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Abstract: Infrastructure decision-making has traditionally been focused on the use of cost-
benefit analysis (CBA) and multicriteria decision analysis (MCDA). Nevertheless, there
remains no consensus in the infrastructure sector regarding a favored approach that
comprehensively integrates resilience principles with those tools. This review focuses on how
resilience has been evaluated in infrastructure projects. Initially, 400 papers were sourced
from Web of Science and Scopus. After a preliminary review, 103 papers were selected, and
ultimately, the focus was narrowed down to 56 papers. The primary aim was to uncover
limitations in both CBA and MCDA, exploring various strategies for amalgamating them and
enhancing their potential to foster resilience, sustainability, and other infrastructure
performance aspects. Results were classified based on different rationalities: i) objectivist, ii)
conformist, iii) adjustive, and iv) reflexive. The analysis revealed that while both CBA and
MCDA contribute to decision-making, their perceived strengths and weaknesses differ
depending on the chosen rationality. Nonetheless, embracing a broader perspective, fostering
participatory methods, and potentially integrating both approaches seem to offer more
promising avenues for assessing the resilience of infrastructures. The goal of this research
proposal is to devise an integrated approach for evaluating the long-term sustainability and
resilience of infrastructure projects and constructed assets.

Keywords: cost-benefit; decision-support; evaluation; infrastructure; multi-criteria analysis;
resilience

1. Introduction

Infrastructure assets like roads, bridges, and railways are vital to daily life but
require significant investment, often made under uncertainty (Marlow et al., 2010).
Decision-making in this area is challenging due to complex asset networks, limited
resources, conflicting goals, and uncertainties (Chen and Bai, 2019). Cost-benefit
analysis (CBA) and Multi-Criteria Decision Analysis (MCDA) are widely used tools
for infrastructure investments.

CBA, mandatory for EU-funded projects (European Commission, 2014; Xu et
al., 2015), provides a clear quantitative view of benefits and costs. However, it is
complex, its adoption varies across Europe, and guidelines do not guarantee full
acceptance (Andersson, 2018). MCDA, frequently applied in national projects,
simplifies decision-making by reducing technical data complexity (Ha et al., 2019;
Tripathy et al., 2019; Yannis et al., 2020).

CBA assesses projects based on economic efficiency, using Key Performance
Indicators (KPIs) like Net Present Value (NPV) and Internal Rate of Return (IRR),
while MCDA can incorporate both monetary and non-monetary impacts to align
with stakeholder preferences (Florio et al., 2018). CBA provides a clear financial and
economic justification, whereas MCDA offers transparency and broader stakeholder
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engagement (Dodgson et al., 2009). MCDA has evolved through various fields,
allowing for diverse evaluations across criteria such as economic, social, and
environmental factors (Bana e Costa et al., 2006). Institutions like the EIB and ADB
recommend MCDA to complement CBA for more holistic evaluations (Bank, 2013;
EC, 2015; Vé&on-Okamoto and Sakamoto, 2014). CBA evaluates infrastructure
investments by weighing their forecasted costs against the anticipated benefits,
aiding decision-making regarding resource allocation (Marleau Donais et al., 2019).
On the other hand, MCDA provides a multi-dimensional approach, considering
diverse criteria and objectives, essential in understanding infrastructure performance
(Lohman et al., 2023).

Resilience assessments often use CBA or MCDA to evaluate infrastructure’s
ability to withstand and recover from disruptions (Yang et al., 2023). Resilience can
be quantified using the resilience triangle approach to calculate NPV or through
indicators in CBA (Bruneau et al., 2003; Wang et al., 2021). These methods help
optimize infrastructure management and investment, enhancing operational safety
and socioeconomic benefits (Zhang et al., 2017).

A few papers, using and comparing CBA and MCDA from the perspective of
their respective fields, can be found in the literature on topics such as nature-based
solutions (Teotdnio et al.,, 2020), environmental risk management (Gamper and
Turcanu, 2007), energy (Medjoudj et al., 2013), sustainable development (Brucker et
al., 2004), water management (Brouwer and Van Ek, 2004), and transportation
(Marleau Donais et al., 2019). However, such literature reviews in the field of
infrastructure resilience are absent. This review highlights the importance of both
tools in assessing infrastructure resilience, sustainability, and performance, enabling
informed decision-making and effective resource allocation.

2. Methodology

2.1. Concept review

The primary focus of this review is to explore the literature on MCDA and CBA
tools for assessing infrastructure performance, particularly in the context of
resilience. To address this objective, each contribution was classified based on
specific variables and systematically organized into three main categories aligned
with the study’s objectives: Assessment Dimensions (Resilience or other
performance measures), Tools (CBA and MCDA), and Applications (Infrastructure
or related fields). The following subchapters provide a detailed discussion of these
categories.

2.1.1. Assessment dimension

The assessment dimensions in this review encompass resilience, sustainability,
and other performance metrics. However, the primary focus of the study is an in-
depth exploration of resilience. Resilience is understood differently across various
fields, making it challenging to establish a universally accepted definition.
Nevertheless, a comprehensive understanding of resilience, particularly relevant in
the context of resilient infrastructure, is the “ability to prepare and plan for, absorb,
recover from, and more successfully adapt to adverse events” (Council, 2012).
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Figure 1 illustrates the impact of functionality and recovery time on the
resilience of an infrastructure system. Lost functionality, defined as the aggregate
effect of damage on the system’s ability to operate and achieve its designed function,
is a key factor. The duration of recovery post-hazard event is typically influenced by
the system’s condition at the time of the event, which includes design criteria, level
of degradation, and maintenance history (Lounis and McAllister, 2016).
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Figure 1. Effects of functionality and recovery time on system resilience.

(Adapted from Lounis and McAllister, 2016).

Biringer et al. (2013) divide resilience assessment methods into three major
areas: structural (Berche et al., 2009; Jani¢, 2018), performance-based (Attoh-Okine
et al., 2009; Chang and Shinozuka, 2004), and hybrid (Filippini and Silva, 2014;
Reed et al., 2009). Structural methods assess the robustness of a system based on its
structure or topology. Performance-based techniques measure the system’s
performance before and after an interruption to assess its resilience. Hybrid methods
integrate structural and performance-based approaches. On the other hand, Hosseini
et al. (2016) categorized resilience assessment into two primary approaches:
qualitative and quantitative. The qualitative approach is further divided into (i)
conceptual frameworks and (ii) semi-quantitative methods. The quantitative
approach is segmented into (i) general models, which include probabilistic and
deterministic methods, and (ii) structural-based models, encompassing optimization,
simulation, and fuzzy logic techniques.

Alternatively, Wan et al. (2018) described resilience in 12 different
terminologies in their review (Figure 2): Vulnerability (Blockley et al., 2012),
Adaptability (Bhamra et al., 2011), Robustness (Faturechi and Miller-Hooks, 2015),
Flexibility (Berle et al., 2013), Reliability (Barker et al., 2013), Recoverability
(Baroud et al., 2015), Redundancy (Omer et al., 2012), Survivability (Baroud et al.,
2014), Preparedness (Berle et al., 2011), Resourcefulness (Adams et al., 2012),
Responsiveness (lvanov et al., 2014), and Rapidity (Adams et al., 2012).
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Figure 2. Schematic of performance of a resilient system.

(Adapted from Wan et al., 2018).

2.1.2. Tools

CBA is an economic tool aimed at identifying the most beneficial solution for a
problem by evaluating the financial value of both positive (benefits) and negative
(costs) socio-economic impacts over a project’s lifecycle. However, the scope of
these impacts is often limited by technical constraints (Marleau Donais et al., 2019).
CBA determines the importance of pros and cons based on society’s willingness to
pay (Koopmans and Mouter, 2020) and compares different interventions or policies
against a reference alternative, often doing nothing (Johansson and Kristrém, 2015).
The key metric in CBA is Net Present Value (NPV), which measures an option’s
overall economic profitability relative to a reference scenario. Since 1980, the U.S.
has required CBA for regulations with significant economic impacts (Mishan and
Quah, 2007).

Multi-criteria decision analysis (MCDA), is also known in the literature under
the names of multiple criteria decision-making (MCDM), and multiple-criteria
analysis (MCA), in this review MCDA will be referenced to highlight its role as a
decision analysis tool. Decision-makers use decision-making approaches to prioritize
crucial criteria, minimize uncertainty, and improve decision quality. MCDA
techniques offer solutions for tackling diverse real-world problems (Mardani et al.,
2016). For this need many tools and approaches have been developed, Simple
Additive Weighting (SAW) method and the Multi-Attribute Utility Analysis
(MAUA) (Keeney and Raiffa, 1993), Order of Preference by Similarity to Ideal
Solution (TOPSIS) (Hwang and Yoon, 1981), VlseKriterijumska Optimizacija i
Kompromisno Resenje (VIKOR) (Opricovic, 1998), Analytic Hierarchy Process
(AHP) as pairwise comparisons (Saaty, 2003), and Elimination and Choice
Expressing Reality (ELECTRE) (Roy, 1996). AHP and TOPSIS are still the
mainstream ranking methods in decision support systems in infrastructure and
related subjects (Yuan et al., 2022).

By considering numerous objectives and criteria, techniques like MCDA offer
deeper insights into the essence of the issue compared to single-criterion methods
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like CBA (Barfod et al., 2011; Macharis and Bernardini, 2015; Ward et al., 2016).
Additionally, MCDA methods enable the examination of diverse problem types and
facilitate the handling of extensive data and information, whether it’s quantitative or
qualitative in nature (Barfod and Salling, 2015; Gthnemann et al., 2012).

The MCDA can be used to calculate a composite index of territorial resilience
using a value tree technique to organize a set of indicators (Keeney, 1994). The
SMARTER method (Barron, 1996) has been used as the weighting phase of the
MCDA to deliver a set of weights for investigating the importance of the indicators
and calculating a synthetic index of Territorial Resilience (TRI).

CBA, MCDA, or a blend of these approaches are commonly used in assessing
and guiding the execution of infrastructure (Barfod et al., 2011; Brouwer and Van
Ek, 2004; Salling and Pryn, 2015; Sj&strand et al., 2018).

Earlier studies primarily emphasized merging CBA into MCDA within
composite decision support systems. For instance, the EUNET project by the
European Commission (EUNET, 2001), created a methodology that blends CBA and
MCDA, treating investment criteria, like benefit-cost rates (B/C-rate), as essential
elements within MCDA.. The criteria chosen in this framework hinge on factors such
as data reliability and preferences articulated by decision-makers or stakeholders
involved in the decision process.

Guhnemann et al. (2012) highlighted four critical challenges in combining CBA
and MCDA: First, existing procedures (CBA, MCDA, or both) cannot be
disregarded, requiring the analyst to integrate both methods while ensuring
compatibility. Second, maintaining compatibility with established assessment
criteria, scales, and values from prior evaluations is essential. Third, there’s notable
uncertainty in impact levels and weights, without enough resources to model the full
extent of uncertainty. Finally, decision-makers aim to comprehend the robustness of
project rankings to defend against potential criticisms.

In the past century, CBA and MCDA were frequently depicted as distinctly
opposing and competitive methodologies (Voogd, 1983). Nevertheless, currently, the
vigor of the debate has lessened, and the discussion has, to some extent, transitioned
toward recognizing potential synergies between the two assessment and evaluation
methods (Barfod et al., 2011; Salling et al., 2005; Sijtsma, 2006; Teot&io et al.,
2023).

In numerous countries, MCDA is viewed as a complement to CBA, utilized to
encompass impacts that pose challenges when translated into monetary terms
(Mackie et al., 2014). The European Conference of Ministers of Transport (ECMT,
2001) perceives CBA as fundamental in transport project evaluation but also
acknowledges MCDA’s potential in broadening the framework to incorporate other
effects. Mackie et al. (2014) noted that, in the seven Western countries examined,
including non-monetized benefits within a more comprehensive framework, such as
Gthnemann et al. (2012) presented a novel approach to emphasize road
infrastructure development guided by a combined CBA and MCDA approach,
aligning investments with strategic transport policy goals in Ireland within the
context of Ireland’s National Secondary Road Network. Sijtsma (2006) discussed an
amalgamation of CBA and MCDA, highlighting the pivotal role of stakeholders.
Stakeholders, through consensus, determine which impacts are to be monetized in
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this approach.

There are some developed decision-making tools by integrating MCDA and
CBA named COSIMA (Leleur et al.,, 2007; Sailing and Landex, 2006), and
MAGICA (Teotanio et al., 2023). However, the studies have not focused on the
emerging concern regarding resilience and the uncertainty assessment has been only
partial. These two interconnected aspects need to be adequately dealt with.

2.1.3. Applications

This review focuses on decision support systems for large-scale linear
infrastructure for instance roads, water, and energy networks. These systems, often
public and capital-intensive, impact large populations and have long planning
horizons (Chester et al., 2019; Sheng, 2017). Infrastructure is vital for achieving the
UN’s Sustainable Development Goals (SDGSs), which require significant investment
to provide essential services such as drinking water and electricity by 2030 (Oxford
Economics, 2017; Thacker et al., 2019).

Historically, infrastructure projects have been driven by monetary assessments
or subjective biases, but newer methods like Life Cycle Assessment (LCA) and
Multi-Criteria Decision Analysis (MCDA) also consider social and environmental
factors (Flyvbjerg, 2014). Recent research has expanded to include urban resilience,
sustainability, and mobility, emphasizing infrastructure’s role in urban development
(Melkonyan et al., 2022). This study focuses on creating assessment tools that
consider various performance dimensions across urban and infrastructure
applications.

2.2. Literature collection and screening

This review method aligns closely with a systematic literature review. It follows
a structured, methodical approach in defining search terms, selecting databases, and
implementing rigorous inclusion and exclusion criteria. Key stages are:

o Database Selection and Structured Search Process: Using Web of Science and
Scopus and defining keywords to filter the most relevant studies supports a
systematic approach.

o Stepwise Filtering and Refinement: Papers were initially filtered based on
language, availability, duplication, and thematic relevance. Further refining was
conducted by reviewing titles and abstracts, a hallmark of systematic reviews.

o Criteria-Based Screening: Multiple criteria were applied to narrow down
results, ensuring that the papers aligned specifically with resilience,
infrastructure, cost-benefit analysis, and multi-criteria decision-making.

« Reproducibility: The method and criteria are described in detail, which enables
reproducibility, a key feature of systematic reviews.

The initial search in Web of Science used keywords: cost-benefit, multi-criteria,
resilience, infrastructure, evaluation, and decision-support. Using inclusion criteria,
this search identified 157 papers (1 in French, 11 unavailable, 102 out of scope by
title, and 16 less relevant by abstract), narrowing to 27 focused papers on resilience
in  decision-support tools. To refine further, a new search with
“combining/combination” yielded 318 results but proved broad. Therefore, adjusting
with a second keyword set: decision-support, cost-benefit, multi-criteria, and
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combining), resulted in 56 papers (1 in French, 1 duplicate with the first set of
keywords, 2 unavailable, 32 out of scope, and 4 less relevant), with 16 highly
relevant papers. In total, 213 papers from the Web of Science led to 63 selected for
review (20 preliminary evaluations, 43 full reviews).

Scopus searches with the same keywords found 220 papers (10 duplicates with
Web of Science, 2 in Chinese, 5 unavailable, 163 out of scope by title, and 27 less
relevant by abstract), with 13 papers directly related to infrastructure resilience.

After screening, 400 papers were evaluated, 103 were selected (63 from Web of
Science, 43 from Scopus), with 56 papers chosen for thorough review, as illustrated
in Figure 3.

Web of Science-1* 11 papers Duplicate
Keyword set-157
/
~ ~ 297 Papers- Titles 47 Papers -Titles, abstracts &
Web of Science-2" 18 Unavailable reviewed Partially context reviewed
keyword set-56 papers e ihascopes Less relevance - Excluded from
433 400 Excluded from the review 103 the full-review
Scopus-220 papaers 2 Chinese Selected
2 French
56
Full paper review

Figure 3. Flow diagram of the literature screening process.

3. Analysis of the result

3.1. Trends analysis

The reviewed literature was examined to identify trends in publication history,
distribution across disciplines, key research themes, and geographical origins. This
analysis highlights the evolution and context of research in the field. Details are
presented in the following subheadings.

3.1.1. Scientific area

The reviewed papers spanned 15 research areas for all 433 papers (Figure 4a),
with Environmental Sciences and Engineering having the most publications
however, among the 56 fully reviewed papers, transportation (17 papers) surpassed
environmental studies (10 papers) See Table 1. Keyword analysis using VOSviewer
demonstrates the connections between assessment dimensions (Resilience), tools
(CBA and MCDA), and Application (Infrastructure) topics (Figure 4b,c).
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3.1.2. Historical trend

The historical trend for the second filtered set of 103 selected papers illustrates
the number of papers focusing on the specified keywords has increased over time,
with a noticeable surge in overall publications after 2007, as shown in Figure 5a. In
Figure 5b, which covers 103 selected papers relevant to this review, there is a
significant rise post-2014. The merged graph in Figure 5c further clarifies the trend,
showing steady growth in published papers between 2016 and 2022, despite a slight
dip from 2016 to 2020, which recovered by 2020.
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Figure 5. The Trend of papers published in research area and keyword occurrence (a) trend of all 433 published
papers; (b) trend of 103 selected; (c) trend of 103 selected published papers merged web of science with Scopus.

3.1.3. Topics of final selected papers

This analysis highlights 56 full-review papers, chosen from a pool of 103
selected papers, addressing key aspects of resilience and sustainability.
Transportation with 17 papers focuses on infrastructure, roads, and urban planning.
Environmental topics with 10 studies include green infrastructure and watershed
management. 8 studies address urban resilience, and infrastructure resilience features
in 7 papers. Building resilience appears in 4 studies, coastal and flood resilience each
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in 3, with themes of vulnerability and risk reduction. Water systems and general
resilience each have 3 and 1 study, respectively. See Table 1 for the topic references.

Table 1. Topics of research.

Research topic within 56 full-review papers No. References
Transportatio (Adey et al., 2021; Barfod et al., 2011; Belay et al., 2016; Cartes et al., 2021;
resi}11i e}; ce/(:ést’;inabili tv/ critical Dojutrek et al., 2016; Donais et al., 2019; Githnemann et al., 2012; Henke et al.,
infrastruct re/roads/royt 17 2020; Mardani et al., 2016; Martani et al., 2021; Oses et al., 2018; Sailing and
selection. /muana emen t>lci ties Landex, 2006; Salling and Pryn, 2015; Shishegaran et al., 2020; Tischler, 2017;
g Tsamboulas and Mikroudis, 2000; Yang et al., 2023)

E:egoiz’gz:ﬁc ture/environmental (Almohaimeed et al., 2021; Jia et al., 2022; Kaaviya and Devadas, 2021; Messner et
g . . . 10 al., 2006; Saarikoski et al., 2016; Sparrevik et al., 2012; Teotonio et al., 2020, 2023;
footprint/ecosystem/contaminated sediments/ N )

. . . . Tiwari et al., 1999; Yuan et al., 2022)
river basin/watershed/agriculture/rural spatial
Urban (Feofilovs and Romagnoli, 2020; Melkonyan et al., 2022; Pazzini et al., 2023;
resilience/sustainability/climate 8 Rezvani et al., 2022; Rezvani et al., 2023; Silva et al., 2022; Uddin and Warnitchai,
adaptation/mobility/drainage 2020; Yang and Zhang, 2021)
ﬁzjs%laiizgec/tswseta'nab'l't /management/critical 7 (Arvin et al., 2023; Babar and Ali, 2022; Henn et al., 2016; Kabir et al., 2014;
rest ustamabrity g b Shahtaheri et al., 2018; Singh et al., 2023; Zhu and Leibowicz, 2022)
infrastructure
Building
resilience/sustainability/public 4 (Anwar et al., 2020; Asadi et al., 2020; Chauhan et al., 2022; Josa et al., 2020)
building/prefabricated building
Coastal infrastructure
coastal cities resilience/coastal 3 (Barzehkar et al., 2021; Johnston et al., 2014; Rahat et al., 2023)
infrastructure/vulnerability
Flood 3 (Alves et al., 2018; Brouwer and Van Ek, 2004; Li et al., 2019)
flood resilience/reduce risks/control ” ’ ’ ’ ”
Water system
supply sustainability/network 3 (Cunha et al., 2020; Karamouz et al., 2022; Sjostrand et al., 2018)
resilience/wastewater
General 1 (Lindfors, 2021)
Total 56

3.1.4. Country and region

The study shows most papers come from the USA, UK, China, and several

European countries, with Iran and India also contributing significantly. South
America, Africa, and parts of Asia have limited research. Metadata discrepancies
exist but likely don’t affect overall comparisons. See Figure 6 for global

distribution.

10
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Figure 6. Distribution of publications based on country/area among all papers-
countries with at least two papers are considered.

3.2. Content analysis

As detailed in the previous section, out of 400 papers, 297 were excluded based
on irrelevant titles, leaving 103 for further consideration. After reviewing abstracts
and context, the focus narrowed to 56 papers. These papers fall into three key
subjects:

e Tools used, primarily MCDA or CBA techniques.

o Applications spanning infrastructure, buildings, urban spaces, and other assets.

e Assessment dimensions, focusing on resilience but also addressing
sustainability and performance metrics.

Table 2 provides an overview of the 56 papers, categorized into three areas: i)
resilience assessments using MCDA or CBA, ii) those using only MCDA, and iii)
those combining MCDA and CBA.

Table 2. Summary of 56 papers review of method, tools, and areas.

Tools Application A§sessm_ent
dimension
Y]
@
QD
] Scholar(s)/ < . Decision support  Assessment
) year - o Subject/area
c Z 5 ©) ¢ R tools approach
=) References = o = = c 3
3 = =g @ & S
D = 48 9 s A 8 3
] — lus] D
= Q o2 c & & 3Z 3
5 = ® 5 c = g = & 3
< T 3 E g 28 3 = 5
= = a2 3 & 2 8 & B
yand et al Transportation- Multi-criteria Resilience
(202%) ' v v v Critical framework Indicator
o Infrastructures (Cls) (MCF)
c
g Rahat et al. . MCDA Safe-to-Fail
= v v v :
g (2023) Coastal cities AHP design (SF)
a Arvin et al. v v v Infrastructure MCDA Resilience
e (2023) resilience DEMATEL indicator
= -
Singh et al. Vv v Infrastructure Traditional CBA $:3isa|rlllelr:;e
(2023) resilience NPV (MR'Ig)

11
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Table 2. (Continued).

Tools Application g?iﬁgﬂ;gﬂt
o)
@D
Y
@ ®
o Scholar(s)/ 3
5] > .
o z year _ 3 Subject/area Decision support  Assessment
c : z 5 o w tools approach
=3 References = o = = S 3
2 = 2 8 2 » g 3
g & = 5 P o § 5 S
= = g c c £ 5 = 8 3
3 ¥ 3 2 3 § & 3 % »
x @ c g = g > = 3
o) =3 3 > «Q 7 8 Q 8
Wastewater Fuzzy multi-
5 Karamouz et al. v v treatment criteria decision-  Performance-
(2023) infrastructure making based resilience
(FMCDM)
Zhu and
6  Leibowicz Vv v Infrastructure Traditional CBA Mol
(2022) P
Infrastructure Fuzzy multi-
7 Babar and Ali v v resilience criteria decision-  Expert-based
(2022) (Cls) making FVIKOR
(FMCDM)
. Resilience
Rezvani et al. - MCDA L
v v
8 (2022) Urban mobility ARCDM indicators
set targets
9 Anwar et al. v v v v Buildings under MCDA Performance-
(2020) seismic TOPSIS based resilience
10 Barzehkar et al. v v v Coastal cities MCDA + GIS General
(2021)
Kaaviya and v v v .
11 Devadas (2021) Watershed MCDA + GIS Data analysis
Cartes et al. . . Performance-
viv v
12 (2021) Transportation Traditional CBA based resilience
Martani et al Monetizing the Resilience
13 (2021) ) v v v Transportation factors of service indicator and set
provided targets
Adev et al Monetizing the Resilience
14 (202{) ' v v v Transportation factors of service indicator and set
provided targets
15 Asadi et al. v v v Reinforced concrete  MCDA Performance-
(2020) buildings AHP based resilience
Feofilovs and -
16 Romagnoli v v v Urban resilience MCDA Res_lllence
SD model indicator
(2020)
. Urban flood MCDA Expert-based
v v
17 Lietal. (2019) resilience VIKOR FVIKOR
Dojutrek et al. v v Transportation Performance-
18 (2016) (Bridge) MCDA based resilience
. Resilience
Rezvani et al. - MCDA L
v v
19 (2023) Urban resilience AHP indicators
set targets
20 EBZ%I%)et al. Vv v Transportation Traditional CBA  Scenario-based

12
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Table 2. (Continued).

Tools Application g?iﬁgﬂ;gﬂt
py)
@D
Y
:
= Scholar(s)/ > g
o
o z year _ 3 Subject/area Decision support  Assessment
c : z 5 o w tools approach
S References S o = 5 S o
2 = a 2 E P E
& & & g 2 e 3 3 3
=1 3 ® 5 c = g = 8 3
«Q T S = o o g i = 2
> &% 5 8 5 3 3 F 23
S ~ i ® S «Q » o < @
21 Jiaetal (2022) v v v _Gray and green MCDA I_Derformance of
infrastructure infrastructure
W. Yang and Urban resilience MCDA Scenario-based/
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23 (2020) Water networks o OMETHEE  alternatives
Udd'r.‘ and_ Urban system MCDA Scenario-based/
24 Warnitchai v v v - - .
station location AHP alternative
(2020)
MCDA MIVES-
25 Josa et al. (2020) v v v Building structural scenario base/
MIVES -
alternative
[92]
c
S Alves et al. - MCDA Performance of
v v v
§ 26 (2018) Reduce Flood Risk MAUA infrastructure
(e
S .
« Shahtaheri et al. Sustainable MCDA 'I_'rlple bottom
Lo (2018) Y Y Y Infrastructure line
N TBL
Johnston et al. Coastal MCDA -
v v v
28 (2014) infrastructure GIS Vulnerability
Pazzini et al. MCDA
v v v -
29 (2023) Urban developments ANP ANP-BOCR
Silva et al. - MCDA Scenario-based/
v v v
30 (2022) Urban mobility AHP alternatives
STEEP-scenario
Melkonyanetal. | , v v - MCDA
31 (2022) Urban mobility PROMETHEE based/ _
alternative
Yuan et al. .
v v v
32 (2022) Rural Spatial MCDA General
33 Lindfors (2021) v v v General MCDA General
. Scenario base-
34 (Szh(;;g(;garan etal. v v Transportation ‘I?'/IC?PDS?S Alternative-
AECIEI
Teotcnio et al. MCDA Scenario-based/
v v v
3% 2020 Green roof M-MACBETH alternatives
. MIVES-
Transportation MCDA -
v v v
36 Oses et al. (2018) Urban area MIVES Scenarlg based/
alternative
Mardani et al. Transportation
v v v
37 (2016) Systems MCDA General
Kabir et al. Infrastructure
v v v
38 (2014) management MCDA General
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Table 2. (Continued).
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al. (2021) emissions (DSM)
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(2018) theory
Transportation MCDA and CBA Scenario-based/
44 Tischler (2017) v v v Y onte eofection (CBA datainthe ~ 200 o
g weighted MCDA)
= . .
‘33 45 Saarikoskietal. v v v Ecosystem services MCDA and CBA General
S (2016)
«
w . SUSTAIN-DSS .
& 46 ?;(I)Illg)g andPryn viv 4 Transportation CBA data in the iﬁg?ﬁ;{?\;g:sed/
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Table 2. (Continued).
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52 Brouwer and Van Vv v Flood control Integrated CBA  Scenario-based/
Ek (2004) policies and MCDA alternatives
EFECT .
53 Tsamboulas and v v v Transportation (CBA data in the Scenario-based/
Mikroudis (2000) weighted MCDA) alternatives
. MCDA and CBA .
54 gg\gag; etal. v v v Agriculture system  (CBA data in the :I(igpr?;?\;xsed/
weighted MCDA)
MCDA and CBA .
55 ?2%1%; tal. v v v Public infrastructure (CBA data in the :ﬁgpﬁ;{?\;gssew
weighted MCDA)
Donais et al Combined
56 (2019) ' v v v Transportation MCDA and CBA General
in Sustainability

3.2.1. Decision support framework on applications’ resilience with MCDA or

CBA approach

Resilience is an inherent quality in systems, reflecting their ability to endure
and recover from disturbances. This section reviews 20 papers focused on resilience
assessment using either Cost-Benefit Analysis (CBA) or Multi-Criteria Decision
Analysis (MCDA). While CBA and MCDA were often applied separately, both are
frequently combined in other assessments like sustainability and performance

evaluations.

Frameworks within the MCDA approach to resilience assessment were
identified, with five primary categories of resilience assessments emerging from the
literature. These methods highlight various aspects of resilience, though some may
not fit strictly within these categories (Figure 7):

Resilience indicators/Set targets development (Arvin et al., 2023),

Performance-based (Karamouz et al., 2023),
Resilience triangle-RT (Singh et al., 2023),

Triple bottom line-TBL (Shahtaheri et al., 2018),

Safe to Fail-SF (Rahat et al., 2023).
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Resilience Indicators/Set Targets I —
Performance-Based I —
Triple Bottom Line (TBL) I—
Resilience Triangle (RT) I
Safe to Fail (SF) I
0 1 2 3 4 5 6
Number of Papers
Figure 7. Trend in resilience approach in 20 papers.

Resilience assessments often overlook the use of explicit criteria, though
translating capacities and characteristics into criteria can enhance clarity. Criteria
serve as indicators to track progress in specific aspects, and their absence leaves
operators without a clear guide to achieving desired outcomes (Yang et al., 2023).
Yang et al. (2023) developed resilience criteria for critical infrastructure using a
multi-criteria framework, while Arvin et al. (2023) employed the DEMATEL
method to weight resilience indicators, addressing the limitations of AHP and BMW
models (Rezaei, 2015). Feofilovs and Romagnoli (2020) created a dynamic Urban
Resilience Index for flood risk in Latvia, simplifying complex resilience concepts
into a single indicator for policymakers (Meerow et al., 2016). Rezvani et al. (2022,
2023) integrated 1SO 31000 and 55000 principles into climate adaptation strategies,
using the Urban Resilience Evaluation System (URES) to define key indicators for
urban resilience.

Attribute-based assessments focus on preparedness but lack insight into system
performance during disruptions. They are useful for resource allocation and
resilience measurement through expert opinions (Karamouz et al., 2022). Key
resilience attributes include “rapidity”, “robustness”, “resourcefulness”, and
“redundancy” (Bruneau and Reinhorn, 2007). Performance-based methods, such as
PROMETHEE, assess post-disruption resilience (Behzadian et al., 2010; Karamouz
et al., 2023). Karamouz et al. (2022) developed resilience metrics for wastewater
infrastructure, while Anwar et al. (2020) created a performance-based framework for
seismic retrofits, emphasizing downtime and recovery. Asadi et al. (2020) used Risk-
based Multi-Attribute Utility Theory and AHP to build an MCDA framework
addressing economic, social, and environmental criteria in building design.

The resilience triangle approach is one method used within the infrastructure
field to quantify resilience (Bruneau et al., 2003; Wang et al., 2021). This
methodology, initially introduced by Bruneau et al. (2003), provided a visual
depiction of a disruption’s impact on a system. In this approach, the y-axis represents
the system’s functionality, while the x-axis denotes time. By considering the y-axis
as the performance function, spanning from 0% to 100%, the calculation of
resilience loss follows a specific formula (Figure 8).
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Figure 8. Resilience triangle.
(Adapted from Bruneau et al., 2003).

This approach functions as a framework for resilience assessment,
encompassing financial, social, and environmental impacts. The Triple Bottom Line
(TBL) evaluates three core dimensions: people, planet, and prosperity emphasizing a
comprehensive view of sustainability. Evaluations using TBL measure an entity’s
resilience by analyzing its capacity to thrive economically, meet societal needs, and
mitigate environmental impact (Janjua et al., 2020; Masood et al., 2023). Shahtaheri
et al. (2018) developed the “SIMPLE-Design” framework, drawing from Triple
Bottom Line (TBL) principles, integrating criteria development into a multi-criteria
preference assessment for early design alternatives.

This assessment offers a flexible design approach that minimizes infrastructure
damage while ensuring continuous functionality, focusing on resilience against
disturbances (Kim et al., 2017). Rahat et al. (2023) prioritized Safe-to-Fail (SF)
criteria and ranked flood mitigation strategies to enhance coastal resilience. They
used the Analytic Hierarchy Process (AHP), which ranks alternatives by creating
pairwise comparison matrices based on expert opinions gathered through a structured
guestionnaire, supporting multi-criteria decision-making.

Making decisions about resilience programs is challenging due to high costs
and uncertainty, especially for rare, high-impact risks. While few studies address
this, CBA remains a key method alongside cost-effectiveness, multicriteria, and
robust decision-making approaches (Mechler et al., 2014). Zhu and Leibowicz
(2022) proposed using the Markov decision process for resilience upgrades. Adey et
al. (2021) and Martani et al. (2021) compared transportation infrastructure resilience,
using weighted indicators and CBA to set resilience targets. Cartes et al. (2021)
estimated economic losses from hazards and assessed cost-benefit ratios for road
segments. (Belay et al., 2016) created a dynamic CBA framework for road projects,
and Singh et al. (2023) introduced Modified Resilience Triangles (MRT) to evaluate
long-term adaptive resilience and NPV under different scenarios.

3.2.2. Decision support framework on applications with MCDA approach

The studies within this section have devised an approach to assess constructed
assets, focusing on their sustainability or performance through Multicriteria Analysis
(MCDA). This MCDA approach can be categorized based on its utilization within
their respective methodologies or frameworks. Scholars have developed various
MCDA tools, such as AHP (Saaty, 1977), ANP (Saaty, 2006), TOPSIS (F. K.
Hwang, 1979), PROMETHEE (Brans et al., 1986), VIKOR (Opricovic, 1998),
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MAUA (Bell et al., 1977), MACBETH (Bana e Costa and Chagas, 2004), and,
integration with GIS.

Acknowledging the existence of various multi-criteria approaches such as
SAW, ELECTRE, SMART, etc, and several other potential integrations that might
not have been covered in articles related to the subject, it’s important to highlight
that in this section, 18 papers have been classified based on their utilization of
MCDA (Figure 9).

AHP

GIS Integration
VIKOR
MAUA
PROMETHEE
TOPSIS
MACBETH
ANP

o
[

2 3 4 5
Number of Papers

Figure 9. The trend of the MCDA approach in other assessment dimensions in 18
papers.

The Analytical Hierarchy Process (AHP), developed by Saaty (1977), is an
intuitive MCDA method used to assign numerical values to qualitative attributes
through trade-offs. Its flexibility and simplicity make it widely used in policy
decisions (Elkarmi and Mustafa, 1993). AHP involves building a hierarchical
structure of goals, criteria, and sub-criteria, followed by pairwise comparisons to
determine their relative importance. Consistency checks ensure reliability, and
results are synthesized to guide decision-making (Vaidya et al., 2006). Uddin and
Warnitchai (2020) used AHP for fire station location planning, while W. Yang and
Zhang (2021) applied it to sustainable urban drainage strategies. Silva et al. (2022)
combined AHP with TOPSIS for urban mobility project selection.

The Analytic Network Process (ANP), developed by Saaty (2006), is a
decision-support tool that helps structure complex decision problems by visualizing
interconnected elements in a network (Pazzini et al., 2023). Unlike AHP, ANP
considers interdependencies between groups, making it better suited for complex
scenarios where criteria and alternatives influence each other (Fountzoula and
Aravossis, 2022). Though AHP is favored for its simplicity, ANP provides a more
detailed framework for intricate decisions. Pazzini et al. (2023) used ANP for urban
regeneration decision-making.

The Technique for Order of Preference by Similarity to the Ideal Solution
(TOPSIS), developed by Hwang and Yoon (1981), is an MCDA method that ranks
alternatives by comparing their proximity to both ideal and negative ideal solutions
(Paradowski et al., 2020). It helps identify the optimal choice based on this relative
distance. Shishegaran et al. (2020) applied TOPSIS in a sustainability evaluation of
highway interchanges in Iran.

The PROMETHEE method, developed by Brans et al. (1986), is favored for its
simplicity and human-like decision-making process using pairwise comparisons. It
handles diverse criteria without pre-normalization and works even with missing data
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(Tscheikner-Gratl et al., 2017). Melkonyan et al. (2022) highlighted PROMETHEE’s
suitability for low-uncertainty data and clear communication of decision problems,
using it alongside the STEEP method for sustainable urban mobility. PROMETHEE
has also been applied in performance-based resilience assessments (Behzadian et al.,
2010; Karamouz et al., 2023).

When choosing an MCDA method, consistency, transparency, and simplicity
are crucial. Multi-Attribute Utility Theory (MAUT) is widely used for reliable
decision-making, allowing criteria to be weighted based on user preferences
(Riabacke et al.,, 2012). Alves et al. (2018) applied MAUT for flood risk
infrastructure, and also some scholars employed “MIVES”, a MAUT-based method,
that supports sustainable decisions (Josa et al. 2020; Oses et al. 2018; San-José
Lombera and Garrucho Aprea 2010).

Measuring Attractiveness by a Categorical Based Evaluation Technique is
based on a pairwise comparison procedure to determine the value of the alternatives
while applying a non-numerical questioning procedure to attribute numerical scores.
This is the critical distinction between MACBETH and other MCDA methods that
use a pairwise comparison procedure involving the attribution of numerical
judgments and, sometimes, leading to mistakes (Bana e Costa et al., 2012). In one of
the papers found, Teoténio et al. (2020) adopted the MACBETH method based on
M-MACBETH software (Bana e Costa and Chagas, 2004) to develop a decision
support system for green roof investments in residential buildings.

VIKOR is a multi-criteria decision-making technique that selects the best
alternative by balancing conflicting criteria (Mardani et al., 2016). It offers a
compromise between ideal and worst-case outcomes (Yazdani and Graeml, 2014).
Khan Babar and Ali (2022) integrated Fuzzy AHP with FVIKOR to evaluate
resilience strategies for critical infrastructure, fitting the complex decision-making
needed for multiple policies (K&nig and Wenzelburger, 2021). Li et al. (2019)
applied VIKOR for flood resilience using hybrid fuzzy judgments, while Johnston et
al. (2014) used MCDA and GIS to assess coastal infrastructure vulnerabilities under
potential flooding scenarios.

Decision support systems often combine tools like GIS, MCDA, ANN, and
Bayesian networks. AHP and GIS integration have been effective in studies on
flooding, land use, and sustainability (Achu et al., 2020; Bocchini et al., 2014;
Desalegn and Mulu, 2021; Ouyang et al., 2011; Sudha Rani et al., 2015; Zabihi et al.,
2020). Barzehkar et al. (2021) used MCDA and ANN with GIS for coastal planning,
while Kaaviya and Devadas (2021) applied AHP with GIS for water resilience.
Moreover, Johnston et al. (2014) used GIS and MCDA to assess coastal
infrastructure vulnerabilities under three potential flooding scenarios.

3.2.3. Decision support framework on applications utilizing tools separately or
in a two-step process

Unlike the previous section’s focus on specific sustainability or performance
assessments, the papers here emphasize decision support tools combining Multi-
Criteria Decision Analysis (MCDA) and Cost-Benefit Analysis (CBA). These 18
papers fall into three main categories: i) CBA as the primary method, ii) MCDA as
the primary method, and iii) using the tools separately or in a two-step process. See
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the trend in Figure 10.

MCDA as a Primary Method IR
Two-Step or Separate Usc [ I NG
CBA as a Primary Method NN

0 1 2 3 4 5 6 7 8
Figure 10. The trend of the composition approach in 18 papers.

Barfod et al. (2011) and Sailing and Landex (2006) introduced COSIMA
(Composite Model of Assessment) for transportation decision support, which
integrates Cost-Benefit Analysis (CBA) with Multi-Criteria Decision Analysis
(MCDA). COSIMA uses the AHP technique and a calibration factor (o indicator) to
weigh MCDA outcomes, typically 20%-30%, against CBA results. The first phase
conducts traditional CBA to obtain metrics like net present value (NPV), internal
rate of return (IRR), and benefit-cost ratio (BCR). The second phase evaluates non-
monetary criteria through MCDA, presenting total value (TV) and total rate of return
(TRR), Following Equation (1):

TRR (4;) = TV(A") = cl Z Vi(Xp) + a - Z w; - V(Y (1)

where:

Ay is a project alternative k;

Cx is the total cost of alternative k;

Vi (Xi) is the value in monetary units of CBA effect “i” for alternative k;

VF; (Yj) is the value function score of alternative k for MCDA-criterion j;

W(j) is the weight that expresses the importance of criterion j;

a is the calibration factor that expresses the balance between the CBA and
MCDA parts in the model.

In addition, Teot&nio et al. (2023) built on the COSIMA model to create
MAGICA, a tool for decision-making in green roof projects. MAGICA has three
phases: Simple MAGICA operates like a multi-objective CBA, Two-step MAGICA
integrates MCDA after CBA to address non-monetary factors, and Joint MAGICA
merges CBA and MCDA results into a single attractiveness measure, similar to the
COSIMA model.

The COSIMA approach translated MCDA results into CBA format using
shadow prices, but practical challenges arose due to trade-offs between CBA and
MCDA. The EUNET method (EUNET, 2001) integrated CBA as a criterion within
MCDA for prioritizing transportation projects. Gthnemann et al. (2012) combined
CBA and MCDA in a transportation project, while Barfod and Salling (2015)
developed “SUSTAIN-DSS” for sustainability. Tsamboulas and Mikroudis (2000)
introduced “EFECT” to convert CBA impacts into MCDA. Tiwari et al. (1999) used
MCDA for agricultural sustainability, and Sparrevik et al. (2012) evaluated sediment
management. Messner et al. (2006) and Brouwer and Van Ek (2004) integrated CBA
and MCDA for water allocation and flood control policies, respectively.
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Some authors present Cost-Benefit Analysis (CBA) and Multi-Criteria Decision
Analysis (MCDA\) results separately, viewing them as complementary rather than
needing integration. This reflects the belief that each method provides distinct
insights, offering unique perspectives and values, and allowing decision-makers to
evaluate a broader range of criteria. For instance, Almohaimeed et al. (2021)
analyzed the economic impact of MCDA options by examining each alternative’s
costs and benefits, calculating NPV, IRR, payback period, and BCR for each
scenario, focusing on the “Demand Side Management” (DSM) effect on the
environmental footprint. Henke et al. (2020) developed a sustainable assessment
method for transportation investments by combining CBA, MCDA, and stakeholder
input. Using AHP and Delphi methods, they compared CBA and MCDA outcomes
to guide decisions, though MCDA focused mainly on monetary criteria. Eventually,
in water supply sustainability, Sjstrand et al. (2018) evaluated regional water supply
sustainability using CBA for the economic domain and MCDA for environmental
and social aspects. NPV was calculated, while social and environmental effects were
rated through expert and stakeholder judgments.

4. Conclusion

This paper has explored the integration of Cost-Benefit Analysis (CBA) and
Multi-Criteria Decision Analysis (MCDA) tools for assessing resilience and
sustainability in infrastructure projects. Both methodologies play critical roles in
decision-making, with their strengths and weaknesses varying depending on the
underlying rationality applied. CBA provides clear quantitative metrics such as Net
Present Value (NPV) and Internal Rate of Return (IRR), making it effective for
monetizing resilience impacts and setting quantitative targets. Meanwhile, MCDA
offers a versatile framework to evaluate diverse, often non-monetary criteria,
allowing for the inclusion of qualitative and subjective factors such as social,
environmental, and technical aspects.

Within resilience assessment, the leading approach that emerged focused on
performance-based and resilience indicators for evaluating resilience. Multi-criteria
decision Analysis (MCDA) gained significance because of its ability to thoroughly
analyze various problem types and effectively handle extensive qualitative or
guantitative data. Specifically, among MCDA methodologies, the Analytical
Hierarchy Process (AHP) stood out as the primary approach due to its assessment
proficiency. However, certain authors explored the use of a cost-benefit analysis
suite to establish resilience targets to monetize the impact of resilience loss.

One of the findings is the increasing preference for integrating CBA within
MCDA frameworks. This combined approach enables decision-makers to utilize the
quantitative strengths of CBA while addressing the broader, qualitative
considerations that MCDA excels at managing. Tools like COSIMA and MAGICA
represent advanced solutions in this area, providing systematic frameworks that
effectively integrate these methodologies. Their ability to incorporate both monetary
and non-monetary criteria make them particularly suitable for sustainability
assessments, offering a robust mechanism to align diverse stakeholder perspectives.

Tools such as COSIMA and MAGICA have shown considerable potential in
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addressing both sustainability and resilience by facilitating criteria-based evaluations
and managing financial and socio-economic aspects. Incorporating structured inputs
from reliable decision-makers, along with resilience-specific criteria, could enhance
their reliability and provide more actionable outcomes. However, this review
highlights that most resilience assessments have primarily utilized either MCDA or
CBA independently, rather than adopting a composite model that integrates both
approaches.

The review process has several limitations, including potential biases stemming
from the authors® perspectives, variations in keyword selection, and a reliance on
English-language databases, which may limit the scope of the findings. Additionally,
the limited focus on risk and uncertainty management represents a gap in the current
research. Moreover, it is crucial to emphasize that this paper specifically addresses
the resilience of infrastructure projects, with a focus on assets and planning in
decision-making, rather than exploring organizational or management-related
resilience. While these areas warrant further investigation, integrating project
resilience (managerial dimensions) with asset resilience (engineering dimensions)
could offer a comprehensive approach, tailored to stakeholder priorities and
decision-making objectives.

Future research should focus on addressing these gaps by developing
methodologies that explicitly integrate resilience indicators into CBA-MCDA
frameworks and prioritize uncertainty quantification. Comparative evaluations of
integrated assessment methods across various contexts would provide valuable
insights into their effectiveness and limitations. Longitudinal case studies of
infrastructure projects utilizing these tools could further reveal practical challenges
and inform their refinement.

In conclusion, while significant progress has been made in leveraging CBA and
MCDA for infrastructure decision-making, there is a need for continued innovation
to enhance these frameworks. By advancing integration methodologies,
incorporating resilience-specific criteria, and addressing uncertainties more
systematically, the field can move toward more comprehensive and reliable
evaluation systems. This will not only improve infrastructure decision-making but
also ensure that investments are resilient, sustainable, and aligned with long-term
societal goals.
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