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Abstract

The purpose of this work is to identify and analyze the key important barriers to uptake the compressed biogas (CBG)
plants in India for enhancing their role as a sustainable energy source. Initially, the barriers are identified from the past
academic literature using literature review process and are then validated through the fuzzy Delphi method with expert
opinions. The finalized barriers were then categorized into cause effect relationship and ranked for strategic decision
making by policy makers, investors, and industry practitioners. We employed the weighted influence non-linear gauge
systems (WINGS) method to find hierarchical relationships and determine the priority of these barriers. The findings pro-
vide a strategic roadmap for policymakers, investors, and industry stakeholders to enhance CBG adoption through supply
chain improvements, financial incentives, public awareness campaigns, and regulatory streamlining. By systematically
identifying, linking, and ranking interrelated barriers, the study develops a structured and data-driven framework that
provides actionable strategies for accelerating the adoption of compressed biogas (CBG) plants in India.

Article highlights

e Consumer unawareness and poor distribution are major roadblocks to wider adoption of biogas in India.
e Strengthening supply chains and simplifying regulations can speed up biogas plant deployment.
e A strategic approach targeting key barriers can help build a cleaner, more sustainable energy future.
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1 Introduction

Biogas as a substitute for non-renewable energy sources has drawn attention worldwide [21]. Raw Biogas (RB) is not
as energy-yield due to, which must be eliminated before using it must be eliminated before using it. These contami-
nants lead to equipment degradation, fouling, and corrosion in appliances [10]. Therefore, RB must undergo further
purification to eliminate contaminants and boost CH,.

India’s energy supply now comes from non-renewable sources, namely coal and oil, which account for about 75%
of the country’s energy needs. However, only roughly 23.6% of all energy is generated by renewable energy sources,
such as small hydro, solar, wind, and [23]. About 45% of the nation’s primary energy consumption is currently met
by imports, which amounts to roughly 85% of the country’s crude oil. This dependence is expected to increase over
the next several years. On the other hand, waste organic biomass is widely available in developing nations like India
and may even be favored as a feedstock for CBG facilities. Agricultural leftovers (150 MT/year), animal waste (190
MT/year), press mud (20 MT/year), municipal solid waste (MSW) (62 MT/year), and sewage sludge (50 MT/year) are
a few of the most widely used feedstocks [4]. Furthermore, a significant amount of trash leftovers is either openly
burned or disposed of on the periphery of cities. However, research has shown that open burning of agricultural
waste residues occurs in rural regions since storage and transportation are expensive. Although promising, wide-
scale adoption of CBG plants in India remains hampered by inefficiencies in supply chains, monetary constraints,
regulatory challenges that impede growth, technological issues, and a dearth of consumer education. Previous litera-
ture has discussed the technical and economic feasibility concerning the production of CBG, but minimal literature
comprehensively identifies and ranks the barriers to its implementation [24]. These barriers and how they interact
are essential information for policymakers, investors, and industry stakeholders to develop effective interventions
that spur the growth of CBG infrastructure.

Numerous studies have been conducted at the national and international levels to evaluate the part that the
Biomass-based energy sector will play in the future energy nexus [3, 13, 15]. Many batch and pilot-size investigations
have been conducted in prior research about India to evaluate the potential for RB formation from various organic
substrates [20]. There is not much quantitative and qualitative research in the literature regarding the field-scale
operational running of the CBG plant in India. Furthermore, none of the studies have addressed the current issues
that arise during the setup and efficient operation of CBG plants in the Indian market, such as financial viability, high
investment costs, and improper feedstock supply chain management (P et al. 2024). No current research indicates
how various barriers relate to and affect each other, so it is challenging to develop integrated policy suggestions [28].
No clear structure is currently in place for ordering and treating barriers to their impact and influence, resulting in
piecemeal decision-making [16]. Identifying and prioritizing barriers are necessary because there are interconnecting
challenges to be addressed in the CBG adoption process. For example, poor supply chain management can enhance
financing risks, and regulatory barriers can potentially deter private capital. Without any systematic framework for
analyzing the connectivity between them, addressing barriers singly may result in ineffective solutions.

By identifying contextual interdependencies among barriers, this research allows policymakers and industry play-
ers to craft strategies that tackle several issues simultaneously. It is especially crucial in a policy-sensitive sector such
as renewable energy, where shifts in one area (financial incentives) may produce ripple effects in others (for instance,
technology uptake and grid distribution networks). As a result, there is a research gap about the future of the CBG
plant in India, its place in the future energy system, and its ability to reduce future greenhouse gas emissions from
India. In light of this, this study responds to the following research questions.

RQ1: What significant barriers affect the compressed biogas plants?
RQ2: How can we establish the contextual linkages between these barriers, and how can we prioritize them stra-
teqgically?

The following objectives were set to address the above research question: 1. To systematically identify and catego-
rize barriers affecting the adoption of CBG plants in India. 2. To establish interrelationships between these barriers
and prioritize them based on their impact. 3. To provide actionable recommendations for policymakers, investors, and
industry stakeholders. A literature review was carried out to determine potential barriers. The fuzzy Delphi Method
was used to verify the barriers using expert opinions. This is most appropriate in eliciting expert consensus and deal-
ing with the vagueness of qualitative data. A Weighted Influence Non-linear Gauge System (WINGS) methodology
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was employed to determine interrelationships and rank the barriers according to their influence and importance. The
WINGS methodology is warranted since it enables a systematic and quantitative assessment of intricate interdepend-
encies between barriers, guaranteeing that the most important ones are tackled first. This study aims to identify the
barriers that CBG plants face in the Indian setting, highlighting important roadblocks that prevent this technology
from being integrated smoothly. The challenges are many and complex, ranging from deficiencies in the feedstock
supply chain management process to the extensive regulatory environment, permissions, and different frameworks.

The remainder of this paper is structured as follows: Sect. 2 details the literature review. Sections 3 and 4 discuss the
methodology and steps for fuzzy Delphi and WINGS. Section 5 presents a detailed discussion of the results, highlighting
the significant barriers identified and their prioritization. Section 6 discusses the implications derived from the findings,
and Sect. 7 gives the conclusion and limitations of the study.

2 Literature review

Biogas technology has shown promise as a means of achieving sustainable development, boosting energy security, and
reducing environmental risks at the same time [30]. The production and use of biogas lowers greenhouse gas emissions
and the need for fossil or solid fuels. When used as a biofertilizer, the digestate of biogas can replace artificial fertilizer
in the soil. However, the concentration of animal farming and the waning interest in home biogas present new chances
for the commerecialization of biogas technology. In recent years, there has been a shift in the worldwide biogas industry
towards increased industrialization and commercialization. Growing global awareness and the adoption of pertinent
laws and regulations in several nations have aided in this advancement [31]. However, there are common issues that
large-scale biogas facilities in all nations must deal with, most of which are caused by process instability [32].

Biogas facilities need a substantial upfront investment that needs to be justified, and their continued functioning
depends on expensive, attentive maintenance, which must be paid for with money from gas and biofertilizer sales. In
light of these financial realities, stakeholders in biogas plants need to take additional regulatory framework requirements
and potential incentives into consideration [25]. Poor feedstock supply management has been a significant problem for
most CBG operations in India. However, for CBG plant owners, major insufficient financial assistance (subsidiary schemes,
government subsidies, and private investors) has been a significant obstacle. Establishing a CBG facility necessitates
obtaining numerous regulatory regulations, clearances, and permits from various government bodies. The intricate
regulatory framework presents notable obstacles for investors, project developers, and technology vendors seeking
to participate in the CBG industry within India. Although there are not many long-term users of CBG, it is a clean fuel
substitute that is still in its infancy [33].

This study focuses on identifying the barriers linkages to finding the linkages and prioritizing them. The Weighted
Influence Non-linear Gauge System (WINGS) method prioritizes contextual relationships between identified barriers
to address the research question. The barriers were identified from the past academic literature shown in (Table 1) and
confirmed with the Fuzzy Delphi study. We conducted a comprehensive search using the Scopus and Web of Science
databases. The search was limited to peer-reviewed journal articles published in English, while excluding books, book
chapters, and conference proceedings. We used the following keywords for our search: "compressed biogas," "energy,"
"supply chain," and "sustainability." This initial search yielded a total of 84 articles. After a thorough screening of the
abstracts for relevance to the study’s objectives, 57 articles were finalized for detailed review and analysis to identify
the list of barriers.

3 Methodology
3.1 Research design

To prepare a multilevel structural model, we have identified the barriers and strive to devise a strategy to overcome
them. A comprehensive literature review can quickly determine the following properties of the system methodology
comprehensive literature review, Fuzzy Delphi Method, and WINGS methodology can quickly determine following
properties of the system. 1. Interpretative—In this process, the relationships between the barriers are taken from
the group of experts. 2. Structuralism—We evaluated the relationship extracted from the variables in this process.
3. Modelling technique-The outcome is configured by relationships between elements and extracted structure. The

@ Discover



Research

| https://doi.org/10.1007/542452-025-07213-9

(2025) 7:635

Discover Applied Sciences

[/

i3

[£z'9]

(818l

oLl

VAR AN

[cL 'zl

(L1l

92UIPYUOD J0)ISDAUI
pue A>ua1dyya 119y} Buiamo| snyj ‘pajuswa|dwi Uaaq aAeY SaIH|IDB) DYD 01 }201SPady ues)d jo Ayjige
-leae ay3 bundedwi A32a11p suone|nbas uoyebaibas a1seM YdIYm YUm ssauaile| ay3 st aulod ul ased
‘uonejuaws|dwi Ad1j0d mojs pue (sajuedwod Huiasiew [10 Ag spuswiwwod aseydind wid3-buoj ou “6°3)
sjuswabuelie Juswaindoid pasiuelend Jo yoe| e Se YdNS ‘SIAIIUSIUI [BISY Y eIM $95Sedwodud 3| '9|eds 0}

Anisnpul Dgo ay3 aey} 01 pasinbai oddns Juswuianob wisl-6uo] ‘Hd1dxe Jo ¥ de| Yl s34l JaLIeq SiyL
Aniqein jeuon

-esado pue yimoub 193iew s1apuly siasn-pus 03 Hgo Jo A|ddns pue uorreriodsuesy 1oy 21n3dnJIselyul 100d
uononpoud juapyys sisdwey

yo1ym ‘uonesauab seboiq pue buissad0id }203spasy uo abpajmouy| [ea1UYyda) xde| sialjiddns pue siawied
SJUBJIUD MU
HulRIep ‘s|ercsdde pue saAl3USdUL UL AJUlR1IDDUN SISNED SB3RYS AQ dWaYDs (uolepodsuel] d|qeployy
SpJemo] dA13RUIRY|Y S[gRUIRISNS) 1Y1YS 2Y3 JO uonejuswajdwi Juabiaalp ‘9jdwexa 104 *(spJeog |043u0D)
UOI3N||0d 91B1S ‘WN3|0133d JO AIISIUIIA ‘JUdWUOIIAUT JO AUl “6°D) salduabe [e1anas woly suswalinbai
aAed1dnp 01 anp Aluiensdun pue skejap buoj yim umop pabboq ase siadojanap ‘Ajjedideld ‘suolesado

DgD S|043U0D Jey} SJomawely A1oje|nbas pauljwealys pue 3|buls e Jo dUIsqe Y3 sa3edIpul Jalieq SiyL
sajes uondope

pue puewap 13)4ew MO| 0} Sped| Dg) jo suoiedijdde pue syauaq ay3 Inoge ssauaseme dijqnd ayenbapeu|
uonpnpoud Hgd jo paIA pue

Aytjenb ayy sywi| Jaymng yaiym ‘saibojouydal buipeibdn seboiq JUIDLYS Ul SJUSWSDURAPE PIHWI| D1 313y
SIap|oyaxe1s snolieA 03 d|giseajul Ajjeidueuy 309fold e axew adueuy

91eAld pue salpisqns jo Ayljigejieae Jood pue 333foid HgD) Aue Ul JUBWIISIAUL UR 10§ S3S0D dn-}iels ybiH
sAejap uoljeyodsuesy pue ‘sadualdLaUl 36.I0)S “UOIII| 0D }201SPIDY UO S9SND04 ‘jueld e 0} dADNP

-oidun aw023q 03 A19A1]9p pue ‘96eJ0]S ‘UOIID3]|0d }D03sPa3) ASNED 3INIdNJISeILUI pue So13sIBo| 91enbapeu)

siaewAdljod Aq 1sa193ul JO ¥joeT 89
SDED JUSLIND JO YI0MISU UOIINGLISIP dinjeww| /9

siawJey/131|ddns 3sbuowe abpajmouy paywi] 99

suole|nbai jeyusawuIanob ajdi Ny sq

synpoud-Aq s} pue Hgd INOge SSAUIEME JISWNSUOD MO ¥4
sa160]0uL23) UOISISAUODOI] JO e €q

s9|piny jepueuly [4¢]

juawsbeuew uieyd Ajddns ayenbapeu Ke|

S9dUaJ9)oYy

uondudsag

sialieg ‘ON IS

syue|d ogd bundaye sisuleq Jo isi | d|qeL

@ Discover



Discover Applied Sciences (2025) 7:635 | https://doi.org/10.1007/542452-025-07213-9
Research

Fuzzy Delphi Method has been used for the validation of barriers with input from experts, as this particular method
is used to capture expert consensus and handle uncertainties associated with the qualitative data; it is compara-
tively better than traditional Delphi in a decision-making manner because it integrates opinion from experts with
some degree of confidence, which could reduce bias and subjectivity [9]. WINGS was utilized to determine inter-
relationships and rank the barriers in terms of influence and importance. In contrast to traditional ranking techniques,
such as AHP or DEMATEL, WINGS is beneficial because it considers non-linear interdependencies among barriers to
provide an overall understanding of interdependencies [26]. Therefore, the most impactful barriers will be addressed
first to maximize strategic benefits. In order to ensure the strength of our conclusions, we utilized a formalized data-
gathering strategy for both Fuzzy Delphi and WINGS. The information was gathered using expert consultations,
surveys, and semi-structured interviews with relevant CBG sector stakeholders. A total of 15 experts were chosen to
participate based on their qualifications and years of experience in renewable energy and biogas technology,they
include researchers, policymakers, industry practitioners, and supply chain managers. Expert Profiles are given in
(Table A1 in Appendix. The previous study suggests the requirement of 10-18 experts on the Delphi panel [5]. The
Fuzzy Delphi method was used to fine-tune and validate the identified barriers with iteration of expert feedback
toward obtaining consensus and reliability in the results.

The WINGS method was then applied to establish the interrelationships and prioritization of barriers. The input
for this analysis was derived from expert responses, which were quantified and weighted based on their perceived
influence. The detailed step-by-step methodology followed is shown in Fig. 1.

3.2 Comprehensive literature review and stakeholder discussions

A comprehensive literature review and expert interviews are adopted to identify barriers to adopting CBG plants in India.
The Barrier selection process involves an extensive literature survey and face-to-face interviews with the stakeholders/
experts in academia and in-field practitioners in the production and business operations of CBG. A field study of CBG
plants across varied districts in central India is done to visit the farmers, CBG stakeholders, CBG experts, etc. The literature
study illustrates the heterogeneity of barriers, which aims to use expert panels to achieve consensus (Moeuf et al. 2020).

3.3 Fuzzy Delphi method (FDM)

The Delphi method is a successful tool for qualitative research to identify and prioritize managerial decisions (Paw-
lowski 2004). The previous study suggests that the requirement of 10-18 experts on the Delphi panel is sufficient
for this analysis [5]. Fifteen experts from academics, practitioners, and industry domains were selected to be part
of the research. These experts work in Compressed biogas as researchers, farmers, aggregators, and government or
non-government organization (NGO) employees.

Application of Fuzzy Delphi Method:

Step 1. Experts are invited to analyze performance metrics according to the importance and weight of performance
metrics using variables.

Step 2. Tale A2 in the Appendix referred from (Ahmad Zamzuri et al. 2022) shows the conversion of variables in
triangular fuzzy numbers.

Step 3. Calculating the distance between average and expert evaluation data of fuzzy numbers for each performance
metric. If m, 71 If there are two fuzzy numbers, then the distance between two fuzzy numbers is d () foundfrom Eq (1)

d(mn) = \/%[(”’H - n1)2 + (m, —n2)2 + (m; —n3)2]. (1

Step 4. Aggregate fuzzy evaluation of the performance metric calculated by Eq. (2)

Fuzzyevaluation; =

w|—

k
Z(mik1 +mk +mk). )
1
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Fig. 1 Research methodology r ) - \
flowchart Selection of barriers to uptake of CBG plant

through exhaustive literature review and validation through discussion
with experts using the Delphi method.

L 2

Identify the Research Gaps and Formulate the Objective

e

Formulation of questionaries based on the Fuzzy Delphi

[}
O
i)
O Data collection from Experts O

AlA
.?. 22

4

Establish Direct relation matrix and normalized matrix on WINGS

=

Compute Total Relation Matrix

p.

Causal Effect Diagram

4

Conclusion, Result, Discussion, and Research Implication

If the distance between the average and the expert’s evaluation data is < 0.2, then all experts are said to have a consen-
sus. If the percentage of achieving group consensus is more significant than 70%, then it is said to have group consensus
and no need for a second round (Mohamad et al. 2015).

3.4 N-WINGS method
The N-WINGS method is employed to consider the individual strength of the Compressed Bio-Gas (CBG) barriers

in group decision-making. N-WINGS approach identifies the important CBG Barriers and the degree of influence
relationships between the barriers. Then the interpretative structural modeling approach is integrated into the
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N-WINGS method to understand the hierarchical model to overcome barriers in CBG. This method identifies an
Influence relation map and a directed graph to devise a strategy.

Step 1. A set of experts evaluates the influential relationship between two CBG Barriers. This step collects the
influence of CBG barrier i over j in the semantic symbols N, VL, L, H, and VH. The individual strength of the CBG
barrier and its intensity are also analyzed in this step according to semantic expressions discussed earlier. This
article utilizes the Neutrosophic Number Theory and its Triangular Neutrosophic number (TNNs) set to evaluate
inter-barrier influence and self-intensity of barriers (Table A3 Appendix).

Step 2. The interrelationship of CBG Barriers is collected using Neutrosophic sets in a direct strength influence
matrix. i.e.,MbyEquation3. The single-valued Neutrosophic numbers (e.qg., ((al,a2,a3);a;, 0;, f5)) constitute the
direct strength-influence matrix of CBG Barriers (Table A4 Appendix).

((a1,a2,a3)a,,0,, b,),, ((al,a2, a3);aa, 04,015 --- ((al,a2,a3)a,,0,, b,)1,
D= : : (3)
((a1,02,a3) aa, ar ﬂa>n1 <(a1 02 03) aa: ar ﬂa>n2 <(G1,02, 03) aal ar ﬁa)nn

Step 3. The score function S(a) is employed to convert the Neutrosophic direct strength relation matrix D; into
crisp value matrix CV;; using crisp value formulae.

S(aij) 1 % (al + a2+ a3) * (2+a~ 0 —ﬁa):
wherei,j = 1toanumberoffactors.
CV; = S(ay).

The expert opinion crisp value matrix is combined further to create a mean crisp value matrix using geometric
mean. The geometric mean maintains the variability of relationships while combining all expert matrices [35].
Step 5. Normalizing a crisp, direct strength-influence matrix CV.

N = CV;/s,

s = max(max CVU, max CV )
1<i<n 1<l<n
Step 6. The total strength-influence matrix T and Prominence-relation map

T=t;=N(I-N)"

[z t;] si.e.Sumofrows.

nx1

nx1

n T
m = lz ] i.e.Sumofcolumns.
i=1 Txm

The horizontal axis vector (W +V): = prominence (i.e., strength and influence given and received of the barrier),
and the vertical axis vector (W-V):=relation (i.e., the net effect that barrier contributes to the system). If(wj - vj)
is positive, then the barrier F; has a net influence on other barriers and can be grouped into cause groups. If
(w; — v;) is negative, then the barrier F; is influenced by other barriers and should be grouped into effect groups.
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Table 2 Total interaction matrix

Code Barriers Weights Rank Promina Relation Group
B1 Inadequate supply chain management 0.1437 1 11.8565 0.0215 Cause
B2 Financial hurdles 0.114 6 9.4079 —0.8402 Effect
B3 Lack of bioconversion technologies 0.1183 5 9.7627 0.5467 Cause
B4 Low consumer awareness about CBG and its byproducts 0.139 3 11.4731 1.2251 Cause
B5 Multiple governmental regulations 0.1042 7 8.6007 —-0.8912 Effect
B6 Limited knowledge amongst supplier/farmers 0.1345 4 11.0973 —-0.0327 Effect
B7 Immature distribution network of current CBGs 0.1427 2 11.7762 0.7626 Cause
B8 Lack of interest by policymakers 0.1036 8 8.5522 -0.7919 Effect
Fig.2 Influence relation map 1.5 _
and quadrant layout o B4
= .
5
1
Quadrant I B7
Quadrant IV -/ 2 05
Influence
12 12.5 13 13.5 14 14.5 15 155 | 16
! B6
Quadrant ITI B1
BS| P
0 Bs B2 Quadrant II

4 Results

The research article analyzes the challenges in the adaptation of CBG plants in India as a sustainable energy solution
with an intense literature review and the N-WINGS method. The neutrosophic numbers theory is adopted to tackle
subjectivity and uncertainty in the expert opinion. The total interaction matrix is calculated from the interrelation-
ship matrix, which is shown in Table 2.

The Influence relation map is depicted in Fig. 1. The quadrant | and IV contains influential (cause) barriers. B3 (Lack
of Bioconversion Technologies), B4 (Low Consumer awareness about CBG and its by-products), and B7 (Immature
Distribution Network of current CBGs) are the causal barriers. Barriers in quadrant | (B4, B7) are highly influential
barriers in the system. It also possesses high relation. These are the most important barriers. B7 stays in quadrant IV,
signifying its importance but can be overcome by other barriers. Quadrant Il and Ill groups affect barriers in the sys-
tem. Quadrant Il assembles barriers B1 (Inadequate Supply Chain Management) and B6 (Limited knowledge amongst
Suppliers/Farmers). These are important barriers that can be improved by using other cause barriers. Quadrant Ill
contains B2 (Financial Hurdles), B5 (Multiple Governmental Regulations), and B8 (Lack of Interest by Policymakers).
These are not important barriers to the system as they possess low influence and low relation value. The digraph
depicted in Fig. 2 has a starting point B4, which is directly impacting all other barriers. It has a high causal influence
on the system. After that, B3 is impacting other barriers. The third level is occupied by B7. B1 is at the fourth stage.
Thereafter B6, B2, and B5, respectively. B8 stays at the end of the influence diagram. The results obtained are consist-
ent with the research [22]. The CBG plant should consider the implementation of efficient strategies for managing the
supply chain. These strategies may include the establishment of partnerships with dependable suppliers of feedstock,
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the optimization of processes related to the storage and handling of feedstock, and the adoption of monitoring and
control systems that effectively ensure the quality and consistency of the feedstock.

5 Discussion

Results from this research outline the main hindrances to the mass adoption of CBG plants in India that mirror findings
based on previous studies concerning renewable energy transitions. Unlike previous literature, financial difficulties,
regulatory complexity, and lack of efficiency along supply chains lead to the strongest barrier to adoption for CBG plants.
While establishing a structured priority for these barriers, this research demonstrates that, on average, low consumer
awareness and an immature distribution network remain the highest casual influences on the system. All these findings
reflect the need to develop a multidimensional approach aimed at policy reform, technological breakthroughs, and
stakeholder mobilization to unlock the growth opportunities of CBG plants. The study also focuses on the interconnec-
tivity of these barriers, which confirms that addressing a single obstacle in isolation is not enough. Instead, a strategic,
integrated approach is required to overcome these systemic challenges and enable a sustainable CBG ecosystem in
India. To make the study practically applicable, several strategies can be proposed to mitigate the identified barriers.
It is important for supply chain management to be reinforced through investment in infrastructure, the use of digital
tracking systems, and capacity-building programs for farmers and suppliers. It is possible to mitigate financial constraints
through targeted subsidies from the government, low-interest financing schemes, and incentives provided for pub-
lic—private partnerships. To overcome the regulatory hurdles, policymakers need to simplify the approval process, define
clear rules, and develop a single-window regulatory authority for CBG projects. Consumer awareness can be promoted
through nationwide campaigns, educational programs, and incentive-based adoption policies that can raise demand
for CBG products. Bioconversion technology should be promoted through research grants, industry collaboration, and
knowledge sharing with world leaders in biogas technology [24]. By implementing these strategies, India can create a
very supportive environment for the large-scale adoption of CBG towards sustainability and long-term viability. Figure 3
shows the hierarchical influence structure that was developed employing the Weighted Influence Non-linear Gauge
System (WINGS) approach. It illustrates how the barriers to the adoption of Compressed Biogas (CBG) that were found to
be related to each other are connected, highlighting which of them have the most important cascading impacts on the
system. The figure is arranged in several levels, where higher-level barriers show greater influence on lower-level ones.

For example, "low consumer awareness" and "immature distribution network" come at the top of the hierarchy, which
suggests that these are the factors with a large degree of influence on other barriers like financial limitations, inefficiency
in the supply chain, and policy loopholes. This hierarchical design enables stakeholders to pinpoint the most influential
barriers to overcome first, thus ensuring the most optimal utilization of intervention measures. The figure thus serves
to graphically represent the systemic nature of the issues and to justify the strategic prioritization suggested in the
study. The results of this study are primarily consistent with prior research emphasizing the role of financial, regulatory,
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and awareness-related issues in the adoption of renewable technologies. For example, research by Mittal et al. [19] and
Singh and Kalamdhad [23] also reported regulatory complexity and consumer unawareness as significant barriers to the
deployment of biogas plants in India. Our research develops these insights by not only re-affirming these barriers but
also characterizing their hierarchical impacts and interdependencies through the WINGS approach.

Nonetheless, in contrast to prior research centered predominantly around either technical feasibility or individual
stakeholder views, our research combines expert-led validation and systemic prioritization. In addition, whereas (Muke-
shimana et al. 2021) highlighted capital cost as the overarching barrier, our findings indicate that upstream factors like
consumer awareness and distribution infrastructure have even more significant influence, which in turn indirectly magni-
fies financial and technological issues. This disparity can be explained by our approach’s capacity to identify non-linear
influence routes through multiple barriers. These comparative insights not only validate the robustness of our findings
but also emphasize the need for a systems-thinking perspective when designing efficient CBG promotion strategy to
suit the Indian context.

The effect group ranking used here is derived from the cumulative influence scores computed by the WINGS method,
which measures the extent to which each barrier influences or is influenced by others in the system. Higher total outgo-
ing influence scores were placed in the "cause group,” and higher incoming influence was placed in the "effect group.”
The validation was done by presenting the initial effect group rankings to a panel of 15 domain experts, ranging from
policymakers and academicians to industry practitioners. They evaluated the rankings from their experience and con-
textual knowledge about the CBG ecosystem in India, and their inputs were taken in order to enhance and validate the
final classification.

On validation, the ranking demonstrates that obstacles such as low levels of knowledge on the part of suppliers and
insufficient policy support are mainly reactive and symptomatic of upstream problems like supply chain inefficiencies
and poor consumer awareness. This categorization was cross-checked with expert judgment to ensure congruence with
actual-world interdependencies. The aim of this ranking is to enable stakeholders to differentiate between root-cause
barriers that need urgent strategic focus and effect-driven barriers that can be addressed once primary drivers are tack-
led. This distinction enhances the pragmatic value of the prioritization framework for informing policy and investment
choices in the CBG industry.

6 Implications

This study makes a contribution to the academic debate by providing a structured framework in which barriers to the
adoption of CBG could be identified and prioritized. By using state-of-the-art methodologies such as the Fuzzy Delphi
Method and the Weighted Influence Non-linear Gauge System (WINGS), the study expands the extant literature related
to renewable energy barriers and interdependencies. This study bridges the gap between qualitative and quantita-
tive analysis by integrating expert opinions with empirical findings, providing a replicable model for future studies on
sustainable energy adoption. It also sophisticates the theoretical understanding of supply chain complexities, regula-
tory challenges, and technological limitations in the biogas sector. Moreover, the research introduces a new approach
for assessing nonlinear relationships among barriers, thereby strengthening methodological contributions to energy
transition studies.

This research contributes to the academic debate by providing a structured framework to identify and rank barriers
to CBG adoption. Using advanced methodologies, such as the Fuzzy Delphi Method and the Weighted Influence Non-
linear Gauge System (WINGS), the study expands on current literature regarding the interdependencies of renewable
energy barriers. This research bridges the gap between qualitative and quantitative analysis through the integration of
expert opinions and empirical findings to provide a replicable model for future studies on sustainable energy adoption.

For industry practitioners, this research gives actionable insights on how to overcome key operational challenges
associated with CBG adoption. Supply chain inefficiencies and financial constraints can be mitigated through strategic
partnerships and targeted investments in infrastructure. Further, businesses can use the prioritization framework to
address the most critical barriers first, thereby optimizing resources and enhancing the feasibility of large-scale CBG
implementation. Policymakers can use such knowledge to design efficient regulatory structures and launch incentive
schemes to increase investor confidence. The research study also places emphasis on capacity building in order to raise
the stakeholder’s awareness about biogas technologies and the financial benefits they bring to them. In addition, corpo-
rate decision-makers can develop adaptive strategies to incorporate sustainable practices into well-functioning energy
supply chains to ensure sustainability and market strength for a long time.
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7 Conclusion

This research rigorously determines and ranks the obstacles to Compressed Biogas (CBG) plant adoption in India. The
major issues like poor supply chain management, financial limitations, regulatory issues, and technology constraints
were underscored. Utilizing the Fuzzy Delphi Method and Weighted Influence Non-linear Gauge System (WINGS), the
research determines interdependence among these obstacles, providing a strategic guide toward directed policy
action and industry reforms.

One of the primary contributions of this study is that it has a structured prioritization framework that directs
policymakers, practitioners in the industry, and investors to address the most impactful impediments first. Enhanc-
ing supply chain networks, enacting encouraging government policies, raising financial rewards, and embracing
technological innovations are essential measures for driving CBG adoption. Apart from its contribution, the study
has some limitations. Relying on experts’ views might imply subjectivity, and focusing on India might restrict the
direct applicability of results to other parts of the world. Future studies would incorporate empirical evidence from
case studies, surveys, and cross-country analysis to improve the generalizability and applicability of the outcomes.
Further, a search for new policy mechanisms and technologies will also advance global development in terms of
sustainable bioenergy solutions.

In addition, as the world energy landscape continues to change, the incorporation of digital technologies like block-
chain for supply chain visibility and artificial intelligence for process improvement could make CBG operations more
efficient. Governments, industries, and research institutions will have to work together to scale up CBG infrastructure
and make it sustainable in the long term as an energy source. Overcoming the set barriers with the involvement of multi-
stakeholders and policy-making based on evidence will be instrumental in realizing the full potential of CBG to deliver
energy security and environmental sustainability.

8 Limitation and future scope

Despite the contributions made, this study has some limitations. First, it relies on expert opinions when conducting
the study. This introduces a subjective process for the identification and prioritization of barriers. Secondly, this study
uses a structured prioritization method, yet in real-life practice, things might not fit as well in the model that has been
structured. Lastly, this study focused on India. Without further adaptation, findings are not directly applicable to other
geographic locations. Further studies may analyze dynamic change over time, including the impact that policy reforms,
technological changes, and market dynamics may trigger in the adoption of CBG. More evidence can also be generated
by including a cross-country comparative analysis to study differences in regulatory and economic environments in
countries. Finally, using real-world data and case studies, empirical research would serve to validate the framework for
prioritization and further develop its applicability in many different contexts. Examining the role of digital technologies
like blockchain and Al in optimizing the supply chain of CBG can be another interesting avenue for further exploration.
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