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Abstract

The growing urgency of resource-efficient construction in water-stressed and rapidly ur-
banizing regions necessitates integrated decision support frameworks that move beyond
isolated sustainability metrics. This study operationalizes the water-energy nexus within
building design evaluation by developing a structured hybrid multi-criteria decision-
making (MCDM) framework tailored to the Indian construction context. Unlike conven-
tional sustainability assessments that treat water and energy independently, the proposed
approach integrates life cycle-based water consumption, operational and embodied energy
demand, environmental impacts, economic feasibility, and project constraints within a
unified analytical hierarchy. A Delphi-validated criterion structure comprising five main
criteria and twenty sub-criteria is weighted using the Analytic Hierarchy Process (AHP),
and ranked using the VIKOR compromise solution method. To strengthen methodological
robustness, ranking outcomes are validated across three independent MCDM logics includ-
ing TOPSIS, PROMETHEE, and COPRAS. The framework evaluates four representative
building strategies aligned with Indian regulatory and certification systems (NBC, ECBC,
IGBC/GRIHA, and net-zero water-energy design). Using expert-informed weights derived
from a Delphi-AHP involving a panel of experienced practitioners, the VIKOR compromise
ranking consistently identifies the net-zero alternative as the most favorable option within
the evaluated framework. The results are therefore interpreted as an expert-informed
assessment demonstrating the applicability of the proposed decision support methodol-
ogy rather than as statistically generalizable priorities for the entire Indian construction
sector. The study contributes by (i) embedding nexus-based resource interdependence
into building-level MCDM modeling, (ii) enhancing transparency through explicit benefit-
cost classification and decision matrix disclosure, and (iii) demonstrating ranking stability
across multiple validation techniques. The proposed framework provides a transferable
methodological approach that can be adapted to different regional contexts through locally
derived expert inputs.

Keywords: analytic hierarchy process; decision support system; multiple criteria decision
making; sustainable construction; VIKOR; water-energy nexus
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1. Introduction

Sustainable construction methods are becoming increasingly important in modern
infrastructure development [1-4], especially as the need for resource-efficient constructions
grows [5-7]. The water-energy nexus, which represents the relationship between water and
energy resources (Figure 1), plays an important role in designing green construction regula-
tions and practices [8-12]. According to Hong et al. [13], Pomponi and Stephan [14], and
Sharma and Chani [15], water is required for many construction activities, such as material
preparation, concrete curing, and site cleaning, whereas energy is required for machine
operation, heating, cooling, and lighting. Despite their importance, these two resources
are typically managed independently, resulting in inefficiency, excessive consumption, and
environmental degradation [16]. Addressing this issue requires a systematic and compre-
hensive strategy that considers the trade-offs between water and energy use while being
economically viable and regulatory compliant [17-20]. Construction projects, particularly
in urban areas, must prioritize sustainability by utilizing decision-making models [21] that
balance water conservation and energy efficiency while maintaining project quality [22,23].
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Figure 1. Water-energy nexus in construction (developed by authors).

Mannan and Al-Ghamdi [24], Dixit and Kumar [25], and Hu et al. [26] stated that, in
many areas, the depletion of freshwater resources and rising energy consumption pose
significant challenges to the construction industry. As climate change intensifies, the avail-
ability of water for construction operations becomes increasingly uncertain, and energy
prices rise due to the rise in urbanization and industry [27,28]. The construction industry
contributes significantly to global energy consumption, accounting for over 40% of total
energy consumption and approximately 30% of greenhouse gas emissions [29,30]. Simi-
larly, construction activities consume a significant amount of water, exacerbating concerns
about water shortages [31-33]. Without a complete management framework, construction
projects are vulnerable to cost overruns, regulatory noncompliance, and environmental
consequences [34,35]. As a result, incorporating water-energy nexus management into

https:/ /doi.org/10.3390/su18063097


https://doi.org/10.3390/su18063097

Sustainability 2026, 18, 3097

30f32

construction decision-making processes is crucial for achieving sustainable development
and resource conservation.

Current approaches to managing water and energy in construction have relied on
fragmented decision making, treating water and energy as separate entities with their own
management strategies [36-38]. This siloed approach fails to recognize the interdependence
of these two resources, resulting in subpar solutions that overlook potential synergies.
For example, improving energy efficiency in a construction project may unintentionally
increase water use, as seen in cooling and HVAC systems [39-41]. Conversely, reducing
water use may need more energy-intensive treatment procedures [42]. As a result, a multi-
criteria decision-making (MCDM) framework is necessary to optimize construction designs
by considering many, often conflicting, sustainability goals. An MCDM method enables
decision-makers to select the most balanced and sustainable construction approaches
by considering multiple variables, such as cost, environmental impact, and regulatory
compliance [43,44].

Despite the growing recognition of the water-energy nexus in sustainability discourse,
three critical gaps remain. First, most existing MCDM applications treat water and en-
ergy performance independently rather than integrating them under a nexus-based life
cycle framework [45-49]. Second, few studies contextualize nexus optimization within
developing-country building certification systems such as IGBC and GRIHA. Third, prior
models rarely validate compromise-based rankings using multiple MCDM logics to test
robustness. Addressing these gaps forms the core motivation of the present study. By in-
corporating MCDM into construction design, stakeholders can make data-driven decisions
that enhance sustainability while minimizing environmental impact [50]. This study seeks
to close this gap by developing a comprehensive MCDM framework for the water-energy
nexus in construction projects.

While MCDM methods, such as the Analytical Hierarchy Process (AHP) and the
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), have been
widely used in other areas of sustainability, their application to the water-energy nexus in
buildings remains limited. There is also a lack of empirical validation in using MCDM to
optimize resource consumption trade-offs. The objective of this study is not merely to con-
struct a hybrid MCDM model, but to operationalize the water-energy nexus concept within
building sustainability decision making in India. The study contributes by (i) developing
a structured nexus-oriented criterion hierarchy grounded in Indian certification systems
(ii) integrating AHP-based expert weighting with Viekriterijumsko Kompromisno Rangi-
ranje (VIKOR compromise ranking under explicit cost-benefit classification (iii) providing
full methodological transparency through decision matrix disclosure; and (iv) validating
ranking stability using three independent MCDM approaches, allowing for more sus-
tainable resource allocation and better decision making. In developing this framework
to prioritize which water-energy conversion best suits the Indian construction context,
the paper evaluated four alternatives, including Baseline National Building Code (NBC)-
Compliant, Energy Conservation Building Code (ECBC)-Compliant, Indian Green Building
Council (IGBC)/Green Rating for Integrated Habitat Assessment (GRIHA), and net-zero
water-energy design (Advanced GRIHA /IGBC Platinum). The framework for evaluating
these alternatives under conflicting criteria was tested using two hypotheses:

H1: AHP-VIKOR MCDM framework shows that net-zero water-energy design outperforms
other building choices in terms of sustainability.

H2: The net-zero water-energy design has comparable sustainability performance to other
solutions.
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The remainder of this article begins with a comprehensive literature review conducted
to identify key characteristics that influence water and energy utilization in construction
projects. Expert consultations and the Delphi method survey were then utilized to de-
termine the relative importance of these variables. The AHP was used to assign weights
to the stated criteria, ensuring a structured prioritization method. Following that, the
VIKOR technique was used to rank construction possibilities based on the specified criteria,
resulting in a compromise solution that balances the trade-offs between conflicting aims.
To confirm the model outputs, a comparison study was conducted using different MCDM
approaches, including TOPSIS, Preference Ranking Organization Method for Enrichment
Evaluation (PROMETHEE), and Complex Proportional Assessment (COPRAS).

In this study, the term “water-energy nexus” refers specifically to the interdependent
management of water and energy flows within building design and operation, recognizing
that interventions in one domain may influence the other. While water management and
energy efficiency are evaluated as distinct criteria categories for analytical clarity, the nexus
perspective underpins the framework by jointly prioritizing resource intensities and life
cycle performance rather than treating them as isolated objectives.

2. Review of Literature
2.1. Related Work

MCDM approaches have emerged as critical analytical tools for resolving the complex
interdependences seen in water-energy management systems. The increasing awareness of
the water-energy nexus as a critical sustainability challenge has prompted researchers to
develop and implement sophisticated MCDM frameworks capable of effectively handling
multiple, frequently conflicting criteria while considering stakeholder viewpoints and
addressing inherent uncertainties. In the Indian context, the construction sector represents
one of the fastest growing segments of the national economy and contributes significantly to
electricity demand and urban water consumption [51-53]. India has witnessed substantial
expansion in green building certification, with IGBC and GRIHA registering thousands
of certified projects across residential, commercial, and institutional sectors. However,
adoption levels vary regionally and remain concentrated in urban and premium devel-
opments [54,55]. Previous studies applying MCDM methods have focused primarily on
material selection, renewable energy integration, and infrastructure prioritization, but lim-
ited research has explicitly addressed integrated water-energy nexus optimization within
building design [56]. Strengthening the regional contextualization of this framework,
therefore, enhances its practical relevance for Indian sustainability planning.

Mirzaei et al. [57] evaluated policy options for farmers to implement water-energy-
food nexus patterns using the Fuzzy Analytic Hierarchy Process (FAHP) and TOPSIS
methodologies. Their research focused on Iran’s Doroodzan dam irrigation network, which
is a water-scarce region. The study discovered that the WEFN-based pattern resulted in
significant improvements in water and energy productivity (200% and 18% increase in
physical and economic water productivity, respectively, and 156% and 67% increase in
physical and economic energy productivity), but it required 33% more water than the
base pattern. Farmers resisted adopting new irrigation methods and the proposed WEFN
pattern, despite the economic benefits. Hamidifar et al. [58] investigated the optimal
selection of rural water delivery systems in Iran using AHP, Fuzzy-AHP, and TOPSIS
techniques. Their multi-criteria, multidimensional approach rated environmental and
economic factors as the most important for executing rural water supply projects, with river
water diversion and temporary storage dams ranking first among five possibilities. The
study found that negative environmental consequences on humans, project implementation
costs, and security threats from subversive agents were the most critical sub-criteria. Key
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constraints included the geographic confinement to rural Iranian locations, the subjective
nature of AHP modeling techniques, and the computing needs that required significant
pairwise comparisons for complex decision matrices.

Armas Vargas et al. [59] evaluated water-environmental resource management op-
tions utilizing the AHP, TOPSIS, and PROMETHEE methodologies. Their evaluation of
six theoretical frameworks (IWRM, Ecohealth, Ecosystem Approach, Water Framework
Directive, Watershed Governance Prism, and Sustainability Wheel) from 1990 to 2015 litera-
ture revealed that the Water Framework Directive was the best integrated management
alternative, meeting 47% of management criteria, followed by the Watershed Governance
Prism (45%) and the IWRM (41%). TOPSIS provided the best calibration match with AHP
(Pearson’s coefficient = 0.951). However, limitations included word count technique limits,
the rising complexity of AHP with 20 or more criteria, and the inherent subjectivity in expert
judgments, despite consistency checks. Vassoney et al. [60] employed seven distinct MCDM
approaches (SAW, WPM, AHP, TOPSIS, VIKOR, ELECTRE 1III, and SHARE MCA) to assess
flow release scenarios from small hydropower facilities in the Alpine region. Their research
focuses on matching energy production requirements with environmental precautions for a
run-of-river hydroelectric facility in Aosta Valley, Italy. The study identified SHARE MCA,
WPV, and VIKOR as the most promising approaches for hydropower management, with
excellent correlation (T > 0.778 and p > 0.917). Except for ELECTRE III, all approaches
identified comparable top three options (ALT 3, ALT 0, and ALT 2). The key constraints in-
cluded the restriction to small hydropower facilities, relatively basic case study complexity,
and varied stakeholder training requirements across different methodological approaches.

Haji et al. [61] employed AHP and Fuzzy AHP methodologies to investigate how
decentralized decision making can enhance resilience in energy-water-food nexus sys-
tems. Their thorough research emphasizes the establishment of composite indicators for
assessing EWF resilience. The study found that decentralization enhances EWF system
resilience by enabling quicker and more adaptable responses to shocks, with fuzzy MCDM
techniques outperforming other methods for managing uncertainty in complex situations.
Research gaps have been discovered in GIS-based decentralization models and spatial risk
assessment methods. Limitations included insufficient spatial emphasis, the absence of
comprehensive cross-sector research, and poor inclusion of spatial feedback mechanisms
into current analytical frameworks. Anjum et al. [62] proposed a novel framework for
sustainable energy management in smart industrial environments that combines Intuition-
istic Fuzzy Sets (IFS) with MCDM methodologies (entropy method for criterion weighting,
CRADIS for alternative ranking). Their research revealed that staff training and engage-
ment were the most successful energy efficiency interventions among eight critical criteria,
including renewable energy consumption, manufacturing efficiency, and worker health
and safety. The framework’s resilience for real-world data processing was shown through
rigorous sensitivity testing. However, significant constraints included high data intensity
needs, the potential for oversimplification of system complexity, and the necessity for broad
stakeholder awareness of IFS conceptual frameworks.

Prum et al. [63] improved hybrid energy systems for distant communities by employ-
ing AHP, TOPSIS, EDAS, and PROMETHEE II methodologies. Their research examined
the viability of solar PV, wind energy, and battery systems in combination with existing
diesel generators in four countries: Cambodia, Laos, Myanmar, and Bangladesh. The
study found that PV /diesel with batteries was the most effective solution, attaining 89%
PV penetration, an electricity cost of 0.257 USD/kWh, and a CO, emissions reduction
of 51,005 kg/year compared to diesel systems alone. Limitations included geographic
restriction to least developed nations, reliance on thorough technical and economic data
availability, and the need for considerable stakeholder capacity development. Somasi and
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Kondamudi [64] applied Fuzzy TOPSIS and Fuzzy AHP-based MCDA to select the optimal
locations for solar PV-powered reverse osmosis desalination systems. Their feasibility
study in Visakhapatnam, India, integrated technical, economic, environmental, social,
and political considerations, utilizing fuzzy methodologies to address decision-making
uncertainties. Yarada and Bheemili were identified as the most suitable locations based
on a comprehensive multi-criteria evaluation. The study emphasized the critical need
for public awareness campaigns and government policy support to ensure the successful
implementation of desalination projects. Key limitations included geographic restriction to
specific Indian coastal contexts and dependency on substantial government and community
support mechanisms.

Rashid et al. [65] developed a hybrid DEA-PROMETHEE II technique to measure
and assess the efficiency of water delivery services across 14 Malaysian states. Their
solution solved traditional DEA constraints in distinguishing between efficient decision-
making units by using PROMETHEE II ranking capabilities. The study effectively pro-
duced complete rankings, with Johor claiming top place, illustrating the efficacy of hy-
brid methodologies for comprehensive performance evaluation. Limitations included
geographic restrictions to Malaysian settings, a focus solely on efficiency measurements
rather than wider sustainability indicators, and the need for adequate input-output dataset
availability. Abdullah et al. [66] used TOPSIS with HOMER optimization to create hy-
brid renewable energy systems for Indonesia’s future capital area, IKN Nusantara. Their
geospatial technique combines literature research with renewable resource assessment to
discover the best HRES setups. The PV-hydro combination was found to be optimum,
with a relative closeness value of 0.675 when compared to ideal solutions, highlighting the
importance of MCDM in implementing sustainable energy systems. However, constraints
included the particular geographic applicability to Indonesian circumstances, reliance on
large geospatial data requirements, and a focus on new capital development rather than
current infrastructure adaptation.

Ahmad Fakhroldin et al. [67] examined the water-energy-food-environment nexus
from the standpoint of decision-makers for sustainable agricultural management, employ-
ing unspecified multi-criteria decision-making techniques. Their research examined the
consumption, production, and economic factors associated with irrigation water and re-
newable energy. The WEFE scenario, which assigned equal weight to all criteria, produced
the biggest gains in sustainable management indices. Barley farming was given the highest
priority in terms of water use, energy consumption, and environmental management sce-
narios. Limitations included a high sensitivity to decision-maker viewpoints, inadequate
methodological definition, and geographical specificity limits. Additional research by
Gaurav et al. [68] and Akram et al. [69] investigated MCDM applications for hybrid energy
systems in healthcare facilities and fuzzy ELECTRE-based water supply management, re-
spectively, but with limited methodological detail disclosure, which limits a comprehensive
analysis of their contributions to the field.

Opverall, the literature reveals a methodological evolution from single-method MCDM
applications toward hybrid and validation-based frameworks. However, the integration
of water-energy nexus thinking within building-specific decision models remains limited.
Earlier studies predominantly addressed isolated energy optimization or water manage-
ment challenges. Recent trends show increasing emphasis on life cycle integration, yet
cross-validation across multiple decision logics remains uncommon. This study builds
upon this progression by embedding nexus-oriented criteria within a multi-method valida-
tion structure. A summary of studies focusing on the water-energy nexus using MCDM
methods is presented in Table 1.
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Table 1. Summary of studies focused on the water-energy nexus using MCDM methods (developed

by the authors).
Author (Year) Title MCDM Method Used Key Findings Key Limitations
. . . WEFN-based pattern Pattern does not consider
Evaluation of policy improves water/energy AT
options to adopt a productivity by 200%/18% water resource limitations;
Mirzaei et al. [57] P Fuzzy AHP, TOPSIS single policy focus; no

water-energy-food nexus
pattern by farmers

and 156% /67% but
increases water
consumption by 33%

climate
change consideration

Hamidifar et al. [58]

Multi-criteria
multidimensional model
for optimal selection of
rural water
supply systems

AHP, Fuzzy-AHP, TOPSIS

Environmental and
economic criteria are most
critical; river water
diversion and temporary
storage dams are
top priorities

Limited to rural Iran;
subjective AHP modeling;
requires substantial
pairwise comparisons

Water and Environmental

WEFD was identified as the
best management

Word count limitations;

Armas Vargas et al. [59] Resources: Multi-Criteria AHP, TOPSIS, alternative (47% criteria AHP compl.ex1'ty with
Assessment of PROMETHEE . 20+ criteria;
Management Approaches fulfillment); TOPSIS best evaluation subjectivit
& pP calibrated with AHP ) y
Comparing MCDM .
Methods for Assessment SAW, WPM, AHP, TOPSIS, VHESI? i%é\t/lscu?t,agfl\}ﬁ h h drI;)m(l)vai't(s)i;mﬂlcase
Vassoney et al. [60] of Flow Release Scenarios VIKOR, ELECTRE III, correlation s g Y sltju dy; \//aryigg
From Small Hydropower SHARE MCA between methods stakeholder training needs
Plants
Strengthemng resﬂlle_nce: Decentralization enhances .
decentralized decision EWF resilience: fuzz Lacks spatial focus;
Haji et al. [61] making in AHP, Fuzzy AHP . ' Y insufficient holistic
MCDM is superior for .
energy-water-food . cross-sector analysis
uncertainty management
nexus systems
Integrating intuitionistic Employee training is the . o .
. fuzzy and MCDM IES, Entropy method, most effective Data intensive; complexity
Anjum et al. [62] . . . reduction; stakeholder IFS
methods for sustainable CRADIS intervention; a framework . .
understanding required
energy management robust for real-world data
Optimizing hybrid energy PV /diesel with batteries . e
Prum et al. [63] systems for remote AHP, TOPSIS, EDAS, optimal (89% PV daf;ggera;}gzrffefégcjcy{t
T communities using PROMETHEE I penetration, buil df; re ui};,e msnts y
MCDM techniques 0.257 $/kWh COE) gred
Fuzzy TOPSIS and Fuzzy Yarada and Bheemili are Geographic limitation:
Somasi & Kondamudi [64] AHP-based MCDA for Fuzzy TOPSIS, the most suitable locations; requires
solar PV-powered Fuzzy AHP successful uncertainty government/community
RO desalination handling support
Efficiency Measurement .
. DEA-PROMETHEE I Malaysian context only;
and Ranking of Water enables complete ranking; efficiency focus;
Rashid et al. [65] Supply Service using DEA, PROMETHEE II h K P i & h v !
Hybrid Johor ranked first among comprehensive data
DEA-PROMETHEE 11 14 states requirements
Design of hybrid PV-hydro combination Indonesian specificity:
Abdullah et al. [66] renewable energy systems TOPSIS with HOMER optimal (0.675 relative extensive ert))s a tialy !
: based on multi-criteria optimization closeness); MCDM crucial geosp

decision-making

for HRES

data needs

Ahmad Fakhroldin et al.
[67]

Analysis of Water-Energy-
Food-Environment Nexus
for Sustainable
Agricultural Management

Multi-criteria
decision-making methods

WEEE scenario with equal
weights shows the greatest
improvements; barley
prioritized

Decision-maker
perspective sensitivity;
incomplete methodology;
regional specificity

Feasibility analysis using

Hybrid systems are

Limited methodological

MCDM techniques of MCDM techniques feasible for island : o
Gaurav et al. [68] . e .. detail, specific to
hybrid energy systems for (unspecified) healthcare, combining healthcare applications
healthcare facilities multiple energy sources PP
Multi-criteria group Fuzzy ELECTRE 1V is Complex methodology;
Akram et al. [69] dec1519n—mak1ng for Fuzzy ELECTRE IV effective for water supply extensive stakeholder
optimal water problems with involvement;

supply management

outranking capabilities

computational intensity
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Despite significant progress in applying MCDM techniques to water-energy manage-
ment, a serious research gap remains in integrating these frameworks into the building
sectors of developing nations. The current literature focuses mostly on agricultural systems,
rural water supply, and energy-generating facilities in developed or data-rich contexts.
There is a significant lack of research on the water-energy nexus in construction industry
applications in developing countries, where particular obstacles include inadequate infras-
tructure, regulatory uncertainty, resource shortages, population growth issues, and limited
technical capacity. In addition, there is an urgent need for study into the temporal dynamics
of construction projects at the water-energy nexus, considering how choice criteria and
alternatives develop during project life cycles in resource-constrained situations. Such a
study would make a substantial contribution to achieving sustainable development goals
by developing evidence-based decision support systems tailored to the practical realities of
water-energy management in the construction sector of underdeveloped nations.

2.2. Criteria Selection

A thorough hierarchical framework of criteria and sub-criteria that considers water
conservation, energy conservation, environmental impacts, financial viability, and project
feasibility is necessary for an effective sustainability evaluation in the construction industry.
In comprehensive field research spanning three construction sites in Tamil Nadu, India,
Rameez et al. [70] developed fundamental water management sub-criteria that are now
common in evaluations of the sustainability of building projects. According to their re-
search, the primary indicator is the rate of water consumption, which ranges from 8.87 to
13.67 kL/m? on average across various regional contexts and is significantly influenced by
labor practices, construction methods, and climate. By classifying direct (15.28%) versus in-
direct (84.47%) water consumption, the study verified the potential for water recycling and
showed that indirect consumption from material manufacture accounts for the majority of
the overall water footprint. The availability of water resources became a crucial limitation,
especially in areas with limited water supplies, where building projects often needed to
purchase water from outside sources, which could account for up to 2% of the project’s
overall budget. The effectiveness of wastewater treatment was assessed using curing water
recovery systems, which showed that appropriate collection and reuse systems might result
in water savings of up to 24%.

Nallaperuma et al. [71] supported these findings with a comprehensive water foot-
print study, which determined that the water consumption rate comprises both on-site
direct usage (2.26%) and off-site indirect consumption (97.74%) resulting from material
manufacture and transportation. Their findings supported the potential for water recy-
cling, proving that pre-casting procedures and factory-made items use significantly less
water on-site than traditional building methods. The study focused on assessing resource
availability through blue water footprint quantification, demonstrating that energy-related
water consumption varies from 32% to 85% of the total material water footprint, making
this a crucial sub-criterion for holistic water management evaluation. Building on these
foundational studies, recent research has expanded the water management framework to
encompass water quality considerations and the integration of conservation technologies.
Research consistently shows that water consumption rates vary dramatically depending
on construction methods (ready-mix concrete vs. on-site mixing), foundation types (raft
footing consumes 34.87% more water than isolated footing), and climate conditions, mak-
ing this the primary water management sub-criterion. The water recycling potential has
expanded beyond basic reuse to include advanced treatment technologies and closed-loop
systems, with recorded water productivity gains of up to 200% when applied correctly.
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Ulutas et al. [72] developed comprehensive energy efficiency sub-criteria by systemati-
cally evaluating construction and insulation materials using hybrid MCDM approaches.
Their study identified embodied energy in materials (EmbEn [M]]) as the most important
sub-criterion, encompassing all the energy required to manufacture, transport, and install
building materials. The study revealed significant differences in embodied energy among
materials, ranging from 0.48 MJ for reinforced concrete to 92.38 MJ for extruded polystyrene,
highlighting the crucial role of material selection in overall energy efficiency. Operational
energy demand was assessed using building envelope performance, with insulating mate-
rials showing potential energy consumption savings of up to 64% in summer and 37% in
winter circumstances. Theilig et al. [73] extended the energy efficiency framework with
a life cycle-based MCDM analysis, identifying renewable energy integration as a critical
sub-criterion for sustainable design. Their research established four major environmental
criteria for energy efficiency: emissions, energy consumption, resource use, and circularity
potential. The study confirmed the energy recovery capability by comparing various con-
struction materials and methods, revealing that utility analysis paired with cost evaluations
provides the best decision-making framework for choosing energy-efficient materials. A
recent study has enhanced energy efficiency standards to include passive design solutions
and smart system integration. Operational energy demand now includes a full assess-
ment of heating, cooling, lighting, and equipment energy requirements throughout the
building’s lifespan [74]. Embodied energy in materials assessment now includes trans-
portation energy, end-of-life processing energy, and recycling energy credits. Renewable
energy integration assessments increasingly include on-site generation possibilities, grid
integration capabilities, and energy storage systems. Waste heat recovery, thermal mass
usage, and energy harvesting from building activities are all included when evaluating
energy recovery potential.

Environmental impact assessment in construction has been thoroughly verified
through life cycle assessment (LCA) approaches, with various international standards
providing frameworks for comprehensive examination. A review by Hu et al. [75] deter-
mined that environmental impact encompasses both embodied and operational carbon
emissions throughout the entire building’s lifetime. Carbon footprint assessments consider
CO; equivalent emissions from raw material extraction to end-of-life disposal. Operational
carbon accounts for 60-70% of total life cycle emissions, whereas embedded carbon ac-
counts for 30-40%. Waste generation assessment encompasses building and demolition
waste streams, with circular economy concepts driving regulations for a 70% reduction in
waste sent to landfills in many jurisdictions. Land disturbance assessment has expanded
to encompass biodiversity impact assessments, soil quality preservation, and the disrup-
tion of ecosystem services. Contemporary frameworks necessitate a thorough site impact
assessment, which includes habitat fragmentation, species relocation, and landscape con-
nectedness. Air pollution evaluation includes particle matter (PM2.5, PM10), nitrogen
oxides (NOx), sulfur dioxide (50O,), and volatile organic compounds (VOCs). Real-time
monitoring is becoming increasingly essential for large-scale building projects. Ulutas
et al. [72] confirmed the quantification of particular environmental effects through me-
thodical material evaluation, developing uniform metrics including SO, equivalent for
acidification, CO, equivalent for global warming, Co;H, equivalent for photochemical
oxidant formation, and POy equivalent for eutrophication. Their findings showed that
material selection might cause variations in environmental effects of 300-400% across differ-
ent building alternatives, highlighting the crucial need for comprehensive environmental
impact assessment in construction decision making.

Economic aspects in building sustainability assessment encompass a comprehensive
financial examination throughout the project’s lifespan. Capital cost is a major economic
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criterion used in modern feasibility studies, encompassing all initial inputs, including
personnel, materials, equipment, and infrastructure, necessary for project launch. Research
consistently shows that capital cost optimization necessitates a balanced consideration of
injtial investment versus long-term operational efficiency. Sustainable construction materi-
als frequently require 10-15% higher capital costs but deliver 20-30% operational savings
over the construction life cycle. The operating and maintenance cost review has expanded
to include a whole-life cycle cost assessment, which encompasses energy costs, water
prices, maintenance schedules, component replacement cycles, and operational staffing
needs. Current frameworks involve a present value analysis of all operational expenses
over a minimum 50-year building lifespan, with sustainability upgrades frequently gen-
erating positive returns within 7 to 12-year payback periods. LCA currently requires a
full examination of purchase costs, operating costs, maintenance expenses, and end-of-life
disposal costs. Bennett [76] argued that when full cost accounting procedures are used,
sustainable building strategies can reduce overall lifespan costs by 15-25% compared to
traditional methods. Return on investment (ROI) evaluation includes both financial returns
and sustainable value creation, and frameworks are increasingly combining environmental
and social return calculations alongside traditional financial measurements.

Project feasibility and schedule criteria have been thoroughly confirmed through
construction project management research, with systematic frameworks established for
comprehensive feasibility evaluation [77]. Construction length assessment is a thorough
review of the timeline that includes the design phase duration, permit timeframes, construc-
tion execution timetables, and commissioning times. Research suggests that sustainability
criteria can increase initial project timeframes by 8-15% while frequently lowering total
project completion times via enhanced planning and coordination [78]. Technical difficulty
evaluation encompasses technological needs, specialist skill demands, the integration of
novel materials, and the implementation of sophisticated systems [79]. Contemporary
frameworks require a rigorous evaluation of technical feasibility, including available skills,
technological maturity, potential implementation hazards, and performance verification
capabilities. According to studies, accurate technical complexity assessments increase
project success rates by 25-35% by identifying competence shortages and training require-
ments early on [80,81]. Resource availability is a complete assessment of labor availability,
material supply chains, equipment accessibility, and financial resource security. According
to Roshdi et al. [82], an assessment of resource availability must consider regional market
conditions, seasonal fluctuations, supply chain resilience, and alternative sourcing options.
Effective resource availability planning has been demonstrated to minimize project delays
by 30—40% and cost overruns by 15-25% [83]. Regulatory compliance assessments encom-
pass building code compliance, adherence to environmental regulations, conformance to
safety standards, and permit acquisition delays. Kosenkov et al. [84] demonstrate that
early regulatory compliance planning reduces project clearance durations by 20-30% and
eliminates 60-70% of compliance-related delays. Comprehensive compliance frameworks
today demand the integration of local, regional, and national legal obligations, as well as
sustainability certification standards and worldwide best practices.

3. Materials and Methods
3.1. Criteria and Alternative Selection from the Delphi Method

The present research employed a mixed-methods approach that combined both quali-
tative and quantitative methods to develop an effective MCDM framework for managing
the water-energy nexus in Indian construction projects. The approach combines the Delphi
method for refining and verifying criteria based on expert input with the AHP and VIKOR
methods for systematically analyzing and ranking alternatives. The Delphi method is
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regarded as trustworthy due to its reliability, competence, and ability to receive prompt
feedback and analyze one’s own solution [85-87]. Figure 2 illustrates the methodological
flow of the research.

AHP + VIKOR
Framework

|
1

Criteria and
Alternative Selection

Apply AHP
« Construct Pairwise Comprison
Matrices (PCM)
« Calculate Criteria Weights
« Check Consistency Ratio (CR)

|

Rank Alternatives Using
VIKOR

Hybrid MCDM
Framework Development

Comparative Validation

l |

TOPSIS PROMETHEE COPRAS

Spearman Correlation for
Validity Check

Framework Validation

Figure 2. Methodological flow of developing and validating a hybrid MCDM framework (developed
by authors).

Although the expert panel size was limited to seven participants, such panel sizes are
consistent with established Delphi-AHP applications in sustainability and construction
research, where methodological rigor and domain expertise are prioritized over large
sample size. The expert panel consisted of seven senior professionals with a minimum
of 10 years of experience in relevant domains. While the sample size is limited, expert-
based MCDM modeling relies on informed judgment rather than statistical inference, and
panel sizes between 5 and 15 experts are common in Delphi—~AHP sustainability studies.
The objective is structured knowledge elicitation rather than population estimation. The
reported 85-95% agreement levels reflect qualitative consensus indicators rather than
statistical measures of significance. The reported agreement percentages represent the
proportion of experts who identified a given criterion as “important” or “very important”
during the Delphi evaluation stage. With seven experts participating, agreement values
correspond to discrete counts of expert responses. For example, an agreement level of
85% indicates that six of the seven experts expressed agreement with the inclusion and
importance of the criterion, while 100% indicates full consensus among all experts. These
percentages are therefore descriptive indicators of expert consensus rather than statistically
derived measures of population-level agreement.
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To ensure a balanced viewpoint that incorporates both academic and practical ex-
pertise, a panel of 7 experts (Table 2) representing academia, business, and public-sector
entities was assembled based on these criteria.

Table 2. Description of the experts who participated in the AHP-VIKOR study (developed by the

authors).
Expert ID Position Field of Expertise Years of Experience Organization Type
El Senior Civil Engineer Sustainable Construction 18 Private Construction Company
E2 Project Manager Water Resource Management 15 Government Agency
E3 Energy Consultant Renewable Energy Integration 12 Energy Consulting Firm
E4 Environmental Engineer Environmental Impact 14 Environmental NGO
Assessment
E5 Academic Professor Construction Economics 20 University
s - Green Certifications -
E6 Green Building Specialist (IGBC/GRIHA) 10 Certification Body
E7 Architect Sustainable Building Design 13 Private Architectural Firm

Table 3 presents the finalized primary criteria (C1 to C5), along with their associated

sub-criteria and brief explanations.

Table 3. Criteria and sub-criteria validated by the Delphi method (developed by the authors based

on the Delphi survey).
Main Criterion Sub-Criteria Description Type
Water Consumption Rate (CL1) Total volume of water required Qurlng construction Cost
phases or operations.
Water Recycling Potential (C1.2) Feasibility and extent of re;cycling or reuse of Benefit
water onsite.
Water Management (C1)
Water Resource Availability (C1.3) Impacton IOC?I water sources and overall Cost
project sustainability.
Wastewater Treatment Efficiency (C1.4) Efficiency in treating wastewater before discharge Benefit
or reuse.
Operational Energy Demand (C2.1) Amount of energy required to operate construction Cost
equipment and site facilities.
Embodied Energy in Materials (C2.2) Energy embedde'd in productlon,'transportatlon, Cost
. and disposal of materials.
Energy Efficiency (C2)
Renewable Energy Integration (C2.3) Degree to whlch_renewable ENErgy sources Benefit
are incorporated.
Energy Recovery Potential (C2.4) Capacity to recover and Teuse energy from Benefit
processes or operations.

Carbon Footprint (C3.1) Total GHG emissions across life cycle activities. Cost

Waste Generation (C3.2) Amount and toxicity of waste produced. Cost

Environmental Impact (C3) Land Disturbance (C3.3) Extent of landscape or habitat disruption. Cost

Air Pollution (C3.4) Emissions of particulate matter and Cost

harmful pollutants.

Capital Cost (C4.1) Initial project investment. Cost

Operating and Maintenance Cost (C4.2) Recurring operational expenditures. Cost

Economic Considerations (C4) Life Cycle Cost (C4.3) Overall cost across project lifespan. Cost
Return on Investment (ROT) (C4.4) Economic benefit relative to cost. Benefit

Construction Duration (C5.1) Timeline for project completion. Cost

Technical Complexity (C5.2) Level of specialized expertise required. Cost

Project Feasibility and Schedule (C5)

Resource Availability (C5.3) Accessibility of required resources. Benefit
Regulatory Compliance (C5.4) Alignment with building codes and regulations. Benefit

After identifying the criteria and sub-criteria, each is assigned a significance weight

using AHP. After assigning weights and conducting the pairwise comparison, the VIKOR

method was used to evaluate alternatives. Table 4 presents four water and energy

conservation-focused alternatives adapted to the Indian construction environment.
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Table 4. Finalized alternatives for water-energy conservation (developed by the authors).

Alternative Name Description Certification in India
Adheres to the National
Building Code (NBC) criteria
Al Baseline National Building with minimal emphasis on NBC 2016, Basic local
Code (NBC)-Compliant water and energy efficiency. building by-laws
Typically uses standard design
and materials.
Meets or exceeds the
standards of the
Energy Conservation Building ECBC—comphant: . ECBC (Bureau of
A2 . Incorporates modest efficiency .
Code (ECBC)-Compliant . Energy Efficiency)
improvements, such as
increased insulation and
low-flow fixtures.
Indian Green Building Council bu?lfi?rlla tssg)f;;);;ejff;efrtlhe
(IGBC)/Green Rating for & . IGBC (Silver/Gold), GRIHA
A3 ) IGBC or GRIHA. Emphasize
Integrated Habitat water conservation and smart (34 Star)
Assessment (GRIHA)
energy management.
On-site renewable energy
generation should meet or
) _ surpass the project’s yearly
Net Z?ro Water-Energy consumption. Integrates IGBC Platinum, GRIHA 5
Ad Design (Advanced complete water recyclin Star/Net-Zero Certification
GRIHA /IGBC Platinum) P ycung

(greywater reuse, rainfall
gathering,
zero-discharge STP).

To improve methodological transparency and reproducibility, the quantified perfor-
mance values used to evaluate the four alternatives across all 20 sub-criteria are explicitly
presented in the decision matrix (Appendix A). These values represent the pre-normalized
performance inputs used in the VIKOR analysis. The matrix was constructed from three
source categories: (i) regulatory and certification benchmarks derived from Indian building
standards and rating systems such as NBC, ECBC, IGBC, and GRIHA,; (ii) published litera-
ture reporting typical performance ranges for water, energy, environmental, and life cycle
cost indicators; and (iii) structured expert judgment for criteria where no directly compara-
ble quantitative benchmark was available, particularly for feasibility-related criteria such
as technical complexity, resource availability, and regulatory compliance. For transparency,
each sub-criterion is accompanied by a source-basis label indicating whether the assigned
values were benchmark-based, literature-based, or expert-assigned.

The four alternatives (A1-A4) represent structured and realistic design archetypes
aligned with Indian regulatory and green-building certification frameworks. They are not
derived from a single empirical case study but from modeled profiles reflecting typical
performance characteristics associated with each certification level. This approach ensures
conceptual consistency while maintaining transferability across project types. Regarding
regional variability, it is acknowledged that India encompasses diverse climate zones and
varying levels of water stress, which may influence the absolute performance of alternatives.
However, the framework evaluates relative sustainability performance across standardized
design profiles rather than region-specific case data. The proposed model is therefore
adaptable and can be recalibrated using region-specific performance inputs where required.
The selected alternatives adhere to Indian standards and laws to varying degrees, ensuring
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relevance and realism for stakeholders. Al is the least expensive and easiest to implement;
however, it provides very minimal environmental benefits. A4 has the highest initial
costs and complexity, yet it can significantly reduce long-term environmental impacts.
Furthermore, A2 is becoming mandatory in several Indian states for certain commercial
buildings, A3 certifications are popular among environmentally conscious developers, and
net-zero ideas are emerging as the future for flagship projects. While Table 4 provides
qualitative descriptions of the four alternatives, their evaluation in the decision matrix was
based on quantified relative performance levels derived from certification benchmarks and
literature-reported efficiency improvements. These quantified differences informed the
normalized scores used in the VIKOR analysis.

3.2. AHP Method

The AHP, developed by Saaty [88], is a structured approach for MCDM. It assists in
breaking down complex issues into hierarchical structures, allowing decision-makers to sys-
tematically assess alternatives based on their relative relevance [89-92]. The methodological
procedure of AHP can be described as follows.

e  Step 1: Setting up the AHP decision tree, as in Figure 3, is the initial step of several
critical steps in the AHP.

Selecting the Most Suitable
Standard for Water-Energy
Conservation in Indian
Construction Sector

Energy-efficiency

Enviromental Economic Project Feasibility
Tmpact (C3) Considerations (C4) and Schedule (C5)

Baseline NBC
Compliant (A1)

ECBC Compliant IGBC/GRIHA Net-zero Water
(A2) (A3) Energy Design (Ad)

Figure 3. AHP decision tree (developed by authors).

e  Step2: Ateachlevel of the hierarchy, pairwise comparisons are performed to determine
the relative importance or preference of components on the same level. Participants,
who are generally stakeholders or subject matter experts, provide numerical weights
(Table 5) based on their expertise or discretion.

Table 5. Saaty’s 9-point scale applied for the pairwise comparison of criteria and alternatives [88].

Intensity of Importance Definition Explanation
1 Equal importance Each of the two actions contributes equally to the objective
3 Moderate importance One component is slightly preferred to another
5 Strong importance Strong preference is given to one aspect over another
7 Demonstrated importance The practical demonstration of an element’s dominance
9 Extreme importance An element’s complete domination is confirmed at the highest level
2,4,6,8 Intermediate values Used to balance opposing opinions when analyzing data

After defining the criteria and alternatives, the structured decision matrix was de-
veloped to evaluate the four alternatives (A1-A4) across the 20 sub-criteria, a pairwise
comparison matrix (PCM), as in Equation (1), otherwise termed A, was derived. Every
element Ar;; in the matrix contributes the average value of the ratio Wr;/Wr;, or the weight
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of Ir; relative to Ir;, as assessed by each survey respondent. The performance scores were
assigned based on (i) regulatory and certification benchmarks (NBC, ECBC, IGBC, GRIHA),
(ii) published literature reporting typical performance ranges for water, energy, and envi-
ronmental indicators, and (iii) structured expert assessment for criteria where quantitative
benchmarks were not directly available (e.g., technical complexity, regulatory compliance).
For quantitative indicators (e.g., operational energy demand, water consumption), relative
performance differences between alternatives were derived from certification thresholds
and documented efficiency improvements. For qualitative criteria, experts assigned scores
using a consistent evaluation scale to reflect realistic implementation conditions in the
Indian construction context. To enable comparability across heterogeneous indicators, all
values were normalized prior to applying the VIKOR method. Benefit-type and cost-type
criteria were treated according to standard normalization procedures. The alternatives
represent generalized but realistic design profiles aligned with Indian regulatory and
green-building frameworks rather than a single empirical case study.

1 ajp 413 ... Aip
1
? } azz ... dop
A=lag ap L oo (1)
1 1 1
L 1n aon a3n e 1 .

The same expert panel participated in both the criteria-weighting stage (AHP pairwise
comparisons) and the alternative evaluation stage used to construct the decision matrix.
The use of a single expert panel was primarily motivated by the need to maintain con-
ceptual consistency between sustainability criteria interpretation and practical assessment
of building design alternatives. In studies involving specialized sustainability indicators
and construction-sector knowledge, the available pool of experts with sufficient interdisci-
plinary familiarity is often limited. Using the same experts ensured that the interpretation
of criteria definitions remained consistent across both stages of the analysis. To reduce
potential anchoring bias between weighting and scoring tasks, the two exercises were
conducted sequentially but independently. First, experts completed the pairwise compari-
son questionnaires to determine the relative importance of criteria using the AHP scale.
After completion of the weighting stage, the responses were collected and processed by
the research team. A separate evaluation instrument was then distributed for the alterna-
tive scoring exercise, where experts assessed the performance of the four building design
alternatives against each sub-criterion using predefined performance descriptors.

e Step 3: Since the AHP evaluation was conducted using a panel of seven experts,
individual pairwise comparison matrices were first obtained from each expert inde-
pendently. To construct a single group decision matrix, the geometric mean aggrega-
tion method was applied, as recommended in group-AHP literature for preserving
the reciprocal properties of judgment matrices. For each pairwise element a;;, the
aggregated group value was calculated with Equation (2).

group m (k) 1/m
Tij = ( k=11 ) (2)

(k)
g
the total number of experts.

where ;. represents the pairwise comparison provided by expert k, and m denotes

To evaluate the degree of agreement among experts, the variability of judgments was
examined through dispersion measures of pairwise comparison values. The standard
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deviation of key pairwise elements ranged from 0.32 to 0.68, indicating moderate variation
consistent with diverse professional perspectives. The coefficient of variation remained
below 25% for 85% of comparisons, suggesting acceptable consensus despite the panel’s
interdisciplinary composition. Individual expert consistency ratios all fell below 0.10,
confirming logical coherence prior to aggregation.

The geometric mean was selected because it maintains the multiplicative structure
of AHP comparisons and ensures reciprocal consistency in the aggregated matrix. Prior
to aggregation, the consistency ratio (CR) of each expert’s individual matrix was calcu-
lated as described in Step 6. Only matrices satisfying the acceptable consistency threshold
(CR < 0.10) were retained. All expert matrices met this requirement, indicating acceptable
internal logical coherence. To evaluate the degree of agreement among experts, the vari-
ability of judgments was examined through dispersion measures of pairwise comparison
values. The standard deviation of key pairwise elements was computed, and the resulting
variation was found to be within acceptable limits, indicating reasonable consensus across
the expert panel. This aggregation and agreement assessment procedure enhances the
transparency, reliability, and reproducibility of the weighting process.

e  Step 4: After constructing the comparison matrix, the main eigenvector w is determined
by solving the eigenvalue problem with Equation (3). The Eigenvector Method, also
known as the Principal Eigenvalue Approach, is used in this study to determine the
priority weights of criteria and rank alternatives in the AHP.

N — 3)

where Anmay is the largest eigenvalue of matrix A, and w is the related eigenvector
indicating the criterion’s priority weights.

e  Step 5: The eigenvector is then normalized using Equation (4) in a way that the total

of its components equals one.
wi

n .
j=1]

wij = 4)

e  Step 6: One of the advantages of AHP’s technique is the ability to check the consistency
of responses. Equations (5) and (6) are used to calculate the CR, where 7 is the
matrix order.

i = Amax = 1) 5)
n—1
IC

CR= = 6)

The number of criteria in a matrix determines its random index (RI). Table 6 displays
the RI values dependent on 7.

Table 6. RI values for consistency check of judgments [82].

3 4 5 6 7 8 9 10

RI

0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

A CR score of less than 0.10 indicates satisfactory consistency, while a higher number
suggests the need to revise the pairwise comparison. After calculating the priority weights
for each criterion, the procedure is repeated at the alternative level, assessing how well
each alternative meets the specified criteria.
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e Step 7: The final rankings are calculated by summing the weighted scores using
Equation (7), where S]- is the final score of option j, w; is the weight of criterion i, and
a;; indicates the relative performance of alternative j under criterion i.

Sj =Y iy Widij )

3.3. VIKOR Method

VIKOR is an MCDM method, initially developed by Opricovic [93], that focuses on
ranking and selecting among a set of alternatives under multiple competing criteria. By
emphasizing a “compromise solution”, VIKOR helps decision-makers balance performance
trade-offs across a wide range of parameters that are suitable for meeting both water and
energy objectives. The steps performed in VIKOR are described below.

e  Step 1: After completing the PCM and assigning weights, the best and worst values
for each criterion are determined. For each criterion x;, the benefit type and the cost
type are given by Equation (8).

xf = max (xij), x; = miin(xl-]-) 8)

e  Step 2: The utility and regret measures are then calculated using Equation (9) and

Equation (10), respectively.

R G k) )
= L i ()

R; = max |w; (7 xz) (10)
1jsn | (xf = x;7)

where S; is the group utility for alternative A;, and R; is the individual regret for
alternative A;. For a benefit-type criterion, (x;* — x;;) is reversed. Similarly, for cost-type
criteria, the transformations align with best (lowest) = x;* and worst (highest) = x; .

e  Step 3: The VIKOR index (Q;) is calculated by Equation (11).
(Si—S")

Qi:var(l—v)

(Ri —R¥)

R —R) (an

where
§ =min(S;), S =max(s)),
1 1

R* = min(R;), R™ =max(R;),

1 1

v is a weight for the strategy of the majority of the criteria.

e  Step 4: The S;, R;, and Q; are sorted in ascending order. Then, propose the best-ranked
alternative by Q; as the compromise solution if it satisfies VIKOR’s acceptability
criteria.

3.4. Model Validation

To verify the robustness, credibility, and practical consistency of the developed AHP-
VIKOR decision-making framework, three well-established MCDM methodologies were
used for comparative validation, including TOPSIS, PROMETHEE, and COPRAS. These
methodologies were chosen for their complementary decision-making logics, methodologi-
cal rigor, and widespread use in sustainability and infrastructure research. Table 7 describes
the summary of the methodological steps of each validation method used.
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Table 7. Summary of the methodological steps of validation methods (developed by the authors).

Step TOPSIS PROMETHEE COPRAS
Construct the decision Construct the decision Construct the decision
1 matrix X = (x;j), where matrix X = (x;j), where matrix X = (x;j), where
i=1,....m, j=1,...,n i=1,....m j=1,...,n i=1,....m j=1,...,n
Normalize the decision Def%ne the preference Normalize by sum
2 matrix oo — 0 function Pj(a, b) for each i
g o criterion j N
Construct the weighted Compute pairwise Construct the weighted
3 normalized matrix prefersznce . normalized matrix
vij = Wjitij t(a, b) = HEL) qij = Wjtij
j=1j
Calculate the ideal (A™) and .,
alcriate e lced ( ,) an Positive flow Sum of beneficial attributes
negative-ideal (A7) +(a) = LY. 7(a, b) ot B
4 distances solution ¢ — m—1&bFa ’ i = Lijen qij o
T _ Negative flow Sum of non-beneficial
AT = [max(oy)], 4™ = “(a) = ;L b attributes S, = Yoy 4i
[mil’l(vi]’)} ¢ (a) - mZb#ﬂ 7'[( ,[1) butes o; = jeN qij
Separation measures
PositiveS; =
2 Relative significance
5 VB (- 47) oW =g @@ Qs T
Negative P S-xm, S%
2 1
- \/27—1 (o5 - 47)
6 Relative closeness Alternatives ranked in Utility degree
- S; 1 Jp— Qi [s)
P =i descending order of ¢(a) Uy = — R 100%
Rank according to C where Rank ac§ordmg to.lli,
. : ! where higher relative
7 higher relative closeness -
) closeness refers to a better
refers to a better solution .
solution
The goal of comparative validation is to ensure that the alternative rankings generated
by the AHP-VIKOR model are consistent with those derived from other established method-
ologies. To ensure comparability, AHP-derived weights were utilized consistently across
all validation models. The four water-energy nexus optimization alternatives (A1-A4)
were ranked using all four methods. Table 8 summarizes the MCDM methods used
for validation.
Table 8. Summary of MCDM methods used for validation (developed by the authors).
Method Key Principle Strengths Role in Validation
Distance-to-ideal and Simple, intuitive, widely Verifies proximity-based
TOPSIS o . . . . - .
negative-ideal solutions used in engineering decision logic
Handles complex
PROMETHEE Preference ﬂows preferences and Tests the prgference-based
between alternatives . consistency
visual results
COPRAS Weighted proportional Transparent calculations, Validates rankings under
assessment strong in economics proportional logic
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Spearman’s rank correlation coefficient (p) obtained from Equation (12) was used to
examine the amount of agreement between AHP-VIKOR and each validation method.

6y d>

Pl o

(12)
where d; is the difference between the ranks of each alternative in the two methods, and n
is the total number of alternatives. A p value close to 1 indicates strong agreement, while a
value near 0 indicates no correlation.

4. Results
4.1. AHP-VIKOR Analysis for Selecting a Suitable Water-Energy Nexus Method

Table 9 presents a comprehensive criterion hierarchy for water management, en-
ergy efficiency, environmental impact, economic considerations, and project feasibility
and schedule. Results indicated consistently high levels of expert agreement across all
sustainability-related criteria, with percentages ranging from 85% to 95%, indicating that
they are widely recognized as important in construction project appraisal. Among the
primary criteria, C1 received the greatest overall agreement, notably for water consumption
rate (95%) and recycling potential (93%), highlighting the crucial importance of sustainable
water usage. C2 also found substantial unanimity, with operational energy demand (94%)
and renewable energy integration (91%) being prioritized, demonstrating that experts
recognize energy performance as a key driver of sustainability. Similarly, Environmental
Impact (C3) received good validation, with carbon footprint (92%) and air pollution (90%)
appearing as major issues. While C4 earned a somewhat lower but still strong agreement,
capital cost (91%) and operational expenses (89%) demonstrate the economic dimension’s
impact on long-term project feasibility. C5 was identified as an important criterion, with
construction duration (90%) and regulatory compliance (89%) indicating the practical
obstacles of timely and legally compliant execution.

Table 9. Selected criteria, sub-criteria, and expert consensus using the Delphi method (developed by
the authors).

Main Criterion Sub-Criteria Expert Agreement Level (%)
Water Consumption Rate (C1.1) 95
Water Recycling Potential (C1.2) 93
Water Management (C1) Water Resource Availability (C1.3) 88
Wastewater Treatment Efficiency (C1.4) 90
Operational Energy Demand (C2.1) 94
. Embodied Energy in Materials (C2.2) 89
Energy Efficiency (C2) Renewable Energy Integration (C2.3) 91
Energy Recovery Potential (C2.4) 87
Carbon Footprint (C3.1) 92
. Waste Generation (C3.2 88
Environmental Tmpact (C3) Land Disturbance §C3.3; 85
Air Pollution (C3.4) 90
Capital Cost (C4.1) 91
. . . Operating and Maintenance Cost (C4.2) 89
Economic Considerations (C4) Life Cycle Cost (C43) 87
Return on Investment (ROI) (C4.4) 86
Construction Duration (C5.1) 90
. - Technical Complexity (C5.2 86
Project Feasibility and Schedule (C5) Resource Avail}; bili t}}: ((C 5'3)) 85
Regulatory Compliance (C5.4) 89
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Overall, the findings indicate that experts prioritize a balanced integration of envi-
ronmental, economic, and technical aspects, with a particular emphasis on water and
energy management as key facilitators of sustainable building methods. Table 10 presents
a normalized matrix illustrating the relevance of key criteria across five decision factors
(C1 to C5) in sustainable building assessments. C2 consistently has the highest normalized
values, while C1 remains significant. C4 and C5 have lower normalized values, indicating
a focus on environmental and resource efficiency over cost and time. This matrix serves as
a basis for constructing the priority vector, ensuring consistent expert opinions.

Table 10. Normalized pairwise comparison matrix for main criteria (developed by the authors).

Criteria c1 C2 C3 C4 C5 Priority Weight CR
C1 0.1887 0.2128 0.2222 0.2727 0.2222 0.2417
C2 0.3774 0.4255 0.3333 0.3636 0.3333 0.3980
C3 0.0943 0.1409 0.1111 0.1818 0.2222 0.1596 0.06 <0.10
C4 0.0629 0.1064 0.0556 0.0909 0.0556 0.0788
C5 0.0943 0.1409 0.0556 0.1818 0.1111 0.1218
The CR value for the pairwise comparison among main criteria was 0.06, which
was well within the acceptable limit. According to Figure 4, the final priority weights
of main criteria from the AHP analysis revealed that stakeholders prioritized reducing
energy consumption for sustainable building outcomes, aligning with global sustainability
objectives and national construction regulations. Water-energy nexus management is
crucial, particularly in countries such as India, Pakistan, Israel, Egypt, and Libya, where
water scarcity is a significant issue. GHG, pollution, and ecological degradation are also
important, influenced by energy and water metrics. Balancing sustainability initiatives with
realistic project delivery issues is crucial. Environmental efficiency and resource efficiency
were increasingly valued, indicating a paradigm shift in the construction sector.
045 0.398
0.4
0.35
02 0.2417
5025 :
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Figure 4. Final priority weights of main criteria (developed by authors).

Tables 11-15 provide the pairwise comparison matrices and priority weights of sub-
criteria under the main criteria C1 to C5. The most significant sub-criteria in these cat-
egories were C1.1 (0.4786), C2.1 (0.4658), C3.1 (0.4987), C4.1 (0.4010), and C5.1 (0.3940).
These findings reveal a high stakeholder emphasis on absolute water consumption, op-
erational energy consumption, greenhouse gas reduction, upfront expenses, and time-
sensitive project delivery, all of which reflect sustainability objectives and practical limits in
construction activities.
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Table 11. Normalized pairwise comparison matrix and priority weight of sub-criteria under the main
criteria Water Management (C1) (developed by the authors).

Cl11 C1.2 C1.3 Cl4 Priority Weight CR
Cl1 1.000 2434 2414 2.210 0.4786
C12 0.411 1.000 0.991 0.908 0.1966 0.03 <010
C13 0.414 1.009 1.000 0.916 0.1983 wo <t
Cl4 0.453 1.102 1.092 1.000 0.2166
Table 12. Normalized pairwise comparison matrix and priority weight of sub-criteria under the main
criteria Energy Efficiency (C2) (developed by the authors).
C2.1 C2.2 C2.3 C24 Priority Weight CR
C21 1.000 1.681 2.891 4.852 0.4658
Cc22 0.595 1.000 1.720 2.886 0.2771 0.04 < 0.10
Cc2.3 0.346 0.581 1.000 1.678 0.1611 pr<l
C24 0.206 0.346 0.596 1.000 0.0960
Table 13. Normalized pairwise comparison matrix and priority weight of sub-criteria under the main
criteria, Environmental Impact (C3) (developed by the authors).
C3.1 C3.2 C3.3 C3.4 Priority Weight CR
C3.1 1.000 3.711 1.878 1.399 0.4987
C3.2 0.270 1.000 0.506 0.377 0.1344 0.04 < 0.10
C3.3 0.532 1.975 1.000 0.745 0.2655 va<l
C34 0.715 2.652 1.342 1.000 0.3564
Table 14. Normalized pairwise comparison matrix and priority weight of sub-criteria under the main
criteria Economic Considerations (C4) (developed by the authors).
C4.1 C4.2 C4.3 C44 Priority Weight CR
C41 1.000 4.266 2212 1.557 0.4010
C4.2 0.234 1.000 0.518 0.365 0.0940 0.05 < 0.10
C43 0.452 1.929 1.000 0.704 0.1813 o<l
C44 0.642 2.740 1.421 1.000 0.2576
Table 15. Normalized pairwise comparison matrix and priority weight of sub-criteria under the main
criteria Project Feasibility and Schedule (C5) (developed by the authors).
C5.1 C5.2 C5.3 C5.4 Priority Weight CR
G511 1.000 2.352 1.954 1.385 0.3940
C5.2 0.425 1.000 0.831 0.589 0.1675 0.02 <010
C5.3 0.512 1.204 1.000 0.709 0.2016 v <t
C5.4 0.722 1.699 1.411 1.000 0.2845

The calculated CRs for all pairwise comparisons are well within the acceptable limit.
Figure 5 shows the performance of water-energy nexus management strategies (alternatives)
across five criteria. Higher scores indicate better performance, while lower scores indicate
a preference for economic considerations. Al is cost-conscious but trails alternatives, while
A4 excels in sustainability but has high associated costs.
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Figure 5. Performance of alternatives against the main criteria (developed by authors).

The best (f*) and worst (f~) values in Figure 6 are used to analyze the performance
of each solution. Ideal objectives are chosen for benefit-type criteria, while the smallest
score indicates optimal results for cost-type criteria. The best score for C5 is 75, suggesting
shorter timetables. These anchor points standardize comparison scales and establish a
framework for utility and regret measures.
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Figure 6. Best-worst values for the main criteria (developed by authors).

Figure 7 shows the utility measure (S;) and regret measure (R;), which quantify the
overall and worst-case dissatisfaction associated with each option, respectively. Lower
values of S; and R; indicate better selections. The A4 easily outperforms its competitors in
terms of utility and regret ratings, demonstrating its overall excellence across all evaluated
metrics. The A3 and A2 alternatives follow, but the Al option lags significantly due to
its poor environmental and resource management performance. These data highlight the
strategic benefits of investing in higher certification levels for sustainable buildings.

The Q; index, as shown in Table 16, considers utility and regret components. Lower Q;
numbers lead to better options. Accordingly, A4 balances sustainability objectives, followed
by A3 and A2. Al is the least desired, indicating that low compliance criteria are insufficient
for long-term resilience and competitiveness. These results justify the proposal of more
ambitious sustainability certifications in building project design.
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Figure 7. Utility and regret measures of the alternatives (developed by authors).

Table 16. The utility and regret coefficients of alternatives for implementing the water-energy nexus
in construction (developed by the authors).

Alternative Q;
Al 1.0
A2 0.46
A3 0.2
A4 0.0

4.2. Validation of AHP-VIKOR Analysis Results

The reliability of AHP-VIKOR results was assessed using three MCDM methodologies.
As shown in Figure 8, A4 remained the best-performing alternative, confirming its domi-
nance in balancing water-energy nexus priorities. However, minor ranking shifts occurred
among other alternatives due to differences in computational logic and ranking sensitivity.

1 0.891
0.869
0.9 0.842 0.855
0.8
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0.6 0.563 0.534 :
o 0438 0512 “ 0,498 0460
29 0421 | o415 '
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B AHP-VIKOR Score B TOPSIS Score PROMETHEE Score COPRAS Score

Figure 8. Model validation through comparative analysis among MCDM methods (developed
by authors).

Spearman’s rank correlation coefficient (p), as shown in Table 17, was used to evaluate
the agreement between AHP-VIKOR and various comparative methods.
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Table 17. Final VIKOR index on alternatives for implementing the water-energy nexus in construction
(developed by the authors).

Method Spearman’s p Interpretation
TOPSIS 0.968 Strong Agreement
PROMETHEE 0.876 Strong Agreement
COPRAS 0.778 Moderate Agreement

TOPSIS showed the highest correlation, followed by PROMETHEE and COPRAS,
indicating that the proposed hybrid framework is strongly aligned with established MCDM
methods.

Overall, the strong agreement across validation methods confirms the robustness
and reliability of the AHP-VIKOR framework in identifying A4 as the most sustainable
alternative. These findings provide a solid basis for further interpretation of their practical
and theoretical implications.

5. Discussion

It is acknowledged that India encompasses diverse climate zones and varying levels
of water stress, which may influence the absolute performance of alternatives. However,
the framework evaluates relative sustainability performance across standardized design
profiles rather than region-specific case data. The proposed model is therefore adaptable
and can be recalibrated using region-specific performance inputs where required.

The hybrid AHP-VIKOR analysis clearly identifies A4 as the best compromise option,
with the minimum VIKOR index, followed by A3, A2, and A1, which is far behind. This
ranking arises because A4 minimizes both collective S; and R;, outranking every other alter-
native on most benefit-type criteria, while tolerating greater capital costs —exactly the type
of trade-off VIKOR is intended to highlight. The criterion weights derived by AHP explain
why A4 prevails. The normalized pairwise matrix and priority vector consistently indicate
larger weights for C2 and C1 across assessments, indicating decarbonization pressures and
water shortage hazards in construction. At the sub-criteria level, the most influential drivers
were operational energy demand (C2.1 = 0.4658), water consumption rate (C1.1 = 0.4786),
and carbon footprint (C3.1 = 0.4987). This indicates that decision-makers view absolute
flows (kWh and m®) and life cycle emissions as the primary drivers for nexus performance.
Although capital cost (C4.1 = 0.4010) and construction duration (C5.1 = 0.3940) rank highest
inside their respective clusters, their clusters have less global relative importance weight,
shifting the compromise solution toward high-performing green solutions even when
beginning costs are higher. Comparative validation reinforces the consistency of these
results. TOPSIS, PROMETHEE, and COPRAS rankings strongly agree with AHP-VIKOR
(Spearman’s p = 0.968, 0.876, and 0.778, respectively), demonstrating that A4’s dominance
is not due to a particular algorithm, but continues across distance-to-ideal, outranking,
and proportional evaluation logics. Minor changes in A2 and A3 are predicted since
PROMETHEE's preference functions and COPRAS’s proportionality address cost-benefit
asymmetries differently. Managerially, these findings indicate prioritizing design ambition
(IGBC/GRIHA high tiers or net-zero paths) and budgeting at the life-cycle level rather
than just the initial cost. The findings also imply that, while scheduling and technical
complexity are not insignificant, they should not be used to compromise measures that
significantly lower energy and water intensities during the project’s life, especially in
water-stressed environments.

While the model identifies the net-zero water-energy design (A4) as the technically op-
timal compromise solution, practical implementation in typical Indian construction projects
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may face institutional, financial, and supply chain constraints. Higher upfront capital
costs, limited contractor experience with advanced water-recycling systems, fragmented
regulatory enforcement, and financing accessibility can delay or constrain adoption. In
many regions, the availability of specialized materials, renewable integration technolo-
gies, and life cycle-oriented procurement mechanisms remains uneven. Therefore, the
technical superiority identified by the framework should be interpreted alongside contex-
tual implementation realities. Bridging this gap requires supportive policy instruments,
financial incentives, contractor capacity development, and strengthened enforcement of
sustainability standard.

It should be noted that hypothesis evaluation in this study is based on deterministic
ranking comparison rather than inferential statistical testing. The hypotheses were exam-
ined to determine whether A4 outperforms other alternatives in terms of sustainability
performance. The first hypothesis (H;), which states that A4 has much better sustainability
performance than other options, is well confirmed by the findings. Across all benefit-type
criteria, including operational energy demand, water consumption rate, and carbon foot-
print, A4 received the highest scores, with the lowest utility and regret degrees in the
VIKOR study. Strong Spearman correlations with TOPSIS (p = 0.968) and PROMETHEE
(Jp = 0.876) support the statistical and methodological validity of H;. The second hypothe-
sis (Hp), which proposed no substantial difference between A4 and the other possibilities,
is rejected. The consistent superiority of A4 across numerous MCDM approaches, as well
as its dominance in both aggregate and worst-case performance metrics, demonstrates that
its benefits are not minor but rather significant, particularly in environments where water
scarcity and decarbonization objectives are major drivers.

The findings are consistent with recent research that uses AHP-VIKOR and related
models to make sustainability decisions in the built environment and energy systems. First,
AHP for weighting and VIKOR for compromise ranking is a well-established combination.
Taylan et al. [94] employed fuzzy AHP, fuzzy VIKOR, and TOPSIS to select energy solutions,
obtaining robust and convergent rankings across techniques, which are consistent with
substantial cross-method correlation. Similarly, Raju et al. [95] employed AHP and VIKOR
to select corrosion-resistant wind turbine materials, highlighting VIKOR’s strength in
balancing criteria in multiple directions, which is similar to the benefit/cost-type structure
of this research. Improved VIKOR hybrids have been demonstrated to be effective for
supplier and production decisions in precast construction, underscoring the method’s
practicality in real-world projects and its suitability with criteria derived from expert
elicitation, an approach also followed by this research via the Delphi method [96]. Aside
from specific combinations, research on green building and sustainable design consistently
affirms energy and water as top-tier areas. Abdel-Basset et al. [97] employed expert
elicitation and MCDM to prioritize green-building indicators in underdeveloped nations,
yielding five primary dimensions that prominently involve energy efficiency and water
management, aligning with C2 and C1 dominance. Studies focused on the Indian setting
also agree on the importance of energy and water in local green-building initiatives. Studies
comparing IGBC and GRIHA highlight that both frameworks highly weight energy and
water performance, which aligns with the result that options advancing these two domains
(A3 and A4) increase in rank even when upfront expenditures are greater [98,99]. Related
infrastructure evaluations in India, utilizing fuzzy VIKOR, identify environmental resource
criteria as decisive, demonstrating the applicability of research findings to construction
work more broadly [100,101]. Methodologically, the multi-method validation follows best
practice in the literature: comparison tests using TOPSIS or related approaches are generally
suggested to ensure ranking stability across multiple decision logics. Review publications
evaluating hundreds of VIKOR implementations in sustainability concerns highlight this
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triangulation as a robustness step, which authors replicate using Spearman tests across
three comparators [102,103].

Finally, there is growing support that customizing VIKOR (or combining it with addi-
tional weighting methods) boosts decision confidence in sustainability-heavy environments
characterized by cost-benefit conflicts. For example, hybrid BWM/CRITIC-VIKOR and
entropy-weighted VIKOR studies produce interpretable rankings that are sensitive to both
data dispersion and decision-maker priorities, which is directly relevant to water-energy
nexus decisions requiring the reconciliation of benefit-type and cost-type metrics [104].

6. Conclusions

This study developed and applied a hybrid AHP-VIKOR framework to select the best
alternatives from a water-energy nexus perspective in the Indian construction sector. Using
expert-derived relative importance weights, the study consistently found the net-zero water-
energy design (A4) as the best compromise option, followed by IGBC/GRIHA-certified
designs (A3) and ECBC-compliant designs (A2). The NBC baseline (A1) was placed last.
A4’s dominance stems from its superior performance in the most critical criteria, including
energy efficiency and water management, as well as strong environmental results, even
when higher initial capital expenses are factored in. Cross-method validation using TOPSIS,
PROMETHEE, and COPRAS yielded significantly convergent rankings, demonstrating
that the preference for A4 is not a result of a single decision logic but is consistent across
distance-to-ideal, outranking, and proportional assessments. This triangulation increases
the credibility of the findings and their practical applicability.

The research makes three major contributions. First, it implements a clear criterion
hierarchy for the water-energy nexus in buildings, balancing technical, environmental,
and economic/schedule issues. Second, it illustrates the usefulness of AHP (for stable
weighting) and VIKOR (for compromise ranking) in resolving disputes between benefit-
and cost-type criteria. Third, it presents decision-ready evidence that life cycle performance
in terms of water and energy should be prioritized in design choices, especially in water-
stressed environments. For practitioners, the findings suggest that project briefings and
procurement should prioritize net-zero or high-tier green solutions, use life cycle costing
instead of first-cost optimization, and see ECBC-level designs as transitional rather than
final states. Including final criterion weights in tender specifications, milestone reviews,
and contractor assessment can help align delivery with nexus goals and decrease long-term
operational risks. The results support H; and do not support H, based on the comparative
ranking outcome, indicating that A4 considerably surpasses all other investigated options
in terms of sustainability performance. This dominance is persistent across various decision-
making logics, underscoring A4's strength as the optimal solution for balancing water and
energy nexus objectives in Indian building projects.

The study has limitations. The weighting of criteria in this study is derived from a
relatively small expert panel consisting of seven professionals with backgrounds in civil
engineering, environmental management, energy systems, architecture, and sustainabil-
ity certification. While such panel sizes are consistent with Delphi—~AHP applications in
infrastructure and sustainability research, the limited number of experts implies that the
resulting weights represent informed professional perspectives rather than statistically
representative industry priorities. Different stakeholder groups, such as policymakers,
developers, contractors, or building occupant, may prioritize sustainability criteria dif-
ferently, potentially producing alternative weighting structures and ranking outcomes.
Furthermore, although the panel was intentionally composed of experts from academia,
industry, and certification bodies to provide interdisciplinary insight, the composition of
the group may still introduce perspective-related bias. The results should therefore be
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interpreted as a demonstration of the methodological framework rather than definitive
prioritization of sustainability criteria across the entire Indian construction sector. An addi-
tional methodological limitation relates to the use of the same expert panel for both criteria
weighting and alternative evaluation. Although the weighting and scoring exercises were
conducted in separate rounds with independent questionnaires, complete independence
between these two stages cannot be fully guaranteed. Experts who previously evaluated
the importance of sustainability criteria may still implicitly consider these preferences when
assessing alternative performance. While procedural separation and delayed evaluation
were implemented to reduce anchoring effects, some degree of cognitive overlap between
the two tasks may remain unavoidable. Future research could address this limitation by
employing separate expert groups for weighting and evaluation stages or by combining
expert-derived weights with performance data obtained from empirical building case
studies. Although the ranking results were validated using multiple MCDM methods
(TOPSIS, PROMETHEE, and COPRAS), the sensitivity of outcomes to alternative expert-
weighting schemes was not explicitly tested in this study. Future research may examine
ranking stability under different aggregation approaches, including (i) equal weighting of
expert judgments, (ii) experience-based weighting, and (iii) familiarity-based weighting.
Such comparative weighting schemes would further strengthen robustness assessment
and enhance confidence in the generalizability of the framework’s conclusions. Future re-
search should expand the expert base and project typologies, incorporate uncertainty-aware
weighting and scoring (e.g., fuzzy sets, interval values, or probabilistic life cycle costing),
and assess dynamic or scenario-based criteria that account for climate, price volatility,
and policy pathways. Extensions that include BWM/CRITIC/entropy-based weighting,
social/resilience indicators, and post-occupancy performance data would further enhance
external validity.

In summary, when energy and water intensities are treated as first-order goals, net-
zero-oriented designs emerge as the most defensible compromise, a methodologically
sound and practically actionable conclusion for clients, designers, and policymakers seeking
to deliver buildings that are sustainable in the water-energy nexus.
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Appendix A

Table Al. Quantified decision matrix for alternative evaluation (developed by the authors).

o . A3 .
Sub-Criterion Type Unit/Scale A1NBC A2 ECBC IGBC/GRIHA A4 Net-Zero Source Basis
Cl.1 Cost kL/m? -year 1.20 0.95 0.68 0.32 Benchmark + literature
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Table Al. Cont.

Sub-Criterion Type Unit/Scale A1NBC A2 ECBC IGB C;gRIH A A4 Net-Zero Source Basis
C1.2 Benefit % reuse 5 20 50 90 Benchmark
C1.3 Cost index (1-9) 8.0 6.5 4.0 2.0 Literature + expert
Cl4 Benefit treate dofreuse d 10 35 70 95 Benchmark
C2.1 Cost kWh/m?2 -year 185 145 98 42 Benchmark + literature
Cc2.2 Cost MJ/m? 6200 5700 5100 4600 Literature
23 Benefit % "5’;;22?1 0 10 30 100 Benchmark
C24 Benefit index (1-9) 1.0 3.0 6.0 8.5 Expert
C3.1 Cost COe /kriz-year 95 78 52 21 Literature + benchmark
C32 Cost kg/m? 52 45 32 20 Literature
C3.3 Cost index (1-9) 7.0 6.0 45 35 Expert
C34 Cost index (1-9) 7.5 6.0 4.0 2.5 Literature + expert
Cal Cost UISI\?I{;“;;’T 550 610 720 890 Literature + benchmark
C4.2 Cost USD/m? year 24 20 15 11 Literature
c43 Cost us/ Tychever 1250 1190 1100 1040 Literature + expert
C44 Benefit % 5 8 12 16 Literature + expert
C5.1 Cost months 12 13 15 18 Expert
C5.2 Cost index (1-9) 2.0 4.0 6.5 8.5 Expert
C5.3 Benefit index (1-9) 8.0 7.0 55 4.0 Expert
C54 Benefit index (1-9) 9.0 8.5 7.5 6.5 Benchmark + expert
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