can
be presented to the DMs in order to help them understand how different weights
correspond to different choices. The central weights are undefined for inefficient
alternatives. Central weights can be visualized, e.g., by a two-dimensional line chart
where alternatives are represented by lines of different colours, the horizontal axis
contains the criteria, and the vertical axis contains the weights;

• The confidence factor pc
i . This is the probability that an alternative is the most pre-

ferred if its central weight vector is selected. The confidence factors measure if the
criteria measurements are accurate enough to discern the alternatives reliably. A low
confidence factor together with a low acceptability index indicates that an alternative
is unlikely the most preferred and can be eliminated when seeking one best alternative.

Good approximations for all SMAA measures can be computed efficiently using
Monte Carlo simulation. At each simulation round, criteria measurements and weights
are generated randomly from their corresponding distributions. In each simulation round,
alternatives are ranked based on their overall utilities and statistics about the performances
of the alternatives are collected. Typically, the number of rounds K = 10,000–100,000 (see [29]
for details).

SMAA can be used with absent preference information. Absent weight information
is represented by a uniform distribution in the full weight space W defined in (2). This
means that any weight vector w ∈W is considered equally probable. When preference
information is available, it can be considered in SMAA quite flexibly. It is, for example,
possible to introduce upper and lower bounds for individual weights (wj ∈ [wmin

j , wmax
j ]) or
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for weight ratios (wj/wk ∈ [wmin
jk , wmax

jk ]). It is also possible to specify an importance order
for the criteria by introducing inequality constraints between pairs of weights (wj ≥ wk).
Different kinds of preference information can be easily considered during the Monte Carlo
simulation by rejecting weights that do not satisfy the constraints.

2.2. Ranking Based on Pairwise Winning Indices

For a pair of alternatives, A and B, the pairwise winning index cAB is the probability
for A to be more preferred than B. Here, we introduce methods for ranking based on
the pairwise winning indices. Let us first study some properties of the pairwise winning
index. The pairwise winning index has the convenient property that it only depends on the
two alternatives, not on any other alternatives. This means that the so-called ‘rank reversal’
of a pair of alternatives cannot happen due to changes in the criteria measurements of other
alternatives, or due to adding or removing alternatives to the problem.

When the pairwise winning index is computed through Monte Carlo simulation, in
each simulation round, one of the following three cases happens: uA > uB, uA < uB, or
uA = uB. In the first two cases, the respective counters CAB or CBA are incremented. Thus,

CAB + CBA ≤ K (3)

while the number of shared ranks during the simulation is K-CAB-CBA. We note that shared
ranks are rare with real-valued utility/value functions and continuous distributions for
criteria measurements and weights. Considering half of the shared ranks as wins for each
alternative, the pairwise winning indices are estimated by

cAB = CAB/K + (K − CAB + CBA)/2K (4)

With this definition, the pairwise winning index satisfies

cAB ∈ [0, 1] and cAB + cBA = 1. (5)

The pairwise winning index cAB can be interpreted as a measure of the strength of the
preference for A over B on a scale where 100% means total preference for A over B, 50%
denotes equal preference, and 0% means total preference for B over A. If cAB > 50%, we say
that A is (statistically) preferred to B [37]. We define cAB ≥ 50% as weak preference A � ⋂

B.
The weak preference relation is complete, i.e., for each (A, B), either A � ⋂

B, B � ⋂
A, or

both (in case of equal preference). Equal preference is rare in problems with continuous
distributions for criteria measurements and weights.

Next, we consider ranking the alternatives based on the pairwise winning indices. If
the weak preference relation defined by the pairwise winning indices is transitive, then
it is easy to form a complete ranking (A � B � C . . . ) of the alternatives using Kahn’s
topological sorting algorithm [38]. We note that in past applications of the pairwise winning
indices, the preference relation has been transitive.

However, the weak preference relation is not necessarily transitive. The different
rankings simulated in the SMAA calculations can be interpreted as votes in a ranked voting
electoral system. This means that ranking based on the pairwise winning indices is subject
to the Condorcet paradox, implying that the preference relation defined by the pairwise
winning indices may be intransitive [39]. This means that a set of three or more alternatives
may be preferred cyclically, in a non-transitive manner. A simple example leading to this
is when a 1/3 share of DMs support each of the rankings (A, B, C), (B, C, A) and (C, A, B).
Then, cAB = cBC = cCA = 2/3 and cBA = cCB = cAC = 1/3. Another source for cyclic preferences
is (the rare) equal preference between pairs of alternatives. If cAB = cBA, then A � ⋂

B, and
B � ⋂

A forms a cycle between the two.
When the weak preference relation is intransitive, a straight-forward approach lets

each cyclically dependent subset of two or more alternatives share the same rank. For
example, if (A, B, C) are preferred to each other in a cyclic manner, we define (A ≈ B ≈ C).
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Such cyclically dependent subsets of alternatives are called strong components of the prefer-
ence relation. Cyclically dependent subsets of alternatives can be identified by computing
the transitive closure of the preference relation. See Nuutila [40] for several algorithms for
transitive closure computation. Replacing each cyclically dependent set of alternatives
by single nodes in the weak preference relation results in the condensation graph of the
original relation. The condensation graph is complete and transitive. The topological
sorting algorithm can then be applied on the condensation graph. This leads into a partial
ranking with shared ranks for cyclically dependent subsets of alternatives and unique
ranks for other alternatives.

Many different methods for producing a complete ranking in ranked voting systems
have been proposed. However, every method fails to satisfy some of many intuitively
meaningful criteria for voting systems. Here, we suggest using the Ranked Pairs or Tideman
method [41], because it is easy to implement and satisfies many criteria that are relevant in
the scope of MCDA. See [42] for the comparison of several ranked voting methods.

The Ranked Pairs method resolves cycles based on the strengths of the pairwise
preferences. The ranking is formed by considering pairwise preference relations in strength
order starting from the strongest preference (largest cij). If the next preference relation cAB
forms a cycle (conflict) with the already considered relations, it is rejected; otherwise, the
two alternatives are ordered (A � B) according to the pairwise relation. This means that
the cycles are broken at the weakest preference relations. One theoretical problem with
this approach is that if a case has equally strong preference relations, one of them must be
chosen arbitrarily, and this choice may affect the resulting ranking. However, such ties are
again rare with real-valued utility/value functions and continuous distributions for criteria
measurements and weights.

2.3. Implementations of SMAA

Several non-commercial implementations of SMAA exist. The analyses of this study
were performed by our own research implementation in C++ and the results were visualised
with an MS Excel spreadsheet. The results can also be replicated using JSMAA, which is an
open-source implementation (GPL3) of SMAA [43]. To compute pairwise winning indices
with JSMAA, it is necessary to analyse each pair of alternatives separately.

3. Problem Description

Energy consumption at airports can be divided into electricity and various fuels.
Various fuels can be used at airports for heating and service traffic. The energy efficiency of
European airports is typically in the range of 4–18 kWh/PAX (PAX = passengers per year).
In warm climates, such as Morocco, electricity is clearly the largest component of energy
consumption. The main cause of electricity consumption is cooling. The share of electricity
consumption is about 90%. [44]

Table 1 presents data on 15 important airports in relation to the development targets
for renewable energy production: PAX, the annual electric power demand of the airport,
the energy performance index (EPI), annual solar radiation, and average wind speed. Based
on PAX, we can see that the size of the airports varies a lot. Correspondingly, electric
power demand also varies a lot. The EPI is computed here as a ratio between electric
power demand and PAX. The EPI ratios are rather low in comparison to many international
airports [45]. Solar radiation and wind speed are quite high in most parts of Morocco. This
indicates high theoretical potential for solar power and wind power.
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Table 1. Statistical data on selected airports in Morocco. Solar radiation and wind speed measurement
originate from the World Bank Group Solar Atlas [6] and World Bank Group Wind Atlas [46].

Airport PAX (Pass./a)

Electric
Power

Demand
(MWh)

EPI
(kWh/PAX)

Annual
Solar

Radiation
(kWh/m2) at

Optimal
Angle

Average
Wind Speed

(m/s)
100 m

Altitude

Agadir 2,011,718 3542 1.76 2268 5.23

Al Hoceima 92,121 591 6.42 2034 4.48

Casablanca 10,306,293 23,166 2.25 2142 5.10

Dakhla 257,411 446 1.73 2339 9.87

Errachidia 53,366 325 6.09 2422 5.73

Essaouira 120,435 568 4.72 2315 6.83

Fez 1,419,566 3028 2.13 2139 4.00

Laayoune 255,610 488 1.91 2350 4.00

Marrakech 6,422,292 11,492 1.79 2271 3.09

Nador 772,371 1231 1.59 2092 4.32

Ouarzazate 136,007 456 3.35 2482 4.24

Oujda 702,631 2894 4.12 2148 4.74

Rabat 1,100,846 3205 2.91 2114 4.24

Tanger 1,359,364 2934 2.16 2110 7.49

Tetouan 39,982 272 6.80 1960 6.68

4. Multicriteria Analysis

The multicriteria analysis was performed in several phases. First, a preliminary
analysis was performed to eliminate clearly non-promising locations and thus to reduce
the problem size. Then, the SMAA method was used to analyse the problem in terms of
different sets of criteria.

4.1. Preliminary Analysis

For each site, the preliminary analysis considered the practical potential for renewable
energy production, the connectivity between solar and wind production sites and the
airport, and the connectivity of the airport with the national power grid.

Practical potential for solar and wind power production is important to make in-
vestments in renewable energy cost-efficient. Practical potential depends not only on the
average solar radiation and wind speed, but also on other local conditions, such as terrain
roughness, orography, and ruggedness. Additionally, soft constraints, such as areas that
are unavailable due to regulations and existing land use, were considered. The good con-
nectivity of local power production sites allows the efficient transmission of power to the
airport. Strong connection with the national power grid is essential because the production
of solar and wind farms is highly intermittent, and non-coincident with the consumption
at the airport. Thus, the grid is needed for balancing production with consumption by two-
way power transfer. Table 2 lists the airports and how promising they are in terms of the
preliminary evaluation criteria. Four airports were eliminated from further analysis based
on weak performance (zero or one “X”) on solar and wind production site connectivity.
The remaining 11 airports in bold were selected for further analysis.



Energies 2022, 15, 5271 9 of 20

Table 2. Preliminary analysis of locations for renewable energy. Alternatives selected for further
multicriteria analysis appear in bold.

Airport

Practical
Potential for
Renewable

Energy
Production

Connectivity
with Wind

Power

Connectivity
with Solar

Power

Connectivity
with National

Power Grid

Agadir XXX XX XXX XXX

Al Hoceima X - X XX

Casablanca XXX X X XXX

Dakhla X XXX XXX XX

Errachidia X - XXX XX

Essaouira XX XXX X XXX

Fès XX XX X XXX

Laayoune XX XX XXX XX

Marrakesh XXX - XXX XXX

Nador XX X X XX

Ouarzazate X - XXX XX

Oujda XX - XX XXX

Rabat XXX - - XXX

Tanger XXX XXX X XXX

Tétouan XX XXX X XXX

4.2. First SMAA Model

The initial multicriteria model for 11 alternatives was formulated in terms of the
following four criteria:

• Investment cost reflects the cost per MW for wind and solar plants at each respective
location; this also includes the land cost, which is higher near larger cities. Investment
costs are represented here as dimensionless numbers on a 100-point scale, where 100 is
worst and corresponds to the highest costs. Investment costs were evaluated by the
Regional Investment Centre of Morocco, which is a public governmental organization;

• Proximity of the production sites to the grid. This criterion measures how well the
grid can respond to the transfer needs of renewable power at the location. Proximity
was evaluated by a group of ONDA experts on an ordinal scale, i.e., the experts placed
the alternatives on different rank levels from the best (1) to the worst (7);

• Potential to market the renewable energy. Potential is related to the zone of economic
influence of the airport. Potential is represented here by dimensionless numbers on
a 1000-point scale, where 1000 is best and 0 is the worst. Potential was evaluated by
the Regional Investment Centre of Morocco;

• Environmental impacts at different locations. Aircraft noise and pollution are typical
environmental impacts in air transport. Renewable energy production does not affect
the noise and pollution. However, these impacts must still be assessed because it
is difficult to develop an airport into a sustainable airport if the noise and pollution
levels are high. A group of ONDA experts evaluated the environmental impacts of the
alternatives on an ordinal scale in consensus after deliberation. As a result, the experts
placed the alternatives on different rank levels from the best (1) to the worst (4).

Table 3 presents the criteria measurements for the initial SMAA model and also for
two subsequent models. The measurement of the cardinal Invest and Potential criteria were
uncertain, as indicated on the last row of the table. The uncertain criteria were represented
in SMAA by uniform distributions around the presented expected values. The ordinal
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criteria of Proximity and Environ were treated in SMAA by simulating different consistent
cardinal-to-ordinal mappings.

Table 3. Criteria measurements for the alternatives in the three analyses. Different subsets of criteria
were used in the first, second, and third analysis. Elec = yearly electricity consumption (MWh).
EPI = energy performance index (kWh/PAX).

First
SMAA Invest Proximity Potential Environ

Second
SMAA Invest Proximity Potential Environ Elec

Third
SMAA Invest Proximity Potential Environ Elec EPI

Airport Min Min Max Min Max Max
Agadir 70 2 300 3 3542 1.76
Dakhla 85 7 900 1 446 1.73

Errachidia 75 6 800 1 325 6.09
Essaouira 55 4 200 2 568 4.72

Fez 50 2 150 3 3028 2.13
Laayoune 90 6 940 2 488 1.91
Marrakesh 60 1 200 2 11,492 1.79
Ouarzazate 80 5 500 1 456 3.36

Oujda 75 4 400 4 2894 4.12
Tanger 55 2 200 3 2934 2.16

Tetouan 35 3 50 3 272 6.81
Uncertainty ±5 ordinal ±25 ordinal ±10% ±14%

The problem was analysed using SMAA with absent preference information. Figure 2
presents the rank acceptability indices (br

i ) for the different alternatives. The horizontal
axes contain the ranks (b1, . . . , b11) and the alternatives. To make the figure more readable,
the alternatives are sorted by the first rank acceptability index b1

i . Figure 3 shows the
central weights supporting each alternative. To interpret the central weight diagram, it is
meaningful to focus on extremely high or low weights.
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Figure 2. Rank acceptability indices br
i for alternatives based on 4 criteria.
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Figure 3. Central weights for alternatives sorted according to their acceptability indices.

Marrakech received the highest acceptability (38%) for the first rank. This means that
without knowledge about the mutual importance between criteria, the largest variety of
different possible preferences (weights) makes Marrakech the most preferred alternative.
Additionally, Errachidia, followed by Dakhla, Tetouan and Laayoune received fairly high
acceptability (22%, 14%, 10%, 10%) for the first rank. The confidence factors of the top
five alternatives were 97%, 94%, 74%, 85%, 55%, respectively. These indicate that only
the top 4 alternatives could be chosen with high confidence if the DM concurred with
the central weights of the corresponding alternatives. Due to imprecision in the criteria
measurements, Laayoune was an uncertain candidate for the first rank, even with its
most favourable weights. Figure 3 shows the central (most favourable) weights for each
alternative. The choice between the four top alternatives depends on the preferences of
the DM:

• Marrakech is the choice if Proximity is emphasized somewhat more than the other
criteria, but overall, the weight distribution is still quite balanced (21%, 42%, 15%, 21%);

• Errachidia is most preferred with emphasis on Environ (36%) and a low weight on
Proximity (12%);

• Dakhla is favoured by emphasizing Potential (44%) and Environ (32%);
• Tetouan is the choice if Invest (61%) is the most important.

ONDA has the option to select not just one but multiple locations for developing solar
and wind power. The rank acceptability indices are more suitable for identifying one or
a few of the best alternatives, rather than ranking all alternatives. If the most acceptable
alternative (nearly) dominates other alternatives, their acceptability indices become (nearly)
zero because they are (nearly) inefficient. This happens for inefficient alternatives even
if they would be strong candidates for other high ranks. Instead, a weak alternative
may receive fairly high acceptability if it is sufficiently different from the most acceptable
alternative. See Lahdelma and Salminen (2001) for a description of this phenomenon.

To support identifying multiple preferred alternatives, we use the pairwise winning
indices to form a (partial) ranking of the alternatives. Table 4 presents the pairwise winning
indices for the alternatives sorted so that when cik > 50%, the alternative xi is ranked before
xk and the cycles are resolved by assigning cyclically winning sets of alternatives the same
rank. The alternatives obtain the partial ranking:

Marrakesh � Errachidia � Dakhla � Ouarzazate � (Tanger ≈ Fez ≈ Essaouira ≈ Laayoune) � Agadir �Tetouan � Oujda
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Table 4. Pairwise winning indices cik for alternatives after first analysis based on 4 criteria. Partial
ranking is formed based on cik > 50%. Tanger, Fez, Essaoiura and Laayoune share ranks 5–8 due to
cyclic pairwise wins. Cycles broken using the Ranked Pairs method are shown in red.

Alt Marrakech Errachidia Dakhla Ouarzazate Tanger Fez Essaouira Laayoune Agadir Tetouan Oujda
Marrakech 0 51 56 60 92 90 89 66 92 85 95
Errachidia 49 0 75 75 64 63 68 81 68 66 89
Dakhla 44 25 0 52 57 57 58 63 61 59 80
Ouarzazate 40 25 48 0 58 58 63 61 62 62 88
Tanger 8 36 43 42 0 56 53 49 59 65 90
Fez 10 37 43 42 44 0 52 49 57 67 88
Essaouira 11 32 42 37 47 48 0 52 53 56 87
Laayoune 34 19 37 39 51 51 48 0 54 54 80
Agadir 8 32 39 38 41 43 47 46 0 58 93
Tetouan 15 34 41 38 35 33 44 46 42 0 81
Oujda 5 11 20 12 10 12 13 20 7 19 0

Here, the ‘≈’ mark denotes equal ranking, indicating that the four alternatives share
ranks 5–8. In this case, the shared ranks are due to four alternatives winning each other in
a non-transitive (cyclic) manner. There are two cycles, as illustrated in Figure 4: (Tanger �
Fez � Essaouira � Laayoune � Tanger) and (Laayoune � Fez � Essaouira � Laayoune).
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Figure 4. Four alternatives with cyclic pairwise winning indices.

The Ranked Pairs method considers the pairwise winning indices in magnitude order
and breaks cycle-forming dependencies for the pairs (Laayoune, Tanger) and (Laayoune,
Fez), as shown Table 4. This gives the complete ranking of Tanger � Fez � Essaouira �
Laayoune for the cyclically winning alternatives.

4.3. Second SMAA Model

After the first analysis, ONDA wanted to consider additional factors when selecting
sites for renewable power generation. In particular, they wanted to consider the electricity
consumption at the airports. Electricity consumption at a sustainable airport should be
mostly covered by local renewable power production. To reduce transmission losses,
renewable energy production should be dimensioned so that it can be primarily consumed
at the airport and in near-by communities, and only secondarily transmitted to other parts
of the country. Figure 5 shows the monthly historical (2015–2018) and predicted (2019)
electricity consumption at the airports. Due to the COVID-19 pandemic, airport operation
in 2020 and 2021 has been exceptional and data from these years should not be used for
decision making. There is a significant seasonal variation in the electricity consumption
at each airport, peaking in the summer when space cooling is used the most. There is
also a clear growing trend at each airport. These data can be used to estimate how much
renewable power can be consumed at each airport currently and in the future.
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ONDA also wanted to include the electricity consumption as a criterion in the mul-
ticriteria analysis. Larger electricity consumption supports building up larger volumes
of renewable power and thus has greater impact on the Moroccan green energy supply.
Therefore, the predicted electricity consumption of airports for the year 2019 was included
as a new criterion to be maximized in the model. The criteria measurements for electricity
demand at airports are shown in Table 1. The historical and predicted power demand at
airports also forms the basis for estimating the required amount of PV at each airport to
satisfy at least the yearly net self-consumption.

Figure 6 shows the rank acceptability indices from the second analysis. Including
electric power consumption as a criterion strengthens the position of Marrakesh, because
it clearly has highest electricity consumption. Dakhla bypasses Errachidia and Laayoune.
As in the first analysis, the rank acceptability indices are more suitable for identifying
one or a few of the best alternatives, rather than ranking all alternatives. Figure 7 shows the
central weights for each alternative. Marrakech, with the highest demand for electric power,
obtained a large weight (24%) for the new Demand criterion, while the other alternatives
received much smaller weights in the range of [1.4%, 11.8%].

Table 5 presents the pairwise winning indices for alternatives sorted so that when
cik > 50%, the alternative xi is ranked before xk. Based on Table 5, we form the partial
order of Marrakesh � Errachidia � (Agadir ≈ Tanger ≈ Fez ≈ Dakhla) � Ouarzazate �
Essaouira � Laayoune � Tetouan � Oujda.

The four alternatives (denoted by ≈) share ranks 3–6. Compared with the first run,
the ranking of the two first and two last alternatives has not changed. Agadir improved its
ranking (from 9th rank to shared 3–6) and Ouarzazate moved down (from 4th rank to 7th).
Again, the Ranked Pairs method could be used to form a complete order for the cyclically
winning alternatives: (Agadir � Tanger �Fez � Dakhla).
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Figure 6. Second analysis with electricity consumption as the new criterion. Rank acceptability
indices for the alternatives sorted according to their acceptability indices.
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Figure 7. Second analysis with electricity consumption as the new criterion. Central weights for
the alternatives.
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Table 5. Pairwise winning indices cik for alternatives after second analysis. Partial ranking is formed
based on cik > 50%. Agadir, Tanger, Fez, and Dakhla share ranks 3–6. Cycles broken using the Ranked
Pairs method are shown in red.

Alt Marrakech Errachidia Agadir Tanger Fez Dakhla Ouarzazate Essaouira Laayoune Tetouan Oujda
Marrakech 0 77 99 99 98 78 85 99 85 97 99
Errachidia 23 0 56 55 54 72 74 67 79 66 80
Agadir 1 44 0 56 53 49.7 53 67 57 77 96
Tanger 1 45 44 0 49 50.2 53 70 57 83 90
Fez 2 46 47 50.6 0 50.7 53 70 58 87 88
Dakhla 22 28 50.3 49.8 49 0 52 58 63 60 72
Ouarzazate 15 26 47 47 47 48 0 62 61 63 75
Essaouira 1 33 33 30 30 42 38 0 52 59 72
Laayoune 15 21 43 43 42 37 39 48 0 55 69
Tetouan 3 34 23 17 13 40 37 41 45 0 66
Oujda 1 20 4 10 12 28 25 28 31 34 0

4.4. Third SMAA Model

After the second analysis, ONDA still wanted to consider the energy performance
indicator (EPI) as a criterion. Here, we measure EPI as electric power consumption per PAX
(kWh/PAX). Additionally, other energy consumption could, in principle, be included, but
in warm climates electricity consumption due to air-conditioning is the major consumer of
energy at airports. For a sustainable airport, it is important that either the EPI is very low
or that the power consumption is satisfied from renewable sources to a large degree. To
maximize the environmental impact of developing some airports into sustainable airports,
ONDA wanted to favour airports with a high EPI as there is ‘much room to improve’ and
make an impact on the Moroccan renewable energy sector. The third SMAA model thus
included as criteria: Invest, Proximity, Potential, Environ, Elect, and EPI, as presented in
Table 3. The uncertainty of the EPI criterion was computed as 14% based on the uncertainty
of PAX (10%) and the uncertainty of the Elect criterion (10%) using the ‘law of propagation
of uncertainty’ [47].

Figure 8 presents the rank acceptability indices for the alternatives. Compared to the
previous models, the acceptability of Tetouan was improved significantly as a result of
including EPI as a criterion. Figure 9 presents the central weights. We can see that Tetouan
was favoured by weight for the EPI and Invest criteria.

Table 6 shows the pairwise winning indices. This time the pairwise winning indices
were transitive, and we directly obtained a complete ranking for the alternatives:

Marrakesh � Errachidia � Tetouan � Essaouira � Ouarzazate � Tanger � Fez � Dakhla � Agadir � Laayoune � Oujda

Tetouan improved its ranking most (10th rank to 3rd). Additionally, Essaouira im-
proved its ranking compared to the previous models.
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Figure 8. Third analysis with EPI as a new criterion. Rank acceptability indices for alternatives sorted
according to their acceptability indices.
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Figure 9. Third analysis with EPI as a new criterion. Central weights for the alternatives.
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Table 6. Pairwise winning indices cik for alternatives after third analysis. Complete ranking is formed
based on cik > 50%.

Alt Marrakech Errachidia Tetouan Essaouira Ouarzazate Tanger Fez Dakhla Agadir Laayoune Oujda
Marrakech 0 58 74 82 77 98 97 78 99 84 93
Errachidia 42 0 62 76 90 73 72 96 75 96 87
Tetouan 26 38 0 64 58 65 65 61 65 67 82
Essaouira 18 24 36 0 53 59.1 59 61 61 69 77
Ouarzazate 23 10 42 47 0 56.8 56 67 60 74 69
Tanger 2 27 35 40.9 43.2 0 51 52 59 59 70
Fez 3 28 35 41 44 49 0 53 58 59 70
Dakhla 22 4 39 39 33 48 47 0 50 59 58
Agadir 1 25 35 39 40 41 42 50 0 56 68
Laayoune 16 4 33 31 26 41 41 41 44 0 54
Oujda 7 13 18 23 31 30 30 42 32 46 0

5. Discussion

Table 7 summarises the airport rankings based on SMAA pairwise winning indices
in three models with different sets of criteria. The table supports deciding which airports
should be developed and in which order. Two airports obtained the highest ranks regard-
less of which set of criteria was applied. Marrakesh is the most obvious airport to develop,
if only one airport is selected. Similarly, Errachidia obtained the second rank in all three
models, and would be a natural choice if two airports are selected. The third rank depends
on which model is used and what kind of criteria the DM wants to emphasize. Possible can-
didates for third rank are Tetouan, Dakhla, Fez, Agadir, and Tanger. Out of these, Tetouan
is the second to last alternative according to the first two models but improves its position
dramatically when the EPI (energy performance index) criterion is included. However,
Tetouan is a very small airport with small electricity consumption, and developing it into
a sustainable airport would have little impact nationwide. Oujda was the least preferred
alternative in all models.

Table 7. Summary of airport rankings in different models. Complete ranking by the Ranked Pairs
method in parenthesis.

Airport Rankings First Model Second Model Third Model

Marrakesh 1 1 1

Errachidia 2 2 2

Tetouan 10 10 3

Essaouira 5–8 (7) 8 4

Ouarzazate 4 7 5

Tanger 5–8 (5) 3–6 (4) 6

Fez 5–8 (6) 3–6 (5) 7

Dakhla 3 3–6 (6) 8

Agadir 9 3–6 (3) 9

Laayoune 5–8 (8) 9 10

Oujda 11 11 11

Within this study, a methodology was developed for using the pairwise winning
indices to form partial and complete rankings of the alternatives. In our past applications,
pairwise winning indices have defined a transitive preference relation. From a transitive
relation it is easy to form a complete ranking using topological sorting. However, in the first
and second models, pairwise winning indices defined an intransitive preference relation.
This is a manifestation of the Condorcet paradox in ranked voting procedures.

To treat intransitivity, we suggested two alternative approaches:



Energies 2022, 15, 5271 18 of 20

(1) Compute the transitive closure of preference relation in order to identify cyclically
dependent strong components of the preference relation. Then, form a partial ranking
by assigning the same rank to the cyclically dependent subsets of alternatives;

(2) If a complete ranking is needed, apply the Ranked Pairs procedure for ranking the
cyclically winning subsets of alternatives. The Ranked Pairs method considers the
pairwise winning indices in strength order, breaking cycles at the weakest pairwise
winning indices.

6. Conclusions

This study presents a multicriteria analysis for choosing the best locations for solar
and wind power near Moroccan airports. This is the first application of MCDA for de-
veloping large-scale renewable energy production for airports. The main conclusion is
that two airports, Marrakesh and Errachidia, are the primary choices for renewable energy
production, regardless of which set of criteria is applied. This study shows that SMAA
and the pairwise winning indices suit the current MCDA ranking problem setting well. In
this problem, mixed ordinal and uncertain cardinal criteria measurements were available,
but a priori preference information was absent. The scientific novelty of this study lies in
developing a methodology for using pairwise winning indices to form partial and complete
rankings of alternatives. The Ranked Pairs procedure was found suitable to resolve cyclic
dependencies into a complete ranking. Interesting avenues for future research include
comparing variants of SMAA in different ranking problems.
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