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Abstract: Residual forest biomass for heating is an alternative to fossil fuels that is in line with
global greenhouse gas emission reduction targets. Even if the opportunities and the benefits of
such projects may be important, one should not neglect the barriers and potential impacts of these
projects regarding their sustainability. The decision support tool developed and presented in this
paper will help guide and support public decision makers in selecting the best project and improving
its sustainability. A reliable and relevant weighting method is determined, based on the use of the
Analytic Hierarchical Process multi-criteria decision analysis method, allowing the integration of
stakeholders and the consideration of their views and opinions. This choice, combined with the
privileged use of quantifiable qualitative data, allows the use of the tool in a preliminary phase of
the project development and enables the evaluation of the project and its sustainability from a social
acceptability perspective. The tool was applied to two fictional scenarios to demonstrate its ability to
guide decision making and to highlight the differentiation of weights and scenarios through both
weighting and evaluation methods.

Keywords: decision-support tool; multicriteria decision making (MCDM); analytic hierarchy process
(AHP); forest bioenergy; sustainability indicators; comparative scenario analysis

1. Introduction

Bioenergy produced from forest biomass feedstock has a strong potential to reduce
greenhouse gas (GHG) emissions and contribute to the transition towards more sustainable
heating technologies. Globally, energy production from forest biomass could rise from
132 TWh (1012 Wh) in 2001 to 1168 TWh by 2030 [1]. Following the example of other
jurisdictions around the world, the province of Quebec, Canada, aims to increase the
production of renewable energy by 25% by 2030 and has made plans to convert fossil-based
heating systems of institutional and commercial buildings to forest biomass heating [2].
Currently, the Quebec energy system relies mainly on hydro resources that provide cheap
electricity to the province, and on cheap North American fossil resources from Western
Canada and the United States [3]. However, the boreal forest, that covers a large part of
the province, can provide biomass in large quantities which, associated with the well-
developed forest industry of the province, becomes an alternative for the conversion of
heating systems to bioenergy.

The benefits of these conversions can be multiple: (i) economic, via the creation of new
value chains [4,5], (ii) environmental, via the reduction in GHG emissions [6] or (iii) social,
with the creation of jobs for local communities [7]. Nevertheless, there are still many risks
and obstacles preventing the development of the sector. These include organizational risks
associated with the coordination of the forest bioenergy value chain [8], which includes
many stakeholders and needs to be harmonized with the supply chains for conventional
wood products [9]. Environmental risks also need to be considered, including the impact
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of residual forest biomass removal on soils [10] and biodiversity. Some stakeholders
state awareness of bioenergy development and generally support it when sustainability
requirements are met [11], while others, including the general public, are less aware which
tends to reduce the social acceptability [12].

To help support the deployment of bioenergy policies and inform stakeholders about
benefits and impacts of energy systems conversion, decision support tools for assessing the
sustainability of forest bioenergy have been developed in recent years. A literature review
by Scott and al. (2012) shows that existing tools focus mainly on the choice of the most
suitable technological solution (27% of the tools studied), while only 14% of them address
the sustainability of projects. Furthermore, the tools studied were mainly developed for
Europe (63%), while only 23% were from North America [13]. For example, the Tool for
sustainability impact assessment (ToSIA) is a decision support tool developed by the
European Forest Institute [14] that brings together economic, social and environmental
indicators. It has been developed mainly for the context of European forests, although it
can be adapted to other regions. However, in the case of regions for which the bioenergy
sector is still in its infancy, hard data are often difficult to generate in the absence of
comparative projects, making quantitative analyses with tools such as ToSIA difficult to
perform. Moreover, a literature review by Zahraee, Shiwakoti [15] shows that there is a
lack of simultaneous analysis of social, economic and environmental dimensions in multi-
objective approaches and that most of the tools are inadequate for strategic level, leading to
the need for more qualitative sustainability analysis that can be applied at the first stages of
project design. Finally, Timonen, Reinikainen [16] showed that promoting the integration of
stakeholders at the outset of energy projects, and facilitating their cooperation and buy-in,
are essential steps especially in the context of emerging sectors.

To address the gaps identified in the literature, the paper proposes a tool that:

- Integrates relevant social, economic, environmental, ethical, cultural and governance
indicators to assess the sustainability of bioenergy heating conversion projects;

- Increases the social acceptability of these projects by integrating stakeholders in
the definition of criteria and their weighting allows for a preliminary qualitative
assessment of projects to estimate their potential benefits and impacts in a context of
scarce quantitative data.

The article is divided into two main sections. On the one hand, materials and methods
explains the approach used for the development of the tool and in particular the determi-
nation of the indicators, the choice of the weighting method and finally the methods for
evaluating the quantitative and qualitative indicators. On the other hand, the Results and
discussion section uses a fictional case study to demonstrate the tool’s ability to meet the
needs of decision-makers and the research objectives.

2. Materials and Methods

The methodology implemented for the development of this tool was based on four
distinct but interconnected stages as shown in Figure 1. These stages are:

(i) The identification of indicators adapted to the Quebec forest bioenergy context and
to the expectations of stakeholders, including literature review of existing indicators,
sorting and adaptation of the identified indicators to the specific context of the tool
and validation of the indicators with experts and stakeholders;

(ii) The determination of an appropriate weighting method, including literature review of
existing weighting methods, and determination and adaptation of the chosen method
to the tool;

(iii) The development of a dataevaluation method for both qualitative and quantitative
data as well as the conversion from data evaluation to indicator performance;

(iv) the verification of the tool with a fictional case study to assess its ability to meet the
research objectives and the stakeholders needs.

Each of these methodological steps are detailed in the following sections.
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Figure 1. Research methodology implemented to meet the research objectives and enable the devel-
opment of the tool.

2.1. Selection of Indicators

The selection of indicators was based on the review of existing decision support tools
that were relevant for the sustainability assessment of natural resource projects. Since no
existing tool analyses the sustainability of bioenergy projects in the Quebec context, the
tools selected were chosen for their ability to provide reliable information on specific aspects
needed in the tool. They included: (i) a tool to address the sustainability of bioenergy
projects in a boreal context in the Tool for Sustainability Impact Assessment (ToSIA) [14],
(ii) a tool focusing on bioenergy risks in North America within the Biomass supply chain
risks standards (BSCR Standards). This tool is a database of risks associated with forest
biomass value chains created by Ecostrat [17]; (iii) a tool addressing social acceptance in
the specific context of Quebec, calculating the social risk index for mining projects. This
tool, developed by the Chair in Mining Entrepreneurship at the Université du Québec
en Abitibi-Témiscamingue notably explores relationships of projects with the needs and
aspirations of communities [18]; and (iv) a more complete tool that offers an analysis
beyond the 3 classic dimensions of sustainable development (environmental, social and
economic), i.e., the sustainable development analysis grid (GADD). This tool created by
the chair in eco-counseling at the Université du Québec à Chicoutimi [19] is the most
accomplished and detailed one found since it considers six main dimensions to evaluate
the sustainability of a project, and thus allows an analysis of sustainability closer to the
most recent definitions of sustainable development However, it is a general tool that can be
applied to any type of project in any sector.

The list obtained contained more than 450 indicators. While economic, environmental
and social indicators were numerous, only a few indicators were related to cultural, ethical
and governance dimensions of sustainability.

Indicators were then sorted and selected, based on the following criteria:

1. The relevance of the indicator for the user, i.e., the extent to which the indicator allows
the evaluation of a forest bioenergy project in conditions relevant for Quebec [20–22].

2. The ability to differentiate between scenarios of a bioenergy project to support decision-
making [22]. Indeed, the tool must help decision-makers choose the best scenario, so
an indicator that cannot differentiate between scenarios is considered superfluous and
complexifies the tool while lengthening the time required to complete it.
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3. The ability to provide a comprehensive and detailed view of a project sustainability to
ensure that all aspects of a forest bioenergy project are assessed within the framework
of the tool [21,22].

4. The availability of the information needed to qualify the indicator [16,20,22].

After sorting, indicators were adapted to forest bioenergy in the context of boreal
regions such as Quebec. To do this, indicators were modified and renamed to correspond
to this specific context, but also to improve the user understanding as it has been identified
as a criterion for maintaining the indicator [20,22]. In addition, it was important to adapt
indicators to the local or regional level at which the tool will be used. Moreover, it was
essential to consider local indicators in addition to the global ones [16]. For example,
impacts on biodiversity or soils are assessed at a local scale, while impact on GHG emissions
is assessed at a larger scale (depending on the supply chain) [23].

These sorting and adaptation steps resulted in a total list of 160 indicators. This list
was then submitted to a focus group of partners. The selected partners were representa-
tives of organisations in Quebec that are involved in the development of forest bioenergy
projects including public policy makers and non-governmental organisations. They were
specifically selected for their knowledge of the sector and for their awareness of the needs
of local and regional decision-makers involved in energy projects. During meetings of the
focus group, feedback was collected on the content of the tool and the list of indicators, but
also on the operation of the tool and its adequacy with the expectations and needs of the
partners. As a result, some indicators were merged or adapted, while others were removed
because they did not fit the need.

At the end of this process, 70 indicators grouped into 30 themes and six dimensions
were integrated in the tool (as shown in Table 1). The choice of this breakdown into six
dimensions corresponds to the need to satisfy the pillars of sustainable development, i.e.,
classically, the social, economic and environmental dimensions, to which ethical, cultural
and governance dimensions are added. The integration of new dimensions in decision-
making tools is wide spreading [24] and is in line with the 17 sustainable development goals
defined by the UN, following the evolution of the definition of sustainable development.

Table 1. The 70 indicators selected for the decision-support tool are divided into 30 themes and six
dimensions.

C
ul

tu
ra

l

Transmission of cultural heritage

C.1.1 Cultural heritage

C.1.2 Use and significance of the project site

C.1.3 Knowledge of the past and history

Cultural and Artistic Practices

C.2.1 Freedom and pluralism of beliefs and identities

C.2.2 Development of cultural expression

C.2.3 Access to culture for all

Cultural diversity

C.3.1 Interculturality

C.3.2 Recognition of cultural minorities

C.3.3 Linguistic diversity

Ec
on

om
ic

Production and consumption
Ec.1.1 Responsible production

Ec.1.2 Responsible consumption

Economic viability
Ec.2.1 Economic sustainability of the project

Ec.2.2 Financial risks

Economic ethics
Ec.3.1 Responsible financing and investment

Ec.3.2 Social and solidarity economy

Economic Development Ec.4.1 Regional development

Transport Ec.5.1 Transportation costs



Sustainability 2022, 14, 13200 5 of 20

Table 1. Cont.

En
vi

ro
nm

en
ta

l

Ecosystems and Biodiversity
Env.1.1 Ecosystems

Env.1.2 Protection of biodiversity

Soil conservation
Env.2.1 Chemical and biological properties of soils

Env.2.2 Physical properties of soils

Resources
Env.3.1 Wise use of resources

Env.3.2 Management of damaged or dead wood

Emissions and outputs

Env.4.1 GHG Emissions

Env.4.2 Toxicity

Env.4.3 Waste Management

Water
Env.5.1 Water pollution

Env.5.2 Water use

Forest land use planning
Env.6.1 Optimization of the territory and conflicts of use

Env.6.2 Landscape diversity

Natural hazards

Env.7.1 Meteorological conditions

Env.7.2 Forest Fires

Env.7.3 Insects and diseases

Et
hi

cs

Responsibility
Et.1.1 Precautionary Principle

Et.1.2 Credibility of promoters

Sharing
Et.2.1 Optimization of benefits

Et.2.2 Sharing of common goods

Ethical approach
Et.3.1 Ethical purpose of the project

Et.3.2 Shared values

Transparency Et.4.1 Transparency and integrity

Benevolence

Et.5.1 Damages and compensations

Et.5.2 Solidarity

Et.5.3 Openness and dialogue

G
ov

er
na

nc
e

Institutions G.1.1 Institutional Efficiency and Accountability

Supplier contracts

G.2.1 Relationship with suppliers

G.2.2 Legal aspects

G.2.3 Resource quality requirements

G.2.4 Resource quantity requirements

G.2.5 Adaptation to the local market

G.2.6 Supply Chain Resilience

Management

G.3.1 Instruments and Processes

G.3.2 Risk Management

G.3.3 Monitoring and control

G.3.4 Information and communication

G.3.5 Decision Making

Stakeholders
G.4.1 Participation

G.4.2 Support and acceptability
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Table 1. Cont.

So
ci

al

Local community
S.1.1 Community Support

S.1.2 Social acceptability

Sharing of natural resources
S.2.1 Integrated water management

S.2.2 Conflicts of land use

Work
S.3.1 Job creation

S.3.2 Working conditions

Quality of life

S.4.1 Health

S.4.2 Well-being

S.4.3 Living environment

Equality

S.5.1 Gender Equality

S.5.2 Respect for minorities

S.5.3 Generational discrimination

Education for sustainable development
and citizenship S.6.1 Education for sustainable development

and citizenship

Those indicators are not directly evaluated in the tool and each of them regroups
several data. Examples of data are available in Supplementary Materials Table S3. The
determination and the attribution of data to each indicator is explained in Section 2.3.

2.2. Weighting Method

The weighting of indicators consists of assigning a numerical coefficient to the indica-
tors to show their importance compared with others [25]. The integration of a weighting
method in a decision support tool is not essential, and many tools do not integrate this
functionality or at least do not have reliable and efficient weighting methods. Neverthe-
less, the absence of a weighting method means that the indicators are given an arbitrary
weighting and are then considered to be equivalent. The objective of the weighting method
is therefore, in addition to the prioritization of indicators, the integration of stakeholders
in the decision-making process, in order to integrate their convictions and opinions in the
choice of the most appropriate final scenario. Four weightings methods were compared:

(1) The direct rating method, which despite its simplicity and quick use, presents a high
risk of bias [26] which led to the abandonment of this method.

(2) The simple multiattribute rating technique (SMART), which is not time-consuming but
can be difficult to use when the number of indicators is high [26]. Considering the number
of indicators identified in the tool and their categorization, this method was insuitable.

(3) The discrete choice experiment (DCE) method, which is a statistical method that
requires a large number of participants to evaluate the weights [26]. In order to
offer an easy-to-use tool for a quick evaluation of projects in the preliminary phase
of development, this method was unsuitable because it required additional means,
resources and time.

(4) The analytic hierarchy process (AHP) method, which relies on the simple technique
of pairwise comparisons while limiting their number and therefore, the time required
for information. The AHP method also ensures the reliability of the data entered [26].
This method, which is widely used in risk analysis, has been adapted to the context
and framework of the tool in order to integrate stakeholders into the decision-making
process and to allow for a high degree of differentiation between the different weight-
ings provided. Developed in the 1980s by Thomas Saaty, this method has since been
widely used in decision making and weighting problems [27]. The method is based
on pair-wise comparisons of indicators organized in different hierarchical levels. The
choice of this method is justified by several factors. First, the large number of indica-
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tors did not allow for prioritization methods by direct comparison; in fact, comparing
the 70 indicators would have resulted in a total of 70 × (70 − 1) / 2 = 2415 compar-
isons. As the tool, and particularly the weighting part, is intended to be used by
a non-initiated public, the aim is to limit the time needed to fill in the weights. By
using hierarchical levels, the AHP method allows a total of 144 comparisons, which
is more reasonable. Secondly, unlike statistical methods, the AHP method makes it
possible to obtain a valid weighting from just one evaluator, which in the context of
the project is a crucial element since it limits the necessity of using a large number of
stakeholders. Finally, the AHP method provides a standard scale of comparison that
facilitates and standardizes evaluations, as well as an assessment of the consistency of
the comparisons made.

Indicators were organized into six dimensions (level 1 of the hierarchy), broken down
into 30 themes (level 2), which in turn were broken down into 70 indicators (level 3). For
each of the levels, all possible pair-wise comparisons within that level are evaluated. A total
of n(n − 1)/2 comparisons are required at each hierarchical level to calculate the weights
assigned to the n dimensions, themes or indicators. Figure 2 shows an example of hierarchical
tree used in the AHP method and the number of pair comparisons needed in each level.

Figure 2. Example of hierarchical tree for indicators in theme G.3. Management, of the governance
dimension.

A so-called Saaty scale ranging from 1 (both indicators A and B are equivalent) to 9
(indicator A is extremely more important than indicator B) is defined and allows comparison
of indicators according to the preponderance of one indicator over the other [28]. Figure 3
shows the weighting tab of the tool.

The set of comparisons for a given theme creates a preference matrix whose eigenval-
ues allow the calculation of the weights of each indicator in the theme [28]. The formula for
calculating the weights obtained from the preference matrix is given by Equation (1).

Wx =
1
N

N

∑
y=1

px,y

∑1≤z≤N pz,y
(1)

where [Wx]x∈[1,N] is the column vector of weights, [px,y]x,y∈[1,N]
is the preference matrix and

N is the number of dimensions, themes or indicators depending on the hierarchical level.
By combining the calculation of the weights of the themes in each dimension and the

calculation of the weights of the dimensions, the global weighting of each indicator can be
obtained by Equation (2):

wk = αijk × wi × wij × wijk (2)

where wk is the final weight of indicator k, wi is the weight of dimension i, wij is the weight
of theme j in dimension i and wijk is the weight of indicator k in theme j of dimension i.
Finally, αijk is a corrective factor that balances the weights. Indeed, the number of indicators
in a theme or the number of themes in a dimension being variable, it is important to correct
this error by integrating this αijk factor defined by Equation (3):
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αijk =
Ni × Nij × Nijk

Ntotal
(3)

where Ni is the number of dimensions (6), Nij is the number of themes j in dimension i, Nijk
is the number of indicators k in the theme j of dimension i and Ntotal is the total number of
indicators (70).

Figure 3. Screenshot of the tool showing the pairwise comparison of the different dimensions
considered in the tool to allow the determination of weights for each of them using the AHP method.

The interest of the AHP method lies mainly in the calculation of the consistency
ratio, which ensures that comparisons made by stakeholders are consistent. This ratio is
calculated by dividing the consistency index CI, which is derived from the calculation of
eigenvalues, by a random consistency index RI that depends on the number of indicators
compared (between 3 and 11):

CR =
1

RI
× 1

N − 1
×

[
1
N

N

∑
i=1

1
Wi

N

∑
k=1

Wk pi,k − N

]
(4)

where [Wi]i∈[1,N] is the column vector of weights, [px,y]x,y∈[1,N]
is the preference matrix and

N is the number of dimensions, themes or indicators depending on the hierarchical level.
If this ratio is less than 10%, then the comparisons made can be considered consistent.

In the case where only two indicators are compared, a consistency ratio cannot be calculated,
but the method remains valid since there can be no inconsistency in the comparison of only
two indicators [28].

2.3. Development of an Evaluation Method Based on the Indicators

The evaluation of indicators is based on two main and complementary aspects. On
the one hand, a quantitative and comparative evaluation of up to three potential scenarios
based on a user-defined value chain, and on the other hand, a qualitative analysis based
on a series of quantifiable perceptual data. Each indicator is then assigned a combination
of data from both analyses that allows the indicator to be rated and a performance to be
assigned to each scenario assessed.

2.3.1. Quantitative Analysis

The quantitative analysis is an essential step in supporting the decision-making pro-
cess for the most suitable scenario. Nevertheless, as the tool is intended to be used in a
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preliminary phase of project planning, precise quantitative data are rare and usually poorly
defined. For this reason, the choice of relevant quantitative data was based on their ability
to differentiate between scenarios while requiring only a limited amount of generic input
data. One economic criterion and four environmental criteria were chosen:

• Production costs;
• Use of fossil resources;
• GHG emissions;
• Emissions of other gases;
• Emissions of particles.

To perform this technical analysis, the tool relies on the definition of value chains
according to the model developed in ToSIA [29], and adapted to the case of forest bioenergy
in Quebec.

Six value chains have been identified, depending on the type of felling (whole trees
or cut down trees) and the type of bioenergy product obtained (standard pellets, torrefied
pellets or forest chips). These value chains are defined by a series of processes decomposed
into four modules [30]:

• Forest resources management;
• Forest to industry interactions;
• Processing and manufacturing;
• Industry to consumer interactions.

Nevertheless, given that the objective of the tool is to allow the comparison of scenarios
in order to differentiate them as much as possible, the tool ignored the first module because
all the proposed scenarios were based on the same processes for this module. The user can
then adapt the value chain by choosing the steps of the wood transformation process, to
ensure a greater conformity to the reality of the scenario. Figure 4 shows an example of a
value chain proposed by the tool.

Figure 4. Example of a value chain for the forest chips product type and full-tree felling. The thick brown
arrows represent the studied value chain. The thin black arrows represent the possible alternatives.
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Input data was associated with each of the processes defined in the value chain and
chosen by the user for a given scenario. This allows the calculation of the quantitative
criteria defined above. Default values for the different input data were proposed to allow
the evaluation of the five criteria in case the specific information is not available at the
premature stage of scenario analysis during which the tool is intended to be used. These
default values were obtained through a literature review of the costs associated with the
various processes and the environmental impacts of these same processes [31].

In addition, other quantitative data can be evaluated in the tool if the necessary
information is available. These data do not rely on the use of the value chain to be evaluated.

2.3.2. Qualitative Analysis

The aim of the qualitative analysis is to evaluate and compare the different scenarios
of a project at the preliminary stage where the tool is going to be used. The objective of this
analysis is to ensure that all aspects of sustainability were considered in the scenarios by
questioning the measures put in place or planned in each of them, but also by assessing the
user perception of the current state of an indicator.

Qualitative data that assess the current state of an indicator are evaluated using a scale
of 1 to 5. For qualitative data that assess actions implemented or planned, the assessment is
done using a twostep scale. First, the importance of the action in the context of the project
scenario and objectives is rated on a scale of 1 to 3, and then the effect of the actions taken
or planned is rated on a scale of 1 to 5.

The assessment of qualitative data, unlike the assessment of weights, can only be done
by one person (usually the project manager, commissioned by the decision-maker) since
the length of time and level of knowledge required makes it difficult for all stakeholders to
evaluate. Nevertheless, it is recommended for perceptions to be filled in following meetings
with project stakeholders to consider their point of view on each of the indicators evaluated.

2.3.3. Conversion of Evaluations to Scenario Performance

The different types of data presented are assigned to the different indicators. Each
indicator is therefore assessed by a combination of three types of data, including quantita-
tive data, quantifiable perceptions assessing the current state, and evaluation of measures
implemented or planned as part of the biomass heating project. The objective is to compile
the evaluations of these data to obtain an overall performance for all scenarios to support
decision-makers.

The first step in the overall conversion is to convert all the data evaluations to a com-
mon scale rating. Each indicator is assigned a rating between −2 and +2. For quantitative
data, the scenario with the best result is assigned a +2 rating while the scenario with the
worst result is assigned a −2 rating. The intermediate scenario is assigned a 0 rating. For
qualitative criteria that assess the current state of the indicators, a linear conversion from
a scale of 1 to 5 to a scale of −2 to +2 was used. For qualitative criteria that assess the
measures in place or planned, the conversion Table 2 adapted from the work done in the
GADD was used [19]. This table allows to convert the double evaluation (level of need for
the measure and effect of the measure) into a single rating.

Table 2. Conversion table for qualitative data assessing actions taken or planned.

Effect of the measure N
Urgent and effective measures (to be
maintained) +2

Level of need
of the
measure

1 2 3 4 5 �
Effective but not urgent action (not a
priority issue) +1

1 � � � � � �
Measures not very effective but not
very urgent (distant issue) 0

2 ª • • N N • Moderately effective and
moderately urgent measures (to act) −1

3 ª ª • N N ª
Measures not very effective but
urgent (to react) −2
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A score for each indicator could then be obtained by averaging the data ratings
associated with that indicator. To facilitate the understanding of this score, it has been
defined on a scale from 1 to 5 after linearly converting the score between −2 and 2 obtained
by averaging the data ratings.

Once the scores for each indicator are defined, the performance of the themes and
dimensions as well as the overall performance for each of the scenarios could be defined by
averaging the scores for each indicator multiplied by the weight assigned in the weight-
ing step. This performance is therefore dependent on the stakeholder who filled in the
weightings and there are as many performances as there are stakeholders.

2.4. Case Study

To analyze the tool and evaluate its added value in the decision-making process,
a focus has been given on a fictional Quebec municipality that wishes to develop the
bioenergy sector from residual forest biomass. The municipality is faced with the difficulty
of differentiating between several projects and would therefore like to be assisted by
a decision support tool to make the best choice. Although fictional, this situation is
representative of the current situation in Quebec, and the scenarios proposed hereafter echo
projects implemented in the past or in progress [32]. The objective of this case study is not
to make a real comparison of scenarios, which would be meaningless, as the evaluations
and weights are filled in by the authors. The purpose of this case study is rather to show
the contribution of the tool to decision support, by presenting the results offered by the
tool and the analysis and conclusions that can be drawn in the context of the tool’s use.

2.4.1. First Scenario: Implementation of a 3 MW Heating Plant

The first scenario consists of the implementation of a 3 MW forest biomass heating
plant in a Quebec municipality to heat a network of municipal institutional buildings.

The main objective of this scenario is to make long-term savings on the purchase of
the energy resource by establishing a local supply chain that relies on the municipality’s
own forest resources, supplemented by the forest resources of private landowners under
contract. Nevertheless, the reduction in GHG emissions is also part of the project since the
municipality must participate in the collective effort to reduce GHG emissions and reach
Quebec’s objectives. Finally, the city hopes to create new jobs along the supply chain.

However, efforts will have to be made to assess the potential environmental impacts,
particularly on soil, water and biodiversity. In addition, given the relative importance of
the scenario to the municipality, particular attention will have to be paid to the governance
of the project throughout its lifetime, especially in terms of management and stakeholders
participation.

2.4.2. Second Scenario: Installation of a 50 kW Boiler

The second scenario focuses on the implementation of a 50 kW boiler in a church in
the city.

The main objective of this scenario is to revitalize a heritage building in the city in
order to preserve it from being sold, which could have led to a reclassification of the site
and its transformation or even destruction. Although smaller in scale, this project must
nevertheless ensure a certain economic viability as well as a reliable supply that will rely
exclusively on the municipality’s forest resources. Particular attention will be paid to
community support for the project.

2.4.3. Engaged Stakeholders

It is assumed that the tool is completed by a designated evaluator from the munic-
ipality that initiated the project. However, the weights are determined by five different
stakeholders from different sectors and backgrounds, representing the diversity within the
municipal and regional community.

These fictional stakeholders include:
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• A municipal representative who is responsible for carrying the municipality ambitions
and promoting its objectives. The municipal representative is also the project evaluator.

• Two community representatives responsible for representing the views of residents.
• A representative of the forest supply chain companies, including harvesting, process-

ing and transportation of biomass.
• A representative of local forest owners.

The tool was completed for these two projects and the results are presented and
discussed in the following sections.

3. Results and Discussion

The tool offers the possibility of presenting a wide variety of results in order to allow
a fine and detailed analysis of the study carried out.

Thus, it is possible to:

- Compare the prioritization of indicators according to each stakeholder;
- Analyze the greatest differences in indicator weightings;
- Compare the performance of the scenarios for each of the six dimensions;
- Compare the overall evaluations attributed to each scenario.

All of these possibilities are presented in the following sections and then discussed to
show the contribution of each of these features to facilitate decision making and to improve
the level of knowledge about the sustainability assessment of biomass heating projects.

3.1. Prioritization of Indicators by Stakeholders

The first result proposed by the tool is the display and comparison of the weights
assigned to the indicators and the resulting prioritization of indicators (Supplementary
Materials Table S1). This comparison allows the differences and points of divergence
between the stakeholders to emerge.

For the case study and for comparison purposes, the prioritizations are displayed
in Figure 5, in the form of a graph showing the relative importance of the stakeholders’
prioritizations of the indicators, according to the dimension considered.

The weights assigned to the indicators might vary greatly depending on the stake-
holder who provides the information. For instance, in this example, the economic and
governance dimensions are largely overweighted by the industrial and forest owner repre-
sentatives. Conversely, the cultural dimension is left aside by these representatives, notably
to the benefit of community representatives. Furthermore, the municipal representative
generally assigned intermediate weightings.

Several factors might lead to marked differences in evaluation between the stakehold-
ers and indicators concerned. On the one hand, the level of understanding of the issues
associated with each of the indicators can vary greatly depending on the stakeholder who
provides the weightings. Thus, stakeholders will give more importance to the indicators to
which they feel closest and for which they understand the sustainability issues best.

Moreover, these strong divergences can also be accentuated by the choice of the AHP
method, which tends to strongly differentiate the indicators according to the pairwise
comparisons made and thus, to bring out marked divergences between stakeholders.

This type of results could guide policymakers organizing working sessions with
project stakeholders involved in the assessment process, and more broadly with all relevant
stakeholders. These sessions could have a dual purpose: on the one hand, to provide
reliable information on the issues associated with the various indicators, and on the other
hand, to open the debate around the main points of divergence between the stakeholders, to
identify the causes, and to try to find compromises. The contribution of stakeholders to the
process of prioritizing indicators is a major novelty compared to the tools initially studied,
which constitutes an important advance in the development of collaborative projects, co-
created with communities and stakeholders. To help the decision-maker finding the main
differences between stakeholders, the tool developed allows highlighting the main points
of divergence in the “Analysis” Table The method is based on the calculation of the relative
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difference between a stakeholder’s prioritization and a chosen reference. The reference
prioritization can be chosen from the stakeholder prioritizations, or it can be the average of
the participating stakeholder weightings.

Figure 5. Relative importance of stakeholder prioritization by indicator.

For our case study and choosing the average weighting as the reference, the differences
range from 0,7% to 343%. It is possible to display all relative differences above a maxi-
mum value relative difference in order to identify the main points of divergence between
stakeholders regarding the weightings and prioritization of the indicators, and therefore
regarding the desired lines of work and orientations for the project.

For the case study, 46 indicators had a relative difference greater than 100% (Figure 6
and Supplementary Materials Table S2). Table 3 summarizes them according to the stake-
holder responsible for the difference and the dimension of the indicator concerned.

Table 3. Number of relative differences above 100% by dimension and stakeholder.

Dimension
Cultural Economic Environmental Ethics Governance Social

7 5 9 6 11 8 46

Stakeholders
Community Rep. 1 Community Rep. 2 Industry Rep. Municipal Rep. Forest owners Rep.

6 15 6 8 11 46
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Figure 6. Screenshot of the tab of the tool that displays the main points of divergence between the
weightings given by the stakeholders.

First, all dimensions and all stakeholders are affected by the divergence of views.
Moreover, there is generally only one stakeholder per indicator that is far from the average
weighting.

This example justifies the choice of the AHP method for calculating stakeholder
weights. Indeed, a strong differentiation between stakeholders can be observed as well as a
characteristic weighting profile for each stakeholder. The method thus makes it possible to
actively involve the project’s stakeholders in the decision-making process, then to identify
the sensitive indicators and to open the discussion around these particular points to allow
a continuous improvement of the projects and to guarantee a better global acceptability.

3.2. Displaying the Performance of Themes and Dimensions

The second part of the “Results” tab focuses on displaying the results and perfor-
mances of themes and dimensions (see Figure 7). The tool uses radar charts for this purpose,
which allows an easy and quick comparison of the three scenarios. The user can choose to
display a particular dimension and thus compare the performance of the three potential
scenarios for the different themes of this dimension, or to display the overall performance
and thus compare the performance of the different dimensions for the three potential sce-
narios. The user can also choose the weighting used for the performance assessment. The
display of scenario performance is inspired by the tool developed by UQAC for sustainable
development projects. The main improvement brought by the tool developed here, lies in
the possibility to evaluate three scenarios simultaneously in order to compare them more
easily and according to the weightings of the different stakeholders.

Figure 8 shows that, regardless of the weighting chosen, scenarios can be highly
differentiated. Scenario 1, which consists of the implementation of a heating plant for
several municipal institutional buildings, is evaluated more favourably on economic,
governance and ethical aspects. On the other hand, scenario 2 for the implementation of a
bioenergy boiler in a church better satisfies the cultural and environmental dimensions. The
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social dimension can, depending on the weighting chosen, be evaluated more favorably in
one or the other scenario.

Figure 7. Screenshot of the tab of the tool that displays the performances of the dimensions for each
scenario according to the prioritization chosen.

Figure 8. Comparison of the performance of scenarios 1 and 2 for the different dimensions according
to the chosen weighting.
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The method of evaluation of the indicators as well as the method of calculation of the
performances, make it possible to ensure the differentiation of the scenarios and thus to
accompany the decision makers in the decision-making.

Into the details of each dimension (Supplementary Materials Table S1), the perfor-
mance of the themes for the different scenarios can be compared., In this case, the dif-
ferentiation is clear for the cultural, economic, ethical and governance dimensions, with
scenario 1 performing better on the last three, and scenario 2 performing better on the
cultural dimension only. On the other hand, for the social dimension, the two scenarios are
very close, and the best performing scenario depends on the theme considered. Similarly,
for the environmental dimension, the performances of the two scenarios are intertwined
and depend on the themes considered; nevertheless, it can be considered that scenario 2
performs better overall (as shown by the performance of the global dimension presented
earlier in Figure 8).

Figure 9 results show that the choice of weighting has very little influence on the choice
of the most suitable scenario. This aspect makes it easier for the decision maker to choose
one scenario over another. However, stakeholders are involved in the decision-making
process and it is up to the decision-maker to take into account the fears and ambitions that
will have resulted from the information provided by the stakeholders.

The tool therefore allows assessing the performance of the scenarios by considering
the six dimensions and the five stakeholders. This report can help stakeholders in their
decision-making process, since it allows them evaluating a given scenario from the angle
they wish, but it cannot justify the choice of one scenario over another, since each scenario
has its advantages and disadvantages.

Figure 9. Cont.
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Figure 9. Comparison of the performance of scenarios 1 and 2 for the different themes according
to the dimension considered. These results show that the tool allows a global, quick and efficient
evaluation of the scenarios.

3.3. Strengths, Weaknesses and Mitigation Measures

The tool also proposes to list the strengths and weaknesses of each scenario. To this
end, the user has to define a minimum performance from which the indicators can be
considered as strong points, as well as a maximum performance below which the indicators
will be considered as weak points.

This way, the number of strengths and weaknesses in each of the three scenarios can
be displayed. In addition, the tool proposes to display these strengths and weaknesses
for each of the scenarios so that the decision-maker can take note and use these indicators
to improve the performance of the project scenarios. This analysis is independent of the
choice of a weighting since the average of the scores given by stakeholders is considered to
determine whether an indicator is a strong or weak point.

The choice of thresholds is arbitrary and left to the discretion of the user. Nevertheless,
a display of the number of weak and strong points associated with the choice of thresholds
is given in order to guide the decision maker to avoid considering too many indicators
(Supplementary Materials Table S2).

The display of weaknesses is accompanied by the proposal of some mitigation mea-
sures to improve the performance of these indicators as part of a continuous improvement
process for the project and its scenarios. Thus, the tool accompanies decision-makers
beyond the assessment stage by helping them improving the projects to best meet the
objectives and to increase social acceptability.

Moreover, this database of mitigation measures is an important source of additional
knowledge. Indeed, it is possible for the user to add new mitigation measures to the tool
as part of a participatory approach to improve forest bioenergy heating projects. Some
mitigation measures from the literature are initially included in the tool, but the database is
being developed and enriched with proposals from successive users.

The display of strengths and weaknesses is an important contribution of this tool,
which is a notable difference from the other tools studied. Indeed, in addition to evaluating
project performance, this display allows for continuous improvement of projects.

The tool also proposes the creation of an automatic report that can be loaded on a
platform to offer a database that can be used for research projects interested in residual
forest biomass heating projects in Quebec. This report contains all the data entered in the
tool, including the technical characteristics of projects, pairwise comparisons of indicators
by all stakeholders and the resulting weightings, the evaluation of indicators as well as the
display of performance, strengths and weaknesses of the scenarios considered. This report
can also be used by the user to present the results of the analysis.
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3.4. Framework for the Use of the Tool and Method

The tool developed focuses specifically on the context of heating institutional and
commercial buildings in the Canadian province of Quebec. The indicators that are analyzed
are therefore adapted to this context. Nevertheless, although specific, this context is not
unique in all its aspects, and it is possible to envision a wider use of the tool and the
method used.

First, this tool can be used in all regions of the world where the boreal forest dominates,
including, but not limited to, northern Europe and North America. This extension is
possible with the adaptation of some specific indicators. However, the limited number
of quantitative data required to complete the tool limits the number of modifications and
adaptations to the local context. Moreover, it is possible to omit the evaluation of some
irrelevant data without distorting the result of the analysis.

The tool is primarily intended for municipalities, regardless of their geographic lo-
cations, since the indicators used consider the municipalities’ fields of action and levers.
Although not all municipalities have the same competencies, the possible adaptations of
the tool allow for widespread municipal use.

Furthermore, the method used in this tool is adaptable to many other contexts. It is
characterized by the participation of stakeholders in the weighting and classification of
indicators via the AHP, but also by the ability to propose a comparative analysis of forest
biomass heating scenarios in the early planning stages of the project.

Further research should explore the importance of taking into consideration other
biomass sources such as tertiary residues from construction, renovation and demolition
activities. The potential of these residues is largely under-exploited and could become an
opportunity in the bioenergy supply chain. Adaptations are also possible to extend the
scale of use of the tool to other regions of the world with sufficient biomass potential for the
creation of a new bioenergy value chain. These adaptations are consequential and require
significant research work to ensure the relevance of the results obtained.

4. Conclusions

The work carried out has made it possible to develop a decision support tool that is
innovative in its approach since it offers the possibility of integrating stakeholders into
the decision-making process, ensuring a better social acceptability of the projects. The
tool guarantees a comprehensive assessment of forest biomass heating projects, as early as
the preliminary stages of project development, thanks to a relevant qualitative approach.
The use of this tool by public and private decision makers will allow the development
of more socially, economically and environmentally sustainable projects, as well as more
organizationally and ethically viable projects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su142013200/s1, Table S1: Stakeholders’ indicators prioritization as displayed in the «Results»
tab of the tool, Table S2: Relative differences greater than 100% in the case study with average
weighting for reference, Table S3: Example of data associated with each indicator.
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