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Knowledge and Capacity Barriers to Circular Bioeconomy in Crop Waste 1 

Bioenergy Production: A Comparative MCDM Analysis 2 

Abstract 3 

In the context of growing energy demand, prioritising the advancement of the circular 4 

bioeconomy is essential over the ongoing extraction of fossil fuels for a sustainable future. The 5 

utilisation of crop residues for bioenergy can significantly contribute to the circular 6 

bioeconomy framework, providing a sustainable as well as economical solution. However, it 7 

may be hindered by several knowledge and capacity-related barriers. This study examines those 8 

critical knowledge and capacity barriers to the effective implementation of a circular 9 

bioeconomy for crop-residue-based bioenergy production via a systematic literature review and 10 

experts’ suggestions. This paper further aims to compare the findings of the DEMATEL and 11 

WINGS methods in identifying potential relationships among selected knowledge and capacity 12 

barriers from an academic-expert-driven perspective, and to ascertain key strategies for 13 

successful crop-residue-based bioenergy production through a qualitative case study analysis 14 

of Indian farmers. The results indicate significant discrepancies in the number of 15 

interrelationships among the barriers. While DEMATEL reveals a comparatively greater 16 

number of interrelationships, WINGS tends to highlight only the most dominant and 17 

statistically robust causal links, identifying technical skill gaps and awareness deficits as 18 

particularly influential. Therefore, resolving these difficulties is crucial for sustainable 19 

bioenergy production through a circular bioeconomy framework. 20 

Keywords: Crop residue, Bio-energy, Circular bioeconomy, Barriers, SLR, WINGS, 21 

DEMATEL 22 

1 Introduction 23 

Agricultural crops are critical to feeding the world’s population. The growing population 24 

prompted the cultivation of high-yielding crop types and the implementation of advanced 25 

agricultural practices. However, increased food grain production resulted in an increase in crop 26 

leftovers such as stalks, stubble, leaves, seed pods, and so on. In rural regions, crop wastes are 27 

exploited as fuel for cooking and animal feed (Prasad et al., 2020). However, a significant 28 
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portion of crop residues remains unutilised in farms. According to Kumar et al. (2023), farmers 29 

frequently struggle with how to properly dispose of crop leftovers, which places a significant 30 

environmental burden on society. However, growing energy use and the depletion of fossil 31 

fuels have drawn attention to the production of sustainable energy from biomass (Prasad & 32 

Ingle, 2019; Rathore et al., 2022; A. Singh & Olsen, 2011). Cellulosic material with a high 33 

fixed carbon content, such as crop wastes, has the potential to be used as fuel for energy 34 

production. The increasing significance of crop residues as a sustainable feedstock for the 35 

generation of bioenergy is highlighted by a number of studies (Bhuvaneshwari et al., 2019; 36 

Kapoor et al., 2020; Pant et al., 2019). However, because of information asymmetry, a lack of 37 

incentives, and a lack of markets, sustainable crop residue management is currently a classic 38 

economic challenge in developing nations like India (Bhuvaneshwari et al., 2019; Devi et al., 39 

2017; Tewari et al., 2025). The crop residues are either burned at home or used as animal feed, 40 

as it is less expensive and labour-intensive. Therefore, the circular bioeconomy (CBE) method 41 

is becoming a viable crop residue management strategy to curb crop residue burning and 42 

wasteful disposal (J. A. Kumar et al., 2023). 43 

Two complementary alternatives to the current linear agricultural production system are 44 

combined in the idea of CBE. In order to maximise resource use efficiency, preserve products, 45 

materials, and resources for as long as possible, and reduce the quantity of polluting waste 46 

released into the environment, the first is the concept of circularity in resource use, which 47 

emphasises reducing, recycling, and reusing chemical and other inputs (Geissdoerfer et al., 48 

2017; Kirchherr et al., 2017). The second is the concept of a bioeconomy, which is made up of 49 

sectors that use biological and renewable natural resources as inputs to produce goods and 50 

services (Bugge et al., 2016; Wesseler & Braun, 2017). By implementing CBE principles, 51 

bioenergy production is viewed as a feasible agricultural residue management strategy. While 52 

moving toward a CBE is an alluring way to accomplish a number of environmental objectives, 53 

we contend that in order to balance the desire for circularity with its costs, benefits, and 54 

distributional effects on society, this approach must move beyond a technocentric focus and 55 

adopt an economic value-based lens. 56 

Crop residue-based bioenergy production has enormous potential, but it is currently not widely 57 

used in CBE frameworks, particularly in developing nations like India. Nearly 70% of India’s 58 

population gets their energy from biomass, which accounts for around 32% of the nation’s total 59 

primary energy consumption. There are 500 biomass power and cogeneration facilities with a 60 
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combined capacity of 9186.50 MW established in the bagasse cogeneration and biomass power 61 

sector (MNRE, 2020). Significant knowledge and capacity barriers, insufficient regulatory 62 

frameworks, logistical inefficiencies, and a lack of stakeholder awareness are some of the 63 

potential barriers that contribute to this inefficiency (Eixenberger et al., 2024; Ighalo et al., 64 

2023; Sikiru et al., 2024). Despite the fact that many studies have acknowledged these 65 

limitations, they usually treat knowledge and capacity barriers as distinct problems, ignoring 66 

their intricate relationships. Knowledge and capacity barriers may function as information 67 

asymmetries that skew rational decision-making from a microeconomic standpoint, ultimately 68 

decreasing readiness to embrace a more progressive CBE system. Therefore, it is essential to 69 

comprehend these barriers in order to explain why effective technologies do not spread in 70 

agricultural environments. Apart from that, review papers and bibliometric studies have been 71 

the main focus of the present literature on the generation of bioenergy from crop residues 72 

(Chilakamarry et al., 2021; Donner et al., 2021; Eixenberger et al., 2024; Haque et al., 2023; 73 

Kamboj et al., 2024; R. Kumar et al., 2023). A small number of studies (Fernando et al., 2022; 74 

Fytili & Zabaniotou, 2022; Tavera-Ruiz et al., 2023; Urrea-Ceferino & Mojica, 2023) have 75 

looked into knowledge and capacity barriers in this field, but they have not looked at the 76 

contextual relationships between these barriers from the CBE perspective. Farmers are less 77 

able to assess the potential benefits of producing bioenergy from crop residues due to 78 

knowledge and skill gaps. These barriers not only lower the CBE adoption but also weaken 79 

consumer confidence in new CBE value chains. Therefore, these knowledge and capacity 80 

barriers are potential key economic factors that influence the overall adoption behaviour. 81 

As a result, the study aims to explore what exactly the available literature reveals about the 82 

important knowledge and capacity barriers preventing the implementation of CBE techniques 83 

for bio-energy production from crop residues (Objective 1), via a systematic literature review 84 

(SLR) utilising the preferred reporting items for systematic reviews and meta-analyses 85 

(PRISMA) framework. The next phase is to identify the key knowledge and capacity barriers 86 

to CBE techniques for bio-energy production from crop residues, as well as to investigate how 87 

these barriers are contextually connected in India (Objective 2). In this context, the study used 88 

a mixture of two multi-criteria decision-making (MCDM) techniques, including decision 89 

making trial and evaluation laboratory (DEMATEL) and weighted influence non-linear gauge 90 

system (WINGS). The final step is to make policy recommendations for the successful 91 

implementation of CBE practices for bio-energy production from crop residues in India 92 

(Objective 3), for which the study conducted two case studies of two Indian farmers from very 93 
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different socio-economic backgrounds in order to propose targeted strategies by taking into 94 

account their economic conditions as well. 95 

The rest of the paper is structured as follows: Section 2 establishes the theoretical foundation 96 

by exploring various crop residues, their potential for bio-energy production, and the 97 

challenges involved within the context of a CBE framework. The research methodology is 98 

described in Section 3, the data collection and analysis process is explained in Section 4, the 99 

results are presented in Section 5, the overall discussion is provided in Section 6 and the study’s 100 

conclusions, policy implications and limitations are provided in Section 7.  101 

2 Theoretical foundations 102 

2.1 Crop residue 103 

According to Searle & Malins (2016), crop residues are the aboveground portions of plants that 104 

are not eaten or used for other purposes. Primary, secondary, and tertiary residues are the three 105 

usual categories into which these residues fall (Andrade et al., 2022; Hoogwijk et al., 2003). 106 

Figure 1 shows the flow of crop residues to bio-energy production through various pre-107 

treatment methods.  108 

[Figure 1 here] 109 

Primary crop residues: These are the fundamental form of crop residues, signifying the 110 

inedible components of the harvested crop that remain in the field. Examples comprise rice 111 

straw, corn stalks, sugarcane residue, coffee husks, and wheat straw (Searle & Malins, 2016). 112 

Secondary crop residues: These originate from the processing of primary crop wastes or as by-113 

products of harvesting activities. For example, following the processing of a rice harvest, the 114 

husks are regarded as a secondary by-product. Molasses and bagasse derived from sugarcane 115 

processing are additional examples (Searle & Malins, 2016). 116 

Tertiary crop residues: These are further by-products derived from the processing of secondary 117 

wastes, typically constituting the smallest and most purified elements. Rice hulls, wheat chaff, 118 

and soybean seed coverings exemplify tertiary residues (Searle & Malins, 2016). 119 
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2.2 Significance of crop residues to bio-energy production 120 

Global production of lignocellulose is developing from crop leftovers. Many of these wastes 121 

are burned, dumped, or decomposed on farms. These waste management approaches harm the 122 

environment, as well as being economically the least acceptable (Idehai & Akujieze, 2015; 123 

Pham et al., 2015). This waste can be converted into biofuels to close the resource loop 124 

(Bosmans et al., 2013), which will lead to the efficient use of existing resources. Though crop 125 

residue-based biofuel production within the CBE framework is promising, potential barriers 126 

like technological inefficiencies, limited stakeholder knowledge, and regulatory limitations 127 

must be addressed (Koul et al., 2022). 128 

2.3 Knowledge and capacity barriers to crop waste bio-energy production 129 

Using CBE ideas in agriculture—especially about the reusing of crop wastes—comes with 130 

several difficulties, including financial, infrastructure, and policy-related ones. Given its 131 

fundamental importance and tendency to influence other barriers, this study focuses on 132 

knowledge and capacity-related barriers. If enough information and expertise at the grassroots 133 

level are lacking, even well-meaning programs could not yield desired outcomes. 134 

One major knowledge-related barrier is the inadequate awareness among farmers and other 135 

stakeholders of the possible benefits of alternative biomass uses outside conventional biomass. 136 

Farmers especially lack specific direction on the consequences of climate change on 137 

agricultural production and the required actions to solve these problems (Ighalo et al., 2023; 138 

Kapoor et al., 2020). Farmers disregard the possible savings from energy consumption resulting 139 

from an inadequate understanding and concentrate just on the costs related to biomass 140 

management (Fytili & Zabaniotou, 2022). Lack of knowledge could cause farmers to believe 141 

that eliminating agricultural waste throws off the natural nutrient cycle, therefore depriving the 142 

soil of essential organic matter and nutrients (Santana et al., 2021; Sikiru et al., 2024). Another 143 

important barrier is the lack of technical knowledge among farmers, a necessary condition since 144 

the pre-treatment methods for transforming agricultural residue are complex (Andrade et al., 145 

2022; R. Kumar et al., 2023) and may thus impose significant financial burdens (Santana et al., 146 

2021). 147 

 Apart from the knowledge-related barriers, the study reveals other capacity-related ones, 148 

including insufficient infrastructure to enable the manufacturing, distribution, and use of crop 149 

residue (Sikiru et al., 2024). Large-scale bioenergy generation from agricultural waste could 150 
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cause problems with feedstock availability. The unequal distribution of crop waste all year long 151 

could make it difficult to keep a constant supply of raw materials for bioenergy generation 152 

(Roudneshin & Sosa, 2024). As it deals with competition from cheap and inferior solid biofuels 153 

(Emenike et al., 2022), the economic viability of bioenergy production may be compromised 154 

in the absence of strong agricultural or industrial markets, even if significant waste resources 155 

are readily available (Santana et al., 2021). Conflicts among farmers, industry, legislators, and 156 

other stakeholders over the use, ownership, or benefits of crop wastes also impede cooperation 157 

and the effective implementation of bioenergy initiatives (Kapoor et al., 2020; Sonu et al., 158 

2023). 159 

Though many studies have looked at these barriers (Fytili & Zabaniotou, 2022; Gontard et al., 160 

2018; Ighalo et al., 2023; Kapoor et al., 2020), none have focused on the interactions among 161 

these knowledge and capacity barriers within Indian settings. Therefore, it is essential to 162 

investigate the contextual interrelationships among several knowledge and capacity barriers 163 

hindering the adoption of bioenergy generation from crop residue using the CBE framework. 164 

This paper uses a comparative analysis of DEMATEL and WINGS, which has not been applied 165 

before in this field. 166 

3 Conceptualisation and method  167 

This paper applies a mixed-method approach (quantitative and qualitative) comprising an SLR 168 

subsequent to a comparison of the DEMATEL and WINGS approaches, followed by two case-169 

study analyses (see Figure 2). First, the SLR of this study follows guidelines defined by the 170 

PRISMA-2020 framework. Within a CBE framework, this approach was used to identify and 171 

evaluate the key knowledge and capacity barriers preventing crop residue acceptance for 172 

bioenergy generation. Second, the DEMATEL method applied is an academic expert-driven 173 

approach for rating the identified barriers based on their impact on other barriers. It also made 174 

it possible to examine the contextual interdependencies among those barriers. Third, this study 175 

builds a structural model using the WINGS approach and categorises the identified barriers 176 

based on their impact as well as intrinsic importance. Whereas the WINGS approach combines 177 

the intensity of effect and the strength of every element, DEMATEL stresses the construction 178 

of structural models that only consider the level of influence, therefore omitting the strength of 179 

the elements. This study investigates the results of the DEMATEL and WINGS approaches 180 

applied in the domain of CBE to find possible correlations between knowledge and capacity 181 
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barriers from an Indian academic-expert point of view. Fourth, two case studies from very 182 

different socio-economic backgrounds are undertaken to derive several strategies and policy 183 

implications for a successful implementation of the CBE framework to produce crop waste-184 

based bioenergy in the Indian context. 185 

[Figure 2 here] 186 

3.1 Systematic literature review (SLR) 187 

This study used the SLR method, as used in previous research (Kaur et al., 2025), which entails 188 

a comprehensive search of online databases, including Scopus and Web of Science and covers 189 

academic literature available from January 2000 to October 2025 concerning the knowledge 190 

and capacity barriers hindering crop residue adoption for bio-energy production within a CBE 191 

framework. We selected 2000 as a starting point, mainly keeping in mind the potential increase 192 

in literature after the introduction of major policies, including the European Commission 193 

Bioeconomy communication in 2012, popularisation of circular economy thinking following 194 

the Ellen MacArthur Foundation reports in 2013, as well as the global policy impulse created 195 

by the 2015 UN sustainable development goals.  196 

We conducted our search by utilising keywords (Table 1) selected through preliminary searches 197 

designed to assess their potential effectiveness. As shown in the following Figure (Figure 3), 198 

the initial search generated 196 potential results, of which we promptly removed 51 duplicates. 199 

After removing duplicates, the remaining studies were systematically screened for titles, 200 

abstracts, and complete texts. In Table 2, the inclusion and exclusion criteria omitted irrelevant 201 

research. After eliminating duplicates, 145 studies were left for screening. Next, we evaluated 202 

the titles and abstracts of these 145 papers using the stated inclusion and exclusion criteria, 203 

selecting 69 for deeper review. These 69 papers were reviewed in full, but only those that 204 

addressed knowledge and capacity barriers to crop residue use in a CBE framework. Only 36 205 

studies were left for analysis after 33 were removed. Examining the selected publications’ 206 

reference lists and citations helped find relevant studies. As a supplement, Google Scholar was 207 

searched using keywords like “crop-residue,” “bio-energy,” and “circular bioeconomy” using 208 

the ‘all-in-title’ function. Haddaway et al. (2015) recommend using Google Scholar in 209 

systematic reviews. Figure 3 shows the final sample of 45 articles. The Excel spreadsheet 210 

(PRISMA-R1) can be found in the Supplementary Material. 211 

[Table 1 here] 212 
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[Table 2 here] 213 

[Figure 3 here] 214 

3.2 Multi-criteria decision-making (MCDM) technique 215 

A popular technique for resolving complicated decision-making issues involving numerous, 216 

frequently incompatible criteria is MCDM (Paul Yoon & Hwang, 1995). With the 217 

independence assumption that there are no effects between the constructs, the analytic 218 

hierarchy process (AHP) methodology has been used as one of the most popular MCDM 219 

techniques (Demirel et al., 2012). Another popular MCDM tool is the weighted aggregated sum 220 

product assessment (WASPAS) method, which helps in identifying the best-performing 221 

alternative but treats each criterion as independent of the others, making it less suitable for 222 

causal diagnosis (R. Kumar et al., 2020). Multipool techniques, including the analytic network 223 

process (ANP), interpretive structural modelling (ISM), DEMATEL and WINGS (Michnik, 224 

2013), have been developed to address this problem by identifying the hierarchical relationship 225 

within the indicators. The ANP is an extension of the AHP that looks at how choice elements 226 

are related to each other in a hierarchical way (Saaty, 2004). However, it doesn’t give a clear 227 

map of cause and effect; instead, it gives weights and requires a lot of pairwise comparisons.  228 

The DEMATEL can show both how much subsystems interact with one another and how they 229 

are directly linked to each other. So, if we really want to find the cause-and-effect link between 230 

subsystems, DEMATEL seems to be a better choice than other well-known MCDM methods 231 

for examining complicated systems (Tzeng & Huang, 2012). However, the DEMATEL 232 

approach simply looks at how much an element affects others and not how strong it is on its 233 

own. To get over this restriction, the current study integrates the intensity and strength of 234 

influence to provide a more thorough analysis by using both the DEMATEL and WINGS 235 

approaches. It is important to use a dual method approach, as a study conducted by R. Kumar 236 

and Singh (2020) reveals that the use of a single MCDM method like TOPSIS is effective for 237 

performance-based ranking of the alternatives, but it fails to capture significant contextual 238 

inter-relationships among the criteria. Table A1 in the appendix provides a good illustration of 239 

how using DEMATEL and WINGS together performs better than using alternative MCDM 240 

frameworks. 241 
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3.2.1 Decision-making trial and evaluation laboratory (DEMATEL) 242 

Created by Fontela and Gabus in 1976, the DEMATEL method is extensively applied for 243 

structural analysis of complicated scenarios. Scholars in many different fields make rigorous 244 

use of this MCDM tool. Using DEMATEL, Yadegaridehkordi et al. (2018) investigated the 245 

factors influencing the adoption of big data technology. It was used to find the causality among 246 

the drivers affecting the CE (Gue et al., 2022). Using DEMATEL, Rajput & Singh (2019) 247 

categorised the CE and Industry 4.0 facilitators and challenges. Because DEMATEL highlights 248 

the severity of their effects by classifying challenges into causal and effective groups, it is 249 

preferred over AHP, TISM, ISM, and other MCDM methods (Rajput & Singh, 2019). 250 

DEMATEL’s whole approach is split into four different phases.   251 

In the first phase, a panel of experts is initially assigned to assess the degree of direct influence 252 

one criterion has on another using a linguistic scale as follows: No influence - 0; Low influence 253 

- 1; Medium influence - 2; High influence - 3; Very high influence - 4. The value denoting the 254 

influence of the element 𝑖𝑖 on element 𝑗𝑗 is expressed as 𝑑𝑑𝑖𝑖𝑖𝑖 and forms a component of the initial 255 

direct-relation matrix 𝐴𝐴𝐷𝐷 = [𝑎𝑎𝑖𝑖𝑖𝑖 ], where 𝑖𝑖, 𝑗𝑗 = 1 … … .𝑛𝑛. It is presumed that all fundamental 256 

diagonal elements are equal to zero, 𝑎𝑎𝑖𝑖𝑖𝑖 = 0, , for (𝑖𝑖 = 1 … … .𝑛𝑛). Following the collection of 257 

all the experts’ insights, the average direct-relation matrix (𝐴𝐴𝐷𝐷) is formed. 258 

In the second phase, we normalise the 𝐴𝐴𝐷𝐷. The normalised direct–relation matrix (𝐵𝐵) is 259 

calculated as: 260 

𝐵𝐵 = 𝐺𝐺 ∗ 𝐴𝐴                                                                                         (1) 261 

where the normalising factor 𝐺𝐺 is defined as: 262 

𝐺𝐺 =  𝑚𝑚𝑚𝑚𝑚𝑚 � 1
𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 ∑ |𝑎𝑎𝑖𝑖𝑖𝑖|𝑛𝑛

𝑗𝑗=1
, 1
𝑚𝑚𝑚𝑚𝑚𝑚𝑗𝑗 ∑ |𝑎𝑎𝑖𝑖𝑖𝑖|𝑛𝑛

𝑖𝑖=1
�                                                               (2) 263 

In the third step, the total relation matrix 𝑇𝑇𝐷𝐷 is derived from the following expression: 264 

𝑇𝑇𝐷𝐷 = 𝐵𝐵(𝐼𝐼 − 𝐵𝐵)−1                                                                  (3) 265 

where 𝐵𝐵 denotes the normalised direct–relation matrix and 𝐼𝐼 represents the identity matrix. 266 

In the fourth phase, multiple indicators are calculated. The 𝑅𝑅𝑖𝑖 is derived by aggregating all 267 

elements in a row of the 𝑇𝑇𝐷𝐷, illustrating the influence of the criterion 𝑖𝑖 on the other criteria. The 268 
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𝐶𝐶𝑗𝑗 is obtained by aggregating all entries in a column of the same matrix, reflecting the influence 269 

exerted on the criterion 𝑗𝑗 by the other criteria. Furthermore, when  𝑖𝑖 equals 𝑗𝑗, (𝑅𝑅𝑖𝑖 + 𝐶𝐶𝑗𝑗)  270 

represents the cumulative effects imparted and received by the criteria 𝑖𝑖. It signifies the 271 

significance of the element 𝑖𝑖 within the entire system. On the other hand, �𝑅𝑅𝑖𝑖 − 𝐶𝐶𝑗𝑗�  denotes 272 

the net impact of the criterion 𝑖𝑖 on the system. If �𝑅𝑅𝑖𝑖 − 𝐶𝐶𝑗𝑗�  is positive, then an element 𝑖𝑖 is a 273 

net cause influencing the other criteria. If �𝑅𝑅𝑖𝑖 − 𝐶𝐶𝑗𝑗� is negative, element 𝑖𝑖 is a net recipient 274 

(outcome) affected by the other criteria. 275 

Finally, a threshold value is established to exclude negligible impacts. Consequently, only the 276 

impacts that surpass the threshold value will be selected and displayed in a diagram referred to 277 

as the influence map. The threshold value is calculated as the mean of the components in the 278 

matrix 𝑇𝑇𝐷𝐷. 279 

3.2.2 Weighted influence non-linear gauge system (WINGS) 280 

WINGS is an extension of DEMATEL, as previously stated. This methodology, as applied in 281 

earlier studies (Michnik, 2013, 2018), was applied in this work to categorise the knowledge 282 

and capacity barriers into causal and effect groups and create a structural model. This section 283 

delineates three distinctions among these methods. 284 

First, the initial part of the WINGS technique entails inputting the strength of each criterion 285 

into the diagonal components of the direct strength influence matrix. Nonetheless, DEMATEL 286 

is not designed to include the intensity of the factors. Hence, in the WINGS model, the principal 287 

diagonal elements of the average direct strength influence matrix (𝐴𝐴𝑤𝑤) describe the strength of 288 

components, but the off-diagonal values denote the influences where 𝑖𝑖 ≠ 𝑗𝑗. 289 

Second, the two methods differ in their normalisation procedures. In WINGS, the average 290 

direct strength influence matrix is normalised using a calibration factor ℎ, which is calculated 291 

as the sum of all elements in the matrix 𝐴𝐴𝑤𝑤, such that: 292 

ℎ = ∑ ∑ 𝑎𝑎𝑖𝑖𝑖𝑖𝑛𝑛
𝑗𝑗=1

𝑛𝑛
𝑖𝑖=1                                                                              (4)  293 

The normalised matrix 𝑆𝑆 is then obtained as: 294 

𝑆𝑆 = 1
ℎ
𝑃𝑃                                                                                                                                       (5) 295 
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Based on this, the total strength-influence matrix (𝑇𝑇𝑊𝑊) is calculated as: 296 

𝑇𝑇𝑊𝑊 = 𝑆𝑆(𝐼𝐼 − 𝑆𝑆)−1                                                                             (6) 297 

Third, the two approaches also differ in the manner in which the threshold value is determined. 298 

In DEMATEL, the threshold value is estimated as the average of the total-relation matrix, while 299 

WINGS calculates the threshold as the average of the total strength-influence matrix plus 300 

standard deviation, ensuring that only statistically significant influences are retained in the 301 

influence map. 302 

4 Data collection and analysis 303 

For the collection of the data, the study has used both secondary and primary methods of data 304 

collection. In the first step, the study opted for an in-depth SLR of 45 selected papers to identify 305 

significant knowledge and capacity barriers from the literature. To ensure the inclusion of only 306 

relevant barriers, the study concentrated on only those barriers that seemed significant in at 307 

least four of the reviewed papers. In the second step, the study opted for a primary data 308 

collection from several experts all over India, well acquainted with the concept of sustainable 309 

management of crop-residue and CBE through a purposive cum snowball sampling technique. 310 

We initially identified 35 Indian academic-experts through LinkedIn and institutional networks 311 

via purposive sampling. We further expanded our sample size through snowball sampling, 70 312 

targeted experts through Email and personal phone calls. We have followed a clear selection 313 

based on a strong professional background in CBE and crop-waste management, Significant 314 

contribution to the literature of CBE, along with a minimum postgraduate qualification 315 

criterion to ensure relevance of the selected experts.  316 

Out of the 70 approached experts, 45 agreed to participate. The remaining 25 either declined 317 

or did not respond. There were no significant demographic or professional differences observed 318 

between participants and non-participants, as non-participants mostly cited time constraints 319 

rather than lack of relevance or expertise. The final respondent pool was 45 academic experts 320 

from different parts of the country (see Table 3). The experts were given a questionnaire 321 

(presented in Appendix C) and asked to verbally evaluate how each barrier influenced the other 322 

seven barriers, with a five-point linguistic scale: No strength/influence - 0; Low 323 

strength/influence - 1; Medium strength/influence - 2; High strength/influence - 3; Very-high 324 

strength/influence - 4. Kendall’s coefficient of concordance (Kendall’s W) was used to assess 325 
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the validity of the surveys and gauge how consistently expert opinions were expressed. As 326 

shown in Table 4, the Kendall’s W value was 0.380, indicating a moderate level of consistency 327 

among the 45 experts. The associated significance value (p = 0.000) shows that the experts’ 328 

opinions were statistically significant. 329 

[Table 3 here] 330 

[Table 4 here] 331 

The barriers identified in the literature are outlined in Table A2 of Appendix A. These barriers 332 

are classified into knowledge and capacity-based categories, with four barriers in each category 333 

(see Figure 4). To perform a comparative analysis using both the DEMATEL and WINGS 334 

methods, expert responses were first compiled to construct the average direct strength-335 

influence matrices, denoted as 𝐴𝐴𝐷𝐷 for DEMATEL, which captures the direct influences one 336 

barrier has on another, and 𝐴𝐴𝑊𝑊  for WINGS, which not only captures the direct influences one 337 

barrier has on another but also the internal strength of each barrier  (see Tables A4 and A6 in 338 

Appendix A). In the next phase, (𝐴𝐴𝐷𝐷) was normalised using (Eq. 1) and (Eq. 2), producing the 339 

normalised matrix 𝐵𝐵 (Table A5). In contrast, WINGS employs a different normalisation 340 

approach that accounts for the strength of each criterion, using (Eq. 4) and (Eq. 5), resulting in 341 

the matrix  𝑆𝑆 (see Table A7). 342 

[Figure 4 here] 343 

Subsequently, the total strength-influence matrices—𝑇𝑇𝐷𝐷 for DEMATEL and 𝑇𝑇𝑊𝑊 for WINGS—344 

were computed using (Eq. 3) and (Eq. 6), respectively (see Tables 5 and 6). These matrices are 345 

crucial as they demonstrate the extent to which each barrier affects and is affected by others, 346 

offering a comprehensive perspective on systemic interactions. From 𝑇𝑇𝐷𝐷  and 𝑇𝑇𝑊𝑊, several key 347 

indicators were derived: total impact (𝑅𝑅𝑖𝑖), representing the row sum (influence exerted by each 348 

barrier), and representing total receptivity 𝐶𝐶𝑖𝑖 , the column sum (influence received). For 349 

DEMATEL, these are noted as 𝑅𝑅𝑖𝑖𝐷𝐷 and 𝐶𝐶𝑖𝑖𝐷𝐷 while for WINGS, they are represented as 𝑅𝑅𝑖𝑖𝑤𝑤 and 350 

𝐶𝐶𝑖𝑖𝑤𝑤. 351 

Further, engagement scores—computed as (𝑅𝑅𝑖𝑖 + 𝐶𝐶𝑖𝑖)  indicating the overall engagement of a 352 

barrier within the system, and role scores—computed as (𝑅𝑅𝑖𝑖 − 𝐶𝐶𝑖𝑖)—were used to assess the 353 

importance and causal role of each barrier. These are denoted as (𝑅𝑅𝑖𝑖𝐷𝐷 + 𝐶𝐶𝑖𝑖𝐷𝐷)  and (𝑅𝑅𝑖𝑖𝐷𝐷 − 𝐶𝐶𝑖𝑖𝐷𝐷)for 354 

DEMATEL, and (𝑅𝑅𝑖𝑖𝑤𝑤 + 𝐶𝐶𝑖𝑖𝑤𝑤) and (𝑅𝑅𝑖𝑖𝑤𝑤 − 𝐶𝐶𝑖𝑖𝑤𝑤) for WINGS. These metrics enabled the ranking 355 
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of barriers to crop-residue-based bio-energy production, and the role score further facilitated 356 

the classification of barriers into cause-and-effect groups, as summarised in Tables 7 and 8. 357 

[Table 5 here] 358 

[Table 6 here] 359 

5 Results 360 

5.1 Insights on knowledge and capacity barriers to CBE adoption (Objective 1) 361 

This section deals with Objective 1 through a systematic analysis of the 45 selected articles. 362 

We noted that there has been a significant increase in publications after 2020, with the highest 363 

number of publications in 2023, indicating increased interest in CBE, specifically in sustainable 364 

crop-residue management (see Figure B1 in Appendix B). One possible reason for such 365 

expansion in the number of literature could be the emergence of the COVID-19 pandemic, 366 

which makes the global supply chain more vulnerable and emphasises sustainable energy 367 

sources like bio-energy. Moreover, the study identified that the journals publishing the most 368 

articles on this subject are Renewable and Sustainable Energy Reviews and Science of the Total 369 

Environment, each of which has five publications (Table A3 in Appendix A). These are 370 

followed by Biomass and Bioenergy, which accounts for four publications. This concentration 371 

of articles in a few high-impact yet policy-focused journals suggests that there has been 372 

significant attention towards sustainable crop-waste management through CBE. The scattered 373 

distribution of the literature across several journals also suggests the multidisciplinary nature 374 

of the existing literature. Hence, there is a need for a more focused and economically-centred 375 

approach. Moreover, most of the selected literature is based on review-based methodology 376 

(32), while a relatively smaller group of literature opted for other statistical approaches, such 377 

as life cycle evaluation (2), case-study analysis (3), logit models (1) and SWOT (1) analysis, 378 

as shown in Figure B2 in Appendix B. This finding highlights the need for an empirical body 379 

of knowledge in this area.  380 

5.2 Key knowledge and capacity barriers and their interrelationships (Objective 2) 381 

This section addresses Objective 2 by presenting a comparative analysis of results derived from 382 

both DEMATEL and WINGS methodologies. While DEMATEL prioritises the barriers based 383 

on their intensity to influence other barriers, WINGS prioritises them by considering their 384 
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internal strength as well. Hence, the combination of both methods will potentially give more 385 

robust results. Tables 7 and 8 present the prioritisation of knowledge and capacity barriers 386 

according to different scores as per DEMATEL and WINGS, respectively. 387 

[Table 7 here] 388 

[Table 8 here] 389 

As per the rankings given by several criteria, including impact, receptivity, engagement and 390 

role, technical skill gaps (B6) and awareness deficit (B3) emerge as top-priority barriers in 391 

terms of both DEMATEL and WINGS. This finding reveals their critical role in hindering the 392 

successful implementation of crop-residue-based bio-energy production under the CBE 393 

framework in the Indian context. Technical skill gap (B6) holds first rank in terms of total 394 

engagement and second rank in terms of total impact for both DEMATEL and WINGS. 395 

Similarly, awareness deficit (B3) consistently appears in the top three for both engagement and 396 

impact scores across the two methods. The critical role of technical limitations is also supported 397 

by previous findings (Ighalo et al., 2023; R. Kumar et al., 2023; Santana et al., 2021), who 398 

emphasise limited technical skill among farmers and stakeholders as a crucial challenge for 399 

CBE adoption, as technologies are required for converting crop residues into bioenergy. 400 

Similarly, the critical role of awareness has also been validated by Fytili & Zabaniotou (2022), 401 

Sonu et al. (2023), and Singh (2024), who report that limited understanding among 402 

stakeholders about the potential benefits of CBE practices is a major hindrance to bio-energy 403 

production.  404 

Moreover, in terms of categorisation of cause-and-effect group barriers, the overall 405 

comparative results show a strong convergence (see Figure 5). Both DEMATEL and WINGS 406 

models categorise five out of the eight barriers as part of the cause group and three barriers as 407 

part of the effect group. However, while both DEMATEL and WINGS place nutrient imbalance 408 

issues (B1) at the top of the role ranking, it holds the lowest rank in terms of impact and 409 

engagement ranking, which reveals that this particular barrier, though it has very low 410 

engagement as compared to other barriers, has a high influential value. Another noteworthy 411 

pattern is that infrastructure deficiency (B8) holds 4th rank in terms of engagement in both 412 

methods, which still falls into the effect group barriers category, indicating that it is more of an 413 

outcome barrier than a crucial cause.  414 

[Figure 5 here] 415 
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To investigate how the identified knowledge and capacity barriers are contextually interrelated, 416 

influence maps were developed using both DEMATEL and WINGS methodologies (depicted 417 

in Figures 6 and 7, respectively). For the DEMATEL analysis, a threshold value of 2.3298 was 418 

derived from the average of the total relation matrix 𝑇𝑇𝐷𝐷, while the WINGS analysis employed 419 

a threshold of 0.0195, calculated as the mean plus the standard deviation of the total strength-420 

influence matrix (𝑇𝑇𝑊𝑊). Only values exceeding these thresholds are considered to signify 421 

meaningful causal relationships. A comparative analysis of the influence maps reveals striking 422 

differences in the number and strength of interrelationships among the barriers as detected by 423 

each method. Notably, the DEMATEL method identifies a significantly denser and more 424 

interconnected network of barriers compared to WINGS. 425 

[Figure 6 here] 426 

[Figure 7 here] 427 

Awareness deficit (B3), for example, is highlighted as a highly influential barrier in both 428 

methods. However, DEMATEL shows it exerting influence on six other barriers—including 429 

supply chain challenges (B2), high-tech pre-treatment challenges (B4), stakeholder conflicts 430 

(B5), technical skill gaps (B6), market ecosystem gaps (B7), and infrastructure deficiency 431 

(B8)—making it a central node in the system. In contrast, WINGS identifies only two outward 432 

influences from awareness deficit (B3), namely on technical skill gaps (B6) and market 433 

ecosystem gaps (B7), suggesting a more contained role. Without sufficient awareness, 434 

stakeholders are less likely to perceive the potential value of crop residues as bio-energy 435 

feedstocks and the economic and environmental benefits associated with such practices (Fytili 436 

& Zabaniotou, 2022; Sonu et al., 2023).  437 

Interestingly, technical skill gap (B6) is another barrier besides awareness deficit (B3), which 438 

both methods recognise as having a degree of causal influence. DEMATEL shows technical 439 

skill gaps (B6) affecting five barriers, while WINGS shows it is influencing only two—440 

awareness deficit (B3) and high-tech pre-treatment challenges (B4). This partial convergence 441 

suggests that technical capacity is a shared concern, albeit perceived at different levels of 442 

systemic integration by the two methods. The lack of technical skills among farmers and 443 

stakeholders hampers the adoption of CBE practices in crop residue bio-energy production by 444 

reducing the efficient use of advanced technologies and hindering education on sustainable 445 

waste valorisation (Ighalo et al., 2023; Sarangi et al., 2023). Advanced pre-treatment 446 
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technologies, such as torrefaction and pyrolysis, require specialised knowledge, which is often 447 

unavailable in rural and underdeveloped regions (Kamboj et al., 2024; Kapoor et al., 2020).  448 

The divergence continues across other barriers. high-tech pre-treatment challenges (B4), 449 

stakeholder conflicts (B5), market ecosystem gaps (B7), and infrastructure deficiency (B8) are 450 

all shown in DEMATEL to influence five other barriers, indicating systemic importance. 451 

However, WINGS detects no significant outward influence from these barriers, classifying 452 

them as relatively passive in terms of causal strength. 453 

The substantial discrepancies in the number and strength of interrelationships identified by 454 

DEMATEL and WINGS stem from key methodological differences. WINGS applies a stricter 455 

normalisation and sensitivity threshold by incorporating both the mean and standard deviation 456 

of the influence matrix, which minimises the likelihood of marginal or weak causal links being 457 

classified as significant, resulting in a more robust influence map (see Figure 8). In contrast, 458 

DEMATEL emphasises cumulative influence and is inherently more sensitive to indirect 459 

effects, often revealing a denser network of connections by propagating influence through 460 

multiple interaction paths. Furthermore, while DEMATEL offers a more exploratory and 461 

expansive perspective suitable for identifying a broad array of systemic relationships, WINGS 462 

tends to isolate only the most dominant and statistically robust causal links, reducing the risk 463 

of overinterpreting weaker signals. A comprehensive comparative table is presented in Table 9.  464 

[Table 9 here] 465 

[Figure 8 here] 466 

We have also conducted a sensitivity analysis for threshold selection in terms of both 467 

DEMATEL and WINGS. In order to explore the significant contextual interrelationships 468 

among several knowledge and capacity barriers, a threshold value of 2.3298 was derived from 469 

the average of the total-relation matrix for DEMATEL. On the other hand, the WINGS analysis 470 

employed a threshold of 0.0195, calculated as the mean plus the standard deviation of the total 471 

strength-influence matrix. Now, in order to stress test the study, include the exact ±10% 472 

threshold values for both DEMATEL and WINGS, and the results of this sensitivity analysis 473 

are shown in Table A8 in Appendix A. At the baseline threshold, only a few barriers influence 474 

others, with DEMATEL detecting a larger number of interactions than WINGS. When the 475 

threshold is reduced by 10%, the network becomes much denser. Almost all barriers influence 476 

other barriers in DEMATEL, and WINGS also begins to show several additional influence 477 
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links, indicating that the system is highly sensitive to even slight decreases in the cut-off value. 478 

In contrast, when the threshold is increased by 10%, all influence relationships disappear across 479 

both methods, meaning that only very strong causal effects survive at higher thresholds. 480 

5.3 Suggested Strategies for Overcoming Knowledge and Capacity Barriers (Objective 3) 481 

This section discusses Objective 3 of the study. Multiple strategies for the development of crop-482 

waste-based bioenergy generation have been elucidated through case studies from two Indian 483 

farmers. The two farmers are chosen by the purposive sampling technique. We intentionally 484 

selected two contrasting farmers, where one is a traditional Indian farmer, while the other is a 485 

progressive adopter of CBE technology. Their demographic profile is presented in Table 10. 486 

This contrast allows us to examine how knowledge and capacity barriers differ between the 487 

two very different socio-economic backgrounds. A template (see Appendix D) is created to 488 

collect standardised information from both farmers. Data from each farmer was obtained by 489 

meeting with the owner of the firm. The subsequent paragraphs present two case studies 490 

detailing the firm’s information, its CBE areas of focus, barriers encountered, and potential 491 

strategies that should be employed. 492 

[Table 10 here] 493 

5.3.1 Case study 1 494 

A veteran paddy farmer from a small village in Odisha, India, with over forty years of expertise 495 

with the Kharif crop, is the first case study. The farmer noted irrigation as a persistent challenge 496 

in monsoon-dependent paddy growing. Rice straw, husk, bran, dust, and stubble are his main 497 

crop residues. He used this waste to make biogas in subterranean tanks by chopping it with 498 

machinery, mixing it with cow manure and water, and cooking, boiling, and lighting with it. 499 

Slurry leftovers nourish his fields organically. Some semi-traditional methods are known to 500 

him, but chemical and biological pre-treatment for large bioenergy generation is not. Even 501 

though he can cut, soak, and grind waste, he has no experience with higher-order technology.  502 

The farmer also raised practical issues. The lack of paddy and crop waste storage facilities 503 

encourages people to store the products in their homes, posing one main difficulty. Also, the 504 

supply is seasonal, limiting year-round use. There is no value chain or platform to sell waste, 505 

even though people want it. According to the farmer, government officials (Krushi Mitra) have 506 

visited but prioritised crop yields over trash management. “They only show up at harvest and 507 

never discuss how we might recycle the paddy waste,” said the farmer. He recommended 508 
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regular visits by informed officials and practical demonstrations as solutions. Suitable market 509 

mechanisms, village-level crop waste storage, and training programs were also suggested. He 510 

mentioned, “If government officials visit us more often, not only during harvesting, and give 511 

us practical training, we will be very grateful and happily shift from traditional to more 512 

advanced ways,”. 513 

5.3.2 Case study 2 514 

The second case study follows a progressive Indian farmer who manages an integrated agri-515 

startup that farms horticulture, floriculture, cows, and fish after 12.5 years in agriculture. He 516 

reduces outside reliance as his company’s CEO, but his field staff are mainly unaware of crop-517 

based bioenergy generation, despite media and government education campaigns. He is the 518 

major information source for his squad, emphasising a grassroots information imbalance. His 519 

team became psychologically resistant and mistrustful of crop-residue reuse. “Ignorance and 520 

mental barriers prevented behavioural change,” he said. He stressed the importance of monthly 521 

awareness efforts for at least three years, especially considering economic viability. Another 522 

issue is India’s small landholding size, as government bioenergy models mostly benefit large 523 

farmers. He noted the paucity of capacity-building projects in his area and suggested context-524 

specific solutions for marginal farmers for inclusive development. Infrastructure is lacking for 525 

crop waste storage and processing, discouraging uptake (see Table 11). 526 

He expressed: “Farmers are struggling for survival, and without awareness or infrastructure, 527 

they will move out of farming altogether.” He advocated community-based farming, Farmer-528 

Producer Organisations, Self-Help Groups, and strong public-private partnerships to organise 529 

and equip farmers. Market concerns were another important issue; middlemen dominate the 530 

value chain and push farmers to sell at nominal rates due to perishability and transportation 531 

costs. Despite praising Minimum Support Price and government-supported mandis, he noted 532 

the “gap between policy intent and ground reality”. He supported open markets and production-533 

cluster mandis. Finally, he proposed a “hub-and-spoke” crop-residue cold storage architecture: 534 

“Smaller cold storages in large numbers around a bigger central hub can cut transport costs and 535 

improve access for farmers.” 536 

[Table 11 here] 537 
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6 Discussion 538 

In order to adopt CBE practices for the generation of bio-energy through the reuse of crop 539 

waste, this study offers a comparative methodical way to prioritise important knowledge and 540 

capacity barriers. It also looks into how these barriers relate to one another contextually. 541 

Although previous studies have mostly concentrated on identifying barriers in the production 542 

of bio-energy from crop waste without exploring their underlying dynamics, this study goes 543 

one step further by looking at the interdependence between them, paying particular attention 544 

to knowledge and capacity-related barriers in the Indian context. This was achieved by an 545 

online survey of Indian experts, followed by a comparative analysis of two MCDM methods: 546 

DEMATEL and WINGS. DEMATEL provides a wide variety of systemic relationships, 547 

whereas WINGS focuses just on statistically significant causal links, hence minimising the 548 

possibility of overinterpreting weaker signals. To complement the expert-driven analysis, the 549 

study also conducted two qualitative case studies involving Indian farmers to identify context-550 

specific and grassroots-level strategies for mitigating knowledge and capacity barriers to CBE-551 

based bioenergy production. 552 

After 2020, interest in crop residue-based bioenergy within a CBE framework has grown 553 

substantially; however, the review results (Objective 1) suggest that much of the current 554 

research is review-based, with minimal empirical inquiry into knowledge and capacity barriers. 555 

This coincides with Ighalo et al. (2023) and Haque et al. (2023), who found few empirical 556 

studies in this sector. Hardly any studies explore their relationships or context-specific 557 

expressions beyond identifying barriers. This mismatch is critical in India, where the 558 

agricultural sector is fragmented, extension services are uneven, and policy frameworks are 559 

disjointed. The current study fills this empirical gap to improve understanding of how 560 

knowledge and capacity interact and operate simultaneously. 561 

The results of Objective 2 confirm that awareness deficit (B3) and technical skill gaps (B6) are 562 

the most important barriers, both of which strongly coincide with previous works (Fytili & 563 

Zabaniotou, 2022; R. Kumar et al., 2023; Y. Singh et al., 2024), which identify limited 564 

knowledge distribution and lack of specialised training as the main barriers to CBE adoption 565 

for bioenergy production. This work stands out for revealing its systematic impact on other 566 

barriers, especially in the DEMATEL model, where technical skill gaps (B6) and awareness 567 

deficit (B3) have cascading impacts over several nodes. WINGS’ more robust mapping, on the 568 

other hand, only found the most prominent relationships, therefore strengthening the resilience 569 
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of these two barriers and implying that other limitations might be more dependent or reactive. 570 

This methodological duality gives more assurance in the strategic prioritising of treatments. 571 

For example, downstream issues, including poor biomass markets or conflicts among 572 

stakeholders, could be indirectly addressed by concentrating on raising awareness and 573 

technological competence at the grassroots level. 574 

For Objective 3, the study used two detailed case studies of Indian farmers to identify context-575 

specific strategies to overcome knowledge and capacity barriers. Though both farmers are 576 

selected through purposive sampling, where one farmer operates in a more traditional way, and 577 

the other operates in a progressive way, both of them suggested mostly similar kinds of 578 

potential strategies. They both reveal a lack of awareness regarding the potential benefits of 579 

CBE, a lack of infrastructure, specifically sufficient storage and market access, as well as a 580 

lack of technological efficiency, which act as major barriers to crop-residue-based bioenergy 581 

production. The case study provides complementary qualitative insight into how behavioural 582 

resistance awareness deficits related to potential benefits of CBE adoption negatively affect 583 

crop-residue-based bio-energy production. These findings are also supported by previous 584 

literature (Haque et al., 2023; Y. Singh et al., 2024), which cited that CBE adoption largely 585 

depends upon technology, institutional, and infrastructural readiness. Hence, the suggested 586 

strategies include realistic demonstrations, expert field visits, and village-level storage facilities 587 

along with three-year monthly awareness programs, context-specific models for marginal 588 

farmers, and a hub-and-spoke method for cold storage of crop waste.  589 

7 Conclusions, implications, and limitations 590 

7.1 Conclusions 591 

Currently, the rapid growth of the global population, along with industrialisation, leads to heavy 592 

reliance on non-renewable fossil fuels such as coal, oil, and natural gas in order to meet the 593 

rising energy demand. This issue gets compounded by the current linear economy model, which 594 

has a severe negative impact on society both economically and environmentally. In such a 595 

scenario, the crop residue-based bioenergy production through the use of the CBE framework 596 

seems to be a sustainable solution that is not only environmentally friendly but also promotes 597 

resource efficiency. However, such a transition is not straightforward. It is often constrained 598 

by several barriers. Hence, the current study contributes to the literature by not only identifying 599 

and prioritising several knowledge and capacity barriers but also by suggesting several 600 
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potential strategies for a successful implementation of CBE practices for crop-waste-based 601 

bioenergy production. First, the study examines the existing trend in the literature regarding 602 

CBE and barriers to crop-waste-based bioenergy production through an SLR. Second, a 603 

comparative analysis of DEMATEL and WINGS methodologies has been conducted to 604 

prioritise the barriers as well as to explore the contextual interrelationships among them. 605 

DEMATEL reveals a broader web of interconnections, where WINGS presents a more robust 606 

picture of critical causal barriers. Both methods identified technical skill gaps (B6) and 607 

awareness deficit (B3) as the most significant barriers. Third, the study conducted a case study 608 

involving Indian farmers of two different socio-economic backgrounds in order to outline 609 

context-specific strategies for a successful CBE adoption.   610 

7.2 Practical implications 611 

The current study has several practical implications, specifically for the Indian context. First, 612 

by examining the existing literature, the study suggested that there is a dearth of context-613 

specific and economically focused studies, as most of the existing literature is multidisciplinary 614 

and technical in nature. Second, by identifying the primary knowledge and capacity barriers, 615 

the study suggested hands-on training programs as well as multi-stakeholder engagement 616 

platforms in order to increase awareness regarding the potential benefits of CBE practices. 617 

Third, the study further suggested government-funded training programs for the farmers to 618 

make them skilled in various emerging bioenergy technologies such as torrefaction, pyrolysis, 619 

and anaerobic digestion. Finally, the study promotes the establishment of a regulatory 620 

framework that mandates crop residue valorisation while offering carbon credits to the 621 

stakeholders, which may incentivise them for sustainable management of crop residue. 622 

7.3 Theoretical implications 623 

The study offers major theoretical contributions to the existing literature. Through a 624 

comparative application of DEMATEL and WINGS methods, the study not only identifies the 625 

important barriers but also reveals how the contextual interrelationships among the barriers 626 

tend to differ due to computation variations. Furthermore, the study also integrates a qualitative 627 

case study of two socio-economically different Indian farmers to suggest more targeted and 628 

context-specific strategies. The case study also improves the theoretical robustness of the study. 629 
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7.4 Limitations 630 

Despite significant practical and theoretical contributions, the current study also has several 631 

limitations. First, the study identifies barriers through SLR by using Scopus, Web of Science 632 

and Google Scholar, which may limit the inclusion of other relevant articles. Second, the study 633 

is based on primary data collected from several academic experts and two farmers purposively 634 

selected from India. So, there can be potential subjective biases. Third, as this study is based 635 

entirely on the Indian context, its findings may not be directly generalisable to other countries 636 

with different institutional, economic, or agro-ecological conditions. Finally, the study 637 

primarily focused on crop-residue reuse, which limits the generalizability of findings to other 638 

types of agro-wastes.  639 

Ethical approval 640 

The Institutional Human Ethics Committee (IHEC) of the Indian Institute of Technology 641 

Bhubaneswar, India, granted ethical approval. The approval number is 642 

IITBBS/IHEC/SS/2025/003.  After being made aware of the goals, significance, and scope of 643 

the study, each participant verbally gave their informed consent. Participation in the online 644 

survey and case study (in person) was entirely voluntary. At any point, participants were free 645 

to decline or end the interview. 646 
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Appendix A: Tables 861 

Table A1. The difference among several MCDM methods. 862 

Method Interdependency among the factors Strength of factors Intensity of influence 
AHP No Yes No 
ANP Yes Yes No 
TOPSIS No Yes No 
WASPAS No Yes No 
ISM Yes Yes No 
DEMATEL Yes No Yes 
WINGS Yes Yes Yes 
DEMATEL and WINGS Yes Yes Yes 

Source: Authors’ construct. 863 

 864 

Table A2. Barriers to CBE adoption in the agricultural sector via reusing agro-waste 865 

 Barrier Description References 
Knowledge-related barriers   
 Lack of Technical Skill 

(B6) 
It refers to the lack of adequate expertise and 
practical knowledge among workers and 
stakeholders to effectively operate and manage the 
technologies required for converting crop residues 
into bioenergy. 

Tavera-Ruiz et al., 
2023; Ighalo et al., 
2023; Santana et al., 
2021; Kumar et al., 
2023; Kassim et al., 
2022; Rani et al., 
2023; Gontard et al., 
2018; Singh et al., 
2024; Fiallos-
Cárdenas et al., 2022; 
Banu et al., 2021; 
Roszkowska and 
Włodarczyk, 2022 
 

 Awareness Deficit (B3) It refers to the limited understanding among 
stakeholders about the benefits, processes, and 
potential of CBE practices, including crop residue 
bioenergy production. 

Ighalo et al., 2023; 
Fytili and Zabaniotou, 
2022; Rani et al., 
2023; Gontard et al., 
2018; Valle and Jiang, 
2022; Singh et al., 
2024; Donner et al., 
2021; Fernando et al., 
2022 

 Nutrient Imbalance 
Issues (B1) 

Nutrient imbalance issues arise when the removal of 
crop residues for bioenergy production disrupts the 
natural nutrient cycle, depriving the soil of essential 
organic matter and nutrients needed to maintain its 
fertility. 

Sikiru et al., 2024; 
Scown et al., 2023; 
Santana et al., 2021; 
Urrea et al., 2023; 
Kumar et al., 2023; 
Kassim et al., 2022; 
Eixenberger et al., 
2024; Feng et al., 
2023; Raina et al., 
2024; Patel and Singh, 
2024; Gontard et al., 
2018; Blasi et al., 
2023; Periyasamy et 
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al., 2022; Blasi et al., 
2023; Ingrao et al., 
2021 

 High-Tech and 
Expensive Pre-Treatment 
Challenges (B4) 

These challenges refer to the difficulties in adopting 
advanced and costly technologies required for 
processing crop residues into bioenergy, which can 
be financially and operationally burdensome for 
stakeholders. 

Andrade et al., 2021; 
Sikiru et al., 2024; 
Kumar et al., 2021; 
Escobar et al., 2021; 
Kapoor et al., 2020; 
Scown et al., 2023; 
Ighalo et al., 2023; 
Santana et al., 2021; 
Kumar et al., 2023; 
Haque et al., 2023; 
Chilakamarry et al., 
2021; Foong et al., 
2023; Kassim et al., 
2022; Eixenberger et 
al., 2024; Kamboj et 
al., 2024; Rani et al., 
2023; Raina et al., 
2024; Patel and Singh, 
2024; Fiallos-
Cárdenas et al., 2022; 
Awasthi et al., 2022; 
Banu et al., 2021; 
Ufitikirezi et al., 2024; 
Donner et al., 2021; 
Fletcher et al., 2017; 
Periyasamy et al., 
2022; Paudel et al., 
2024; Ingrao et al., 
2021; Roszkowska 
and Włodarczyk, 
2022; Osei et al., 
2021; Ahorsu et al., 
2018; Mouratiadou et 
al., 2020; Seo et al., 
2022 

Capacity-related barriers   
 Infrastructure Deficiency 

(B8) 
It refers to the lack of adequate facilities, equipment, 
and logistical support needed to efficiently collect, 
store, transport, and process crop residues for 
bioenergy production. 
 

Sikiru et al., 2024; 
Ren et al., 2019; 
Tavera-Ruiz et al., 
2023; Ighalo et al., 
2023; Haque et al., 
2023; Chilakamarry et 
al., 2021; Fytili and 
Zabaniotou, 2022; 
Roudneshin et al., 
2024; Kamboj et al., 
2024; Rani et al., 
2023; Raina et al., 
2024; Singh et al., 
2024; Fiallos-
Cárdenas et al., 2022; 
Awasthi et al., 2022; 
Banu et al., 2021; 
Ufitikirezi et al., 2024; 
Fletcher et al., 2017; 
Ahorsu et al., 2018; 
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Mouratiadou et al., 
2020; Seo et al., 2022 

 Lack of Market 
Ecosystem (B7) 

These refer to the absence of well-developed 
markets, supportive policies, and value chains 
necessary to promote the efficient trading, 
utilisation, and scaling of crop residue-based 
bioenergy solutions. 
 

Ighalo et al., 2023; 
Chilakamarry et al., 
2021; Fytili and 
Zabaniotou, 2022; 
Roudneshin et al., 
2024; Fiallos-
Cárdenas et al., 2022; 
Awasthi et al., 2022; 
Mouratiadou et al., 
2020; Kim and Dale, 
2004 

 Stakeholder 
Conflicts (B5) 

It refers to disagreements among farmers, industries, 
policymakers, and other stakeholders over the use, 
ownership, or benefits of crop residues, hindering 
collaboration and the effective implementation of 
bioenergy initiatives. 
 

Kapoor et al., 2020; 
Fytili and Zabaniotou, 
2022; Rani et al., 
2023; Fiallos-
Cárdenas et al., 2022; 
Fletcher et al., 2017; 
Mertens et al., 2018; 
Mertens et al., 2018 

 Supply Chain 
Challenges (B2) 

It refers to difficulties in collecting, storing, 
transporting, and distributing crop residues, which 
lead to inefficiencies and increased costs in 
bioenergy production. 
 

Andrade et al., 2021; 
Sikiru et al., 2024; 
Escobar et al., 2021; 
Kapoor et al., 2020; 
Ighalo et al., 2023; 
Urrea et al., 2023; 
Fytili and Zabaniotou, 
2022; Roudneshin et 
al., 2024; Eixenberger 
et al., 2024; Raina et 
al., 2024; Gontard et 
al., 2018; Valle and 
Jiang, 2022; Banu et 
al., 2021; Donner et 
al., 2021; Mertens et 
al., 2018; Paudel et 
al., 2024; Roszkowska 
and Włodarczyk, 
2022; Mertens et al., 
2018; Osei et al., 
2021; Kim and Dale, 
2004 

Source: Authors’ review. 866 

867 
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Table A3. Distribution of publications as per journals 868 

Journal Number of Publications 
Renewable and Sustainable Energy Reviews 5 
Science of the Total Environment 5 
Biomass and Bioenergy 4 
Bioresource Technology 3 
Energies  2 
Sustainable Production and Consumption 2 
Biocatalysis and Agricultural Biotechnology 1 
Bioenergy Research 1 
Biofuels, Bioproducts and Biorefining 1 
Biomass Conversion and Biorefinery 1 
Bioresource Technology Reports 1 
Chemosphere 1 
Critical Reviews in Environmental Science and Technology 1 
Current Opinion in Biotechnology 1 
Economia Agro-Alimentare 1 
Energy for Sustainable Development 1 
Environment Systems and Decisions  1 
Environmental Chemistry Letters 1 
Environmental Science and Pollution Research 1 
Environmental Technology and Innovation 1 
Frontiers in Energy 1 
Fuel 1 
GCB Bioenergy 1 
Ghana Journal of Technology 1 
Industrial Crops and Products 1 
Journal of Cleaner Production 1 
Recycling 1 
Resources, Conservation & Recycling 1 
Sustainability 1 
Sustainability (Switzerland) 1 

Source: Authors’ review. 869 

  870 
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Table A4. Average direct strength-influence matrix (𝐴𝐴𝑑𝑑) 871 

 B1 B2 B3 B4 B5 B6 B7 B8 
B1 0.0000 2.0000 2.1818 2.2000 1.8667 2.1333 2.2000 2.1778 
B2 1.8222 0.0000 2.3111 2.0444 1.9778 2.3182 2.3333 2.3111 
B3 2.0667 2.4444 0.0000 2.3556 2.3778 2.7045 2.5556 2.3556 
B4 2.1333 2.2444 2.4444 0.0000 2.1333 2.4000 2.3111 2.5111 
B5 1.6444 2.1111 2.2889 2.3111 0.0000 2.3111 2.3111 2.4444 
B6 2.1556 2.3333 2.5778 2.6222 2.2444 0.0000 2.3556 2.4889 
B7 2.0222 2.4889 2.3778 2.5111 2.2667 2.4000 0.0000 2.4444 
B8 2.0222 2.4667 2.2222 2.5111 2.1778 2.3556 2.4000 0.0000 

Source: Data collected through consultation with subject matter experts. Note: This table 872 

presents the initial average influence scores assigned by experts to depict how strongly each 873 

barrier directly influences others. 874 

 875 

Table A5. Normalised Matrix for DEMATEL (𝐵𝐵) 876 

 B1 B2 B3 B4 B5 B6 B7 B8 
B1 0.0000 0.1186 0.1294 0.1305 0.1107 0.1265 0.1305 0.1292 
B2 0.1081 0.0000 0.1371 0.1213 0.1173 0.1375 0.1384 0.1371 
B3 0.1226 0.1450 0.0000 0.1397 0.1410 0.1604 0.1516 0.1397 
B4 0.1265 0.1331 0.1450 0.0000 0.1265 0.1423 0.1371 0.1489 
B5 0.0975 0.1252 0.1358 0.1371 0.0000 0.1371 0.1371 0.1450 
B6 0.1278 0.1384 0.1529 0.1555 0.1331 0.0000 0.1397 0.1476 
B7 0.1199 0.1476 0.1410 0.1489 0.1344 0.1423 0.0000 0.1450 
B8 0.1199 0.1463 0.1318 0.1489 0.1292 0.1397 0.1423 0.0000 

Source: Data collected through consultation with subject matter experts. Note: This matrix 877 

shows the normalised values of direct influence to ensure the comparability of influence 878 

strengths across barriers. 879 

  880 
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Table A6. Average direct strength-influence matrix for WINGS (𝐴𝐴𝑤𝑤) 881 

 B1 B2 B3 B4 B5 B6 B7 B8 
B1 2.2000 2.0000 2.1818 2.2000 1.8667 2.1333 2.2000 2.1778 
B2 1.8222 2.4000 2.3111 2.0444 1.9778 2.3182 2.3333 2.3111 
B3 2.0667 2.4444 2.6889 2.3556 2.3778 2.7045 2.5556 2.3556 
B4 2.1333 2.2444 2.4444 2.6222 2.1333 2.4000 2.3111 2.5111 
B5 1.6444 2.1111 2.2889 2.3111 2.2667 2.3111 2.3111 2.4444 
B6 2.1556 2.3333 2.5778 2.6222 2.2444 2.7111 2.3556 2.4889 
B7 2.0222 2.4889 2.3778 2.5111 2.2667 2.4000 2.8222 2.4444 
B8 2.0222 2.4667 2.2222 2.5111 2.1778 2.3556 2.4000 2.7556 

Source: Data collected through consultation with subject matter experts. Note: This matrix 882 

captures expert-assigned average direct influence values, based on their internal importance 883 

as well as their ability to influence other factors. 884 

 885 

Table A7. Normalised Matrix for WINGS (𝑆𝑆) 886 

 B1 B2 B3 B4 B5 B6 B7 B8 
B1 0.0148 0.0135 0.0147 0.0148 0.0126 0.0144 0.0148 0.0147 
B2 0.0123 0.0162 0.0156 0.0138 0.0133 0.0156 0.0157 0.0156 
B3 0.0139 0.0165 0.0181 0.0159 0.0160 0.0182 0.0172 0.0159 
B4 0.0144 0.0151 0.0165 0.0177 0.0144 0.0162 0.0156 0.0169 
B5 0.0111 0.0142 0.0154 0.0156 0.0153 0.0156 0.0156 0.0165 
B6 0.0145 0.0157 0.0174 0.0177 0.0151 0.0183 0.0159 0.0168 
B7 0.0136 0.0168 0.0160 0.0169 0.0153 0.0162 0.0190 0.0165 
B8 0.0136 0.0166 0.0150 0.0169 0.0147 0.0159 0.0162 0.0186 

Source: Data collected through consultation with subject matter experts. Note: The direct 887 

strength influence matrix is normalised to maintain consistency and allow fair comparison 888 

across all barrier interactions. 889 
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Table A8. Influence of one barrier on others 891 

 Barriers DEMATEL WINGS 
Baseline threshold: 
DEMATEL = 2.3298 
WINGS = 0.0195 

B1 N/A N/A 
B2 B8 N/A 
B3 B2, B4, B5, B6, B7 and B8 B6 and B7 
B4 B2, B3, B6, B7 and B8 N/A 
B5 B3, B4, B6, B7 and B8 N/A 
B6 B2, B3, B4, B7 and B8 B3 and B4 
B7 B2, B3, B4, B6 and B8 N/A 
B8 B2, B3, B4, B6 and B7 N/A 

−10% threshold: 
DEMATEL = 2.0968 
WINGS = 0.0175 

B1 B2, B3, B4, B6, B7 and B8 N/A 
B2 B3, B4, B5, B6, B7 and B8 B3, B6, B7, and B8 
B3 B1, B2, B4, B5, B6, B7 and B8 B2, B4, B5, B6, B7, and B8 
B4 B1, B2, B3, B5, B6, B7 and B8 B3, B6, B7, and B8 
B5 B2, B3, B4, B6, B7 and B8 B3, B4, B6, B7, and B8 
B6 B1, B2, B3, B4, B5, B7 and B8 B2, B3, B4, B7, and B8 
B7 B1, B2, B3, B4, B5, B6 and B8 B2, B3, B4, B6 and B8 
B8 B2, B3, B4, B5, B6 and B7 B2, B4, B6 and B7 

+10% threshold: 
DEMATEL = 2.5627 
WINGS = 0.0214 

B1 N/A N/A 
B2 N/A N/A 
B3 N/A N/A 
B4 N/A N/A 
B5 N/A N/A 
B6 N/A N/A 
B7 N/A N/A 
B8 N/A N/A 

Source: Data collected through consultation with subject matter experts. 892 
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Appendix B: Figures 894 

Fig B1. Year-wise distribution of publications 895 

 896 

Source: Authors’ construct. 897 
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Fig B2. Publications distribution as per the methodology used. 899 

 900 

Source: Authors’ construct. 901 
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Appendix C: Structured Questionnaire for DEMATEL and WINGS 903 

Project title: Knowledge and Capacity Barriers to Circular Bioeconomy in Crop Waste 904 

Bioenergy Production: A Comparative Multi-criteria Decision-Making (MCDM) Analysis 905 

Project description: We are conducting a study to assess and prioritise the barriers to 906 

implementing a circular bioeconomy in agriculture by reusing different crop residues like 907 

wheat straw, rice straw, sugarcane bagasse, maise stalks, & cotton stalks, etc. To achieve this, 908 

we are employing a comparative analysis of Decision-making Trial and Evaluation Laboratory 909 

(DEMATEL) and Weighted Influence Non-linear Gauge System (WINGS) 910 

Project funder: University Grants Commission 911 

Purpose of this questionnaire: Your expertise and insights are of the utmost importance in 912 

comprehending the intricate interconnections that exist among these barriers and formulating 913 

efficacious approaches to surmount them. 914 

The questionnaire of this research is divided into four parts 915 

A. Definitions of the barriers 916 

B. Details of the expert 917 

C. Internal Intensity assessment of the barriers 918 

D. Intensity of influence assessment of the barriers 919 

 920 

A. Definitions of the barriers 921 

Here is the list of barriers hindering the adoption of circular bioeconomy practices in the 922 

agricultural sector. Through a Systematic Literature Review (SLR), this study summarises eight 923 

barriers. Each name and definition is described below 924 

1. Technical Skill Gaps – Lack of expertise in converting crop waste into valuable products. 925 

2. Awareness Deficit – Limited knowledge about alternative uses for crop waste. 926 

3. Nutrient Imbalance Issues – Indicates a scientific knowledge gap in standardisation and 927 

application of crop waste. 928 

4. High-Tech Pre-Treatment Challenges – The Complexity and cost of pre-treatment 929 

technologies reduce feasibility.  930 
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5. Infrastructure Deficiency – Insufficient systems to support circular bioeconomy 931 

practices. 932 

6. Market Ecosystem Gaps – Absence of sustainable markets for bio-based products. 933 

7. Stakeholder Conflicts – Misaligned priorities among stakeholders hinder collaboration. 934 

8. Supply Chain Challenges – Difficulty in scaling agricultural resources for bioeconomy 935 

needs. 936 

B. Details of the expert 937 

1. Name: 938 

2. Age (Optional): 939 

3. Gender (Optional): a) Male     b) Female    c) Prefer not to say 940 

4. Qualification: a) master’s degree (MA, MCom, MSc, MBA)    b) Doctoral Degree 941 

 c) Professional Degree. 942 

5. Profession:   a) Academician/Researcher    b) Agriculturalist 943 

6. Years of experience:    a) < 5 years       b) 5 - 10 years       c) 11 - 20 years       d) > 20 944 

years     e) Other 945 

C. Internal Intensity assessment of the barriers 946 

Kindly evaluate how intense (important) these barriers are for the agricultural sector when 947 

they try to implement a circular bioeconomy by reusing crop residues. In order to do the 948 

evaluation, you can use the following verbal ratings: 949 

1. Not a barrier = 0  950 

2. Low barrier = 1 951 

3. Medium barrier = 2  952 

4. High barrier = 3  953 

5. Very high barrier = 4 954 

  955 
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 Not a barrier 

= 0  

Low barrier 

= 1  
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High barrier 

= 3  
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Stakeholder 
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Supply Chain 

Challenges  

     

 956 

D. Intensity of influence assessment of the barriers 957 

For each identified barrier, please rate the following statements based on how strongly you 958 

believe each barrier influences or affects the others. Use the following scale: No inuence = 0 959 

Low inuence = 1 Moderate inuence = 2 High inuence = 3 Very high inuence = 4  960 

a) Kindly assess the intensity of influence of Technical Skill Gaps on the remaining 961 

seven barriers.   962 

  963 
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 964 

b) Kindly assess the intensity of influence of Awareness Deficit on the remaining seven 965 

barriers.  966 
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 967 

c) Kindly assess the intensity of influence of Nutrient Imbalance Issues on the 968 

remaining seven barriers.  969 
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 970 

d) Kindly assess the intensity of influence of High-Tech Pre-Treatment Challenges on 971 

the remaining seven barriers.  972 
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 973 

e) Kindly assess the intensity of influence of Infrastructure Deficiency on the remaining 974 

seven barriers 975 
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 976 

f) Kindly assess the intensity of influence of Market Ecosystem Gaps on the remaining 977 

seven barriers. 978 
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 979 

g) Kindly assess the intensity of influence of Stakeholder Conflicts on the remaining 980 

seven barriers. 981 
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 982 

h) Kindly assess the intensity of influence of Supply Chain Challenges on the remaining 983 

seven barriers.  984 

 No influence 

= 0  

Low 

influence = 1 

Moderate 

influence = 2 

High 

influence = 3 

Very high 

influence = 4 

Technical 

Skill Gaps  

     

Awareness 

Deficit  

     

Nutrient 

Imbalance 

Issues  

     

High-Tech 

Pre-

Treatment 

Challenges  

     

Infrastructure 

Deficiency 

     

Market 

Ecosystem 

Gaps  

     

Stakeholder 

Conflicts  

     

 985 

  986 



48 
 

Appendix D: Semi-structured Questionnaire for Case Study Analysis 987 

Section A: Introductory Information 988 

• Name: 989 

• Age: 990 

• Gender: 991 

• Education Level:  992 

• Farm size (in acres): 993 

• Annual agricultural income (approximate): 994 

• Type of firm/organisation: 995 

• Can you briefly describe your role in the firm/organisation? 996 

• Years of experience: 997 

Section B: Knowledge and Capacity-Related Barriers and Their Interrelationships 998 

1. Awareness Deficit  999 

• Are the farmers or staff in your organisation aware of the concept of a circular 1000 

bioeconomy or crop residue-based bioenergy? 1001 

• What information sources (e.g., government programs, NGOs, media) currently inform 1002 

their understanding, if any?  1003 

• Does this lack of awareness lead to any other barriers? 1004 

• What kind of awareness campaigns or training would be helpful to overcome this?  1005 

2. Lack of Technical Skill  1006 

• Is there a lack of technical skills or trained personnel to manage crop residue-to-energy 1007 

systems? 1008 

• Which skills do you find most lacking (e.g., machinery operation, process knowledge, 1009 

market awareness)? 1010 

• Does this lack of technical skill lead to any other barriers? 1011 
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• Have any training programs or capacity-building initiatives been attempted in your 1012 

area? What was their impact?  1013 

3. High-Tech and Expensive Pre-Treatment Challenges  1014 

• Are modern pre-treatment technologies available and financially viable for your 1015 

operations? What are the technologies? Are they economically feasible? 1016 

• What are the specific challenges? 1017 

• Do these High-Tech and Expensive Pre-Treatment Challenges lead to any other 1018 

barriers? 1019 

• If given access to financial subsidies or technical support, would your organisation be 1020 

willing to adopt these technologies? Why or why not?  1021 

4. Infrastructure Deficiency  1022 

• Do you currently have access to adequate infrastructure for the storage, transportation, 1023 

and processing of crop residues? 1024 

• What specific infrastructure is missing or underdeveloped? 1025 

• Does this infrastructure deficiency lead to any other barriers? 1026 

• Have any government or private sector efforts helped improve infrastructure in your 1027 

area?  1028 

5. Stakeholder Conflict  1029 

• Have you observed or experienced any conflicts among stakeholders such as farmers, 1030 

government agencies, and private companies? 1031 

• What are the root causes of these conflicts? 1032 

• Does this Stakeholder Conflict lead to any other barriers? 1033 

• Are there any platforms where stakeholders can discuss and coordinate more 1034 

effectively?  1035 

• Are multi-stakeholder engagement strategies, like public-private partnerships, 1036 

cooperative business models, or community-led initiatives, helpful? 1037 

6. Lack of Market Ecosystem  1038 
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• Is there a functioning market for crop residue-based bioenergy or related products in 1039 

your area? 1040 

• Are you aware of any supportive policies, platforms, or buyers? 1041 

• Does this lack of market ecosystem lead to any other barriers? 1042 

• What incentives or interventions could help in developing a reliable market for these 1043 

products?  1044 

7. Supply Chain Challenges  1045 

• Are there challenges in collecting, transporting, or storing crop residues? 1046 

• Which part of the supply chain is the weakest link? 1047 

• Do these supply chain challenges lead to any other barriers? 1048 

• Have any models or innovations helped strengthen the local supply chain?  1049 

8. Nutrient Imbalance Issues  1050 

• Do you believe that using crop residue for bioenergy affects soil fertility by disrupting 1051 

the natural nutrient cycle? 1052 

• Do these nutrient imbalance issues lead to any other barriers? 1053 

• Have you tried or considered using compost or residue recycling to offset these 1054 

concerns? 1055 

Section C: Exploring Interrelationships Further 1056 

• In your view, which of the eight barriers is the most foundational or root cause? 1057 

• Can you describe a situation or example where one barrier leads to another? 1058 

• Are there any barriers that, if addressed first, could resolve or ease other challenges? 1059 

• Do you believe that solving knowledge-related barriers (like awareness and skills) 1060 

would naturally lead to improvement in capacity-related barriers (like infrastructure and 1061 

technology), or the other way around? Please elaborate.  1062 

Section D: Suggestions and Reflections 1063 
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• What kind of support—technical, financial, policy-related—would most help your 1064 

organisation adopt crop residue bioenergy practices? 1065 

• In your view, what are the key economic factors that influence the feasibility of 1066 

addressing knowledge and capacity gaps in crop-residue-based bioenergy production?  1067 

• Are there any additional barriers you’ve faced that we haven’t discussed so far? 1068 

• What are the recent emerging technologies that could help to overcome these barriers? 1069 

• Have you seen any successful models (local or outside) that could be replicated in your 1070 

context?  1071 

• What are your top two recommendations for overcoming the barriers you’ve 1072 

described? 1073 

  1074 
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Figures 

Figure 1. Flow of crop residues to bio-energy 

 

Source: Authors’ construct. 
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Figure 2. The research framework proposed 
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Figure 3. Systematic literature review workflow adapted from PRISMA 2020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Source: Authors’ construct 
  

Identification of studies via databases and registers 

Records identified from 
• Scopus (n = 100) 
• WOS (n = 96) 

Records removed before the 
screening:  

• Duplicates records 
removed (n = 51) Id

en
tif

ic
at

io
 

Records screened 
(n = 145) 

Records excluded 
(n = 76) 

Reports sought for retrieval 
(n = 69) 

Reports not retrieved 
(n = 0) 

Sc
re

en
in

g 

Reports assessed for eligibility 
(n = 69) 

Reports excluded: 
(n = 33) 

 
Reason 1: Articles not 
addressing the matter of bio-
energy production. 
Reason 2: Articles do not 
include crop-residue in their 
analysis. 
Reason 3: Articles not 
addressing the knowledge and 
capacity barriers to utilisation 
of crop-residue through CBE 
framework. 

 

Studies included in review 
(n = 36) 

In
cl

ud
ed

 

Identifying additional records 
that met the inclusion criteria 

through reference checking (n = 
3) and google scholar as an 
additional database (n = 6) 

 
Total papers included for final 

sample (n = 45) 



4 
 

Figure 4. Classification of barriers 

 

Source: Authors’ construct. 
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Figure 5. DEMATEL vs WINGS: barriers ranking comparison 

Impact Rank Comparison Receptivity Rank Comparison 
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Source: Authors’ construct.
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Figure 6. Influence map of CBE barriers in terms of DEMATEL 
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Figure 7. Influence map of CBE barriers in terms of WINGS 
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Figure 8. Influence comparison of key barriers 

 

Source: Authors’ construct. 
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Tables 

Table 1. Search string development for the SLR 

Databases Keywords 
Scopus (Title-ABS-KEY) and 
Web of Science (TS) 

(“circular economy” OR “circular bioeconomy” OR “circular bio-based economy” OR “circular agriculture” OR “bioeconomy”)  
AND  
(“agricultural waste” OR “agricultural residues” OR “agro-waste” OR “crop-waste” OR “crop residues” OR “agricultural by-products” 
OR “plant residues” OR “harvest waste” OR “bio-mass residue” OR “farm waste” OR “stubble”) 
AND 
(“barrier*” OR “challenge*” OR “limitation*” OR “roadblock*” OR “obstacle*” OR “knowledge gap” OR “capacity gap” OR 
“technical skills” OR “training needs” OR “institutional capacity” OR “technical capacity” OR “organisational capacity”) 
AND 
(“Bio-fuel” OR “Bio-mass fuel” OR “Renewable fuel” OR “Bio-energy” OR “Agro fuel” OR “Green fuel” OR “Organic fuel” OR 
“Sustainable fuel” OR “Ethanol” OR “Bio-diesel” OR “Plant-based fuel” OR “Bio-gas” OR “Bio-ethanol”) 

Source: Authors’ construct. 

Table 2. Inclusion and exclusion criteria for screening the literature 

Parameters Inclusion criteria Exclusion criteria 
Linguistic Articles published in the English language Articles not published in the English language. 
Accessibility Full-text versions of the published articles are accessible. Editorial pieces, surveys, reports, book sections, conference 

proceedings, working drafts, notes, and essays. 
Relevance The literature highlights crop residues and their implications for bio-energy 

production. 
Articles that lack a focus on crop residues. 

Content Articles focusing on the knowledge or capacity barriers to the utilisation of crop 
residue for bio-energy production within the context of a CBE framework. 

Articles that reference crop residues but do not concentrate on the 
barriers to their reutilization for bio-energy production. 

Duplication Only original studies are included. Studies that are imitative or present duplicated or redundant 
information are excluded. 

Database 
Integrity 

Studies are accessible via Scopus, Web of Science, and Google Scholar. 
 

Studies not accessible through reputable academic databases were 
excluded due to concerns regarding accessibility and credibility. 

Source: Authors’ construct.  
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Table 3. Profile of experts 

Dimensions Details No. of experts 
Gender Male 27 
 Female 18 
Qualifications Postgraduate 18 
 Doctorate 24 
 Professional Degree 2 
 Others 1 
Profession Academician/Researcher 45 
Years of Experience <5 years 19 
 5 – 10 years 14 
 11 – 20 years 7 
 >20 years 5 
Geographical Location Indian 45 

Source: Data gathered from subject matter experts. 

 

 

 

Table 4. Kendall’s coefficient of concordance (W). 

Total experts 45 
Kendall’s W 0.380 
Asymptotic Significance 0.000 

Source: Information obtained from subject matter experts.   
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Table 5. The total strength–influence matrix (𝑇𝑇𝐷𝐷) 

 B1 B2 B3 B4 B5 B6 B7 B8 
B1 1.8305 2.1970 2.2378 2.2570 2.0691 2.2616 2.2454 2.2749 
B2 1.9702 2.1394 2.2928 2.2993 2.1199 2.3198 2.3008 2.3310 
B3 2.1688 2.4797 2.3897 2.5327 2.3398 2.5572 2.5287 2.5542 
B4 2.0983 2.3863 2.4305 2.3238 2.2491 2.4567 2.4318 2.4741 
B5 1.9960 2.2898 2.3316 2.3518 2.0518 2.3597 2.3396 2.3777 
B6 2.1639 2.4641 2.5116 2.5340 2.3237 2.4080 2.5090 2.5493 
B7 2.1280 2.4375 2.4682 2.4943 2.2929 2.4978 2.3519 2.5125 
B8 2.0891 2.3921 2.4160 2.4488 2.2469 2.4501 2.4313 2.3400 

Source: Information obtained from subject matter experts. Note: This table combines both direct and indirect influences to reflect the total 

systemic impact each barrier has on the others. Bolded values in the table represent relationships surpassing the threshold of 2.3298, indicating 

their significance. 

 

Table 6. The total strength–influence matrix (𝑇𝑇𝑊𝑊 ) 

 B1 B2 B3 B4 B5 B6 B7 B8 
B1 0.0166 0.0155 0.0168 0.0170 0.0145 0.0165 0.0170 0.0168 
B2 0.0141 0.0183 0.0178 0.0160 0.0153 0.0178 0.0179 0.0178 
B3 0.0160 0.0188 0.0206 0.0183 0.0182 0.0207 0.0197 0.0184 
B4 0.0164 0.0174 0.0188 0.0200 0.0165 0.0186 0.0180 0.0193 
B5 0.0129 0.0164 0.0176 0.0178 0.0173 0.0178 0.0178 0.0187 
B6 0.0166 0.0181 0.0198 0.0201 0.0173 0.0207 0.0183 0.0193 
B7 0.0157 0.0191 0.0184 0.0194 0.0175 0.0186 0.0215 0.0189 
B8 0.0156 0.0189 0.0173 0.0193 0.0168 0.0183 0.0186 0.0210 

Source: Information obtained from subject matter experts. Notes: This matrix includes both direct and indirect influences, used to calculate the 

engagement (total influence) and role (cause or effect) of each barrier. Bolded values in the table represent relationships surpassing the threshold 

of 0.0195, indicating their significance. 
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Table 7. Prioritisation of barriers in terms of DEMATEL 

Barriers Total Impact 
𝑅𝑅𝑖𝑖𝐷𝐷 

Rank Total Receptivity 
𝐶𝐶𝑖𝑖𝐷𝐷 

Rank Total Engagement (𝑅𝑅𝑖𝑖𝐷𝐷 +
𝐶𝐶𝑖𝑖𝐷𝐷) 

Rank Role (𝑅𝑅𝑖𝑖𝐷𝐷 −
𝐶𝐶𝑖𝑖𝐷𝐷) 

Rank Group 

B1: Nutrient Imbalance Issues 17.3733 8 16.4447 8 33.8180 8 0.9286 1 Cause 
B2: Supply Chain Challenges 17.7731 7 18.7860 6 36.5591 6 -1.0129 8 Effect 
B3: Awareness Deficit 19.5508 1 19.0782 5 38.6291 2 0.4726 2 Cause 
B4: High-Tech Pre-Treatment Challenges 18.8506 4 19.2418 3 38.0924 5 -0.3911 6 Effect 
B5: Stakeholder Conflicts 18.0981 6 17.6933 7 35.7914 7 0.4048 3 Cause 
B6: Lack of Technical Skill  19.4637 2 19.3110 2 38.7747 1 0.1527 4 Cause 
B7: Lack of Market Ecosystem  19.1831 3 19.1385 4 38.3215 3 0.0446 5 Cause 
B8: Infrastructure Deficiency 18.8143 5 19.4137 1 38.2280 4 -0.5993 7 Effect 

Source: Data gathered from subject matter experts. Notes: This table ranks the barriers based on their net influence (cause-effect values), 

identifying key influencers and dependents in the system. 

 

 

Table 8. Prioritisation of barriers in terms of WINGS 

Barriers Total 
Impact 𝑅𝑅𝑖𝑖𝑊𝑊 

Rank Total Receptivity 
𝐶𝐶𝑖𝑖𝑊𝑊 

Rank Total Engagement (𝑅𝑅𝑖𝑖𝑊𝑊 +
𝐶𝐶𝑖𝑖𝑊𝑊) 

Rank Role (𝑅𝑅𝑖𝑖𝑊𝑊 −
𝐶𝐶𝑖𝑖𝑊𝑊) 

Rank Group 

B1: Nutrient Imbalance Issues 0.1308 8 0.1239 8 0.2546 8 0.0069 1 Cause 
B2: Supply Chain Challenges 0.1351 7 0.1426 6 0.2777 6 -0.0075 8 Effect 
B3: Awareness Deficit 0.1508 1 0.1472 5 0.2980 2 0.0035 2 Cause 
B4: High-Tech Pre-Treatment Challenges 0.1450 5 0.1479 4 0.2929 5 -0.0029 6 Effect 
B5: Stakeholder Conflicts 0.1364 6 0.1335 7 0.2699 7 0.0029 3 Cause 
B6: Lack of Technical Skill  0.1503 2 0.1491 2 0.2994 1 0.0012 4 Cause 
B7: Lack of Market Ecosystem 0.1491 3 0.1488 3 0.2979 3 0.0003 5 Cause 
B8: Infrastructure Deficiency 0.1458 4 0.1503 1 0.2961 4 -0.0045 7 Effect 

Source: Data gathered from subject matter experts. Notes: This table ranks the barriers based on impact, receptivity, engagement and role scores, 

highlighting which barriers are foundational (core causes) and which are reactive 
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Table 9. Comprehensive Comparative Table: DEMATEL vs WINGS Barrier Analysis 

Category 
 

 DEMATEL WINGS 

 Evaluation Criteria   

Top 3 Barriers by 4 evaluation Score Impact Score B3, B6, and B7 B3, B6, and B7 
 Receptivity Score B8, B6, and B4 B8, B6, and B7 
 Engagement Score B6, B3, and B7 B6, B3, and B7 
 Role Score B1, B3, and B5 B1, B3, and B5 
 Group Types   
Cause & Effect Groups Cause Group Barriers B1, B3, B5, B6, and B7 B1, B3, B5, B6, and B7 
 Effect Group Barriers B2, B4, and B8 B2, B4, and B8 
 Barriers   
Influence on Other Barriers B1 N/A N/A 
 B2 B8 N/A 
 B3 B2, B4, B5, B6, B7 and B8 B6 and B7 
 B4 B2, B3, B6, B7 and B8 N/A 
 B5 B3, B4, B6, B7 and B8 N/A 
 B6 B2, B3, B4, B7 and B8 B3 and B4 
 B7 B2, B3, B4, B6 and B8 N/A 
 B8 B2, B3, B4, B6 and B7 N/A 

Source: Data gathered from subject matter experts. 
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Table 10. Demographic profile of farmers (case study) 

Variable Case study 1 (Traditional) Case study 2 (Progressive) 
Age 50 40 
Education 10th Doctorate Degree 
Years of farming experience >40 years 12.5 years 
Farm size (in acres) 2 acres 5 acres 
Annual agricultural income (approximate) Rs. 60,000 Rs. 3,50,000 
Crops grown Paddy Integrated farming (horticulture, floriculture, cows, and fish) 

Source: Data gathered from case studies. 

 

Table 11. Suggested Strategies for Overcoming Barriers from Two Case Studies 

Case study 1 (Traditional) Case study 2 (Progressive) 
Organise frequent, hands-on training programs at the village level to build awareness and 
technical knowledge on advanced pre-treatment and bioenergy production methods. 

Conduct monthly awareness campaigns for at least 3 years that clearly explain 
the economic and ecological benefits of bioenergy adoption. 

Establish decentralised crop residue storage facilities (e.g., community warehouses) to 
address space constraints and seasonal availability issues. 

Design and implement customised crop-residue-to-bioenergy models tailored 
specifically for marginal farmers. 

Develop a dedicated, functional local marketplace or aggregation platform for crop residues 
to enable systematic buying and selling, improving the economic value of crop waste. 

Strengthen grassroots-level mobilisation through Farmer Producer 
Organisations (FPOs), Self Help Groups (SHGs), and cooperative farming 
models. 

Deploy trained agricultural officers with a mandate to promote circular bioeconomy 
practices, not just yield enhancement, ensuring regular farmer engagement year-round. 

Encourage public-private partnerships to fund infrastructure and organise 
collective farming knowledge exchange platforms. 

Integrate crop residue management into village-level development planning to ensure 
holistic inclusion in resource allocation, storage, and capacity-building initiatives. 

Reform “Mandi Systems” to align with local production clusters and operate 
with transparency, minimising exploitative middlemen interventions. 

 Establish decentralised, small-scale cold storages using the “hub-and-spoke” 
model to reduce crop residue perishability and transport costs. 

Source: Data gathered from case studies. 
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