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Abstract: Decision-making in energy retrofit of existing buildings needs to consider the economic
and technical criteria, as well as social and environmental ones. The main problems are to define
and to aggregate these contradicting issues to support a measurable and verifiable decision pro-
cess. The working hypothesis of this paper is that the ELECTRE Tri method would respond to the
problem. The paper proposes and tests in a real professional environment the ELECTRE Tri method
to help choose a retrofit program for collective residential buildings. The evaluation criteria used
as performance indicators are defined in consultation with the decision maker and weighted by
using the revised Simos’ cards method. The paper proposes to construct the renovation scenarios
by combining individual actions that are mutually compatible. The methodology, the proposed
criteria and the scenarios were successfully applied on a renovation project of a residential assembly
composed of three buildings (67 apartments). A new solution to the problem of defining reference
scenarios specific to the ELECTRE Tri method is also proposed. The main advantages of the proposed
methodology are the formalization of the decision-making process within the framework of energy
renovation strategies and the application of a robust multi-criteria analysis method, considering the
complexity of the problem. The main drawbacks are the cost (in time and resources) for obtaining the
information needed to construct the decision matrix and the precision of the weights of the criteria.
The methodology implemented in Python is available in open source.

Keywords: building; energy retrofit; multi-criteria analysis; decision support

1. Introduction

To be effective, the energy efficiency measures should apply not only to new buildings
but must be also generalized to the refurbishing of existing buildings [1,2]. The solution
is then to conduct efficient energy retrofit actions both on the building envelope and
on its technical equipment [3,4]. The renovation alternatives are multiple and diverse:
improvement of insulation, reduction of thermal load (for heating and/or cooling), use
of renewable energy sources integrated to building. Among the many possible energy
renovation solutions, it is important to select the optimal one by considering the constraints
specific to each building. In the context of social housing renovation, selecting the best
alternative means considering economic, technical, and environmental criteria but also
the social criteria, which was rarely mentioned in literature. These criteria will come into
conflict with each other during the decision-making process [5]. For this reason, methods
with a clear and structured procedure are necessary. This article deals with the development
of a multi-criteria decision analysis methodology and tools to support the actors of energy
renovation of social housing in their choices. The methodology and the tools developed
were evaluated in a real project of refurbishing of a collective residence.

In France, buildings that use electricity for heating and domestic hot water are par-
ticularly impacted by thermal regulations. These buildings, which represent 20% of the
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French collective residential property, have poor energy performances with respect to
the energy performance certificate [6]. The Energy Performance Certificate (EPC), intro-
duced in Europe in 2010 following the application of the Energy Performance of Buildings
Directive (2010/31/EU), allows to evaluate via a specific calculation method the energy
performance of existing buildings and thus to compare, inform and improve them regard-
ing their environmental impacts [7]. These certificates play an important role in reducing
the energy consumption of buildings by requiring information and inspection reports
to be provided to building owners or tenants [8]. The calculation of the EPC is done by
considering specific uses such as heating, domestic hot water, and cooling and reference
areas. These are expressed in kWh of primary energy per m2 and per year reduced to
the area of the living space. At the end of this calculation, an energy label ranging from
A to G is assigned to the building according to its consumption of primary energy. Pri-
mary energy is the energy contained in natural resources, before a transformation (fuel
oil, gas, etc.), as opposed to final energy, which is the energy used by the consumer, after
transformation and transport of the primary energy. The main objective of the thermal
regulation is to report the energy consumption in primary energy to better compare the
different types of buildings. Conversion coefficients are then used to convert the different
types of final energy consumed into primary energy. Their value depends on the type of
final energy consumed; typical values for combustion energy is 1.00 and for electricity are
2.10 to 2.58 [9]. Currently, in France, the most used form of energy is electrical energy. It is
also the energy that has the highest primary energy conversion coefficient. Today, these
coefficients penalize electricity and favor the use of gas and combustion energies, which
are nevertheless responsible for significant greenhouse gas emissions. This contradiction
has for a long time led to renovation programs aimed at replacing electricity by gas but
today tends to be corrected by new regulations considering greenhouse gas emissions.
The multi-criteria analysis methodology that we propose in this article aims at comparing
potential renovation solutions while avoiding these compensation phenomena that often
lead to bad choices. Finally, the proposed methodology is also intended to help choose
the best renovation program to achieve the objectives of investment costs for the landlord,
technical ease of integration in terms of work, comfort and operating costs for the tenant
and improvement of the environmental impact.

2. Multi-Criteria Analysis in Building Energy Retrofit Strategy

Economic analyses, such as the cost–benefit–feasibility approach, are widely used
when making investment decisions, whether public or private [10]. However, the limi-
tations of this approach are multiple, mainly due to their inability to consider the com-
pleteness and complexity of the problem or the different opinions of various stakeholders.
Therefore, multi-criteria analysis methods are increasingly used because they consider
not only economic aspects, but also tangible and intangible criteria expressed quantita-
tively or qualitatively [11]. They are therefore particularly well suited to the complexity of
energy-related issues since they deal with the interactions between multiple stakeholders
(public investors, private investors, users, etc.) on various aspects and impacts, such as
environmental protection, territorial assets, economy, architectural preservation, etc. [12].

Various multiple-criteria analysis methods exist to support decision making. They
differ in their typology, the logic of their process, their ease of use, their capacity to consider
different points of view and to prevent or not the compensation of criteria [13]. They also
have several basic principles in common, such as the definition of a set of actions envisaged
to respond to the problem posed, the definition of at least two distinct criteria for which
each action that will be evaluated, and, finally, a decision maker [14]. Scenarios, actions, or
alternatives correspond to the different solutions that we want to evaluate. They must be
defined in a precise and distinctive way to be able to evaluate them correctly. The criteria
represent the indicators or benchmarks on which the actions will be evaluated. They must
be described precisely and respect certain rules.
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Several examples of multi-criteria analysis for energy renovation of buildings exist
in the literature. Ammar H.A. Dehwah et al. [15] studied several scenarios for the ren-
ovation of a village into a net-zero energy hotel complex, considering thermal comfort,
energy efficiency and PV production. Xiangjie Chen et al. [16] selected and defined several
individual energy efficiency measures and combined them into 18 retrofit packages for
residential buildings in Norway. These retrofit combination packages were then evaluated
by considering, on the one hand, the primary energy reduction, global costs, payback
period or carbon emission reduction and, on the other hand, the social aspect through the
views of different stakeholders.

2.1. Multi-Criteria Decision Support Methods

Multi-criteria analysis (MCA) methods can be divided into two main families [17,18]:

- “Aggregate, then compare” or aggregation methods.
- “Compare, then aggregate” or over-ranking methods.

In the first group of methods, an action ai is evaluated according to n criteria Cj and
then a single summary value U(ai) is obtained, which is equivalent to a synthesis evaluation.
The summary values are then compared to each other to identify the best action. The main
problem in the aggregate–compare approach is the estimation of the weights of the criteria
used for aggregation. The second group of methods proposes a finer analysis based on
comparisons. It is closer to the human thinking process in which it is easier to compare two
actions than to grade an action against several criteria. These methods compare, in a first
step, the actions between them on each of the n criteria individually and then aggregate the
conclusions drawn to identify the best action (Figure 1). In the following sections, these
two families of MCA methods are exemplified for their use in the energy renovation sector.
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Figure 1. Schematic diagram of the “Aggregate–Compare” and “Compare–Aggregate” family.

2.1.1. “Aggregate, Then Compare” or Aggregation Methods

These methods assume that mathematical formulas can synthesize the performances
against all criteria into a numerical value resulting into a weighted sum. The higher this
summary value, the more preferred the action is. Thus, the comparison of two actions
is determined by their respective position on the value scale [13]. The operation of this
aggregation approach leads to the development of a strict classification of actions from
most preferable to least preferable. A drawback of this approach is that it excludes all
possibilities of incomparability between actions.

The AHP (Analytic Hierarchy Process) method, widely used in the energy field,
consists in calculating and assigning a synthetic numerical value, between 0 and 1, to
each action according to a predefined hierarchy and weighting of the criteria. The values
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obtained are grouped together in a matrix, which is then subject to various operations
to obtain the weight value of the criteria [19]. Finally, the summary value attributed to
each action is the weighted sum for each criterion. The approach has a phenomenon of
compensation since a good evaluation on one criterion may balance out a bad evaluation
on another criterion, which may not be acceptable, depending on the context of the decision
making [20]. There are many applications of this method. It was used, for example, in 2018
in a rural context in Nepal to classify economic, social, and political barriers against the
diffusion of renewable energy solutions in remote areas [21]. In Brazil, the AHP method
was used to prioritize feasible sustainable practices applicable to a city [22]. Another
example of the use of the AHP method was in Oberhausen, Germany, where it was used to
classify areas in energy poverty [23]. A final example of the use of the AHP method can
be found in Italy, where it was used to evaluate a restoration score and for the creation
of priorities among different alternative designs [24]. Ongpeng et al. [25] proposed a
combined concrete application of the AHP and VIKOR methods to evaluate the energy
renovation strategies of an existing university building according to the environmental,
economic, and technical criteria.

TOPSIS (Technique for Order Performance by Similarity to Ideal Solution) method
was not widely used in the energy sector. It consists in selecting an action that is closest
to the “best alternative” and furthest from the “worst alternative” [26]. This position
between the best and the worst alternatives is evaluated through a Euclidean distance
that provides a cardinal ranking of the alternatives. TOPSIS is partially compensatory
and does not provide any indication of the quality of the proposed solution. Its fields
of application are numerous: it can be found in logistics and supply chain management,
design, engineering, and manufacturing systems, as well as in business management and
marketing [27]. It has the advantages of being easy to use, of having weights already
incorporated into the comparison procedures, and of being rational and understandable.
However, some characteristics of this method are limiting, such as the fact that the attributes
must necessarily be cardinal values, the exclusion of qualitative criteria, or the phenomenon
of rank reversal [28,29].

Other recent methods find in the literature also use widespread the fuzzy sets the-
ory for multi-criteria decision making and its different concepts like intuitionistic fuzzy
sets (IFSs), Pythagorean fuzzy sets (PFSs), or q-rung orthopair fuzzy sets (q-ROFSs). The
essence of this approach is based on the fact that fuzzy number theory models express the
uncertainty in individual opinions to obtain more sensitive, concrete, and realistic mod-
eling results. These methods have thus the advantage of considering the uncertainties of
evaluations and allow a great flexibility of use according to the problematic. Riaz et al. [30]
proposed the Linear Diophantine fuzzy sets (LDFS) method to improve the IFSs, PFSs,
and q-ROFSs methodologies and to overcome some of their specific problems limiting the
multi-attribute decision making and the choice of an optimal solution. They also proposed
the introduction of reference parameters and the use of score functions to obtain several
classification procedures. Riaz et al. [31] also proposed a more robust improvement of the
q-ROFSs method with the introduction of Einstein aggregation operators, as well as several
score functions applied, to solve sustainable energy planning problems in Pakistan.

Finally, many other aggregation methods were used in the energy sector:

- MAUT or MAVT (Multi-Attribute Utility or Value Theory) methods were used, for
example, to evaluate five energy production alternatives [32];

- LCC (Life Cycle Cost) or LCA (Life Cycle Assessment) methods based on life cycle
analysis in terms of financial and environmental impact were proposed, for exam-
ple, to calculate a global performance considering both impacts with weightings
that vary [33];

- MILP (Mixed Integer Linear Programming) methods, which, for example, have been
used to choose the optimal energy renovation strategies for existing buildings [11];

- other methods, such as SMART, MACBETH, etc.
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Aggregation methods are not very adequate in the case of decision-making problems
based on qualitative parameters. Indeed, they impose a strict condition, in the form
of an equation, which would be unreasonable to think that could satisfy all real-world
situations [13]. Similarly, the use of certain aggregation methods requires the normalization
of evaluations, but these evaluations are often made on criteria of different units and scales,
which leads to different results, depending on the normalization method used [34].

2.1.2. “Compare, Then Aggregate” or Over-Ranking Methods

To solve the problems raised by aggregation methods, such as the phenomena of
compensation, rank reversal or the obligation to use numerical values, the so-called over-
ranking decision support methods have been developed and have become widely used
in energy field. They transcribe more faithfully the human thinking about a complex
problem, but they are significantly more difficult to implement. The idea of over-ranking
approach is to allow the decision makers to give their preference between two actions
evaluated according to a criterion which they express as preference (“P”), indifference (“I”),
or incomparability (“R”) [35].

PROMETHEE (Preference Ranking Organization METHod for Enrichment of Eval-
uations) method was developed in its PROMETHEE I and PROMETHEE II versions
by J. P. Brans et al. in 1982. It was successful and developed in many other versions:
PROMETHEE III (interval-based ranking method), PROMETHEE IV (continuous case),
GAIA visual interactive module, allowing a graphic representation of the methodology [36].
Versions V and VI appeared later for more specific applications, followed by PROMETHEE
GDSS, Tri and Cluster versions [37]. It leads globally to a ranking of the actions, based
on degrees of preference, which allows to define to which degree an action is preferred to
another [20]. Its mathematical properties and ease of use have contributed to its success in
medicine, chemistry, investment, banking, and workforce planning. It’s one of the most
used in environment field and many articles have been published on the subject. Versions I
and II were used, for example, to solve a waste management problem that involved very
conflicting criteria [38]. Similarly, to evaluate the economic, environmental, and social
performance of a zero-energy building in Italy, a model based on the PROMETHEE method
was set up to evaluate sixteen possible actions [39]. Another use of PROMETHEE, coupled
with the Analytic Hierarchy Process method to define the weights of the criteria, was
made to study long-term energy planning actions. The objective was to determine the
sustainability of present and future electricity actions in Iran along eighteen technical,
economic, environmental, and social dimensions [40].

ELECTRE method (“ELimination Et Choix Traduisant la Réalité”) appeared in its
first version in the mid-1960s when it was proposed by Bernard Roy and his colleagues at
the European consultancy company SEMA. The so-called “economic” and mono-criteria
methods of weighted sums used at the time were not satisfactory and had many drawbacks.
Bernard Roy then developed ELECTRE I method. However, it did not really start to be
successful until 1968, when the foundations of the over-ranking approach were laid [41].

As compared to the MCA methods presented previously, this family of methods
has the particularity of proposing a double procedure for sorting the alternatives (pes-
simistic/optimistic or top-down/bottom-up distillation). The general principle of these
methods is based on the analysis of the existing relationships between the actions by means
of pseudo-criteria which correspond to the difference between the evaluations of two
alternatives [42]. Depending on the decision maker, the rules of preference and domi-
nance between the actions may vary, but the three types of behavior remain unchanged:
“P” preference, “I” indifference, and “R” incomparability [13].

Several ELECTRE methods exist and can be used to solve specific decision problems.
They are particularly interesting to use in the following situations [43]:

- The number of criteria on which the solutions must be evaluated is important.
- Some actions are evaluated on scales that are not adapted to the comparison of differences.
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- There is a strong heterogeneity in the nature of the scales associated with the chosen
criteria. This heterogeneity makes it difficult to create a single scale common to
the criteria.

- The compensation of an unfavorable score on one criterion by a favorable score on
another criterion cannot be acceptable to the decision maker. Such situations require
the implementation of non-compensatory aggregation procedures.

- For at least one criterion, minor differences in preferences should not significantly mod-
ify the ranking, hence the need to introduce discriminating thresholds (of preferences
and indifferences).

ELECTRE III method has been used in projects of different sizes and in many fields,
such as the evaluation of possible energy alternatives using renewable energy applied to
individual houses [44], or in problems related to the growing demand for electricity [45].
The use of this method is also found in the comparison of actions for the implementation
of renewable energy technologies [46]. The disadvantage is a prolonged process because
all pairs of possible alternatives must be investigated, because this method does not give
any information on the quality of the actions (good or bad) but gives a relative, and not an
absolute, ranking.

To overcome these shortcomings, the ELECTRE Tri method was developed. It simpli-
fies the process by introducing characteristic actions evaluated mathematically, by experts,
or defined by decision makers, with the aim of classifying the possible actions into hier-
archical categories Ck [13]. The process is more efficient than in ELECTRE III, because it
is enough to compare the alternatives with each of the characteristic reference scenarios,
which leads to a reduction of the number of combinations. The basic principles remain
as for ELECTRE III, with the introduction of a cut-off point λ and a credibility level σ,
which are used in the sorting procedures once the comparisons have been made and the
over-classification relationships obtained. For example, the ELECTRE Tri-NC [47] method
was applied to the energy renovation sector by distinguishing five categories to classify
the 210 actions treated according to their general performance: excellent (C5), good (C4),
moderate (C3), weak (C2), and bad (C1).

2.2. Choice of a Multiple-Criteria Analysis Method

Faced with the problem of choosing solutions during renovation operations in col-
lective housing and with the associated issues, multi-criteria analysis is an appropriate
method for comparing and helping to define a retrofit program. Among the over-ranking
methods, the ELECTRE Tri method presented in the previous section was chosen as the
most suitable for the problem of selecting for four reasons.

First, it is a methodology adapted to complex problems, allowing the comparison of
many actions against many criteria, both quantitative and qualitative, and allowing the use
of different scales of evaluation.

In addition, the ELECTRE Tri method does not order the solutions from the best to
the worst, but classifies them into performance categories, thus prioritizing the actions by
user-defined groups, which allows for a subjective ranking through the involvement of the
decision maker.

Next, the use of characteristic actions and the division of the actions into categories
give information on the overall performance of the different actions and allows each action
to be classified in an absolute way. This aspect is essential for selecting an energy renovation
action, as the latter should not only be the best of the considered actions but should also
have a good overall performance and not a relative one.

Finally, the introduction of different thresholds makes it possible to consider the
uncertainties linked to the calculations and the evaluation of performance and to avoid the
undesirable phenomenon of compensation. The same applies to the introduction of a user-
defined cut-off point, which allows the scenarios to be ranked according to their credibility.

We have therefore chosen ELECTRE Tri as a multi-criteria analysis method to assist in
the decision-making process of energy retrofitting of residential buildings. To implement
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this analysis, it is essential to first define objectively and completely the different renovation
actions envisaged. The next task is to define the selected evaluation criteria, which must
describe the problem in its entirety, be assessable regarding the available means, and be
discriminating about the chosen alternatives. Finally, a method of weighting the criteria
will have to be defined to give each criterion a weight representative of its importance for
the decision makers.

3. Methodology and Case Study

The methodology and the case study presented here are specific to residential build-
ings. The aim is to solve the problem of the choice of energy retrofit strategies for this type
of building by considering different specific constraints, which can be economic, technical,
social, or environmental. In this section, we present the steps of the proposed methodology
and the case study on which it will be experimented.

3.1. Steps of the Methodology

To use the ELECTRE Tri method for the selection of a renovation program for energy
retrofit of residential buildings, we propose the following methodology.

• Step 1—Definition of achievable renovation scenarios

The method proposed here consists in identifying elementary renovation actions
that allow to act on specific components or systems. Elementary renovation actions are
actions that modify a specific component or system to improve its performance. These
elementary actions can act, for example, on the heating system, external thermal insulation,
the replacement of windows, or the choice of a domestic hot water (DHW) production
system. The objective is then to build relevant global renovation scenarios from coherent
combinations of these elementary renovation actions that could be implemented in a
renovation program.

• Step 2—Definition and weighting of the evaluation criteria

To define the evaluation criteria, it is necessary to bring together the decision makers,
as well as all stakeholders. The objective is to identify and describe precisely the criteria
that will allow an objective evaluation of the different scenarios in relation to the project
objectives. For this methodology, it has been chosen to group the criteria into families to
allow a better analysis of the problem but also to facilitate the determination of the weights.

• Step 3—Weighting of criteria

To evaluate the renovation scenarios regarding the needs of the decision maker, it is
then necessary to assign weights to the different criteria. For this purpose, we use the SRF
weighting method [48], which is well adapted to our problem. This will be presented later.

• Step 4—Performance evaluation

It consists of evaluating the performance of each global renovation scenario regarding
the criteria defined by relying on the skills and expertise of the stakeholders, partners, and
collaborators. With the ELECTRE-Tri method, the evaluation can be quantitative and based
on measurable data or it can be qualitative and based on the assessment of specialists. It
can also be absolute and constructed independently of the other scenarios or relative and
based on a specifically formalized scale.

• Step 5—Definition of the settings of the method

To compare the different scenarios using the ELECTRE-Tri method, it is necessary to
define certain parameters. These are the characteristic reference scenarios, the tolerance
thresholds, and the credibility threshold. Several ways of defining these parameters
are presented in the literature. We propose here a new method based on a statistical
approach [49].

• Step 6—Recommendation
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The last step consists in using the chosen multi-criteria analysis method to compare
and rank the evaluated scenarios and thus identify those that best meet the objectives
defined by the decision makers. It is then a question of helping to make a choice by
recommending the solutions best adapted to the defined problem.

3.2. Case Study and Diagnostics

The various stages of the proposed methodology will be exemplified in the case of a
rehabilitation project of a collective housing of sixty-seven apartments. This is a housing
complex composed of three adjoining buildings built in 1973, with 1 to 5 room apartments
over a total living area of 4815 m2 (Figures 2–4). A thermal diagnosis conducted by an
independent consultancy office allowed to determine the primary energy consumption of
the residence by applying a regulatory calculation method (Table 1) and to categorize the
building with respect to energy and conventional greenhouse gas emission labels (Table 2).
This diagnosis also made it possible to determine the energy consumption by item and to
identify potential levers of action to improve the energy label.
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Table 1. Summary of the regulatory thermal calculations.

Buildings Net Floor Area
[m2]

Primary Energy Consumption
[kWh/m2.yr]

Distribution of Primary Energy Consumption by Use [kWh/m2.yr]
Heat DHW Light Vents

B1 2107 323 240 67 6 10

B2 2112 326 243 67 6 10

B3 1559 365 280 69 6 10

Table 2. Overall heat coefficients H.

Buildings Primary Energy Consumption
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The thermal diagnosis conducted on the residence also highlighted the deficiencies of
the envelope in the three buildings. The overall heat transfer coefficient, H, was estimated
and compared to a Hmax coefficient. Hmax represents the overall heat transfer coefficient
relative to the envelope and calculated according to the thermal characteristics of reference
components. This value is part of the safeguards of the French thermal regulations. The
comparison clearly shows that the buildings can be qualified as badly insulated (Table 3).

Table 3. Overall heat coefficients H.

Buildings Hmax[
W/m2K

] H[
W/m2K

] Difference

B1 1.00 1.25 −25%

B2 0.92 1.19 −29%

B3 0.86 1.15 −34%
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This first diagnosis identified the global distribution of the thermal losses of the
residence as average of the three buildings (Figure 5). It appears, firstly, that air renewal and
windows (respectively, 28% and 25% of losses) are the most important items. Indeed, the
building envelope is currently composed of old generation single-glazed wood windows,
and the ventilation system is of the single flow type with self-regulating extract units
located in the bathrooms. The external walls and thermal bridges (21% and 19% of losses,
respectively) are the second most important energy performance levers. The importance of
thermal bridges can be explained by the presence of an electric underfloor heating system
leading to high losses at the level of the connections between walls and floors.
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Figure 5. Distribution of heat loss by type.

This diagnosis shows that passive measures to reduce heat loss are the first actions
to be implemented as part of a renovation operation. This is especially true since these
measures are generally not very costly, such as reinforcing thermal insulation, installing
an efficient ventilation system, or eliminating thermal bridges by means of an external
insulation system.

4. Renovation Scenarios Considered

A set of different renovation scenarios were considered. They are composed of el-
ementary actions, each one concerning a particular aspect, chosen in collaboration with
designers and manufacturers to best consider the objectives of the project. From these
elementary actions, global renovation scenarios are built [16]. Particular attention is given
to the coherence of the global scenarios: they are constructed by ensuring the compatibility
and relevance of the elementary actions. The objective here is to construct renovation
scenarios that are effective in relation to the defined objectives and that can be evaluated
regarding the criteria that will be defined.

To construct the possible energy renovation scenarios, we first defined several elementary
renovation actions divided into seven categories. The direct objectives of these elementary
actions are the improvement of thermal comfort and user-friendly for the users and the
reduction of energy consumption and greenhouse gas emissions of the building. These
seven categories contain specific individual energy performance improvement actions defined
following the methodology of the European Energy Performance Directive 244 [50]:
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- Existing electric floor heating:
© kept;
© disconnected.

- Individual auxiliary heaters:
© existing radiant electric heater;
© smart and connected radiant electric heater;
© smart and connected electric storage heater;
© low temperature hot water radiators;
© automated towel warmer.

- Domestic hot water (DHW) production:
© existing individual electric hot water tank;
© smart and connected individual electric hot water tank;
© smart and connected individual thermodynamic hot water tank;
© individual gas condensing boiler;
© collective thermodynamic;
© individual solar hot water tank + centralized solar hot water tank.

- Ventilation system:
© existing controlled mechanical ventilation;
© single flow controlled mechanical ventilation with humidity sensitive extract unit.

- Local energy production:
© no;
© photovoltaic solar panels on the roof;
© thermal solar panels on the roof;
© hybrid solar panels on the roof.

- External windowing:
© no replacement of external joinery;
© double-glazing PVC;
© triple-glazing parietodynamic wood;
© replacement of balcony windows with double-glazing PVC.

- External wall insulation:
© keeping the existing insulation;
© external thermal insulation.

From these elementary renovation actions and their association according to different
coherent combinations, seven global renovation scenarios were:

- S1: maintain existing individual electric heating and DHW;
- S2: individual electric heating and DHW improved in version 1;
- S3: individual electric heating and DHW improved in version 2;
- S4: individual electric heating and individual thermodynamic DHW;
- S5: individual gas heating and DHW;
- S6: individual electric heating and collective thermodynamic DHW;
- S7: individual electric heating and collective solar DHW.

Each of these seven categories of global renovation scenarios was then divided into
4 variants (Si.1 to Si.4 with i = {1; 2; 3; 4; 5; 6; 7}), in which the heating and DHW systems
are defined and identical while the type of renewable energy production and the joineries
are modified to see their impact on the performance. For example, some global renovation
scenarios consider only the replacement of balcony windows or the installation of solar
photovoltaic energy production, while others consider the replacement of all exterior
windows and the installation of solar thermal energy production. In total, m = 28 potential
scenarios were evaluated (Figure 6).
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Figure 6. Global retrofit scenarios from individual exclusive actions.

When constructing these seven categories of global renovation scenarios from individ-
ual elementary actions, particular attention was paid to the homogeneity and consistency of
the combinations. Particular attention was also given to the scenario S1.1 which represents
the initial state of the building without any modification of the envelope or technical sys-
tems. This scenario is a reference to compare the other ones and determine their impact on
performances. It is important to note that all the global renovation scenarios constructed in
this way have in common the installation of towel dryers in the bathrooms to improve the
thermal comfort of the dwellings in a simple and economic way, as well as the installation
of thermal insulation from the outside, which is one of the first measure for reducing
energy needs.
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5. Selection and Weighting of Assessment Criteria
5.1. Choice of Assessment Criteria

The next step is to decide how to compare the contribution of different scenarios to the
achievement of the project objectives. This requires the construction of a coherent family
of criteria that will be denoted

{
g1, . . . , gj, . . . , gn

}
with n = 16. These criteria used to

measure the performance of the compared scenarios in relation to the achievement of the
objectives, are in the hands of decision makers, whose motivations must be fully defined
and understood [51]. Since they serve as performance indicators, they must be measurable
in the sense that it must be possible to evaluate them at least qualitatively to assess the
expected performance of each scenario with respect to the criterion considered. Numerous
examples of criteria exist in the literature [12,51,52].

The criteria are usually grouped into three main families: economic, technical, and
environmental. Nevertheless, a fourth family, the social criteria, is increasingly consid-
ered and appears to be essential in MCA procedures related to the renovation of col-
lective housing where the actions have a direct consequence on the people occupying
the dwellings [5]. Therefore, it appeared important to consider these four aspects in the
elaboration of the criteria.

It appeared helpful to group the criteria into families, especially because of their
number. This grouping allows for a better analysis of the problem since it highlights the
way in which the scenarios compensate for each other and reclassify them regarding the key
objectives [53]. This also facilitates the determination of the weights, since the allocation
of weights can be done first between the criteria belonging to the same family and then
between the families themselves. Finally, this choice of grouping by family makes it possible
to increase the number of criteria retained for the decision analysis, unlike other methods
such as the one developed by Zacà et al. [54], in which the number of criteria considered is
limited to 5. One of the difficulties in selecting criteria is that the number of criteria must
be relatively small to avoid introducing redundancy or repeatability phenomena. A well-
founded decision must be based on few, independent, and complementary criteria [51,55].

Thus, as a first approximation, one can easily end up with more than fifty exhaus-
tive criteria, whereas a range of six to twenty specific criteria would be much more ef-
fective. To obtain coherent, complementary, and exhaustive criteria, several rules must
be respected [53]:

- Completeness: ensure that all important criteria are included. To ensure this, the
objectives must first be properly defined.

- Redundancy: check that no unimportant criteria is retained. These may be non-
pertinent or duplicative criteria.

- Mutual independence of assessments: the assignment of a performance score on one
criterion should not be dependent on the performance score on one or more other criteria.

- Operationality: it is important that each option can be assessed against each criterion.
The assessment can be objective, against a commonly accepted measurement scale, or
subjective, reflecting an expert opinion.

- Number: too many criteria can lead to additional analytical effort in assessing the
input data and make communication of the analysis more difficult.

Each criterion was thus defined by asking the following three questions: What do
we want to evaluate? Why are we assessing a scenario based on this criterion? Which
tools, resources or methods do we have to assess these criteria for each scenario? The set of
selected gi criteria is given in Table 4, classified according to the four families: economic,
technical, social, and environmental. Each criterion will then be evaluated in a qualitative,
quantitative, or binary way according to a specific evaluation unit.
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Table 4. Assessment criteria.

N◦ Name Eval. Units

1.
Ec

on
om

ic

g1.1 Investment cost Quantit. € excl. taxes.

g1.2 Reinvestment cost over 30 years Quantit. € excl. taxes.

g1.3 Possibility of financial aid and special subventions Quantit. € excl. taxes.

g1.4 Operating cost over a 30-year period Quantit. € excl. taxes.

g1.5 Energy cost-effectiveness of the solution Quantit. € excl./kWh.m2.yr

2.
Te

ch
ni

ca
l g2.1 Easy to integrate into existing buildings Quality. 5-point scale

g2.2 Can be installed on occupied sites Binary Yes/No

g2.3 Serviceability/Maintenance Quality. 5-point scale

g2.4 Easy Metering/Monitoring/Energy Management Quality. 5-point scale

3.
So

ci
al

g3.1 Impact on the cost to the tenant Quantit. € excl. taxes.

g3.2 Thermal comfort level Quality. 5-point scale

g3.3 Sound comfort level Quality. 5-point scale

g3.4 Aesthetics and space requirements Quality. 5-point scale

4.
En

vi
. g4.1 Energy consumption reduction Quantit. kWh/m2.yr

g4.2 CO2 emissions avoided Quantit. Ton of CO2/yr

g4.3 Place of production Quantit. km

5.2. Weighting of Criteria

Once the assessment criteria have been defined, their relative importance in the
decision-making context must be determined. Is criterion “A” more relevant to the decision
maker’s final choice than criterion “B”? How can this ratio of prevalence between criteria
be quantified? Therefore, this key stage of the multi-criteria analysis consists of assigning
weights to each of the criterion selected; there are many methods for determining the
weights to be assigned to the criteria.

The procedure of Simos, or card method, is particularly used in the context of over-
ranking methods such as ELECTRE [56]. This procedure allows decision makers, not
necessarily experts in multi-criteria analysis, to easily express their wishes regarding the
weighting of criteria in each context. It consists in presenting a set of cards corresponding to
each criterion to decision makers or groups of experts. The instruction is then to rank these
criteria (cards) in increasing order of importance on a grid (Figure 7). It is possible to group
together several criteria of equal importance and to leave gaps between two consecutive
cards to mark the difference in importance [57]. Following this ranking, the criteria are
given a normalized weighting.
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The Simos’ procedure was revisited in 2002 and named the SRF procedure [48]. It
proposes a variation of the initial method with the introduction of a ratio noted Z corre-
sponding to the ratio between the weight of the most important criterion and the least
important [53]. It is this ratio that will allow the weights of the criteria obtained to be
normalized. Thus, the variation of Z leads to a modification of the weights [12].

To determine the weights of all sixteen criteria, we followed three independent steps.
The first consists of ranking the four families of criteria, using the SRF weighting procedure,
to assign them an absolute weight (Table 5). The second consists of independently ranking
the sub-criteria within each family to assign them a relative weight. Finally, the absolute
weights of each criterion are calculated by multiplying their relative weights to those
of the corresponding families. In this way, the normalized character of the weights is
preserved, and the procedure is facilitated with respect to the number of criteria to be
ranked (Tables 6–9). The weights thus obtained will be denoted

{
w1, . . . , wj, . . . , wn

}
.

Table 5. Weighting of the criteria families.

N◦ Weight Families

F1 45.00 Economic

F2 25.00 Technical

F3 15.00 Social

F4 15.00 Environmental

Table 6. Weighting of the economic criteria.

1. Economic

N◦ Relative Absolute

g1.1 27.27 12.27

g1.2 23.64 10.64

g1.3 9.09 4.09

g1.4 27.27 12.27

g1.5 12.73 5.73

Table 7. Weighting of the technical criteria.

2. Technical

N◦ Relative Absolute

g2.1 28.57 7.14

g2.2 42.85 10.71

g2.3 14.29 3.57

g2.4 14.29 3.57

Table 8. Weighting of the social criteria.

3. Social

N◦ Relative Absolute

g3.1 40.90 6.14

g3.2 31.82 4.77

g3.3 13.64 2.05

g3.4 13.64 2.05
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Table 9. Weighting of the environmental criteria.

4. Environmental

N◦ Relative Absolute

g4.1 50.00 7.50

g4.2 33.33 5.00

g4.3 16.67 2.50

6. Methodology for Performances Evaluation

As presented in the previous section, twenty-eight energy retrofit scenarios were
constructed from elementary renovation actions (Figure 6). To evaluate the economic
performance of these different energy retrofit scenarios, we searched for the investment
costs (purchase and installation) and maintenance costs of each elementary system from
suppliers and maintenance companies to calculate the overall cost of each renovation
scenario. We also determined, according to the average lifetime of each elementary system
that makes up the scenarios, what would be the reinvestment cost for the company over a
period of thirty years. This period represents interval of major maintenance, common in
the building sector.

To evaluate the performance of the energy retrofit scenarios regarding technical and
social criteria, we called on engineering and sociology consultants specialized in the field
of building and energy transition. The objective was to evaluate specific qualitative criteria
by a score from 0 to 5. The principle of the scoring consists in assigning for each elementary
action within the same category of system (e.g., DHW production), a score representative
of its relative performance for the criterion considered. The same procedure is followed for
each category of elementary actions and all qualitative criteria. Then, a score is constructed
in a linear distribution between the global renovation scenario with the best score and the
one with the worst score for the considered qualitative criteria. This gives us, for the criteria
g2.1, g2.3, g2.4, g3.2, g3.3, and, g3.4, a score on a scale of five, representing the performance of
each scenario.

To compare the scenarios from the point of view of their energy performance, we called
on engineering consultants specialized in building thermal simulation capable of modelling
all the scenarios envisaged. The computer tool used for the modelling simulates the
behavior of the building and its various components and systems. Numerous simulations
were conducted by varying the input parameters (heating system, DHW production, type
of windows, local energy production, etc.) to determine the primary and final energy
consumption of each scenario.

This evaluation process, with the support of suppliers and installers of technical
equipment, a specialized sociology firm, technical engineering offices, and rental manage-
ment specialists, has made it possible to construct the performance matrix presented in
Tables 10 and 11. It contains the assessments of each global renovation scenario presented
in Figure 6, against the different criteria defined in Table 4.

Table 10. Performance matrix for global retrofit scenarios—(part 1).

Sc
en

ar
io

s Economics Technical

g1.1 g1.2 g1.3 g1.4 g1.5 g2.1 g2.2 g2.3 g2.4

[€ excl.] [€ excl.] [€ excl.] [€ excl.] [€/(kwh/m2.yr)] [/5] [YES/NO] [/5] [/5]

S1.1 0 1,757,134 0 82,701 0 5.00 OUI 4.38 3.57

S1.2 1,008,654 551,661 952,088 41,346 5933 3.33 OUI 5.00 3.57

S1.3 1,260,874 711,361 991,697 36,119 6591 3.00 OUI 5.00 3.57

S1.4 905,165 551,661 917,604 42,268 5457 3.67 OUI 5.00 3.57
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Table 10. Cont.

Sc
en

ar
io

s Economics Technical

g1.1 g1.2 g1.3 g1.4 g1.5 g2.1 g2.2 g2.3 g2.4

[€ excl.] [€ excl.] [€ excl.] [€ excl.] [€/(kwh/m2.yr)] [/5] [YES/NO] [/5] [/5]

S2.1 1,239,757 551,661 955,885 40,971 6771 2.33 OUI 4.38 4.29

S2.2 1,397,247 625,566 996,168 28,230 6736 1.67 OUI 3.75 3.57

S2.3 1,636,981 785,266 1,035,489 23,290 7185 1.33 OUI 3.75 3.57

S2.4 1,282,394 390,966 995,521 28,762 6255 2.00 OUI 3.75 3.57

S3.1 1,344,232 610,011 957,187 41,692 7140 2.00 OUI 4.38 5.00

S3.2 1,522,330 683,916 1,031,776 28,197 7087 1.33 OUI 3.75 4.29

S3.3 1,751,844 843,616 1,070,386 23,760 7526 1.00 OUI 3.75 4.29

S3.4 1,385,515 449,316 1,030,933 28,758 6545 1.67 OUI 3.75 4.29

S4.1 1,531,907 775,596 1,070,213 32,638 6586 1.67 OUI 3.75 5.00

S4.2 1,635,756 849,501 1,110,816 19,664 6342 1.00 OUI 3.13 4.29

S4.3 1,899,185 1,009,201 1,149,305 15,369 6895 0.67 OUI 3.13 4.29

S4.4 1,517,360 614,901 1,109,597 20,507 5980 1.33 OUI 3.13 4.29

S5.1 1,427,140 787,239 1,124,178 26,341 5284 1.33 NON 2.50 2.86

S5.2 1,555,978 861,144 1,131,706 12,639 5229 0.67 NON 1.88 2.14

S5.3 1,796,800 1,020,844 1,204,438 10,007 5867 0.33 NON 1.88 2.14

S5.4 1,492,598 626,544 1,131,267 12,444 5027 1.00 NON 1.88 2.14

S6.1 1,372,026 811,447 1,030,582 35,809 6507 1.67 OUI 3.13 2.86

S6.2 1,526,016 885,352 1,071,164 22,827 6466 1.00 OUI 2.50 2.14

S6.3 1,717,070 1,045,052 1,109,732 18,439 6767 0.67 OUI 2.50 2.14

S6.4 1,377,529 650,752 1,070,150 23,678 5934 1.33 OUI 2.50 2.14

S7.1 1,404,394 847,315 995,961 37,880 6790 1.00 NON 0.63 0.71

S7.2 1,533,952 921,220 1,070,209 24,669 6603 0.33 NON 0.00 0.00

S7.3 1,771,679 1,080,920 1,109,007 20,125 7057 0.00 NON 0.00 0.00

S7.4 1,432,939 686,620 1,035,825 25,267 6251 0.67 NON 0.00 0.00

Table 11. Performance matrix for global retrofit scenarios—(part 2).

Sc
en

ar
io

s Social Environmental

g3.1 g3.2 g3.3 g3.4 g4.1 g4.2 g4.3

[€ excl.] [/5] [/5] [/5] [kWh/m2.yr] [Ton of CO2/yr] [km]

S1.1 368 0.00 5.00 4.00 0 0 0

S1.2 182 2.78 5.00 4.00 170 65 418

S1.3 159 3.33 5.00 4.00 191 74 690

S1.4 186 2.22 5.00 4.00 166 64 418

S2.1 168 4.44 4.00 4.00 183 71 2368

S2.2 141 4.44 4.00 4.00 207 80 2448

S2.3 118 5.00 4.00 4.00 228 88 2720

S2.4 144 3.89 4.00 4.00 205 79 2448
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Table 11. Cont.

Sc
en

ar
io

s Social Environmental

g3.1 g3.2 g3.3 g3.4 g4.1 g4.2 g4.3

[€ excl.] [/5] [/5] [/5] [kWh/m2.yr] [Ton of CO2/yr] [km]

S3.1 162 2.22 3.00 2.00 188 73 2368

S3.2 133 2.22 3.00 2.00 215 83 2448

S3.3 113 2.78 3.00 2.00 233 90 2720

S3.4 136 1.67 3.00 2.00 212 82 2448

S4.1 114 2.22 1.00 0.00 233 90 2314

S4.2 86 2.22 1.00 0.00 258 99 2394

S4.3 66 2.78 1.00 0.00 275 106 2666

S4.4 91 1.67 1.00 0.00 254 98 2394

S5.1 164 0.56 0.00 1.00 270 104 2425

S5.2 135 0.56 0.00 1.00 298 115 2505

S5.3 113 1.11 0.00 1.00 306 118 2777

S5.4 137 0.00 0.00 1.00 297 114 2505

S6.1 138 3.89 5.00 5.00 211 81 2618

S6.2 110 3.89 5.00 5.00 236 91 2698

S6.3 90 4.44 5.00 5.00 254 98 2970

S6.4 114 3.33 5.00 5.00 232 89 2698

S7.1 142 4.44 3.00 3.00 207 80 2548

S7.2 114 4.44 3.00 3.00 232 89 2628

S7.3 93 5.00 3.00 3.00 251 97 2900

S7.4 117 3.89 3.00 3.00 229 88 2628

7. ELECTRE Tri Over-Ranking Algorithm
7.1. Presentation

Once the performance matrix is obtained, a multi-criteria decision analysis (MCDA)
procedure can be used to rank the scenarios. We developed an algorithm that reproduces the
procedure of ELECTRE Tri method in a fast and automated way [58]. This method is based
on a process of assigning scenarios to several ranking categories named Ck, characterized
by upper and lower characteristic reference scenarios named bk. These reference scenarios
can be defined by the users and their performances are given to delineate the ranking
categories. For the implementation of the method, Python programming language was
chosen for its readable syntax and ease of use, for its popularity and versatility in terms of
computer support.

The ELECTRE Tri over-ranking algorithm consists in three main steps:

- importing the input data of the problem: performance matrix, weight of criteria,
characteristic scenarios, and thresholds;

- processing the data using the ELECTRE Tri method;
- displaying the results.

In the following, we will name the different parameters as follows:

- S = {S1, S2, . . . , Si, . . . , Sm} the set of potential scenarios;
- F =

{
g1, g2, . . . , gj, . . . , gn

}
the set of criteria;

- W =
{

w1, w2, . . . , wj . . . , wn
}

the set of criteria weights;

1. B =
{

b0, b2, . . . , bk, . . . , bq
}

the set of characteristic reference scenarios with q ≥ 2;
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- C =
{

C1, C2, . . . , Ck, . . . , Cq
}

the set of ranking categories;

2. qj, pj, vj the set of indifference, preference, and veto thresholds such that qj ≤ pj ≤ vj

In the following expressions, we will note gj(Si) the performance of scenario Si
regarding the criterion gj. We will also use the parameter µj defined by Equation (1) to
represent the average performance of all scenarios on a given criterion and, the parameter√

Vj defined by Equation (2), to represent the square root of the variance of performances
on a given criterion.

µj = µ
(

gj
)
=

∑m
i=1 gj(Si)

m
(1)

√
Vj =

√
V
(

gj
)
=

√
1
m∑m

i=1

(
gj(Si)− µj

)2 (2)

7.2. Definition of Tolerance Thresholds

To compare the different scenarios one by one according to each criterion, it is necessary
to define thresholds. These thresholds will rule whether a scenario is preferred, equivalent,
worse, or cannot be compared to another. They consider the imperfect nature of the data
when assessing the performance of the scenarios, as well as the arbitrariness that affects the
definition of the criteria. Thus, three thresholds must be defined for each criterion:

- the indifference threshold “qj”: it indicates for a given criterion the maximum difference
of performance below which two solutions cannot be compared.

∣∣gj(Sα)− gj
(
Sβ

)∣∣ ≤ qj
represents a nonsignificant advantage of one scenario over the other, meaning that Sα

is indifferent to Sβ according to criterion gj, denoted Sα IjSβ;
- the preference threshold “pj”: it indicates for a given criterion the minimum difference

of performance from which a solution will be preferred to another. gj(Sα)− gj
(
Sβ

)
> pj

represents a significant advantage of Sα over Sβ, meaning that Sα is strictly preferred
to Sβ according to criterion gj, denoted SαPjSβ;

- the veto threshold “vj”: it is characteristic of the ELECTRE Tri method and avoids the
phenomenon of compensation of criteria. The veto threshold represents, for a given
criterion, the performance gap above which the preference of one scenario over another
cannot be compensated by another better criterion. gj(Sα)− gj

(
Sβ

)
> vj represents a

strict preference of Sα over Sβ whatever the criteria considered, denoted SαPSβ.

In the ELECTRE Tri method, these thresholds can be defined by the decision makers
who choose them according to their preferences and the performance gaps that make sense
for them, as in the case of an investment cost for example. However, the decision maker is
not always an expert on certain criteria and may not be able to define these thresholds. For
our case study, we have chosen to define these tolerance thresholds as a certain percentage
of the average performance of the scenarios independently for each criterion. This choice
was made for practical reasons regarding the large number of criteria and because of the
experimental nature of the methodology developed. Defining the thresholds in this way
also allows them to be varied easily, by changing the parameters γ, to analyze the impact
on the ranking of scenarios. In our case study, we defined the indifference threshold as:

qj = γq · µj (3)

where γq = 5%, the preference threshold as:

pj = γp · µj (4)

where γp = 15%, and the veto threshold as:

vj = γv · µj (5)

where γv = 30%. We obtained the threshold values presented in Table 12.
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Table 12. Definition of thresholds.

N◦ Unit
Thresholds

qj pj vj

g1.1 [€ excl.] 70,942 212,825 468,215

g1.2 [€ excl.] 39,260 117,781 259,118

g1.3 [€ excl.] 50,819 152,458 335,408

g1.4 [€ excl.] 1436 4309 9480

g1.5 [€/(kwh/m2.yr)] 309 926 2037

g2.1 [0/5] 0.08 0.23 0.51

g2.2 [Y/N] 0 1 2

g2.3 [0/5] 0.15 0.45 0.98

g2.4 [0/5] 0.15 0.45 0.99

g3.1 [€ excl.] 7 21 45

g3.2 [0/5] 0.14 0.43 0.94

g3.3 [0/5] 0.15 0.45 0.99

g3.4 [0/5] 0.14 0.41 0.90

g4.1 [kWh/m2.yr] 11 33 74

g4.2 [Ton of CO2/yr] 4 11 24

g4.3 [km] 113 338 744

7.3. Definition of Characteristic Reference Scenarios

The objective of ELECTRE Tri procedure is to assign the different scenarios to a
set of categories ordered from the worst to the best and denoted {C1, . . . , Ck, . . . , Cq}
with q ≥ 2 [49]. These ranking categories are delimited by characteristic reference
scenarios also called boundary reference scenarios or boundary scenarios and denoted
{b0, b1, . . . , bk, . . . , bq}. They represent the frontiers between two consecutive ranking cate-
gories; this means that the lower boundary scenario of a better category is also the upper
boundary scenario of a worse consecutive category. It is important to note that b0 is the
lowest boundary scenario, and bq is the highest boundary scenario. These lowest and
highest boundary scenarios:

gj(b0) =

{
−max

(
gj(Si)

)
− pj in the case of indirect criterion

min
(

gj(Si)
)
− pj in the case of direct criterion

(6)

gj(bq) =

{
−min

(
gj(Si)

)
+ pj in the case of indirect criterion

max
(

gj(Si)
)
+ pj in the case of direct criterion

(7)

are constructed from the best and worst performances of the renovation scenarios. They are,
respectively, the best possible performances and the worst possible performances selected
from the scenarios gj(Si), whatever the criterion gj considered.

The preference threshold is used in these expressions to guarantee a strict preference
during the ranking procedure. Depending on whether the performance for the criterion
considered is to be maximized (direct) or minimized (indirect), the performance of these
lowest and highest boundary scenarios will be constructed differently. It is important to
note that the criteria have a type that can be direct, indirect, or binary. Indirect-type criteria
are characterized by performances that are preferred as minimized, and the performances
of the scenarios for these criteria are of negative signs. On the other hand, the direct-type
criteria are characterized by performances that we prefer to maximize.

For this application, we chose to create six characteristic reference scenarios:
B =

{
b0, b1, b2, b3, b4, b5} (Table 13). These six characteristic scenarios will be used to
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delimit five categories: C =
{

C1, C2, C3, C4, C5} and represent for b1 the boundary between
C1 and C2 and for b2 the boundary between C2 and C3. The choice of five categories
was made to limit the number of characteristic scenarios to be defined while allowing a
sufficiently distinctive classification. Moreover, for this decision support application, a
classification according to five ranking categories was sufficient for the decision makers.
Usually, the set of characteristic scenarios must be constructed through an interactive
process between the analyst and the decision maker. This process makes the application
of the ELECTRE Tri method more time consuming and complex. To avoid this problem,
and given the experimental nature of this project and the large number of criteria and
scenarios to be compared, we have chosen to define these reference scenarios using a
statistical method:

gj(bk) =

{
−(µj + δk

j
√

Vj) in the case of indirect criterion
µj + δk

j
√

Vj in the case of direct criterion
(8)

Table 13. Definitions of the characteristic scenarios.

N◦ Unit Type b0 b1 b2 b3 b4 b5

g1.1 [€ excl.] INDIRECT −2,112,010 −1,667,495 −1,528,955 −1,418,833 −1,330,025 212,825

g1.2 [€ excl.] INDIRECT −1,874,915 −928,689 −837,382 −680,856 −602,593 −273,185

g1.3 [€ excl.] INDIRECT −152,458 963,728 1,031,134 1,071,156 1,111,178 1,356,896

g1.4 [€ excl.] DIRECT −87,010 −38,545 −28,729 −24,522 −18,913 −5698

g1.5 [€/(kwh/m2.yr)] BINARY −8452 −6853 −6717 −6376 −5491 926

g2.1 [0/5] DIRECT −0.23 0.71 1.20 1.54 2.09 5.00

g2.2 [Y/N] BINARY 0 0 0 1 1 1

g2.3 [0/5] DIRECT −0.45 1.93 2.60 3.26 4.00 5.00

g2.4 [0/5] DIRECT −0.45 1.98 2.35 3.30 4.28 5.00

g3.1 [€ excl.] INDIRECT −389 −160 −137 −115 −99 −46

g3.2 [0/5] DIRECT −0.43 1.78 2.23 3.74 4.19 5.00

g3.3 [0/5] DIRECT −0.45 1.00 2.10 3.36 4.08 5.00

g3.4 [0/5] DIRECT −0.41 0.59 1.87 3.14 4.41 5.00

g4.1 [kWh/m2.yr] DIRECT −33 194 223 234 257 340

g4.2 [Ton of CO2/yr] INDIRECT −11 60 74 82 90 117

g4.3 [km] INDIRECT −3308 −2737 −2657 −2496 −2376 338

This method, developed within the framework of this project, consists in building
the characteristic reference scenarios bk based on the average of the performances of the
scenarios µj for a given criterion, to which a certain percentage δk

j of the standard deviation
of the performance data on this same criterion will be added or removed. We thus define, for
each reference scenario bk and each criterion gj, a single characteristic coefficient δk

j . These
coefficients are then chosen one by one to ensure the performance of the reference scenarios
for a given criterion that is balanced with the performances of different scenarios. This
allows the reference scenarios to be constructed with a fair and objective method. We obtain
the results presented in Table 13. In defining these reference scenarios, the δk

j parameter
is used as an adjustment variable to obtain the most balanced distribution possible of the
retrofit scenarios within the different ranking categories Ck and independently for each
criterion. The graphics in Figure 8 schematize the spread of the different criteria.
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In the aim of respecting the orderly and separate characters of the ranking categories
Ck, it is necessary to maintain a certain successive dominance between the characteristic
reference scenarios bk and bk+1. This dominance condition can be defined as:

∀j, gj(bk+1) ≥ gj(bk)

∃j, gj(bk+1) > gj(bk), k = 0, . . . , q
(9)

Thus, two characteristic reference scenarios allow to properly delimit two ranking
categories if and only if bk+1 is at least weakly preferred to bk for at least one criterion. As
proposed by J. Almeida-Dias, et al. (2012) through the degrees of credibility, Equation (20),
this condition of separability can be translated in terms of weak separability:

σ(bk, bk+1) < 1, h = 0, . . . , q (10)

strict separability:

σ(bk, bk+1) <
1
2

, h = 0, . . . , (q− 1) (11)

and hyper-strict separability:

σ(bk, bk+1) = 0, h = 0, . . . , (q− 1) (12)

7.4. Credibility Threshold

The credibility threshold λ can be defined as the smallest level of credibility value com-
patible with the assertion Si > bk. It allows us to decide on the existing over-classification
relations between two scenarios Si and bk. However, the values of λ observed in the lit-
erature are most often found between 0.75 and 0.60, similar to the method applied by
Rocchi et al. (2018), which proposed a cut-off point equal to the sum of the weights of the
three most significant criteria (λ = 0.7415) [53]. It is important to note that the higher the
cut-off point, the more it will lead to situations of incomparability.

To estimate the minimum credibility thresholds parameter, J. Almeida-Dias et al. (2012)
proposed the following relation:

λmin = max
k=0,...,(q−1)

{σ(bk, bk+1)} (13)

where σ(bk, bk+1) represents the degree of credibility of the assertion bk > bk+1. According
to relation (13), the minimum credibility threshold parameter is estimated to λmin = 0
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in our case study. This reflects a hyper-strict separability between different characteristic
reference scenarios and thus an optimal definition of the ranking categories.

7.5. Implementation of ELECTRE Tri Algorithm

The algorithm can be divided into three main steps, as described in Section 7.1. The
first consists of processing the input data of the problem needed to execute the ELECTRE
Tri procedure summarized in Figure 9. The input data to be considered are the performance
matrix, the weights of the criteria, the tolerance thresholds, and the characteristic scenarios.
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The performance matrix can be represented by:

Mij = gj(Si) (14)

where the rows i correspond to the different scenarios while the columns j correspond
to the evaluation criteria. Then, the following indicators of the ELECTRE Tri method
are calculated.
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Concordance Indices

The concordance indices by criterion

cj(Si, bk) = 0 ⇔ pj < gj(bk)− gj(Si)

0 < cj(Si, bk) < 1⇔ qj < gj(bk)− gj(Si) ≤ pj
cj(Si, bk) = 1 ⇔ gj(bk)− gj(Si) ≤ qj

(15)

are expressed through the indifference and preference threshold. They are quantified by a
value between [0, 1] representing the degree of reliability of the assertion “the scenario Si is
at least as good as the boundary scenario bk for the given criterion gj”. The closer cj(Si, bk)

is to 1, the more similarity there is between Si and bk.
The concordance indices are:

cj(Si, bk) = Min

{
1, Max

(
0,

gj(Si)− gj(bk) + pj

pj − qj

)}
(16)

It is therefore necessary to calculate the concordance indices in a reciprocally way cj(Si, bk)

and cj(bk, Si) to consider the opposite assertion.

Discordance Indices

The discordance indices by criterion

dj(Si, bk) = 1 ⇔ vj < gj(bk)− gj(Si)

0 < dj(Si, bk) < 1 ⇔ pj < gj(bk)− gj(Si) ≤ vj
dj(Si, bk) = 0 ⇔ gj(bk)− gj(Si) ≤ pj

(17)

are expressed through the preference and veto threshold. They are quantified by value
between [0, 1] and allow to state to what extent there is discordance with the assertion “Si
outperforms bk for the given criterion gj”. It reaches its maximal value when criterion gj
puts its veto to the outranking relation. The calculation of the discordance indices can be
generalized by (18):

dj(Si, bk) = min

{
1, max

(
0,

gj(bk)− gj(Si)− pj

vj − pj

)}
(18)

It is also necessary, with respect to the ELECTRE Tri procedure, to calculate the discordance
indices in a reciprocally way to judge both the above assertion dj(Si, bk) and its opposite
dj(bk, Si).

Global Concordance Indices

The global concordance indices

C(Si, bk) =
∑n

j=1 wj · cj(Si, bk)

∑n
j=1 wj

(19)

allow to state to what extent there is concordance with the assertion “Si outperforms on the
whole bk”.
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Degree of Credibility

In the ELECTRE Tri method, the plausibility of the out-ranking relationships between
the scenario and characteristic reference scenarios pairs varies from pair to pair and is, as a
last resort, represented by the out-ranking credibility:

σ(Si, bk) = C(Si, bk)∏
jεF

1− dj(Si, bk)

1− C(Si, bk)
(20)

Construction of Outranking Relationships

The next step is to determine the outranking relationships using the lambda cut-
off threshold value and the degree of credibility values to decide on the following four
relationships: preference of Si over bk “ > ”, preference of bk over Si “ < ”, indifference “ I ”,
or incomparability “ R ” (Figure 10).
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Finally, two sorting procedures, specific to the ELECTRE Tri method, are performed:
“pessimistic ranking” and “optimistic ranking”. Each of these sorting procedures assigns the
scenarios studied to one of ranking categories. The difference between the two procedures
is the ranking by using the relationship of incomparability (R):

- Optimistic ranking: an incomparability relationship between a scenario Si and a
boundary reference scenario bk moves the scenario into the next higher performance
category Ck+1.

- Pessimistic ranking: an incomparability relationship between a scenario Si and a
boundary reference scenario bk moves the scenario into the next lower performance
category Ck−1.

A set of median ranks, representing the average ranking of the scenarios with respect
to the optimistic and pessimistic sorting procedures, is also calculated and denoted
R = {R(S1), R(S2), . . . , R(Si), . . . , R(Sm)} = {R1, R2, . . . , Ri, . . . , Rm}. This makes it easier
to compare the scenarios, particularly in the case where the two sorting procedures do not
lead to the same ranking. Thus, a scenario classified as C2 by the optimistic sorting, and C1

by the pessimistic sorting, will belong to the C21 category with a median rank of Ri = 1.5
(it will be less preferable than a scenario belonging to the C22 category with a median rank
of Ri = 2).

8. Results and Sensitivity of the Multi-Criteria Analysis
Results of the Multi-Criteria Analysis

After running the ELECTRE Tri algorithm for different credibility thresholds, we
obtain the median ranks of each scenario shown in Figure 12 and the ranking categories
shown in Figure 13. The highest ranked scenarios are S2.2, S2.3 and S2.4. These are the
scenarios for which the underfloor heating system will be retained, which is a source of
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comfort for the occupants and of superior heating performance due to the external thermal
insulation. These three scenarios also have the particularity of retaining supplementary
heating systems by programmable radiant panels and the production of DHW by individual
electric storage tanks, which improves the level of comfort for users while minimizing
nuisance and space requirements. Finally, these three scenarios also have in common the
installation of a collective self-consumption photovoltaic electricity production.

The main difference between these three scenarios is in the choice of replacement of the
external windows. Among the elementary renovation actions possible for the replacement
of the external windows, there are:

- replacement of the entire window with double glazing;
- replacement of the entire window with triple parietodynamic glazing;
- replacement of the balcony windows only with double glazing.

To distinguish between these three scenarios and find an optimal solution regarding
the criteria initially defined, it is possible to vary the credibility threshold and thus further
constrain the ranking of the scenarios. It is important to note that the higher the credibility
threshold, the more exigent the assertion of an outperforming status will be. Its increase
creates situations of incomparability that will lead to a classification of the scenarios
concerned in lower categories. This phenomenon can be clearly seen in Figure 11, which
shows the appearance of the incomparability phenomenon as a function of the credibility
threshold. From λ ≥ 0.75 onwards, a progressive increase in the number of scenarios that
could not be compared with a characteristic reference scenario can be observed. These
cases of incomparability are situations where the classification of the scenario concerned
will be more fuzzy and less relevant. It therefore seems more interesting to maintain a
credibility threshold of no more than λ ≤ 0.75 to obtain a ranking based on well-founded
outranking relationships.
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9. Limitations of the Methodology and Feedback

After this investigation and analysis and following the practical application of the
methodology in a collective dwelling, it is possible to establish first feedback.

First, we note that the methodology proposed in this paper would be costly to deploy
on a large scale and on many residences with different characteristics. The studies and anal-
yses, carried out to build the decision matrix, present a significant study and engineering
cost proportional to the number of scenarios to be assessed and the number of criteria to
be studied.

An important analysis time must also be considered to carry out the different studies,
evaluate the scenarios, and synthesize the results. Depending on the quantity and complex-
ity of the elements to be analyzed, this time can be from 2 to 4 months for a project like the
one presented.

An effective collaboration between stakeholders is also essential to carry out this type
of multi-criteria analysis. Depending on the criteria defined, it may be necessary to call
upon various fields of expertise, each of which is related to the evaluation of the scenarios.
This interdisciplinarity requires a good collaboration between the stakeholders and the
decision maker.

However, the cost of deploying this methodology could be optimized by further
reducing the number of criteria to keep only the most influential ones and thus limit
the time and resources needed to evaluate the scenarios. Looking for a unique partner,
independent, specialized in the field, and able to evaluate in a precise way complex
renovation scenarios regarding different criteria would also be a solution to simplify the
deployment of such a methodology. Finally, this methodology could be further simplified
to be integrated in the missions of project management in energy renovation.

10. Conclusions

Faced with the problem of renovating existing buildings and the complex choice of po-
tential solutions to achieve multiple objectives and make a rehabilitation action sustainable,
we chose to develop and to implement a multi-criteria analysis (MCA) methodology.

In the context of the development of this multi-criteria analysis methodology, we
defined a few criteria characteristics of a rehabilitation operation for social housing. These
criteria reflect the challenges of energy renovation for social property owners in accordance
with the constraints of public authorities and tenants while seeking to respect the allocated
budgets and the need to have the least cumbersome work phases possible.

To allow decision makers to define their preferences in terms of criteria weighting,
the SRF (Simos, Roy, and Figueira) weighting method, specific to MCA outranking meth-
ods, was used and implemented through a tool. The tool developed follows exactly the
procedure of the SRF method and allows, through drop-down lists, to classify the criteria
in increasing order of importance. This allowed for accurate weighting despite the large
number of evaluation criteria selected.

For the construction of the retrofit scenarios, we introduced and used an original
method consisting in defining elementary actions corresponding to sub-scenarios for each
item. Then, we built global renovation scenarios based on these elementary actions.

To evaluate these global scenarios quantitatively and qualitatively regarding the
different criteria chosen, we worked in close collaboration with various specialists, each
with their own area of expertise. Significant quantities of data, of different forms and
structures, were thus processed to calculate and judge the performance of the different
solutions considered. A qualitative scoring method was also used to compare the individual
actions to give an overall score to each scenario.

An original aspect of this multi-criteria analysis was the construction of characteristic
scenarios, characterizing the ranking categories, in a statistical way from the evaluations of
the different scenarios. The aim was to obtain a homogeneous dispersion of the scenarios
around these characteristic scenarios for each criterion. This strategy made it possible to
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obtain an initial relative ranking of the scenarios, which gives an initial, less fixed, overall
view of the performance of each scenario.
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