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Abstract

This paper attempts to provide a decision support framework that can help risk man-
agers in urban areas improve their decision-making processes related to sustainable
management. Currently, risk management strategies should no longer be selected
based primarily on economic and technical insight. Managers must address the sus-
tainability of risk management by assessing the impacts of their decisions on the sus-
tainable development of a given territory. These assessments require tools that allow
ex ante comparisons of the effectiveness and the likely economic, social and ecological
impacts of the alternative management strategies. Therefore, a methodological and op-
erational framework was drafted and tested using a theoretical case study to illustrate
its use, determine the most sustainable decision and identify its improvement trails.

1 Introduction

In this paper, we propose a framework to examine the sustainability of risk management
measures. The capacity for risk response toward natural hazards exists within societies
to different degrees. Various mechanisms like “land-use planning”, “financial compen-
sation and insurance”, “awareness raising”, “strengthening of early warning systems”,
and “structural enhancement of buildings” are some of strategies deployed to man-
age prevalent natural risks. However, not all responses are sustainable (Tompkins and
Adger, 2004). Planners continue unsustainable practices because they do not suffi-
ciently factor sustainability principles into their management decisions. Consequently,
those decisions engender conflicts between economic and social/environmental inter-
ests or prove unacceptable under societal/ecological standards. A consistent use of
this framework would improve the adequacy assessments used under different man-
agement strategies or combinations of strategies, using sustainability principles.

In recent years, cities have become extremely vulnerable to natural hazards (Hans-
son et al., 2008) due to the population density, activities, buildings and infrastructure
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in urban areas. Accordingly, the losses created by those hazards (e.g., earthquakes,
floods, grassland fires, landslides) have become increasingly serious. These losses
can compromise socio-economic development for years (Faber, 2010; Ni et al., 2010).
Consequently, the management of risks due to natural hazards can be considered
“a specific element of sustainable development” (Peltonen, 2006; Knott and Fox, 2010).

Therefore, one of the key challenges for cities is to reduce their economic, social and
ecological vulnerability to natural hazards and to control those hazards because their
future will depend on strategically planned risk management policies. However, the
current approach adopted to manage natural risks only focuses on the financial and
technical concerns and appears out-of-date. Critics argue that although this strategy
may reduce losses in the short term, it has failed to meet this goal in the long term
(Mileti, 1999) because natural risk is a complex problem that transcends technical and
economic issues. This approach cannot address sustainability, and sustainability is an
emerging issue in the risk management field. Therefore, establishing sustainable risk
management practices has become necessary (Di Mauro et al., 2006). Accordingly, the
traditional risk management approach has been rethought through efforts to integrate
non-technical aspects such as socio-cultural, environmental, and governance-related
issues (Wurbs, 1996; Putri and Rahmanti, 2010).

Addressing the sustainability of risk management activities (prevention, mitigation,
response, and recovery) has gathered momentum, as indicated by the numerous ini-
tiatives or studies, and has been recognised by several nations and international or-
ganisations around the world (Mileti, 1999; Kundzewic, 2002; Galloway, 2004; Scottish
Executive, 2005; Werritty, 2006; Agrawala, 2007).

Due to this focus on sustainable risk management, managers must be able to mea-
sure performance in this area because many studies indicate that sustainability as-
sessment is required to increase the diffusion of sustainable activities and sectors.
Therefore, to foster their efforts to shift toward this new approach, formal appraisal pro-
cedures must be introduced to the decision-making process, requiring “the existence
of tools, instruments, processes, and methodologies to measure performance in a con-
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sistent manner with respect to pre-established standards, guidelines, factors, or other
criteria” (Poveda and Lipsett, 2011).

Finding an accurate framework to assess the sustainability level of future and the
existing decisions has become an important issue. A review of literature shows that
some methodologies and tools are available to assist managers in the sustainable risk
management field (Turner Il et al., 2003; Freedman et al., 2004; Achet and Fleming,
2006; Kang et al., 2013). However, most of these tools are either specific to a hazard
(mostly flood and coastal hazards; see McGahey et al., 2009), based on a mono-
criterion approach, considering only one aspect of sustainability (e.g., Environmental
Impact Assessment — EIA, Life Cycle Assessment — LCA, Social Impact Assessment
— SIA, Cost-Benefit Analysis — CBA; see Singh et al., 2012), or do not provide spe-
cific criteria and/or indicators among the few methods that account for the different
aspects of sustainability. At our knowledge, although these tools can guide sustainable
risk management, none of them are general, integrated theoretical tools that provide
the proper set of criteria and indicators for assessing the sustainability of natural risk
management in urban areas (Kundzewicz, 2002).

The specific purpose of this paper is to support sustainable natural risk management
by guiding the assessment of potential sustainability during management decisions.
This proposal is within the scope of the INCERDD research project (prise en compte
des INCERtitudes pour des Décisions Durables) that seeks to provide a methodology
that accounts for the uncertainties within the sustainable decisions in urban areas. This
paper proposes a methodological and applicative framework that is built from a review
of the sustainability literature. This article is organised as follows: first, a conceptual
framework of sustainable risk management is presented; the proposed methodology is
then outlined; finally, a theoretical case study demonstrates its applicability.
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2 Definition and principles of sustainable risk management

While sustainability is becoming a central goal for policies in the risk management
sector, there is no common or standard definition of sustainable risk management. In-
dividuals may understand this concept differently. Even in the literature, definitions are
scarce. Consequently, because studies of sustainable natural hazard management are
usually flood-specific, we may first refer to the definition given by the Scottish National
Technical Advisory Group on Flooding Issues (NTAG). Sustainable flood management
is defined as a management that “provides the maximum possible social and economic
resilience against flooding, by protecting and working with the environment, in a way
which is fair and affordable both now and in the future” (Scottish Executive — NTAG,
2004). Sustainable risk management can be defined as the minimisation of damage
caused by natural hazards and/or the enhancement of resilience in both people and
buildings toward these hazards to promote economic efficiency, social well-being and
equity, as well as environmental improvements in the long term. This general defini-
tion is consistent with that adopted by this paper and proposed by Saunders (2010b):
sustainable risk management “ought to reduce, or at minimum not increase, commu-
nity vulnerability and disaster recovery costs to levels that do not compromise other
public objectives nor burden future generations”. This definition argues that in addition
to ensuring risk prevention, mitigation or recovery, the additional consequences of im-
plemented measures also require careful consideration within the complex economic,
technological, political, social, and environmental urban aspects (Kenyon, 2007).
Therefore, this paper adheres to the principles guiding sustainable risk manage-
ment processes that were proposed by Mileti (1999) regarding the key components
for sustainable hazard mitigation: (1) maintaining and enhancing the environment; (2)
maintaining and enhancing the quality of life; (3) fostering local resilience toward and
responsibility for disasters; (4) recognising that vibrant local economies are essen-
tial; (5) identifying and ensuring inter- and intra-generational equality; and (6) adopting
a consensus-building approach beginning at the local level through local participation.
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Specifically, any sustainable management measure requires an interdisciplinary an-
alytical and operational approach that must be combined with a more flexible and
participatory institutional framework and involve a wider range of stakeholders. This
approach also requires better reversibility, common acceptance, and environmental
friendliness (Kundzewicz, 2002). Furthermore, this approach considers the historical
and institutional perspectives, as well as the socio-economic, environmental, and cul-
tural aspects (Turner et al., 1999). Alternative strategies should focus on reducing nat-
ural hazard losses and contribute to the broader goal of sustainable development (Klijn
et al., 2009).

The ultimate goal for every sustainable risk management process is to maximise
the outcomes because the losses due to natural disasters increase due to human de-
cisions and investments (Hansson et al., 2008). Consequently, this paper introduces
a methodology based on an indicator-based tool for examining whether risk manage-
ment strategies will point toward sustainability during the decision-making process.

3 Methodology for assessing the sustainability of risk management

As illustrated in Fig. 1, the standard approach to sustainable decision-making may be
outlined as a sequential process with four major stages. Moreover, to support success-
ful decisions regarding risk management needs, among other requirements, “a com-
mon conceptual framework which seeks to understand and formalise the full range
of issues that stakeholders may pose” and “a supporting methodological framework
which is a translation of the conceptual framework into an analysis process containing
tangible algorithms, methods and model interactions” must be introduced (McGahey
et al., 2009). Therefore, the suggested evaluation framework should represent the third
stage, and its construction can be subdivided into three tasks: (1) selecting sets of
criteria and indicators, (2) formulating a methodology to evaluate the sustainability per-
formance, and (3) defining decision rules for selecting the most sustainable decision.
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The methodology followed in this paper is based on a literature review of the
indicator-based approaches for sustainability assessment, as described below after
specifying some methodological choices. These choices concern the relevant spatial
and temporal scales considered during the sustainability assessment while using this
tool.

3.1 Spatial and temporal scales

Spatial and temporal scales are very important when “attempting to put sustainability
into practice, or in gauging the level of sustainability” (Ko, 2005).

The diverse spatial scales have different specific factors that influence the risk man-
agement decision process. According to Graymore et al. (2010), the current sustain-
ability assessment methods used at the global, national and state scales are not en-
tirely effective at fulfilling their goal, according to these spatial scales. The indicators
are defined on the chosen spatial scale, and they capture only synoptic aspects for
the scale on which they are applied. Therefore, this paper uses municipalities, which
are a smaller urban spatial unit, as a meaningful or suitable scale that could lead to
a more accurate framework and assist the further adaptation and application to the
other spatial scales. The focus is on typical French communities with less than 2,000
people (INSEE)1 and an average area of approximately 20 km?.

Concerning the temporal orientation, this framework obeys a prospective logic be-
cause it is designed for ex ante assessments of decisions; it might be used to examine
the sustainability of existing management measures. Because the consequences and
impacts of decisions can vary over time, their sustainability must be assessed on differ-
ent temporal scales. Some effects can occur immediately after implementing the deci-
sion or only after a longer or shorter interval. First, this paper argues that the temporal

1Acc:ording to the INSEE (Institut National de la Statistique et des Etudes Economiques),
the average population of the most of French communities is about 1750 inhabitants on 1
January 2008.
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scale should involve the entire life or mission span of the risk management decisions.
Second, planning those decisions within the context of sustainability entails planning
beyond 50 or 100 yr (Saunders, 2010a), requiring plans for future generations. Indeed,
the decisions “should not only be taking short- and medium term into account but also
the (very) long term, thus leading to more sustainable risk decisions” (Genserik, 2012).

Building on the evidence that accounting for different temporal perspectives can im-
prove the level of sustainability, this framework is intended to address the assessment
as a continuum (ranging from the short to the long term) when predicting the variability
of the sustainability over time. This tool should facilitate strategic planning within sus-
tainable risk management in the long term while considering the dynamic behaviour
of the factors that affect the sustainability over time, such as the expected territorial
dynamic; this factor helps determine the future of the territory and establish risk man-
agement requirements. In the case study, only one time-scale assessment was un-
dertaken. However, several time-scale assessments should be performed in practice
to appraise the evolution of the sustainable strategies over time and to determine the
most sustainable decision over time, thereby generating relevant sustainable decisions
for the future.

3.2 Criteria identification and indicators selection

The main objective is to elaborate an indicator-based grid. Criteria and indicators can
be selected using a top-down or a bottom-up approach (Franco and Montibeller, 2009;
Weiland et al., 2011). Both approaches involve decomposing a complex decision into
a hierarchical structure that represents the sustainability performance and is built from
the input variables situated at the bottom level of the pyramid.

The top-down method is used to break down the sustainability concepts into dimen-
sions, criteria and indicators. This deductive approach facilitates the following: the the-
oretical description of the objectives and the rigorous collection of the corresponding
criteria and indicators from the literature. This approach should ensure that the correct
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conceptual information is retained with the common criteria and indicators of generic
sustainability.

The bottom-up approach is used to select criteria and indicators that match the con-
textual requirements from the specific field whose sustainability will be assessed. This
inductive approach is often rooted in the concerned field and aims to ensure that spe-
cific information related to the field at hand is accounted for. It starts with the identifi-
cation of the potential consequences and effects of the field. Once the set of conse-
quences and effects is defined, they can be grouped into indicators based on similar-
ities. Indicators can then be grouped into criteria. Finally, the criteria can be grouped
into objectives. The potential consequences and effects serve as benchmarks for the
validation of which indicators and criteria are suitable to fulfil the sustainability concerns
of the targeted field.

In this paper, a hybrid approach has been applied, complementarily combining
bottom-up and top-down approaches. The process used to construct the assessment
grid involves three steps.

The first step involves identifying the criteria based on the objectives of sustain-
able risk management. The top-down approach was applied to identify the appropriate
criteria using a combination of the principles for sustainability assessment (Gibson
et al., 2005; Gibson, 2006) and those for achieving sustainable risk management Mileti
(1999). The following five criteria were proposed:

— Technical and functional effectiveness addresses the capability of measures to
fulfil the primary function of risk management, providing protection against natural
risks and reduce losses from those risks.

— Economic sustainability is used to obtain the most out of measures with fair
economic outcomes (efficiency and affordability).

— Social sustainability addresses the social and societal aspects, such as the
community benefit and fair distribution/contribution.

215

NHESSD
2, 207-259, 2014

A
decision-supporting
methodology

A. M. Edjossan-Sossou
et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/2/207/2014/nhessd-2-207-2014-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/2/207/2014/nhessd-2-207-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

— Environmental sustainability assesses the implementation of measures relative
to all species, habitats, and landscapes.

— Institutional sustainability addresses the issue of governance (norms, values,
and practices).

The second step concerns the identification and selection of performance indicators
that highlight the different aspects of sustainable natural risk management depicted by
the five criteria. Sustainability indicators depend strongly on their target field. In this
paper, they were suggested according to their ability to describe the pressures of risk
management on territorial sustainability.

The bottom-up approach was exhaustively applied when inventorying the potential
(direct and indirect, as well as tangible and intangible) effects and consequences (pros
and cons) of risk management decisions over periods that are much longer than the
lifetimes of the investments. For the natural risk management policies, the potential
consequences could include a decrease/increase in casualties and disabilities (direct),
a decrease/rise in economic activity (indirect), continuing damage to assets due to the
residual® risk (tangible), impacts on human health or natural resources and functions
(intangible), increased public awareness of local natural hazards (pros), or a transfer
of risks to another area (cons). Furthermore, some policies may have positive future
consequences, but their immediate consequences could be negative, or vice versa.
For instance, the development level of a territory might be improved in the future, but
there may be significant implementation costs on the short-term scale.

These potential effects have shown which parameters are important while assessing
risk management decisions; these effects were explored to identify the relevant indi-
cators. Once these effects and consequences were identified, a literature review was
completed and a set of potential indicators was created according to their relevance

2The residual risk is the irreducible portion of the risk associated with the potential imple-
mentation of management solutions.
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regarding the studied field and based on an overview of existing national and interna-
tional sustainability assessment methodologies (Singh et al., 2012) and tools.

No specific indicators exist for evaluating the risk management that are universally
or widely accepted (Carrefio et al., 2007). Therefore, indicators were selected from
various tools used to gauge sustainability: RST02 grid (France), “Boussole 21” grid
(Belgium), International Urban Sustainability Indicators List (IUSIL), Reference Frame-
work for European Sustainable Cities, Sustainable Transportation Performance Indica-
tors (STPI), and risk management performance criteria proposed through the action
framework led by the International Strategy for Disaster Reduction (ISDR).

Finally, using a collaborative and multi-disciplinary process, researchers involved in
the INCERDD project shared their knowledge, experience and judgements to validate
the set of the proposed indicators with regard to their relevance, applicability and other
characteristics, such as measurability and accessibility to those without specific knowl-
edge. Although it was difficult for every indicator to conform to all of these requirements,
it was important that they complied as much as possible. For instance, some effects
and aspects seem to be significant but remain difficult to assess, particularly regarding
the social and institutional dimensions (Lekuthai and Vongvisessomjai, 2001 cited by
Poulard et al., 2010). Because some of the indicators are related to intangible concerns
(e.g., recreational value, quality of life), the analysis is very complex; these indicators
are often assessed based on subjective assumptions. Subsequently, their estimation
causes several problems, such as finding consensus on the parameters and how to
measure these factors concretely.

The obtained sustainability assessment grid is constructed using a hierarchical struc-
ture that includes seventeen context-specific indicators. This grid is schematically de-
picted in Fig. 2 and assumes that the indicators® might include numerous sub-indicators
called parameters that would enable their assessment. Parameters are the measur-
able or observable variables that describe the corresponding indicator (Braganca et

3The indicators are not necessarily split into parameters; some parameters might be split
into sub-parameters.
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al., 2010). Parameters can be identified and selected on a case-by-case basis by re-
lying on the distinctive characteristics of the territory and its prevailing sustainable de-
velopment targets. Although the objective of this paper is to provide a more precise
and defined framework to assess the sustainability of risk management initiatives, the
parameters were informally selected. This choice might render the framework more
flexible by allowing to users to propose better parameters depending on their view of
sustainable development. An illustrative list of the parameters retained for the case
study is available in Tables A1-A5.

These suggested indicators should be a reference for public institutions and the pri-
vate sector when making sustainable natural risk management decisions. The sug-
gested indicators are not exclusive and should be treated as indicative checklist of
which issues to consider at a minimum when assessing possible solutions with a focus
on sustainability. However, one of the challenges remains rendering the grid opera-
tional. To address this issue, the following subsection focuses on formulating a method-
ology to assess the sustainability performance using the grid.

3.3 Sustainability performance assessment

Once the indicators were selected, they needed to be quantified or qualified depending
on the quantitative and qualitative nature of the related parameters. While quantita-
tive parameters can be evaluated directly from the available data related to measured
amounts; qualitative parameters are evaluated based on a comparison to a system
of references, description, perception or judgement regarding their relative importance
when accurate data are limited. The obtained qualifications can then be expressed
within numerical codes or matrices.

As asserted by Gonzalez et al. (2013), “successful decision support tools provide in-
formation in a concise relevant format in order to inform decision-making processes”.
To fulfil this objective, a sequenced, understandable and easy-to-use methodology
should be used to evaluate different strategies during natural risk management. As-
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suming that the input data? of the methodology are the parameter values, the calcula-
tion process is organised as follows.

3.3.1 Estimation of the performances of strategies at the parameters level

The estimation is based on a relative approach that estimates the changes (conse-
quences) resulting from the studied options. This process requires reference values
to which each parameter value can be compared. Several values could be taken as
reference:

— The desired level of sustainability value for each parameter should be included
(van Cauwenbergh et al., 2007).

— The fixed thresholds may be expressed either as lower, higher or ranges of ac-
ceptable values that should not be exceeded (Wiek and Binder, 2005; Zahm et
al., 2006). They may be normative values based on legal or scientific norms or
expert judgements derived from observations related to the parameters.

— The parameter value of a reference policy is often the baseline policy; this action
is the status quo or do-nothing alternative, assuming that no new measures are
taken (Klijn et al., 2009).

For the quantitative parameters, this estimation consists of three steps. The first step
includes the calculation describing the expected performance of a given option in the
context of a specific parameter. The absolute values of the parameters are not used
to reveal this performance; a comparison with reference values provides this informa-
tion (Tugnoli et al., 2008). The variation relative to the baseline option or the distance

*The data sources (e.g., historical records, instrumental records, maps) and various meth-
ods/tools (e.g., physical and numerical models, existing mono-criterion sustainability assess-
ment tools, expert judgements) might be used to generate input data. This framework does
not indicate which methods/tools to use; the primary purpose is to generate the required input
data.
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from the desired level of sustainability or the fixed threshold might be used (Acosta-
Alba and van der Werf, 2011). Equation (1) can be used to assess whether the op-
tion is better/worse than the reference situation or contributes to/conflicts with the tar-
get/threshold regarding the considered parameter.

Vait=Vopt—Vret (1)

where Vg, Voot @and Vg are the potential performance, the parameter value for the
analysed option and the parameter value for the reference situation, respectively.

The second step involves in the calculation of the impact rate or the degree of con-
vergence/compliance to the target/threshold (ImpR). This value represents the ratio®
between the potential performance (V) and the reference value (V,), as shown in
Eq. (2). This step produces the relative impact values expressed as percentages and
enables the relative values to be combined with several quantitative parameters that
are no longer defined by their own specific measurement units. The normalisation of
the potential performance reveals the magnitude of impacts in relation to the reference
value for each parameter (Myllyviita et al., 2013).

Vit
ImpR = 7 (2)
The third step consists of assigning a value score (ImpS) to each impact rate (ImpR) ac-
cording to its level and its nature (advantage or disadvantage); this process generates
ordinal numerical values, facilitating aggregations and simplifying the assessment pro-
cess (Gafsi and Favreau, 2013). The scoring could be performed using a bidirectional®

*To simplify the calculations, when the reference value = 0, the following are true:
the value of the impact rate (ImpR) = 0 % when the alternative value = 0
the value of the impact rate = £100 % when the alternative value # 0.
*The plus and minus signs indicate whether the studied option has a positive or negative
incidence compared to the reference.
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Likert-type scale whose range captures the perceived sensitivity of the parameters.
The higher the range of the scale7, the more sensitive the parameters are. Therefore,
using different rating scales might be possible during the same assessment. In this
situation, the assessors should ensure a link between the scales, thus facilitating the
subsequent calculations.

Using the same range might be possible; however, the length must be adjusted
according to the sensitivity of the parameters. For instance, when handling a more
sensitive parameter, instead of using a fixed length between two consecutive scores,
a different length could be applied from one score to another.

— For a very high impact, ImpR > 0.75 (low sensitivity) or ImpR > 0.3 (high sensitiv-
ity)
high impact: 0.75 > ImpR > 0.5 (low) or 0.3 > ImpR > 0.2 (high)

medium impact: 0.5 > ImpR > 0.25 (low) or 0.2 > ImpR > 0.1 (high)

low impact: 0.25 > ImpR > 0 (low) or 0.1 > ImpR > 0 (high)

nil impact: ImpR = 0 (low or high sensitivity)

For the methodology, a nine-point graded scale was chosen for all of the parameters.
This scale is shown in Table 1 and was also applied to the indicators and criteria.
When a quantitative impact assessment is impossible8, a qualitative assessment
might be conducted using various methods based on expert judgements, subjective in-
formation, scientific, or legal references. When utilising qualitative data, ordinal scales
are routinely for conversion into numbers. Therefore, the qualitative parameters can
be scored using the fully described level of the estimated impact through the impact

"The number used for the scale points is derived from a percentile value for the impact rate;
this value might be 9 (fixed length of 25 %), 11 (length of 20 %), or 21 (for 10 %). The scoring
scale depends on the context of the study and might influence the overall sustainability rating.

8This situation occurs for some of the parameters for the selected indicators.
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assessment matrices. Regarding the adopted nine-point scale, the matrix shown in Ta-
ble 2 was proposed for assessing the qualitative impacts within the developed frame-
work. The scores are assigned based on a —4 to +4 scale, referring to the quantitative
impact scores scale presented above (Table 1).

As for the quantitative parameters, impact assessment matrices could also capture
the sensitivity of parameters. Table 3 shows an example of a possible interaction matrix
between impact level and parameter sensitivity.

Once the impact scores for parameters have been quantified, they are aggregated to
obtain a composite index that summarizes the performance of each indicator. Aggrega-
tion involves joining many individual values to form a more cohesive and concise value.
When assessing sustainability, aggregation may occur in sequential stages to gather
the performances of the parameters and obtain the performances of the indicators; the
latter are then combined to obtain the criteria indexes.

3.3.2 Aggregation of the parameters

There exist many aggregating methods (for example, weighted sum, weighted arith-
metic mean, weighted product, weighted geometric mean, non-compensatory outrank-
ing methods like multiple criteria decision analysis approach) and there is a lack of
objective criteria for adopting an appropriate one (Zhou et al., 2006). However, the two
most commonly used aggregating methods for constructing the composite indexes are
weighted arithmetic and weighted geometric means (Juwana et al., 2012). The core
difference between these methods is that the geometric approach takes into account
the differences in the sub-indexes, while the arithmetic aggregation do not do so and
therefore create perfect compensability among all sub-indexes.

The aggregation of the impact scores for the parameters with those for the synthetic
indicators reduces the amount of information provided to the decision-makers, thereby
simplifying the comparison of the performances of the evaluated alternatives and fa-
cilitating the ranking process. In this paper, this aggregation was achieved using the
weighted arithmetic mean of the impact scores related to each indicator. This method
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was chosen because, in contrast to the weighted geometric mean, sub-indexes do not
have to be strictly positive. The use of geometric method under the proposed scheme
needs to transform all impact scores for parameters into positive values. Since this
methodology is tailored to public use, the aggregation of sub-indexes should be kept
as clear as possible. In this sense, the weighted arithmetic mean that is simple and
easy to understand was chosen, although it assumes that there is complete compen-
sation among the performances of the parameters/indicators.

The calculation for the indicator performance index (IPI) is shown in Eq. (3) (where
x; = weight of the parameter /).

ZX/ . |mpS,
2 X

Parameters are weighted according to their relevance and setting the weight of each
parameter is inconvenient. The weighting is critical because the weight of parameters
is essentially a value judgment that depends on the context of the risk management
project, the sustainability priorities of the territory and the relative importance of each
parameter within the composite indicator value. Higher weights are assigned to the
most important parameters (Braganca et al., 2007). However, when information re-
garding the preference of parameter or indicator over another is unavailable, assigning
equal weights seems to be the norm (Zhou et al., 2007). Therefore, while using this
framework, the decision-makers must assign weights to the parameters or indicators
that account for the specific needs and societal preferences of the territory.

To avoid subjectivity, the IPls in the case study are calculated based on an un-
weighted average, except for the two indicators related to the “environmental sustain-
ability” criterion; weighting values for these indicators are available from various envi-
ronmental rating systems. The environmental parameters are weighted in this paper to
demonstrate that this methodology can accommodate weighted values. The weightings
used in this paper for the environmental parameters are consultative. For the indicator
named “impact on the environmental vulnerability”, the weights may be provided by
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the “Territorial Coherence Scheme” (schema de coherence territorial — SCOT) based
on the prioritized environmental issues for the given territory. The SCOT is a French
document describing urbanism that allows municipalities in a given territory to remain
consistent in their policies between various areas to achieve sustainability. This doc-
ument integrates an environmental diagnostic and an impact assessment regarding
environment to underline and rank the stakes.

Parameters related to “environmental impacts” can be aggregated using the weights
provided by environmental rating systems, such as the “Leadership in Energy & En-
vironmental Design” (LEED) system, while analysing structural alternatives. LEED is
a scoring system developed by the US Green Building Council to evaluate the environ-
mental friendliness of buildings.

3.3.3 Aggregation of the indicators

After the IPIs are estimated, they are aggregated to form the criterion performance
index (CPI). The scheme for calculating CPIs is similar to that mentioned above for
evaluating the IPls.

Similarly, the aggregation is based on equally weighted values. Theoretically, indica-
tors should have the same importance; even when there is total compensation, aggre-
gation occurs within a specific dimension. Nonetheless, while assessing the options
within this framework, users could attribute different weights to the indicators when cal-
culating the CPI, as outlined in Eq. (4) (where k; indicates the weight of the indicator
J)-

2 k;-IPI;

2.K;

The results from aggregating the IPls might reveal the sustainability performance for
all five specific sustainability criteria, thus enabling comparisons between the differ-
ent measures within each criterion. The most sustainable option for the desired goals
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must then be selected. Therefore, the fulfilment of the sustainability goals should be
interpreted.

3.3.4 Comparative assessment of alternative options

To capture the interactions between the contributions of the criteria toward sustainabil-
ity, the results are graphically displayed. Graphical representations are a useful starting
point (Gomiero and Giampietro, 2005) during the comparative assessment because
they provide a global performance overview for the alternative strategies in the con-
text of the sustainability goals through the sustainable profiles. This general overview
clearly displays the performance of the options at the level of each criterion.

In the proposed framework, the five CPIs were plotted onto a five-axis spider-gram
illustrating the trade-offs (Fig. 3). As previously mentioned (Sect. 3.3.1), the CPlIs are
scored from —4 to 4 for each target. These indexes are mapped over axes, beginning at
the interior and moving outward (the external limit denotes increasing level of sustain-
ability). They are drawn relative to the adopted reference situation (target, thresholds
or baseline strategy): the 0 level of the scale corresponds to the minimum sustainability
level according to the reference and represents the component points of the reference
graph.

Negative impacts are located inside the referential situation graph while positive ones
are on the external side. Therefore, identifying which criteria perform better/worse or
fall short/exceed the target/threshold is easy. A bigger diagram indicates than an option
is more sustainable.

Moreover, this type of graphical representation facilitates comparisons between two
or more options, matching the basic goal of this paper, which is to propose a tool to
assess and compare one or more option.

After the sustainability profile for the options is visualised, the decision rules must
be assigned to guide the selection of the most sustainable options and propose un-
derstandable and transparent justifications for these decisions. The CPls will rank the
options according to the different decision rules; these rules reflect the diverse visions
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of sustainable development. The alternative options during ranking may vary depend-
ing on the compromises made between the different aspects of sustainability. To handle
the trade-offs between the sustainability criteria, some rules have been proposed for
decision-making regarding sustainability assessment (Gibson et al., 2005). No specific
decision rules have been established within this assessment framework. This feature
is studied in the case study to demonstrate the potential variability in the option rank-
ings in accordance with the adopted decision rules, possibly producing options that
are ranked differently between rules. The decision-makers using this framework must
choose the appropriate rule or combination of rules from the following possibilities.

Rule 1: maximum net gains

This rule delivers the most sustainable option based on the levels of cumulative con-
tribution from each criterion toward global sustainability, selecting the option that offers
the most positive net effects. The performance of the options toward sustainability might
be estimated as follows:

(a) Calculating a composite index of sustainability

The CPls are collapsed into a composite index. To remain consistent with the
indicators and the criteria performance calculation scheme, the sustainability per-
formance index (SPI) is a weighted average obtained using the following formula

(5):
> w,-CPI,
2 W,

where w,, = weight of criterion n and CPI, = performance of criterion n.

SPI = (5)

To remain consistent with sustainability principles, equal importance would be
ideally assigned to the CPls during the sustainability performance assessment.
However, because this framework aims to be generic, decision-makers could ap-
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ply different weights, depending on their territorial specificities and sustainable
development priorities.

In this type of composite index, a criterion could compensate for the lower per-
formance of another criterion. Theoretically, when the five dimensions are equal,
they cannot be substituted for one another. Further, the required similarities in the
performance of all five sustainability dimensions seem too optimistic. Imagining
a natural risk management decision that can simultaneously minimise all nega-
tive effects is difficult. Therefore, each criterion should be required to deliver net
gains that positively contribute to the risk management sustainability.

Computing the sustainability profile area

The options could be ranked according to the size of their sustainability profile.
The sustainability profile ratio (SPR) could be calculated by dividing the sustain-
ability coverage area of the option by that of the reference situation, as defined by
Eq. (6), for a nine-point scale.

SPR:81—0-(a-b+b-c+c-d+d-e+e-a) (6)

where a, b, ¢, d and e are the lengths of the axes relative to the performance of
each criterion.

With a nine-point scale, CPIs range from -4 to +4. Thus, the calculations pro-
ceeded by considering the five triangles defined by the axes of the diagram and
adding +4 to the value of each CPI so that the length of each arm of the star de-
scribed by the criteria can be measured from the centre of the diagram where the
indexes value is equal to —4. Consequently, for the reference situation, the value
of the five lengths equals 4.

The central angle of each of the five triangles is one-fifth of 360° (72°) and the
formula used to estimate the sustainability area (SA) of a diagram is as follows:

SA:%~(a-b+b-c+c-d+d~e+e-a)-sin(72°) (7)
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Using the Eq. (7), the SA of the reference situation equals to 40-sin(72°) and
Eq. (6) is obtained by dividing the sustainability area of the option by that of the
reference situation.

However, the rankings provided by the multi-criteria spider-gram cumulative sur-
face area method might be biased by the arbitrary order of the criteria (Dias and
Domingues, 2014).

Rule 2: maximum positive performances

To avoid compensation effects among the dimensions due to aggregation, the sustain-
ability of the options could be judged by analysing the criterion performance indexes
individually. This rule focuses on positive criterion performance indexes, and the rank-
ing could follow two distinct and complementary lines of thought. Therefore, the most
sustainable option will be one of the following:

— the option with the highest number of positive performance indexes or

— the option that scores best on the most aspects of sustainability or has more of
the performance indexes.

Rule 3: minimum adverse performances

The application of this rule focuses avoided the negative performances of the options
relative to the reference. When using this rule, the ranking is based on negative indexes
and the less sustainable option is the one with the lowest index.

Rule 4: fixed performance range or threshold

This rule ranks the options based on their ability to belong to a given “sustainability
range” (minimum and/or maximum threshold values) for each criterion. The “sustain-
ability range” is the largest interval in which a criterion performance index contributes to
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the global situation in accordance with local sustainable development. This range de-
fines the desirable or tolerable limits of sustainability. The lower boundary is the most
important because it is the minimum performance required to contribute to the sus-
tainability. The most sustainable option is the one with the highest number of criterion
performance indexes within the “sustainability ranges”.

This framework is a preliminary attempt to elaborate a method for sustainability
assessments regarding natural risk management decisions. The applicability of this
method can be demonstrated using a case study that illustrates the use of the frame-
work and offers improvements to it.

4 Case study

To test this methodological framework, we refer to a theoretical case based on vir-
tual data. This case was designed to be as close as possible to a real case study.
First, using the virtual data will help us keep the approach to sustainability assessment
generic. Sitzenfrei et al., (2010) explained why this type of case study is used: “Be-
cause of the specific boundary conditions and system properties of each single case
study, it is problematic to generalize and transfer the results to other systems. There-
fore the application of virtual case studies to test measures, approaches or models is
a well suited and known technique”. Using this type of case study also overcomes the
possibility of missing data. Therefore, this case study is suitable because we do not
have any empirical or real data.

Consequently, the theoretical case study was built in the following manner. The study
is conducted in a fictive French municipality containing approximately 2000 inhabitants
within 20 km2; the risk under management was not related to any natural hazard. In
this study, only one punctual assessment on the temporal scale was carried out. This
assessment was a snapshot at a single point time for the middle term through a 10 or
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15yr predictiong. The time span chosen for the temporal scale was not entirely arbitrary.
The middle term should carefully balance the short- and long-term results. The short
term is too early to assess the sustainability of a risk management decision, and the
long term generates more uncertainty because the future is inherently uncertain.

The chosen reference situation should be the baseline policy. Therefore, we de-
signed four strategies: a “do-nothing” strategy as the current management policy and
three alternative strategies. Alternative 1 consists of willingly adjusting buildings to ac-
commodate the hazard to the municipality; the citizens are supposed to fund this strat-
egy. Alternative 2 consists of a valorisation or exploitation of the hazard prone area
considering the long-term character of natural hazards and betting that the advan-
tages would overcome the disadvantages; the local government is supposed to fund
this strategy. Alternative 3 is the construction of management infrastructure by local
authorities using public funding to reduce the level of the hazard. These strategies
are supposed to have different characteristics while remaining identical in terms of
technical complexity during implementation. The potential consequences have been
reviewed to determine the most sustainable strategy.

For this assessment, imaginary data were assigned to each parameter (without any
engagement or preference). Table 4 presents an extract of the worksheet (for the entire
data set, see Tables A1-A5). In this table, each parameter was assigned three values
(low, average and high) to capture its possible range; these values cannot be esti-
mated as single values due to the uncertainty inherent to long-term estimations. Equal
weights have been assigned to the parametersm, indicators and criteria, except for the
parameters related to “environmental sustainability”; these parameters were weighted

*This prediction should provide the following: alternative levels of vulnerability based on the
future population and other factors in the territory; losses from future risks based on the current
decisions (such as land-use and building codes); and impacts on and changes in the aspects
of sustainability (economic vitality, ecological quality and social equity).

'%In this paper, some parameters, particularly those of “Social sustainability”, are split into
sub-parameters that should have equal weighting within the parameters.
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differently by relying on the weights provided by the SCOT of “Grand Clermont” (MED-
DTL, 2011) and LEED 2009 (see Poveda and Lipsett, 2011).

5 Results and discussion

The first part of this section describes the aspects that could strongly influence the
results of future real-case studies. The second portion contains the results of the case
study.

5.1 Variability of the results

This case study exhibits some important sources of variability: the input data uncer-
tainty and the impact score scale.

Sustainability assessments require precise data, but no long-term predictions are
without uncertainty. These predictions could gain could uncertainty from various
sources (e.g., assumptions, data, methods, models) that affect the decision-making
process. The content in Table 4 demonstrates the potential incidence of uncertainty.
The results of the calculation for the “economic sustainability” performance index us-
ing the lower, average and upper values from the ranges of the parameters within this
table are presented in Table 5. These results show how the ranking of the alternatives
could vary according to the values. The potential range of the performance of alterna-
tive 2 lies within that of alternative 1. These results suggest that alternatives 1 and 2
might score equally. An uncertainty analysis is necessary to improve the sustainability
assessment. However, the core purpose of this paper is not to address uncertainty;
further work will be conducted to address this issue. Therefore, the case study was
carried out using only one set of data that was assumed to contain the average values
for the parameters (see Tables A1-A5).

The values in Table 4 demonstrate the importance of the scale used to assign the
impact scores. For instance, when using the average values for the parameters, the
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impact rates (calculated using Eq. 2) of alternatives 1 and 3 regarding the total annual
cost are —19% and -9 %, respectively. Based on the nine-point bidirectional scale
(length of 25 %) adopted in this paper, both impact scores equal —1, while a twenty-
one-point scale (length of 10%) will assign an impact score of -2 to alternative 1
and an impact score of —1 to alternative 3. Ceiling effects should be considered due
to the specifics of the study case. The use of an eleven- or twenty-one-point scale
might provide more precise results than the nine-point-scale, even if performing the
calculation using the latter scale is much easier.

5.2 Options ranking

The results from this application are the scored criteria assigned to each alternative.
Table 7 presents the obtained CPls, the ranking of each strategy against each criterion
and the sustainability profiles.

No option has technical, economic, social and institutional unsustainability. Regard-
ing those criteria, the results show an overall improvement in the performance com-
pared to the reference. Regarding “Environmental sustainability”, alternatives 2 and 3
are predicted not to be environmentally friendly, whereas alternative 3 will contribute
the most to reducing environmental vulnerability. Figure 4 visually compares the per-
formances of the assessed alternatives.

An analysis based solely on the techno-economic performances indicates that alter-
native 3 seems to be optimal. The options ranked based on the “Technical and func-
tional effectiveness” and “Economic sustainability” criteria (obtained by combining the
indexes values of the two criteria) from best to worst is as follows: 1st = alternative 3,
2nd = alternative 2 and 3rd = alternative 1. In the traditional approach, where risk man-
agement is focused on techno-economic feasibility, the decision to invest in alternative
3 might be the most promising.

For the integrated decision-making perspective, the rankings that depend on the
different decision rules are summarised in Table 6. These results illustrate that the
most sustainable solution is most likely alternative 3 and that the least sustainable
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option is alternative 2, according to the weighted parameters and indicators. Based
on the six ranking possibilities, alternative 3 ranks 1st four times and ranks 2nd twice,
while alternative 2 ranks 2nd twice and 3rd four times. By ranking 1st two times and
2nd four times, alternative 1 seems to be less interesting than alternative 3 but more
attractive than alternative 2.

Therefore, appraising the options that rely on sustainable development objectives
affects the ranking by comparing them based only on technical and economic criteria:
1st = alternative 3, 2nd = alternative 2 and 3rd = alternative 1 (for a techno-economic
assessment) vs. 1st = alternative 3, 2nd = alternative 1 and 3rd = alternative 2 (for
a sustainability assessment). Using sustainability targets when making risk manage-
ment decisions can refine an assessment.

The case study accounts for some features that are not often considered during the
existing natural risk management processes. The findings reveal that the developed
framework can provide an excellent informational resource about indicators and criteria
that is optimised for each possible management strategy. The results can also highlight
the shortfalls in each case. Therefore, based on this supportive analysis tool, decision-
makers could compare the sustainability performance of the identified strategies and
choose the most sustainable one. They could also monitor the progress toward sus-
tainability or their failure to meet sustainability goals.

Though the case study ensures the reliability of the framework, this method must
be applied to more realistic and precise case studies (including various hazards and
strategies) to detect any foreseeable difficulties, limits or threats to its validity. These
tests will be performed in the future using real data. This application should be the
first step toward appraising the ability of the tool to accommodate any type of natural
hazard.

As recognised by Helming et al., (2011), “it is fair to say that no methodological frame-
work for ex ante impact assessment will ever manage to comprehensively capture the
complex relationships between changes in policy [. . . ] and the resulting changes in so-
cial, economic, and environmental systems”. No tool will ever be able to capture and
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reflect every possible impact of a decision or an action. Therefore, this tool does not
provide a “set of best parameters, indicators and criteria”; it instead provides a formal
and credible set that might be used to support decision-making processes. This method
introduces a methodology prototype that proposes simple calculations through an ac-
cessible conceptual approach. These calculations should be appropriate for managing
natural risks and transferable to any other country.

Decision-making for a sustainable risk management policy depends on the distinctive
characteristics of each case study. Because the decision-makers weight the parame-
ters, indicators and criteria, the results cannot remain the same when the aggregation
framework changes. For a given territory with the same data, sustainability appraisals
are liable to evolve because the weights are assigned based on value judgments. In
the future and to enhance the robustness of the tool, the variance introduced by the
weighting changes regarding the sustainability performance should be subjected to
a sensitivity analysis.

Although uncertainty is not the focus of this paper, it is interesting to analyse the
impact of the estimated performance range on sustainability profile. Figure 5 presents
the shape of the possible “Economic sustainability” indexes of alternative 1, which has
the largest interval for this criterion (Table 5). The space for the predicted values is
situated between the first and the third graphs along the “Economic sustainability” axis,
demonstrating that decisions can vary between these two endpoints and can potentially
include the value ranges of other options. Therefore, wider index ranges generate more
uncertainty.

Ex ante sustainability assessments, as well as territorial dynamics and various fore-
casts, contain several assumptions. Nevertheless, these assumptions are unable to
reflect the long-term characteristics of hazardous events or effects of the planned de-
cisions because, as noted by Zhu et al., (2011), “the future is inherently uncertain,
all exercises about the future are facing and should cope with great uncertainty”. As
a strategic appraisal, the sustainability assessment needs to address the inevitable
uncertainties introduced during the formulation and implementation processes for the
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decisions: uncertainty analysis should be an integral phase of the sustainability as-
sessment. In the specific context of risk management, this perspective is confirmed
by Olbrich et al. (2009), who argue that “any meaningful assessment of sustainability
of risk management strategies faces issues on a fundamental level: the necessity to
address uncertainty about the system dynamics in the criterion used for the assess-
ment”. Therefore, developing methodological approaches that can handle uncertainty
and examine its effects on the results of a study is critical. Further INCERDD project
work is being conducted to develop a framework that accounts for uncertainty within
a risk management policy-making process that is geared toward sustainable decisions.

6 Conclusions

Accounting for sustainability issues is currently a fundamental aspect of any decision
when identifying the objectives and indicators that are used to monitor the effects of
that decision. During the risk management decision process, when sustainability re-
quirements are included, the chosen strategies would be technically, economically and
environmentally efficient while enhancing the societal and institutional benefits.

This paper defined a comprehensive and structured methodology for sustainability
assessments regarding natural risk management options in urban areas. It has pro-
vided an indicator-based tool that includes the technical/operational, and economic
considerations, and the social, environmental, and institutional effects of risk manage-
ment activities. Of the three common pillars of sustainable development, the technical
performance and institutional dimensions have been added to appreciate the holistic
nature of sustainable natural risk management in urban areas.

By providing information regarding the sustainability performance of urban natural
risk management activities, this framework should respond more objectively to the fol-
lowing questions: “Is sustainable risk management in a given municipality achievable?”
and “What is the best way to attain this achievement?” This capability has been tested
using an imaginary case study, providing results that must be validated.
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This methodological framework should contribute to the sustainability of natural risk
management decisions. However, the approach has only been tested using a theoret-
ical case with virtual data, leaving it far from being a fully operational and consensual
tool. This method does take a step forward in the field of natural and anthropogenic
risk management by structuring the process that leads to decisions regarding the sus-
tainability assessments. Although this tool is tailored to the specific field requirements
of risk management, it has potential applicability to any type of decision after some re-
visions, particularly those that involve the indicators of the “Technical and functional
effectiveness” criterion, before being used in different fields. This decision support
tool could promote a systematic and coherent sustainability assessment for decisions
throughout their entire life cycle.
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Table 1. Quantitative impact scores for the type of impact.

NHESSD
2, 207-259, 2014

A
decision-supporting
methodology

A. M. Edjossan-Sossou

Impact rate Positive impact Impact score  Negative impact Impact score
(ImpR) value range (ImpS) (ImpS)
ImpR > 0.75 Very high advantage +4 Very high disadvantage -4
0.75 >ImpR> 0.5 High advantage +3 High disadvantage -3
0.5>ImpR > 0.25 Medium advantage +2 Medium disadvantage -2
0.25>ImpR>0 Low advantage +1 Low disadvantage -1
ImpR=0 Nil impact Nil impact
Source: authors.
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Table 2. Quantitative impact scores based on the level of impact.

NHESSD
2, 207-259, 2014

Impact score (ImpS)

A
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et al.

Impact level Positive impact Negative impact
Negligible impact 0 0
Low impact +1 -1
Medium impact +2 -2
High impact +3 -3
Very high impact +4 -4

& Negligible impact is an impact expected not to occur.
Source: authors inspired by the work of Zihri (2004) and Mdaghri (2008).
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Table 3. Examples of the impact scores based on the sensitivity of the parameters.

Sensitivity of the parameter

Low to Medium Medium to High High to Very High
Impact level Impact level Impact level
Low Medium High Very Low Medium High  Very Low Medium High  Very
High High High
Impact level Low Med. High  Very Med. High Very  Very High  Very Very  Very
based on High High  High High High  High
sensitivity
Impact score  +1 +2 +3 +4 +2 +3 +4 +4 +3 +4 +4 +4
(ImpS)
Source: authors.
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Table 4. Extract of the “economic sustainability” criterion from the worksheet.

NHESSD
2, 207-259, 2014

Indicators Parameters Do-nothing Altern. 1 Altern. 2 Altern. 3
Total annual costs - 3700 000- 4350000- 6500 000- 4000 000-
4000000 4850000 8,500 000 4,400000
(3850000) (4600000) (7500000) (4200 000)
Impact on the economic - 2800000 4500000 8500000 6000000
vulnerability (expected 4200000 5900000 16500000 10000000
annual avoided damage) (3500 000) (5200 000) (12500000) (8000 000)
Creation or GDP per capita 1650-1670  1700-1800  1900-2300 1800-1900
endangerment of (1660) (1750) (2100) (1850)
economic opportunities
Number of expected new jobs 600-800 650-750 900-1300 800-1200
(700) (700) (1100) (1000)
Unemployment rate 12-16 9-19 9-11 10-16
(14) (14) (10) (13)
Total number of enterprises 140-180 150-210 200-300 180-220
(160) (180) (250) (200)
Annual turnover of economic activities 560 000— 715000— 920 000— 765000-
600000 745000 990000 800000
(580000) (730000) (955000) (782500)

A
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A. M. Edjossan-Sossou
et al.

Averaged values are in brackets.
Source: authors.
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Table 6. Options ranking based on the decision rules.

NHESSD
2, 207-259, 2014

1st 2nd 3rd
Composite index of sustainability Alter. 3 Alter. 1 Alter. 2
(SP1=0.97) (SP1=0.67) (SP1=0.3)
Sustainability profile ratio Alter. 3 Alter. 1 Alter. 2
(SPR = 1.52%) (SPR=1.37%) (SPR =1.15%)
Highest number of positive performance indexes Alter. 1 Alter. 2 -
(5 indexes > 0) Alter 3
(4 indexes > 0)
Highest number of best performance indexes Alter. 3 Alter. 1 Alter. 2
(3 best indexes) (2 best indexes) (0 best index)
Minimum adverse performances Alter. 1 Alter. 3 Alter. 2
(No negative index) (CPlg,, = -0.57) (CPlg,, =-1.8)
Fixed performance threshold. For example: Alter. 3 Alter. 1 -
criteria performance indexes > 1 (3 indexes > 1) Alter. 2
(1 index> 1)

A
decision-supporting
methodology

A. M. Edjossan-Sossou
et al.

2 Values obtained by preserving the order of the criteria on the graph for all of the options.

Source: authors.
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Table 7. Sustainability assessment data.

Alternative 1

Alternative 2

Alternative 3

Technical and
functional
effectiveness
Economic
sustainability
Social
sustainability
Environmental
sustainability
Institutional
sustainability
Sustainability
profile

0.67 (3rd)

0.60 (3rd)
0.05 (3rd)
0.16 (1st)

1.88 (1st)

1.00 (2nd)

0.87 (2nd)
0.58 (2nd)
-1.84 (3rd)

0.88 (3rd)

1.75 (1st)

1.47 (1st)
1.06 (1st)
-0.57 (2nd)

1.13 (2nd)

= —Aner.3

Source: authors.
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Table A1. Technical and functional effectiveness.

NHESSD
2, 207-259, 2014

Indicators

Parameters (units)

Do-nothing  Alter. 1

Alter. 2  Alter. 3

Impact on the hazard

Impact on structural
vulnerability

Creation or exacerbation
of risks on the given
territory or elsewhere

Magnitude or intensity (variable units)

Share of the surface of a municipality
in a hazardous area (%)

Percentage of community buildings
within the hazard prone area (%)
The mean robustness of community
buildings against hazards (#, 1to 4) 2
Percentage of buildings within the
hazard prone area with sensitive
elements (%) b

Percentage of buildings with
protective gear within the

hazard prone area (%)

Magnitude or intensity of each type of
generated or exacerbated hazard
(variable units)

Share of the municipality affected by
each type of generated or exacerbated
hazard (%)

Vulnerability index related to each
type of generated or exacerbated
hazard depending on the type of land
use (#) °

4.5

0.5

4.5
28

19

2.5

35

21

0.5

4.5
33

27

2.5

50

18

0.2

2.8

2
21

15

3.5

70

13

0.1

1.5
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methodology

A. M. Edjossan-Sossou
et al.

& 1 = very high robustness to hazard; 2 = high robustness to hazard; 3 = moderate robustness to hazard; 4 = low robustness to hazard.

b Heating system, electrical system, fuel tanks, etc.

© 0 =no vulnerability; 1 = fallow land; 2 = agricultural area; 3 = ecological interest area; 4 = commercial and residential area.
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Table A2. Economic sustainability. A. M. Edjossan-Sossou
etal.
Indicators Parameters (units) Do-nothing  Alter. 1 Alter. 2 Alter. 3
Total annual costs (€) - 3850000 4600000 7500000 4200000
Impact on economic Average annual 3500000 5200000 12500000 8000000 Title Page
vulnerability avoided damage® (€)
Creation or endangerment ~ GDP per capita (€) 1660 1750 2100 1850 A (Fieslicimn

of economic opportunities

Total number of jobs (#) 700 700 1100 1000 c 3
onclusions References
Unemployment rate (%) 14 14 10 13 oS!
Total number of 160 180 250 200 Tables Figures
enterprises (#) ¢
Annual turnover of 580000 730000 955000 782500
economic activities (€) 1< >l
& Amount of annual expected damage costs that will be reduced due to the management strategy.
4 >
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Table A3. Social sustainability.

Indicators Parameters (units) Do-nothing  Alter. 1 Alter. 2 Alter. 3
Impact on social vulnerability Percentage of community inhabitants within the hazard prone area (%) 27 27 33 20
Proportion of sensitive ® and disabled persons among endangered inhabitants (%) 25 21 25 17
Share of the establishments open to the public within the hazard prone area o (%) 12 12 12 8
Warning system (#, 1 or 2) 1 2 2 1
Resilience - - - -
1 — Number of people working in emergency services (#) 150 150 185 150
2-A ion capacity (¢ ) for ion outside the hazard prone area (# of persons) 250 250 3,200 250
3 - Recovery time (# of days) 3 2 3 1
Social acceptability Implementation constraints - - - -
1 — Aesthetic integration into the landscape (#) d 2 2 1 1
2 - Sound level (#, 1 or2)° 1 1 2 2
3 - Completion time (#, 1to 4)" 1 1 4 3
4 — Distance from residents (km) 29 0 5.3 3.6
5 — Economic value of land use conflicts (€) 600000 600000 440000 650000
Direct contribution to existing issues - - = -
1 — New housing units (#) 40 40 150 40
2 — Local employment creation (#) 20 25 50 35
3 - Direct economic benefits (€) 1300000 1680000 2500000 2000000
Willingness gf stakeholders to support implementation constraints: scored according to opinion polls -2 3
#,-4104
}Degree of zzompliance to the preferential representation by stakeholders regarding the best risk 2 1 2 3
management decision (#, 1to 4) "
Equity/social cohesion Socioeconomic equity - - - -
1— Difference between per capita public expenditures for the upper (richest income) and lower (poorest 120 81 153 57
income) social groups (€)
2 - Difference between the share of income dedicated to risk management expenditures for the lower 8 13 8 8
and upper social groups (%)"
Socio-spatial equity - - - -
1 - Difference between the total expenditures per capita in vulnerable and non-vulnerable areas (€) 243 308 243 215
2 — Average individual income within the potentially exposed areas (€per capita) 1370 1330 1405 1370
3 — Share of the wealthy households in potentially exposed areas or likely to be affected (%)’ 10 10 13 8
4 - Difference between the comparative social risk index for the lower and upper social groups (%) K 27 27 24 27
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Table A3. Continued.

NHESSD
2, 207-259, 2014

Indicators Parameters (units) Do-nothing Alter. 1 Alter.2 Alter. 3
Quality of life Average travel time to work 17 17 10 15
per capita (min)
Average travel distance to work 1.3 13 0.9 1.1
per capita (km)
Average travel time for amenities ' per capita (min) 9 9 4 5
Average travel distance for amenities per capita (km) 0.8 0.8 0.6 0.7
Number of amenities per 1,000 inhabitants (#) 9 9 13 1
Urban and suburban green space (landscape) 27 27 30 21
per capita (mz)
Territorial identity Share of non-native residents (%) ™ 13 11 22 17
Share of residents in isolated houses (%) " 7 7 8 7
Number of heritage and cultural sites within the 5 5 3 2
potentially exposed areas (#)
Annual visits to heritage/cultural sites (#) 32700 32700 41500 37200
Potential impacts on the tourism sector (%) ° 8.3 8.3 71 6
Number of members of cultural promotional 113 113 128 150

organisations per 1000 inhabitants (#)

A
decision-supporting
methodology

A. M. Edjossan-Sossou
et al.

2 Inhabitants under 5 and over 65 yr of age.

o Hospitals, nurseries, schools, homes for elderly people, camp sites, buildings directly involved in crisis management.

© Having a warning system reduces the vulnerability: 1 = no warning system; 2 = warning system exists.

9 Scattered state (bad integration) = 0; gathered state (acceptable integration) = 1; not concerned or full integration into the landscape = 2° Sound below the
hearing threshold = 1; sound over the hearing threshold = 2' Not concerned = 1 Duration in days = 1; weeks = 2; months = 3; years = 49 When the views are
mostly disputed: —4 = contested over 75 %; —3 = contested from 50 to 75 %; —2 = contested from 25 to 50 %; —1 = contested from 0 to 25 %.

When the views are mainly supported: 4 = supported over 75 %; —3 = supported from 50 to 75 %; —2 = supported from 25 to 50 %; —1 = supported from 0 to
25 %. When the majority of the views are undecided: 0.

" Based on the overall satisfaction of stakeholders: 1 = 0-25% of satisfactory opinion concerning the ability of project to respond to their risk management
concerns; 2 = 25-50 %; 3 = 50-75 %; 4 = over 75 %.

f Financial contribution = (total household expenditures for risk management)/(social group average income).

) Wealthy households are better equipped to respond to hazards.

X The comparative social risk index indicates the degree of socio-spatial inequality; it calculates the proportion of people in a given social group at risk
compared to the total population at risk.

! Public amenities, banks, nursery, stores, parks, health care centres, etc.

™ They were not born in the municipality, or they do not have their cultural and familial roots in the municipality.

" The lower the dispersion of residential localisations, the stronger the territorial cultural identity is.

© Share of hotel beds capacity lost.
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Table A4. Environmental sustainability.

Indicators

Parameters (units)

Do-nothing  Alter. 1

Alter.2  Alter. 3

Impact on environmental
vulnerability

Environmental impacts

Landscape within the hazardous area (km?)

Specially protected areas within the hazard prone area (km?)

Potentially endangered natural areas (km?)

Endangered species within the hazard prone area (# or %)

Potentially endangered urban green spaces (kmz)

Water bodies whose integrity is potentially impacted by the hazard (kmz)

Drinking water catchment and pumping stations potentially impacted by the hazard (m3 d")

Sewage treatment plants potentially impacted by the hazard (m®d~", BOD5 or PE)

Solid waste treatment plants potentially impacted by the hazard (t/day)

Solid waste potentially produced by the disaster related to the hazard (t)

Plants using substances that are potentially dangerous to the environment within the hazard prone area (#)

Polluted sites and soils within the hazard prone area (# or km?)

Global warming: greenhouse gas emissions (kg CO, — eq)

Eutrophication (kg PO, — eq)
Photochemical smog (t C,H, — eq)

Human toxicity (kg 1,4-DichloroBenzene — eq or DALY)

Land transformation and use (km?yr~")

Terrestrial and aquatic eco-toxicity (kg 1,4-DichloroBenzene — eq)

Acidification (kg SO, — eq)
Water resource depletion (m®)

Fossil fuel and abiotic resource depletion (MJ or kg Sb — eq)

Particulates (kg PM,()

24

13
4

0.5
0.8
1525
2300
5500
56

6

0.6

2.4
4.7
1.8
6.2
11
3.5
3.3
5.4
27
21

2.4

1.3
4

0.5
0.8
1400
2300
5160
40

6

0.6

2.7
4.7
1.2
6.1
1.1
3.8
3.3
6.2
25
1.9

24

15
4

0.5
1.6
1525
2450
5830
49

6

0.6

6.5
5

3.9
8.5
1.6
6.1
3.3
8.3
53
57

1.6

0.9

5

0.5
0.6
1050
2100
5600
40

3

0.6

3.9
8.8
3.2
6.4
2

3.1
3.3
5.4
3.2
5.1
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Table A5. Institutional sustainability.

NHESSD
2, 207-259, 2014

A

decision-supporting

methodology

A. M. Edjossan-Sossou

et al.

Indicators Parameters (units) Do-nothing Alter. 1 Alter.2 Alter. 3
Flexibility/Reversibility (#, 1 to 4) * - 1 3 3 4
Public participation in risk Information/Transparency: share of stakeholders 36 60 28 59
management process that have a correct understanding of the option

details including the possible impacts and

envisaged mitigation measures (%)

Consultation: share of stakeholders that consider 27 55 27 20

this project consensual (mutual recognition of

interests) (%)
Compatibility with the territory - 1 2 2 1
sustainable development policies
(# -2t02)°

-1 2 0 -1

Territorial coherence (#, —2 to 2) b -

1 =technically impossible; 2 = partial removal with high decommissioning costs/efforts; 3 = partial removal with low decommissioning costs/efforts or full removal with

high decommissioning costs/efforts; 4 = full removal with low decommissioning costs/efforts.

5 _2 = conflict of aims; —1 = mainly negative contribution with some supportive aspects; 0 = neutral impacts to the sustainable development priorities; 1 = compatible

with some aims conflicting with sustainable development policies objectives; 2 = highly compatible.
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Data
Data sources: historical records,
instrumental records, maps, etc.

Methods and tools

Physical and numerical models,
mono-criterion sustainability
assessment tools (EIA, SIA, CBA,
LCA), expert judgements, etc.

Step 1: Knowledge of the risk for a given territory
Hazard identification and analysis
Estimation of the vulnerability within the hazard-prone areas
Estimation of the risk (expected damage estimated by combining each hazard level and the associated vulnerability)

]

Step 2: Definition and pre-selection of alternative risk management strategies
Selection and analysis of strategic options
Identification of the potential (immediate and future) consequences of implementing the options

Step 3: Sustainability t and comparison of alternative strategies

Step 3.1: Assessment grid construction
Definition of the criteria of each sustainability theme
Selection of the related indicators for each criterion
Establishment of a set of measurable parameters (guantitative or qualitati that d ib P
indicators aimed to estimate the potential consequences of alternative strategies

L 4

| Step 3.2: For jon of a gy for ing the inability per

Fig. 1. Theoretical overview of the decision-making process for sustainable risk management

(source: authors).

Input variables >
Parameters values

Step 3.3: Sustainability assessment and classification of alternative strategies
Scoring strategies performance (estimation of each indicator then each criteria)
Sustainability level estimation in accordance with the territonial sustainable development vision
Graphical representation
Ranking according to the sustainability level

Step 4: Decision-making
Final choice of the most sustainable decisions with respect to the sustainable development vision of the territory
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Fig. 2. Hierarchical structure of the sustainability assessment grid (source: authors).
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Fig. 4. Graphical comparison of the sustainability profiles (source: authors).
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Fig. 5. Sustainability profile under uncertainty (source: authors).
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