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A hybrid decision-support framework for selecting sustainable25

domestic heating systems in cold climates26

Abstract27

This study proposes a probabilistic hesitant fuzzy multi-criteria decision-making approach28

for assessing sustainable heating system alternatives under uncertain situations. The29

selection of heating systems is a major issue in sustainability in cold climate regions due to30

its high energy requirements. The proposed approach integrates the Probabilistic Hesitant31

Fuzzy Analytic Hierarchy Process (PHF-AHP) for determining the weights of decision32

criteria and the Evaluation Based on Distance from Average Solution (EDAS) for ranking33

alternatives. The probabilistic hesitant fuzzy approach allows decision-makers to reflect34

uncertainty and hesitation in decision-making under expert judgments by considering35

various membership values with their respective probabilities. To validate the proposed36

methodological framework, a case study of five heating system alternatives is presented.37

The results reveal that the proposed PHF-AHP-EDAS approach is reliable in ranking38

alternatives under ambiguity and uncertainty in sustainability decision problems.39

Keywords: Sustainable heating systems; Domestic heating selection; Energy efficiency;40

Probabilistic hesitant fuzzy sets; Hybrid MCDM; AHP–EDAS41

1 Introduction42

Heating is necessary in the winter to provide a comfortable and safe living environ-43

ment. Effective heating systems are essential in nations like Canada, Russia, Turkey,44

and others where temperatures can fall below 0 degrees Celsius. From antiquated fire-45

places to contemporary technology, heating systems have undergone substantial change.46

Different heating systems may be classified according to the energy source, heating unit47

location, heat transport method, and technique of heat transmission. Systems are cate-48

gorised as local, central, or district heating systems based on where the heat-generating49

equipment is located. The majority of heating systems use solid fuels, gaseous fuels,50

diesel, or electricity. As a result, solar heating systems depend mostly on solar radiation51
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and, occasionally, waste energy. Ranjan and Kanitkar [33] assessed the energy thresholds52

necessary to promote sustainable human growth, providing information on fair access to53

energy.54

Convection, radiation, or the movement of heated air across the space are the three55

ways that heat is transported. Electric current, water, and air are common heat trans-56

porters. Buildings use about 40% of the world’s total power output and 32% of its ulti-57

mate energy consumption, according to global energy statistics [34]. The overwhelming58

majority of heating systems continue to depend on fossil fuels, which greatly contribute59

to pollution and emissions that worsen the environment. By presenting energy as a “com-60

munity currency,” Anto et al. [49] offered an innovative perspective and demonstrated61

its revolutionary influence on the socioeconomic development of recently electrified com-62

munities. China, the US, the EU27, India, Russia, and Japan were among the largest63

emitters of carbon dioxide in 2021. Collectively, it accounted for 62.4% of the world’s64

GDP, 66.4% of fossil fuel consumption, and 67% of CO2 emissions from fossil fuels [36].65

In comparison to 2020, the CO2 emissions of all six nations grew in 2021, with Russia and66

India exhibiting the largest percentage increases. The importance of renewable energy67

in accomplishing sustainable development goals has been highlighted by recent research.68

The intricate relationships between the use of renewable energy and other aspects of69

sustainable development were studied by Boe et al. [25], emphasising the necessity of70

coordinated policy approaches.71

1.1 Literature review72

Multi-Criteria Decision-Making (MCDM) is a branch of operations research that focusses73

on getting optimal results in problems with many indicators, competing objectives, and74

different criteria. In order to prepare for uncertainty and imprecision in the decision-75

making process, MCDM techniques are frequently combined with fuzzy set theory. P-76

HFEs, or probabilistic hesitant fuzzy elements, were initially presented in continuous77

form by [42]. subsequently, new fundamental operations for P-HFEs were defined using78

the Frank t-norm and t-conorm operators [46]. For MCDM issues including probabilistic79

hesitant fuzzy information, a dominance measure and Best-Worst Method (BWM) within80

a P-HFE framework were suggested [47]. A unique MCDM method utilising sophisticated81
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aggregation operations in a q-rung dual hesitant fuzzy environment [48]. Additionally, [50]82

proposed a method for making decisions that uses probabilistic hesitant fuzzy preference83

relations to rank options more reliably. To ascertain the probability distribution of compo-84

nents in a P-HFE and the likelihood of risk situation, two nonlinear programming models85

were also included [51]. Recent advances in multi-criteria decision-making research have86

increasingly focused on hybrid fuzzy frameworks that can handle uncertainty, ambiguity,87

and complicated interrelationships among assessment criteria. Specifically, spherical fuzzy88

and probabilistic fuzzy environments have been extensively used to improve the modelling89

performance of traditional MCDM techniques. For example, for the purpose to prioritise90

low-carbon policy options in climate change mitigation planning, recent research has used91

combined SWARA–WASPAS techniques under spherical fuzzy environment. These mod-92

els show determining if robust ranking strategies may be used with subjective weighting93

techniques to enable sustained policy evaluation in unpredictability [43]. For the assess-94

ment of environmental, social, and governance (ESG) performance in high-tech industrial95

parks, hybrid decision frameworks that combine fuzzy Delphi methodologies with statis-96

tical clustering approaches have been created [44]. These methods enable the discovery of97

crucial sustainability indicators across intricate corporate structures and offer organised98

methods for the aggregation of expert information. Sustainability-focused decision frame-99

works have been explored in the agriculture sector in addition to industrial and policy100

applications. The significance of rigorous assessment frameworks for ecosystem restora-101

tion, sustainable land management, and long-term environmental resilience is highlighted102

by recent research on regenerative organic agriculture [45]. These studies demonstrate how103

multi-criteria decision-support models are becoming increasingly important for assessing104

sustainability plans in a variety of industries.105

The Analytic Hierarchy Process (AHP) is a structured technique for organizing and106

analyzing complex decisions. It is a well-established MCDM method that ranks alter-107

natives based on a hierarchical framework of criteria and sub-criteria. AHP enables108

decision-makers to identify the most important factors influencing a decision and evalu-109

ate alternatives based on those factors. Due to its simplicity and practical applicability,110

AHP has been widely adopted in various research domains [4]. For instance, Santos et111

al. [5] identified AHP as the most suitable method in their study. AHP is increasingly112
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used in construction management to tackle complex problems and guide strategic deci-113

sions [4]. The fuzzy AHP was employed to identify relevant sustainability issues [3], while114

another utilized it to select the optimal vendor for supplying materials for pre-insulated115

pipe manufacturing [39].116

Wolnowska et al. applied AHP to evaluate potential transit routes for oversized freight117

through the city of Szczecin [35]. The VIKOR method, developed by Serafim Opricovic118

[21], has also been employed extensively. Ali Ebadi Torkayesh et al. [6] evaluated waste-to-119

energy technologies using the VIKOR approach. In China, distributed renewable energy120

systems for restaurants were ranked using interval VIKOR, which accommodates data121

ambiguity through interval values [31]. VIKOR is particularly beneficial for addressing122

MCDM problems with incommensurable and conflicting criteria and is known for gen-123

erating compromise-based optimal solutions [32]. Ming Chang Ong et al. applied the124

VIKOR technique to rank alternatives in a study on reusing cleaning agents in rubber125

glove manufacturing [22]. Its utility has been widely documented in numerous studies126

[15, 16].127

The integration of AHP and VIKOR is a popular approach in contemporary research128

[26, 29, 12]. For instance, Gowri et al. [7] proposed a FAHP-VIKOR model to assess and129

select optimal system configurations under competing criteria. Another study combined130

AHP and VIKOR in an MCDM framework to elucidate the mathematical underpinnings131

of selection comparisons [24]. In recent years, various hybrid MCDM models have been132

developed by incorporating fuzzy theories to enhance decision accuracy as shown in Ta-133

ble 1. Among these, the Evaluation Based on Distance from Average Solution (EDAS)134

method, introduced by Keshavarz Ghorabaee et al. in 2015 [47], has gained prominence.135

Alongside TOPSIS and VIKOR, EDAS is now recognized as one of the most widely used136

MCDM methods [9].137

Numerous studies have explored heating system selection as an MCDM problem [30].138

For instance, one paper employed AHP to analyze and compare the performance of various139

space heating systems for rural homes [40]. In another study, AHP was used to select five140

phase change materials for solar heating systems, considering both technical specifications141

and material properties [2]. In Turkey, AHP has been used to evaluate and prioritize142

different heating system alternatives [23]. Meanwhile, in Serbia, fuzzy AHP has supported143
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Table 1: Review of Fuzzy-MCDM applications in sustainable energy and heating systems

Author(s) Fuzzy Set + Application Key Factors

and Year MCDM Method Domain

Saraswat and Digal-

war (2021) [54]

Integrated

Fuzzy MCDM

(AHP–TOPSIS)

Evaluation of sustain-

able energy sources

Economic viability, environmental

impact, social acceptance, and tech-

nical efficiency

Hamza et al.

(2023) [55]

Integrated

Fuzzy MCDM

(AHP–VIKOR)

HVAC system selec-

tion for sustainable of-

fice buildings

Energy efficiency, lifecycle cost,

maintenance, thermal comfort, and

environmental performance

Wang and Lahdelma

(2020) [56]

Uncertainty-based

MCDM

Sustainability ranking

of district heating sys-

tems

Cost, CO2 emissions, efficiency, fuel

flexibility, and reliability

Ćesić et al.

(2024) [57]

Fuzzy decision sup-

port system with

MCDM

Urban heat island

management

Temperature reduction, land-use

planning, green infrastructure, and

sustainability indicators

Aghazadeh et al.

(2022) [58]

Hybrid Fuzzy

MCDM

(SWARA–COPRAS)

Sustainable structural

system selection in

mass-housing

Cost, material sustainability, energy

consumption, and structural perfor-

mance

Özdemir (2020) [59] MCDM with fuzzy

assessment (AHP,

TOPSIS)

Residential heating

system selection

Installation cost, energy efficiency,

fuel type, maintenance, and environ-

mental impact

the development of strategic management plans for district heating systems [10].144

1.2 Expert panel and data collection procedure145

To mitigate the issue of uncertainty and hesitation while conducting evaluation processes,146

a probabilistic hesitant fuzzy approach was adopted to collect expert opinions. A group147

of experts was consulted to perform the evaluation processes. The experts were chosen148

based on their qualifications, experience, and expertise in the domain of energy systems,149

renewable technologies, and sustainable assessment. During the data collection process,150

the experts were asked to evaluate the importance of evaluation criteria and the perfor-151

mance of different alternatives for heating system technologies. The experts were asked152

to express their opinions using multiple values to represent their uncertainty while con-153
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ducting the evaluation processes. The experts also assigned probabilities to each value154

to represent their confidence levels for the evaluation processes. The evaluation processes155

were represented using probabilistic hesitant fuzzy numbers to develop a rigorous math-156

ematical framework for dealing with uncertain expert opinions.157

1.3 Aim and motivation of the research158

In many practical scenarios of decision-making problems, experts often face challenges in159

providing an accurate assessment when dealing with multiple criteria evaluation problems.160

The challenges may be due to a lack of sufficient information, vagueness, or even a lack161

of experience with specific technologies. Hence, experts may be reluctant to provide162

precise numerical values for their assessment. In the context of this study, reluctant163

information is defined as hesitant evaluation results where experts are reluctant to provide164

a single deterministic value but rather multiple possible evaluation values. Generally, most165

of the conventional MCDM models assume that experts can provide precise evaluation166

results for the decision-making problem. However, in many practical scenarios of decision-167

making problems, vagueness, ambiguity, or even a lack of sufficient knowledge can affect168

the applicability of conventional deterministic MCDM models. To solve the challenges169

associated with conventional deterministic MCDMmodels, fuzzy set theory, hesitant fuzzy170

sets, or probabilistic hesitant fuzzy sets have been introduced to handle vagueness or even171

hesitation while making decisions.172

1.4 Contribution of the research173

Recently, developments in fuzzy set theory have led to the concept of PHFSs, which174

improves the handling of uncertainties in multi-criteria decision problems. Unlike other175

fuzzy approaches that rely on triangular fuzzy numbers, PHFSs allow decision-makers176

to present various membership levels with their respective probability measures, which is177

closer to reality in terms of decision-makers’ hesitation. This paper utilizes the PHF-AHP178

method in determining the relative weights of decision criteria and the EDAS method179

in ranking heating system alternatives. The proposed hybrid approach is applicable in180

decision situations where uncertainty and ambiguity exist, offering a better solution in181

sustainability assessment compared to other conventional approaches.182
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The organization of this paper is presented as follows: Section 1 presents the basic con-183

cepts related to fuzzy set theory, PHFSs, and F-MCDM. Section 2 presents the definition184

of PHFS along with the basic guidelines for operating the same. Section 3 presents the185

structure of a unique PHFS-based AHP and EDAS hybrid approach. Section 4 presents186

the practical applicability of the proposed approach by solving an efficient domestic heat-187

ing system selection problem. Sections 5 and 6 are dedicated to comparative analysis and188

sensitivity analysis to ensure the robustness of the proposed model. Finally, Section 7189

presents the key findings of the paper and possible future directions for research.190

2 Preliminaries191

Some PHFS principles that may be used in later sections are introduced in this section.192

Definition 2.1. [41] A PHFS on X produces probabilistic variables with results on a193

subset of [0, 1]. We assume that the PHFS’ continuous random variable exists. A PHFS194

can be mathematically represented as follows:195

℘G = {⟨x, ℘gx⟩ : x ∈ X}
196

=


〈
x,

⋃
⟨gx,℘x⟩∈℘gx

{⟨gx, ℘x⟩}

〉
: x ∈ X

 (1)

where ⟨gx, ℘x⟩ is a pair such that gx ∈ [0, 1] and
∑

℘x = 1. Here, gx indicates the degree to197

which the element x ∈ X belongs to the set H, and ℘x indicates the probability associated198

with gx.199

Definition 2.2. [14] Let ℘g1 = {⟨g(i)1 , ℘
(i)
1 ⟩ : i = 1, 2, . . . ,m} and ℘g2 = {⟨g(j)2 , ℘

(j)
2 ⟩ : j =200

1, 2, . . . , n} be two PHFS elements.201

1. Addition:202

℘g1 ⊕ ℘g2 =

{〈
g
(i)
1 + g

(j)
2 ,

1

Z
· ℘(i)

1 · ℘(j)
2

〉 ∣∣∣∣ i = 1, . . . ,m; j = 1, . . . , n

}
where Z =

∑m
i=1

∑n
j=1 ℘

(i)
1 · ℘(j)

2 is a normalization constant to ensure the sum of203

probabilities is 1.204
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2. Subtraction:205

℘g1 ⊖ ℘g2 =

{〈
max(0, g

(i)
1 − g

(j)
2 ),

1

Z
· ℘(i)

1 · ℘(j)
2

〉 ∣∣∣∣ i = 1, . . . ,m; j = 1, . . . , n

}
3. Multiplication:206

℘g1 ⊗ ℘g2 =

{〈
g
(i)
1 · g(j)2 ,

1

Z
· ℘(i)

1 · ℘(j)
2

〉 ∣∣∣∣ i = 1, . . . ,m; j = 1, . . . , n

}
4. Division:207

℘g1 ⊘ ℘g2 =

{〈
min

(
1,

g
(i)
1

g
(j)
2

)
,
1

Z
· ℘(i)

1 · ℘(j)
2

〉 ∣∣∣∣∣ i = 1, . . . ,m; j = 1, . . . , n; g
(j)
2 ̸= 0

}

Definition 2.3. [14] The score function of a PHFE ℘gx is given by:208

S(℘gx) =

|g(℘)|∑
k=1

gk℘k

 (2)

For two PHFEs g1(℘) and g2(℘), if S (g1(℘)) > S (g2(℘)), then we consider that g1(℘) is209

superior to g2(℘), denoted as g1(℘) > g2(℘) or g2(℘) < g1(℘). This makes it simple to210

compare two PHFEs by using their respective scores.211

Example 1. Let gk(℘) (k = 1, 2, 3) be three Probabilistic Hesitant Fuzzy Elements (PH-212

FEs), defined as:213

g1(℘) = {0.5(0.2), 0.8(0.8)}, g2(℘) = {0.3(0.4), 0.7(0.6)}, g3(℘) = {0.2(0.5), 0.9(0.5)}

Following Definition 2, the score values of these PHFEs are calculated as follows:214

S (g1(℘)) = 0.5× 0.2 + 0.8× 0.8 = 0.74

S (g2(℘)) = 0.3× 0.4 + 0.7× 0.6 = 0.54

S (g3(℘)) = 0.2× 0.5 + 0.9× 0.5 = 0.55

2.1 Boundedness and Idempotency of aggregation operators in215

PHFS216

Let ℘Gi =

〈
xi,
{
(g

(j)
i , ℘

(j)
i )
}mi

j=1

〉
for i = 1, 2, . . . , n be a set of PHFS elements. The217

expected value for each i-th element is defined as:218

gi =

mi∑
j=1

℘
(j)
i g

(j)
i , with g

(j)
i ∈ [0, 1],

mi∑
j=1

℘
(j)
i = 1.
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Let {g1, g2, . . . , gn} be the representative values, and {w1, w2, . . . , wn} be the weights,219

where wi ≥ 0 and
∑

wi = 1.220

Theorem 2.4. The arithmetic mean aggregation operator defined by221

AM =
n∑

i=1

wigi

satisfies boundedness and idempotency in PHFS.222

Proof. Boundedness: Since gi ∈ [0, 1] and wi ≥ 0 with
∑

wi = 1, the convex sum223

AM ∈ [0, 1].224

Idempotency: If gi = g for all i, then AM =
∑

wig = g.225

226

Figure 1: PHFS Aggregation: Arithmetic Mean

Theorem 2.5. The geometric mean aggregation operator defined by227

GM =
n∏

i=1

gwi
i

satisfies boundedness and idempotency in PHFS when gi > 0.228
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Figure 2: PHFS Aggregation: Geometric Mean

Proof. Boundedness: Since gi ∈ (0, 1] and wi ≥ 0, the product of positive numbers in229

[0, 1] raised to positive exponents summing to 1 lies in (0, 1].230

Idempotency: If gi = g, then GM = g
∑

wi = g.231

Theorem 2.6. The harmonic mean aggregation operator defined by232

HM =

(
n∑

i=1

wi

gi

)−1

satisfies boundedness and idempotency in PHFS when gi > 0.233

Proof. Boundedness: Since gi ∈ (0, 1], 1
gi
≥ 1, and wi ≥ 0, we have HM ∈ (0, 1].234

Idempotency: If gi = g, then HM =
(

1
g

∑
wi

)−1

= g.235

Theorem 2.7. The Einstein weighted average aggregation operator defined by236

EA =

∑n
i=1wigi

1 +
∑n

i=1 wigi −
∑n

i=1wig2i

satisfies boundedness and idempotency in PHFS.237

Proof. Boundedness: Since gi ∈ [0, 1]:238

0 ≤
∑

wigi ≤ 1, 0 ≤
∑

wig
2
i ≤ 1
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Figure 3: PHFS Aggregation: Harmonic Mean

So the denominator 1 +
∑

wigi −
∑

wig
2
i ≥ 1, ensuring EA ∈ [0, 1].239

Idempotency: If gi = g, then:240

EA =
g

1 + g − g2
= g

241

Figure 4: PHFS Aggregation: Einstein Weighted Average
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Theorem 2.8. The Dombi weighted average aggregation operator defined by242

DA =

1 +

(
n∑

i=1

wi

(
1− gi
gi

)λ
)1/λ

−1

, λ > 0

satisfies boundedness and idempotency in PHFS.243

Proof. Boundedness: For gi ∈ (0, 1], we have 0 ≤
(

1−gi
gi

)λ
< ∞. The sum is finite and244

positive, so:245

DA ∈ (0, 1]

Idempotency: If gi = g, then:246

DA =

1 +

((
1− g

g

)λ∑
wi

)1/λ
−1

=

(
1 +

(
1− g

g

))−1

= g

247

Figure 5: PHFS Aggregation: Dombi Weighted Average
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Each of the considered aggregation operators maintains the foundational properties of248

boundedness and idempotency under the probabilistic hesitant fuzzy environment, thereby249

validating their applicability in PHFS-based decision-making models.250

3 Proposed Methodology251

In the current research, the applicability of the PHF-AHPmethod and the EDAS approach252

is evaluated for decision-making under conditions of uncertainty and expert hesitations.253

The PHF-AHP method offers the opportunity to consolidate various membership values254

as well as probabilities. This increases the reliability of the weight structures in the255

evaluation of the criteria. The EDAS method allows for the evaluation of alternatives256

based on the calculation of the deviations from the average performance. This approach257

helps to increase the stability of the ranking results without the use of ideal points. The258

above approaches deal with the ambiguity as well as the incompatibility of the criteria,259

which makes the evaluation of sustainable heating systems suitable. The overall structure260

of the proposed methodology is illustrated in Figure 6.

Figure 6: Framework of the proposed hybrid PHF-AHP–EDAS methodology

261
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3.1 Algorithm of PHF-based AHP method262

The suggested framework, PHFEs are used to represent the judgments of the experts263

during the pairwise comparison step of the AHP. The experts are asked to provide a264

range of values with corresponding probabilities, which represent the uncertain nature of265

the judgments. The PHFEs are used to create the pairwise comparison matrix, which266

represents the judgments of the experts. The probabilistic hesitant fuzzy score function267

is used to transform the PHFEs into a numerical form, which can be used for the AHP268

weighting step. When there are more than one expert, the judgments are aggregated to269

create a single comparison matrix, which represents the judgments of the experts. The270

classical AHP is used to obtain the relative weights, with a check for the consistency271

ratio (CR) to ensure logical consistency, with the evaluations repeated if the ratio is272

considered too high. This ensures the advantages of probabilistic hesitant fuzzy modeling273

are retained within the classical AHP framework. When extended under the PHFE, the274

pairwise comparison matrix is represented as:275

A =


1 A12 · · · A1n

...
...

. . .
...

An1 An2 · · · 1


The PHF-AHP steps are as follows:276

Step 1: Normalize the comparison matrix.277

Step 2: Compute the priority vector by averaging the values in each row of the278

normalized matrix.279

Step 3: Compute the consistency vector, and calculate the maximum eigenvalue λmax280

as the average of the resulting values.281

Step 4: Calculate the Consistency Index (CI) using:282

CI =
λmax − n

n− 1

Step 5: Refer to Table 2 for the Random Index (RI) based on matrix order n.283

Step 6: Compute the Consistency Ratio (CR):284

CR =
CI

RI

If CR ≤ 0.10, the pairwise matrix is considered consistent.285
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Table 2: Random Index (RI) values

Number of alternatives (n) Random Index (RI)

2 0.00

3 0.58

4 0.90

5 1.12

6 1.24

7 1.32

8 1.41

3.2 EDAS method286

The Evaluation based on EDAS method ranks the alternatives using the following steps:287

Step 1: Define p alternatives J1, J2, . . . , Jp and q evaluation criteria C1, C2, . . . , Cq.288

Step 2: Construct the decision matrix D = [dkl], where dkl denotes the performance289

of alternative Jk under criterion Cl, derived from PHFEs. Also define the weight vector:290

w = [ω1, ω2, . . . , ωq]

where ωl is the importance of criterion Cl.291

Step 3: Calculate the average value for each criterion:292

AVl =
1

p

p∑
k=1

dkl

Step 4: Determine the Positive Distance from Average (PDA) and Negative Distance293

from Average (NDA) as:294

PDAkl =
max (0, dkl −AVl)

AVl

(3)

NDAkl =
max (0, AVl − dkl)

AVl

(4)

Step 5: Compute the weighted sum of PDA and NDA for each alternative:295

SPk =

q∑
l=1

ωl ·PDAkl (5)

SNk =

q∑
l=1

ωl ·NDAkl (6)
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Step 6: Normalize the weighted sums:296

NSPk =
SPk

maxk(SPk)
(7)

NSNk = 1− SNk

maxk(SNk)
(8)

Step 7: Calculate the appraisal score for each alternative:297

ASk =
1

2
(NSPk +NSNk) , 0 ≤ ASk ≤ 1

Step 8: Rank the alternatives in descending order based on ASk values. The highest298

score indicates the most preferred alternative.299

4 Case Study: Identification and Evaluation of House-300

hold Heating System Alternatives301

The study focuses on identifying appropriate heating system alternatives and evaluat-302

ing them using a multi-criteria decision-making framework. A detailed assessment of303

household heating technologies and sustainable energy systems resulted in the selection304

of five heating system solutions. The review examined prior assessments of heating system305

performance, energy efficiency, and renewable heating technologies in an effort to iden-306

tify feasible alternatives. To confirm that these strategies are feasible, discussions with307

specialists in energy engineering and sustainable energy systems were conducted. These308

experts validated the significance of the selected alternatives, which are regularly utilised309

heating methods in modern residential and commercial systems. The study constructed310

evaluation criteria using a systematic procedure that included both literature analysis and311

expert assistance. Relevant criteria reflecting financial success, sustainability, and tech-312

nical proficiency were selected and refined with advice from experts, ensuring that the313

final criteria set precisely reflect the critical factors influencing heating system selection314

while retaining the evaluation process’ quality. The structure of the decision problem is315

depicted in Figures 7 and 8.316
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Figure 7: Factors influencing heating system selection

Alternatives317

• Heat Pumps (J1): Operate by transferring heat from external sources (air, ground,318

or water) to indoor spaces. Types include Air-Source, Ground-Source, Water-319

Source, Dual-Fuel, and Mini-Split. They are energy-efficient and environmentally320

friendly with low operational costs. Limitations include high initial costs, reduced321

efficiency in extreme cold, noise, and the need for regular maintenance.322

• Electric Heating Systems (J2): Include furnaces, baseboard heaters, radiators,323

and electric floor heating. These systems are easy to install, safe, and quiet. How-324

ever, they often incur high operational costs, offer limited efficiency and temperature325

control, and may be unsuitable for large buildings or areas with high electricity tar-326

iffs.327

• HVAC Systems (J3): Incorporate air conditioning, heating, and ventilation.328

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



These systems are appropriate for contemporary buildings because they provide ex-329

act control over temperature and air quality. Even though they are energy-efficient330

and versatile, they have significant upfront costs, complicated installation, and reg-331

ular maintenance.332

• Biomass Heating Systems (J4): Burn organic resources like wood, agricultural333

waste, or pellets as fuel. These solutions are locally supplied, renewable, and carbon334

neutral. Pollutant emissions, reduced efficiency, maintenance requirements, and fuel335

availability are obstacles. Stoves, pellet systems, and biomass boilers are common336

varieties.337

• Central Heating Systems (J5): Use radiators, ducts, or pipes to disperse heat338

from a central unit. Forced-air, boiler-based, geothermal, radiant, and heat pump-339

based systems are common varieties. It offers zone control and long-term efficiency,340

but they need a large initial investment and work most effectively in newly con-341

structed or significantly modified buildings.342

Evaluation Criteria343

• Efficiency (C1): This is the ratio of heat energy output to the consumption of344

energy. impacted by operational circumstances, insulation quality, and the structure345

of the system.346

• Environmental Impact (C2): Evaluates the emissions and contaminants in the347

system. For sustainable development, systems with lower carbon footprints and less348

air pollutants are preferred.349

• Energy Source (C3): Concerns the nature, dependability, availability, as well as350

security of the energy supply.351

• Life Cycle Cost (LCC) (C4): The total cost of ownership for the system during352

its lifetime, including initial, servicing and replacement expenses.353

• Running Time Cost (C5): Continuous expenses include fuel usage, power use,354

and other operating costs.355
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Figure 8: Comparison of heating system options efficiency, costs, installation,

and maintenance

4.1 Criteria weight evaluation using PHFS-AHP356

Using the Saaty scale of relative relevance in Table 3, the pairwise comparison approach357

is employed to assess the significance of the criteria. The values presented in Table 4358

correspond to the score values obtained from the probabilistic hesitant fuzzy evaluations359

provided by the experts. The weights are calculated as the normalized eigenvector of the360

pairwise comparison matrix shown in Table 4.361

Based on the calculated normalized eigenvector, the criterion with the least importance362
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Table 3: Saaty’s scale of relative importance

Saaty Scale Description

1 Equal significance

3 Moderate significance

5 Strong significance

7 Very strong significance

9 Extreme significance

2,4,6,8 Intermediate values

1/3,1/5,1/7,1/9 Inverse comparisons

Table 4: Pairwise comparison of the criteria

Efficiency Environmental Impact Energy Source Life Cycle Cost Running Time Cost

Efficiency 1 3 5 3 7

Environmental Impact 1/3 1 3 5 3

Energy Source 1/5 1/3 1 3 3

Life Cycle Cost 1/3 1/5 1/3 1 2

Running Time Cost 1/7 1/3 1/3 1/2 1

is Running Time Cost (weight = 0.0553), and the most significant is Efficiency (weight363

= 0.4617) as shown in Figure 9.364

To validate the consistency of the pairwise judgments, the Consistency Index (CI)365

and Consistency Ratio (CR) are computed. The values obtained are CI = 0.10233 and366

CR = 0.0913, which confirms acceptable consistency since CR < 0.1.367
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Figure 9: Relative weights of criteria based on PHFS-AHP

4.2 Determination of optimal alternative using PHFS-EDAS368

Probabilistic hesitant fuzzy decision matrix was developed from the assessments of the369

expert for the alternatives of the heating system with respect to the predetermined crite-370

ria. Initially, the alternatives and the criteria were identified from the literature related371

to sustainable heating systems. Then, the alternatives and the criteria were refined from372

the expert consultation. The probabilistic hesitant fuzzy assessments were used for the373

evaluation of the alternatives, which enabled the consideration of more than one evalu-374

ation value with corresponding probabilities. The results were aggregated to obtain the375

collective decision matrix, which forms the base for the subsequent analysis using the376

EDAS method. According to Table 5, the decision-maker generates the PHFS decision377

matrix. Equation (2) is employed to construct the PHFS score decision matrix. Table 6378

illustrates the fuzzy average values determined for each criterion. The corresponding379

PDA and NDA values are calculated using Equations (4) and (5), and are presented380

in Tables 7 and 8, respectively. Subsequently, Equations (6) and (7) are used to compute381
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the crisp SPk and NPk values, as shown in Tables 9 and 10. Equations (8), (9), and382

(10) obtain the normalised NSPk and appraisal score ASk values, which are analysed383

in Table 11. The alternatives are sorted in accordance with the calculated ASk values.384

As shown in Figure 10, heat pumps are determined to be the best heating alternative385

after Step 7 of the suggested procedure. Heat pumps are ecologically benign as it transfer386

heat compared to producing it by using fossil fuels, which results in them extremely387

efficient. It’s an environmentally friendly alternative for their ability to run on electricity,388

which is often obtained from renewable energy sources like solar power. Heat pumps389

additionally provide lower running costs because of their minimal reliance on fossil fuels.390

Its long operating lifespan helps to reduce total life cycle costs, even though their initial391

installation cost may be quite expensive.392

Table 5: The PHF decision matrix

C1 C2 C3 C4 C5

J1 {(0.7, 0.2), (0.5, 0.8)} {(0.5, 0.4), (0.7, 0.6)} {(0.8, 0.1), (0.3, 0.9)} {(0.3, 0.5), (0.3, 0.5)} {(0.2, 0.6), (0.3, 0.4)}

J2 {(0.6, 0.3), (0.8, 0.7)} {(0.6, 0.7), (0.2, 0.3)} {(0.5, 0.4), (0.4, 0.6)} {(0.5, 0.4), (0.6, 0.6)} {(0.5, 0.7), (0.6, 0.3)}

J5 {(0.4, 0.6), (0.9, 0.4)} {(0.5, 0.6), (0.8, 0.4)} {(0.7, 0.8), (0.2, 0.2)} {(0.3, 0.5), (0.1, 0.5)} {(0.8, 0.5), (0.7, 0.5)}

J4 {(0.6, 0.4), (0.7, 0.6)} {(0.2, 0.8), (0.5, 0.2)} {(0.6, 0.4), (0.5, 0.6)} {(0.7, 0.2), (0.8, 0.8)} {(0.5, 0.4), (0.9, 0.6)}

J3 {(0.5, 0.5), (0.5, 0.5)} {(0.5, 0.5), (0.3, 0.5)} {(0.4, 0.5), (0.5, 0.5)} {(0.6, 0.3), (0.7, 0.7)} {(0.7, 0.8), (0.5, 0.2)}

Table 6: The fuzzy average values for each criterion

C1 C2 C3 C4 C5

J1 0.5400 0.6200 0.3500 0.3000 0.2400

J2 0.7400 0.4800 0.4400 0.5600 0.5300

J3 0.6000 0.6200 0.6000 0.2000 0.7500

J4 0.6600 0.2600 0.5400 0.7800 0.7400

J5 0.5000 0.4000 0.4500 0.6700 0.6600

AVl 0.6080 0.4760 0.4760 0.5020 0.5840

5 Results and Discussion393

Five heating systems were evaluated using the suggested PHF-AHP–EDAS methodol-394

ogy: J1, J2, J3, J4, and J5. The efficiency (C1) criterion ported the greatest priority395

(eigenvalue: 0.4617), demonstrating its dominating role in decision-making, when the396
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Table 7: PDA values

C1 C2 C3 C4 C5

J1 0.0000 0.3025 0.0000 0.4024 0.5890

J2 0.2171 0.0084 0.0000 0.0000 0.0925

J3 0.0000 0.3025 0.2605 0.6016 0.0000

J4 0.0855 0.0000 0.1345 0.0000 0.0000

J5 0.0000 0.0000 0.0000 0.0000 0.0000

Table 8: NDA values

C1 C2 C3 C4 C5

J1 0.1118 0.0000 0.2647 0.0000 0.0000

J2 0.0000 0.0000 0.0756 0.1155 0.0000

J3 0.0132 0.0000 0.0000 0.0000 0.2842

J4 0.0000 0.4538 0.0000 0.5538 0.2671

J5 0.1776 0.1597 0.0546 0.3347 0.1301

Table 9: SPk values

C1 C2 C3 C4 C5 SPk

J1 0.0000 0.0768 0.0000 0.0359 0.0326 0.1453

J2 0.1003 0.0021 0.0000 0.0000 0.0051 0.1075

J3 0.0000 0.0768 0.0364 0.0537 0.0000 0.1668

J4 0.0395 0.0000 0.0188 0.0000 0.0000 0.0583

J5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table 10: NPk values

C1 C2 C3 C4 C5 NPk

J1 0.0516 0.0000 0.0370 0.0000 0.0000 0.0886

J2 0.0000 0.0000 0.0106 0.0103 0.0000 0.0209

J3 0.0061 0.0000 0.0000 0.0000 0.0157 0.0218

J4 0.0000 0.1152 0.0000 0.0494 0.0148 0.1794

J5 0.0820 0.0405 0.0076 0.0299 0.0072 0.1672

PHF-AHP technique was initially employed to generate the criteria weights based on397

expert judgement through pairwise comparison.398

PHFEs were then used to calculate the performance values of the alternatives under399
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Table 11: Appraisal score (ASk) values

NSPk NNPk ASk RANK

J1 0.8706 0.5059 0.6882 3

J2 0.6443 0.8836 0.7640 2

J3 1.0000 0.8785 0.9392 1

J4 0.3493 0.0000 0.1746 4

J5 0.0000 0.0676 0.0338 5

Figure 10: Ranking results of the alternatives

each criterion. The PHF-based decision matrix was produced by defuzzifying them using400

predicted score functions. Positive Distance from Average (PDA) and Negative Distance401

from Average (NDA) scores were calculated using the EDAS approach on this matrix.402

These were used to calculate weighted scores (SPk andNPk), normalised values (NSPk403

and NNPk), and final appraisal scores (ASk).404

The alternatives are ranked as follows based on the final assessment scores: System405

of HVAC (J3) > J2 electric heating system > pumps for heat (J1) > heating of biomass406
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(J4) > J5 central heating system. In comparison to other systems, the HVAC system407

(J3) had the highest appraisal score (ASk = 0.9392), which was explained by its balance408

between high efficiency, moderate cost, and comparatively reduced environmental effect.409

Its supremacy was helped by its success on operating efficiency and energy source criteria,410

although with greater beginning costs.411

The electric heating system (J2) ranked second, with high rankings for running412

time cost and installation simplicity. Third place was to the heat pump system (J1),413

which performed effectively in terms of the environment however terribly in terms of cost.414

Central heating systems (J5) and biomass (J4) were placed lower because of their high415

installation complexity and emissions, respectively. These results show that under fuzzy416

MCDM, contemporary, integrated systems that are compatible with renewable energy417

(such as HVAC) are more profitable.418

The results of the current research confirm the significance of climate awareness419

and environmental literacy for the implementation of sustainable technologies. Indeed,420

the efficiency of the alternatives to the heating system is a significant factor. However, it421

is also important that the stakeholders involved in the implementation of the sustainable422

technologies should have a strong level of awareness regarding climate change. There is423

strong evidence that the level of climate literacy is a significant factor for the interpretation424

of the climate-related information [52, 53]. Additionally, the evaluation of the systematic425

policy frameworks is a significant factor for sustainable decision-making. Indeed, the426

recent research highlights the significance of the multi-criteria decision-making models for427

the selection of the sustainable policies under conditions of uncertainty. The proposed428

evaluation framework for the selection of the sustainable alternatives to the heating system429

is based on probabilistic hesitant fuzzy models. The results of the current research can430

help the policymakers, engineers, and planners to make decisions regarding the selection431

of the energy-efficient solutions that are consistent with the climate mitigation strategies.432

5.1 Comparative analysis433

To validate the reliability of the proposed PHFS-EDAS model, a comparative analysis434

was carried out using some of the existing MCDM methods, namely TOPSIS, VIKOR,435

WASPAS, COPRAS, MOORA, CODAS, PROMETHEE, and CoCoSo methods. The as-436
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sessment scores obtained from the nine comparative approaches are presented in Table 12437

and these scores are subsequently used to determine the ranking of the alternatives as438

shown in Figure 11. The results obtained through this analysis reveal that the proposed439

PHFS-EDAS model is comparable to other MCDM methods. In other words, it is ob-440

served that the proposed model is reliable, considering that alternative J3 ranks first in441

EDAS, COPRAS, PROMETHEE, and CoCoSo methods, whereas alternative J2 ranks442

first in MOORA, WASPAS, and VIKOR methods. On the other hand, it is also observed443

that alternative J5 ranks lowest in all methods, ranking fifth in all assessments.444

To verify the consistency of the rankings provided by the different MCDM techniques,445

Spearman’s rank correlation coefficient revealed a strong positive relationship between446

COPRAS, EDAS, MOORA, CODAS, PROMETHEE, and CoCoSo. This revealed a447

perfect correlation of 1.000 among the techniques, indicating a similar ranking as shown448

in Figure 12. The proposed approach uses probabilistic hesitant fuzzy evaluation criteria449

to address the uncertainties involved in the decision-making process. This allows the450

decision maker to provide a set of values along with their probabilities. This improves the451

decision outcome when the proposed approach is integrated with the EDAS technique.

Table 12: Comparative analysis across multiple MCDM methods

Alt. TOPSIS VIKOR WASPAS COPRAS EDAS MOORA CODAS PROMETHEE CoCoSo

J1 0.5534 0.6377 0.6197 0.8135 0.6882 0.5211 0.5114 0.5325 0.5406

J2 0.6715 0.0000 0.7201 0.8778 0.7640 0.6712 0.6931 0.6823 0.7109

J3 0.6688 1.0000 0.6819 1.0000 0.9392 0.6923 0.7342 0.7493 0.7592

J4 0.3742 0.4986 0.6343 0.7566 0.1746 0.4021 0.4299 0.4197 0.4308

J5 0.2548 0.2807 0.5813 0.6956 0.0338 0.3214 0.2932 0.2754 0.3101

452

5.2 Sensitivity analysis453

A complete sensitivity analysis is carried out by varying the criterion weights across 10454

distinct cases in order to evaluate the stability and robustness of the suggested decision-455

making method. For every cases, the ranking values of the alternatives J1 to J5 are456

calculated, and the corresponding optimal option is chosen. The results are summarised in457

Table 13, while the comparative ranking results have been shown in Figures 13 to 17. The458

method’s preference stability is demonstrated by the sensitivity analysis, which reveals459

that J1 is regularly selected as the best alternative. The rankings are significantly affected460
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Figure 11: Comparative ranking values of heating system alternatives across

different MCDM methods

Figure 12: Spearman rank correlation among multiple MCDM methods
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by changes in weighting, highlighting J2 and J3 as competitive alternatives under some461

circumstances. This validates the responsiveness and discriminating power of the proposed462

decision-making approach.

Table 13: Sensitivity analysis results under different weighting scenarios

Case Ranking Values Ranking Order Optimal Rank

Case 1 0.7388, 0.6259, 0.6095, 0.1234, 0.1379 J1 > J2 > J3 > J5 > J4 J1

Case 2 0.8523, 0.5479, 0.8334, 0.0850, 0.1640 J1 > J3 > J2 > J5 > J4 J1

Case 3 0.9122, 0.6311, 0.6885, 0.1012, 0.1335 J1 > J3 > J2 > J5 > J4 J1

Case 4 0.7564, 0.6933, 0.7121, 0.1356, 0.1842 J3 > J2 > J1 > J5 > J4 J3

Case 5 0.6234, 0.7042, 0.6420, 0.1420, 0.1287 J2 > J3 > J1 > J5 > J4 J2

Case 6 0.8121, 0.6510, 0.7255, 0.1211, 0.1442 J1 > J3 > J2 > J5 > J4 J1

Case 7 0.8312, 0.5981, 0.8033, 0.0910, 0.1540 J1 > J3 > J2 > J5 > J4 J1

Case 8 0.6915, 0.7129, 0.6733, 0.1674, 0.1320 J2 > J1 > J3 > J4 > J5 J2

Case 9 0.7792, 0.6231, 0.7645, 0.1512, 0.1388 J1 > J3 > J2 > J5 > J4 J1

Case 10 0.7655, 0.6843, 0.7891, 0.1370, 0.1198 J3 > J1 > J2 > J5 > J4 J3

463

Figure 13: The variation in ranking scores for sensitivity Cases 1 and 2
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Figure 14: The variation in ranking scores for sensitivity Cases 3 and 4

Figure 15: The ranking scores for sensitivity Cases 5 and 6

Figure 16: The ranking scores for sensitivity Cases 7 and 8

5.3 Practical Implications464

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Figure 17: The ranking scores for sensitivity Cases 9 and 10

The proposed framework acts as a practical guideline for all the stakeholders involved in465

sustainable energy planning as well as the selection of the heating system. The framework466

is particularly important to the policymakers as it acts as a transparent decision support467

tool that helps in the selection of the heating system based on economic, environmental, as468

well as technical factors. This is important in the development of energy efficiency policies,469

the promotion of clean energy, as well as the provision of incentives for sustainable energy470

solutions. The framework is also important to the engineers as it helps in the evaluation of471

the heating system based on factors such as energy efficiency, cost, as well as environmental472

impact. The framework is important under conditions of uncertainty. The framework is473

important to the manufacturers as it helps in the identification of the strengths as well474

as weaknesses of the various technologies. This helps in improving the efficiency of the475

energy system as well as the environment. Therefore, the framework is important as it476

helps in the provision of a transparent decision support tool for the selection of the heating477

system for various applications.478

6 Conclusion479

This study proposes a MCDM approach, which integrates the Evaluation Based on Dis-480

tance from Average Solution (EDAS) method with the Probabilistic Hesitant Fuzzy Sets481

(PHFS) concept, while the Analytic Hierarchy Process (AHP) is used to determine the482

relative importance of the evaluation criteria. The practical application of the proposed483
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approach is demonstrated through the selection of the most suitable residential heating484

system, according to a variety of technical, financial, and environmental criteria. The485

results of the evaluation indicated that the heat pumps were the most appropriate option486

for the specific problem, which can be mainly justified by the high efficiency of the energy487

transfer, the low environmental effect, and the compatibility with the use of renewable488

energy sources, such as solar power. Although the use of heat pumps involves a high489

cost for the installation, the long lifespan of the system, as well as the low maintenance490

requirements, result in a significantly low cost of ownership.491

The advantages of the heat pumps, which are justified for the specific problem, demon-492

strate the affordability, sustainability, and maturity of the technology, justifying the se-493

lection of the heat pumps as the most appropriate option from the available alternatives.494

The PHFS framework was shown to have a strong capacity for handling the reluctance and495

ambiguity of the expert evaluation, which results in a more credible and precise decision-496

making approach. The integration of the AHP with the PHFS framework, which involves497

a systematic and organized approach for computing the weights of the criteria according498

to the expert evaluation, enhances the credibility of the decision-making approach.499

Future Research Directions500

The proposed framework is an appropriate approach for making comparisons regarding501

heating system options when the conditions are uncertain. However, it is possible to take502

this approach to the next level by incorporating better computational tools. For example,503

machine learning and deep neural networks have been found to be promising tools for504

dealing with complex nonlinear relationships and dealing with complex data sets [19].505

Deep learning has been found to be particularly promising for dealing with temporal pat-506

terns and complex interactions between features of data sets. For example, deep learning507

has been found to be particularly promising for dealing with complex data sets in fields508

like smart healthcare and speech recognition [20]. The future direction of research could509

be to develop intelligent decision frameworks based on tools like fuzzy multi-criteria de-510

cision making coupled with tools like deep learning, convolutional learning, or recurrent511

learning.512
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making model for prioritizing low-carbon policies in climate change mitigation. Chall.666

sustain, 12(1), 1-17.667

[44] Chang, H. W., Lin, Y. L., & Wey, W. M. (2024). Advancing sustainability: Devel-668

opment of an ESG evaluation framework for Taiwan’s science parks. Chall. Sustain.,669

12(4), 255-272.670

[45] Sharma, Y. (2025). Regenerative organic agriculture: A pathway to ecosystem671

restoration and sustainable agricultural development. Org. Farming, 11(3), 152-172.672

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



[46] F.J. Jiang, Q.G. Ma, (2018). Multi-attribute group decision making under proba-673

bilistic hesitant fuzzy environment with application to evaluate the transformation674

efficiency, Applied Intelligence, 48 (4), 953-965.675

[47] J. Li, J.Q. Wang, J.H. Hu. Multi-criteria decision-making method based on domi-676

nance degree and BWM with probabilistic hesitant fuzzy information, International677

Journal of Machine Learning and Cybernetics, 10 (7), 1671-1685.678

[48] Y.Q. Kou, X. Feng, J. Wang, (2021). A Novel q-Rung Dual Hesitant Fuzzy Multi-679

Attribute Decision-Making Method Based on Entropy Weights, 23 (10), 1322.680

[49] Anto, D., Mehta, A., & Murti, A. (2024). Using energy as a community currency681

for sustainable development of newly electrified communities. Energy for Sustainable682

Development, 83, 101558.683

[50] F.F. Jin, H. Garg, L.D. Pei, J.P. Liu, H.Y. Chen, (2020). Multiplicative consis-684

tency adjustment model and data envelopment analysis-driven decision-making pro-685

cess with probabilistic hesitant fuzzy preference relations International Journal of686

Fuzzy Systems, 22 (7), 2319-2332.687

[51] X.D. Liu, Z.W. Wang, S.T. Zhang, H. Garg, (2021). An approach to probabilistic688

hesitant fuzzy risky multi-attribute decision making with unknown probability in-689

formation, International Journal of Intelligent Systems and Applications, 36 (10),690

5714-5740691

[52] Hassan, I., Azmi, M. N. L., Ahmad, M. F., Nasidi, Q. Y., & Abdullah, A. T. H.692

(2025). The Influence of climate literacy and awareness on the utilisation of climate-693

related information among unskilled construction workers in Malaysia. Chall. Sustain,694

13(3), 354-365.695

[53] Qiu, Y. J., Bouraima, M. B., Badi, I., Stević, Ž., & Simic, V. (2024). A decision-696
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