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37 Abstract

38 The global transition toward sustainability requires connected and system wide approaches that 

39 go beyond traditional industry boundaries. This review explores how industrial symbiosis, 

40 biorefineries, circular economy, and sustainability frameworks are linked and probable ways 

41 these could together support the shift to cleaner and low carbon industrial systems. Industrial 

42 symbiosis allows industries to share resources like energy and materials, which helps to reduce 

43 waste and encourages cooperation. Biorefineries turn biomass and organic wastes into valuable 

44 products, and circular economy focuses on designing systems that reduce waste by keeping 

45 products and materials in use for longer. When combined, these frameworks could create strong 

46 synergies that support environmental protection, economic development, and social well-

47 being, while also helping to achieve global goals like clean energy, climate action, and 

48 sustainable production. This review also looks at new tools and approaches such as artificial 

49 intelligence, blockchain, nature-based solutions, and regenerative design that help bring these 

50 systems together more effectively. Even with these promising developments, there are still 

51 challenges, such as the lack of models that work across different industries, their scales, limited 

52 attention to fairness and equity, and a need for more practical examples in developing countries. 

53 To address these, a roadmap is proposed that includes shared digital platforms, living labs, and 

54 collaboration across different fields. This paper offers a clear framework to support decision 

55 makers in policy, research, and industry in building inclusive, resilient, and sustainable 

56 industrial systems for the future.

57
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71 1. Introduction

72 The global pursuit of sustainable development is facing mounting challenges driven by 

73 escalating climate change, environmental degradation, resource depletion, and rising socio-

74 economic inequalities. Traditional linear economic models characterized by the extraction, 

75 consumption, and disposal of resources are no longer viable in the realm of these 

76 interconnected global crises. As a result, there is a growing urgency to transition toward more 

77 sustainable, regenerative, and resource efficient systems. In this context, the convergence of 

78 industrial symbiosis, biorefinery, circular economy, and sustainability presents a 

79 transformative opportunity. These frameworks, when integrated, provide a systemic approach 

80 to minimizing waste, valorizing by products, and nurturing closed loop industrial practices. 

81 This integrated paradigm not only contributes to reducing greenhouse gas (GHG) emissions 

82 and pollution but also enhances economic resilience and raises innovation across sectors.1

83

84 Furthermore, the integration of these systems directly supports a wide range of United Nations 

85 Sustainable Development Goals (SDGs), notably SDG 3 (Good Health and Well Being), SDG 

86 6 (Clean Water and Sanitation), SDG 7 (Affordable and Clean Energy), SDG 8 (Decent Work 

87 and Economic Growth), SDG 9 (Industry, Innovation and Infrastructure), SDG 12 

88 (Responsible Consumption and Production), SDG 13 (Climate Action), and SDG 15 (Life on 

89 Land).4  The increasing relevance of this integrated approach is underscored by growing policy 

90 support and industrial interest worldwide. It represents not just an environmental imperative, 

91 but also an economic opportunity to decouple growth from resource consumption, promote 

92 technological advancement, and enhance global sustainability transitions.5 

93

94 The convergence of industrial symbiosis, biorefinery and circular economy, and sustainability 

95 reflects a shift toward integrated and regenerative systems thinking (A holistic approach that 

96 integrates feedstock, processes, products, energy, economics, and environmental impacts to 

97 optimize the entire biorefinery value chain rather than individual units). Industrial symbiosis 

98 refers to a collaborative model in which industries exchange byproducts, energy, water, and 

99 materials in ways that generate mutual environmental and economic benefits by turning waste 

100 from one entity into resources for another.1 A biorefinery converts biomass into fuels, 

101 chemicals, and materials through biochemical, thermochemical, or hybrid platforms, serving 

102 as the backbone of the bioeconomy and reducing fossil fuel dependency.3,5 Integrated with 

103 circular economy and industrial symbiosis principles, biorefineries act as central hubs that 
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104 transform diverse biomass and organic wastes into valuable products, advancing sustainable 

105 production and consumption.

106 Circular economy is an economic paradigm that seeks to maintain the value of products and 

107 resources in the economy for as long as possible by promoting strategies such as reuse, repair, 

108 recycling, and closed loop material flows. It aims to reduce waste and improve the 

109 environmental footprint of production and consumption systems.4 Sustainability, while often 

110 conflated with sustainable development, denotes the desired state of balance among 

111 environmental, economic, and social dimensions. In contrast, sustainable development is the 

112 ongoing process aimed at achieving that state. Together, these concepts provide a framework 

113 for designing industrial systems that are not only efficient but also resilient, equitable, and 

114 environmentally sound.2

115

116 Global megatrends such as population growth, industrialisation, and technological 

117 advancements have continuously shaped economic and environmental systems. Over the past 

118 two centuries, global industrialisation has been driven by mechanisation, energy 

119 advancements, and technological progress. The mechanisation of production processes, the 

120 advent of steam and electricity, and later developments in information and communication 

121 technologies have drastically increased productivity and reshaped labour markets. In recent 

122 decades, the rise of automation, artificial intelligence (AI), and digital platforms has further 

123 accelerated innovation and economic interdependence. Technological megatrends such as 

124 digitalisation, automation, and Industry 4.0 are reshaping industrial systems, enabling real-time 

125 monitoring, data-driven optimisation, and improved resource efficiency within circular and 

126 symbiotic industrial networks.6 The concept of planetary boundaries provides a scientific 

127 framework for defining the environmental limits within which human activities can safely 

128 operate. Current industrial systems often exceed these thresholds through intensive resource 

129 extraction, high carbon emissions, and waste generation. This alignment directly supports SDG 

130 12 (Responsible Consumption and Production), SDG 13 (Climate Action), and SDG 7 

131 (Affordable and Clean Energy).7

132

133 Addressing the escalating challenges of climate change, resource depletion, and unsustainable 

134 consumption patterns requires a systems level transition that goes beyond isolated solutions. 

135 The integration of Industrial symbiosis, biorefinery and circular economy principles represent 

136 a powerful strategy to enhance resource efficiency while advancing the broader goals of 

137 sustainable development. These integrated approaches minimize waste, close material and 
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138 energy loops, and maximize resource value, reducing environmental footprints.1,3 When 

139 biorefineries operate within industrial symbiosis networks, they utilize nearby organic residues 

140 and waste streams as feedstocks, lowering input costs and environmental burdens.4 Such 

141 synergies drive technological innovation and competitiveness while supporting SDGs related 

142 to clean energy, responsible consumption, climate action, and inclusive growth.2 Overall, this 

143 holistic integration decouples economic progress from environmental degradation and aligns 

144 industrial development with long-term sustainability. This integrated perspective is illustrated 

145 in Figure 1, which conceptually maps the convergence of Industrial symbiosis, biorefinery, 

146 circular economy and sustainability.

147
148

149 Figure 1. A conceptual framework illustrating the convergence of industrial symbiosis, 

150 biorefinery, circular economy, and sustainability as an integrated response to global 

151 sustainability challenges.
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152 This review aims to critically explore and synthesize the interrelationships among Industrial 

153 symbiosis, biorefinery and circular economy principles, and sustainability frameworks. 

154 Although these concepts have been discussed extensively in individual contexts, their 

155 integrated application remains underexplored in academic literature. By bridging these 

156 domains, the review seeks to highlight the synergistic potential of combining material and 

157 energy efficiency (through industrial symbiosis), biomass valorization (through biorefineries), 

158 resource regeneration (through circular economy strategies), and the pursuit of social, 

159 environmental, and economic balance (through sustainability). Specifically, this 

160 comprehensive review examines technological developments, systemic challenges, policy 

161 mechanisms, and real-world case studies that illustrate successful integration. Additionally, it 

162 outlines emerging trends such as digitalization, life cycle thinking, and policy innovation that 

163 can enable more effective deployment of these models. This review is motivated by the need 

164 for a holistic perspective that integrates these strategies to guide sustainable industry 

165 transitions. Its novelty lies in synthesizing these concepts under the lens of planetary 

166 boundaries, global megatrends, and SDGs, providing a comprehensive framework for aligning 

167 industrial operations with environmental, economic, and societal objectives. The scope 

168 encompasses both developed and developing economies and considers multiple sectors 

169 including agriculture, manufacturing, and energy. Ultimately, this review endeavours to 

170 provide researchers, policymakers, and industry stakeholders with a comprehensive framework 

171 to guide the design and implementation of low carbon, resource efficient, and resilient 

172 industrial systems aligned with the SDGs.

173

174 2. Conceptual Frameworks Underpinning the Nexus

175 2.1 Industrial Symbiosis

176 2.1.1. Concept, Principles, and Global Exemplars of Industrial Symbiosis

177 Industrial symbiosis is a central concept within industrial ecology, emphasizing collaboration 

178 among distinct industries to exchange materials, water, energy, by-products, and knowledge in 

179 order to achieve mutual environmental and economic benefits. Drawing inspiration from 

180 biological symbiosis, it operates through networks where waste or surplus from one facility 

181 becomes a resource for another, enabling more efficient and sustainable resource utilization.⁸ 

182 Chertow9 defines industrial symbiosis as “engaging traditionally separate industries in a 

183 collective approach to competitive advantage involving physical exchange of materials, 

184 energy, water, and/or by-products”. This framework promotes interconnected industrial 

185 systems that emulate ecological cycles, thereby reducing dependence on virgin resources and 
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186 minimizing environmental impacts.10 The core principles of industrial symbiosis include 

187 resource sharing, geographical or operational proximity (though not always required), 

188 transparency, trust, and cooperation, which together enable long-term collaboration among 

189 stakeholders.¹¹ Several global case studies demonstrate the practical implementation of these 

190 principles. The Kalundborg Symbiosis in Denmark remains one of the earliest and most cited 

191 examples, involving energy production, pharmaceutical, and waste management sectors. 

192 Through exchanges of steam, cooling water, flue gas, and gypsum, the network has achieved 

193 substantial reductions in water use and GHG emissions while improving operational efficiency. 

194 Comparable outcomes have been reported in the Guiyang urban industrial symbiosis in China 

195 and the Sotenäs Symbiosis Centre in Sweden, including job creation, emissions mitigation, and 

196 circular resource flows.⁸,¹¹

197

198 Further integration of industrial and urban symbiosis has been demonstrated in Yongcheng, 

199 China, a resource-dependent city facing environmental pressures from industrial activity. 

200 Material flow and energy analyses identified 39 symbiotic activities, leading to savings of 2.37 

201 million tons of slag, reductions of 0.43 million tons of municipal waste, conservation of 1.07 

202 million tons of coal, and avoidance of 4.88 million tons of CO₂ emissions. Urban symbiosis 

203 additionally contributed to 11% CO₂ reduction and 7% energy savings, highlighting the 

204 potential of combined approaches for low-carbon and resource-efficient development.¹² These 

205 examples illustrate that industrial symbiosis is adaptable across regions and sectors, offering a 

206 scalable pathway toward circular industrial systems. Quantitatively, the field has expanded 

207 rapidly, with a systematic review of 584 publications showing exponential growth since 2007. 

208 China leads in documented studies and case examples, followed by the United States, with 

209 manufacturing emerging as the dominant sector and impact quantification and network analysis 

210 as the most common analytical methods.⁸

211

212 2.1.2 Role in Resource and Energy Efficiency

213 Industrial symbiosis enhances resource and energy efficiency by enabling coordinated 

214 exchanges of materials, utilities, and by-products among interconnected industries. By reusing 

215 waste streams and sharing energy, steam, water, and chemicals, participating facilities reduce 

216 reliance on virgin inputs and shift from linear to circular operational models, delivering both 

217 environmental and economic benefits.¹⁰,⁸ Energy efficiency gains are a key outcome of these 

218 collaborations. Excess heat from power plants can be utilized by neighbouring industries, while 
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219 shared water and steam systems lower energy-intensive treatment requirements.¹¹ Such 

220 strategies generate operational cost savings, reduced emissions, and improved environmental 

221 performance, as demonstrated in established networks such as Kalundborg (Denmark) and 

222 Guiyang (China), where coordinated exchanges have resulted in measurable CO₂ reductions 

223 and financial benefits.⁸

224

225 Beyond efficiency improvements, industrial symbiosis strengthens industrial resilience by 

226 creating localized resource loops, reducing vulnerability to supply disruptions, and supporting 

227 adaptive capacity under regulatory and market pressures. As industries increasingly pursue 

228 decarbonization and alignment with SDGs, industrial symbiosis provides a practical pathway 

229 to improve eco-efficiency without compromising competitiveness. Figure 2 illustrates the key 

230 principles, resource exchanges, and real-world examples of industrial symbiosis. Mortensen 

231 and Kornov11 describe three developmental stages and five influencing factor groups that 

232 facilitate industrial symbiosis formation, though their work focuses primarily on process 

233 dynamics rather than quantified efficiency outcomes. Wadstrom et al.,10 propose an assessment 

234 framework applied to 56 case studies, revealing that material exchanges dominate reported 

235 synergies, while energy and water integration receive less attention and economic and social 

236 impacts remain weakly quantified. Together, these studies highlight that although industrial 

237 symbiosis formation and evaluation are well explored, standardized and outcome-oriented 

238 assessments of resource and energy efficiency gains remain limited, underscoring the need for 

239 more comparative and performance-focused research.¹⁰,¹¹

Page 8 of 67Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 8

:0
3:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SE00037A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6se00037a


9

240
241

242 Figure 2. A model of industrial symbiosis, illustrating the exchange of materials, energy, 

243 water, and by products across industries. 

244

245 2.2 Biorefinery Systems

246 2.2.1 Biorefinery Typologies and Technological Platforms

247 Biorefineries represent the cornerstone of the circular bioeconomy, offering a sustainable and 

248 versatile platform for converting biomass and organic residues into a diverse range of 

249 marketable products, including biofuels, chemicals, bioplastics, and energy. These systems are 
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250 broadly classified into thermochemical, biochemical, and hybrid platforms, each with unique 

251 operational principles and advantages. 

252

253 2.2.1.1. Thermochemical, Biochemical, and Hybrid Platforms

254 Thermochemical biorefineries use high temperature processes such as pyrolysis, gasification, 

255 and hydrothermal carbonization to decompose biomass into syngas, bio-oil, and biochar, and 

256 are particularly well suited for dry lignocellulosic feedstocks and heterogeneous municipal 

257 wastes.13,14 In contrast, biochemical biorefineries rely on the metabolic activities of 

258 microorganisms and enzymes to convert organic matter through fermentation, anaerobic 

259 digestion, or enzymatic hydrolysis into products like bio alcohols, biogas, organic acids, etc. 

260 These processes are energy efficient and environmentally friendly but often require careful 

261 feedstock pretreatment and process optimization.15,16 Hybrid biorefineries integrate both 

262 thermochemical and biochemical approaches to enhance system efficiency and maximize 

263 biomass valorization. For example, residues from fermentation can be subjected to pyrolysis 

264 to produce biochar, which can then be recycled as a catalyst or soil amendment, thereby closing 

265 the material loop and supporting near zero waste targets.14,17 Thermochemical (400-900˚C; 60-

266 75% efficiency) and biochemical (30-60˚C;70-90% conversion) biorefinery platforms are 

267 frequently presented with favourable performance metrics, while hybrid systems are reported 

268 to improve carbon utilization by 10-25%. However, these values are largely reported in 

269 isolation, with limited scrutiny of integration losses, scale-up challenges, or economic 

270 uncertainty.13,16

271

272 2.2.1.2. Smart Biorefineries and Emerging Technologies

273 The selection of biorefinery pathways depends on multiple factors, including feedstock type, 

274 technology readiness, and end product demand. According to the International Energy Agency 

275 Bioenergy Task 42 classification framework, biorefineries should be evaluated based on the 

276 feedstock, process, platform products, and final applications to ensure alignment with 

277 sustainability goals.16 As the sector evolves, emerging smart biorefinery models are leveraging 

278 digital tools such as machine learning, process integration, and digital twins to optimize 

279 resource use, reduce emissions, and support economic viability. Smart biorefineries are 

280 digitally enabled, adaptive systems that use real-time monitoring, data analytics, automation, 

281 and predictive modelling to optimize feedstock use, process control, energy integration, and 

282 product recovery across the value chain.1 Emphasizing flexibility, resilience to feedstock 

283 variability, and closed-loop decision support, they align material and energy flows with circular 
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284 economy principles and support low-carbon industrial transitions. Reported benefits include 

285 10–25% gains in resource efficiency and 15–30% waste reduction; however, these outcomes 

286 remain largely theoretical or lab-scale, with limited industrial validation and insufficient 

287 assessment of technology readiness, data robustness, and economic risk. The classification and 

288 interconnection between feedstocks, processing technologies, and product outputs in 

289 biorefineries is visually represented in Figure 3.

290

291
292

293 Figure 3. Overview of biorefinery system classifications and process product pathways. 

294
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295 2.2.2. Feedstock Diversity and Biorefinery Outputs

296 Biorefineries rely on a wide spectrum of biowaste feedstocks, including agricultural residues, 

297 food and aquatic wastes, and industrial organic by-products.18 These resources differ in their 

298 biochemical composition lignocellulosic residues such as rice straw, sugarcane bagasse, and 

299 coir pith are rich in cellulose (30–50%), hemicellulose (15–30%), and lignin (10–25%), while 

300 food and industrial wastes contain high levels of carbohydrates, proteins, and lipids suitable 

301 for anaerobic or fermentative processes.19 Aquatic biomass such as algae provides low-lignin, 

302 high-carbohydrate feedstock for sustainable fuel and material production.20 Depending on 

303 feedstock characteristics, biorefineries can generate diverse outputs including bioenergy 

304 (biogas, bioethanol, biohydrogen), biochemicals (organic acids, enzymes), and biomaterials 

305 (bioplastics, fibers). Valorizing such diverse waste streams enhances process flexibility, 

306 minimizes environmental burdens, and supports circular economy objectives by transforming 

307 waste into valuable co-products aligned with the SDGs.21

308

309 Biorefineries are highly versatile systems that utilize a broad spectrum of biomass feedstocks, 

310 which can be classified into four major categories: lignocellulosic biomass, organic solid waste, 

311 aquatic biomass, and industrial or agricultural residues. Lignocellulosic biomass including crop 

312 residues, forestry by-products, and dedicated energy crops are among the most widely used 

313 feedstocks due to its abundance and high carbon content, making it suitable for the production 

314 of bioethanol, biogas, biochar, and platform chemicals such as furfural and levulinic acid.13,15 

315 Organic solid waste from municipal and domestic sources, such as food scraps and garden 

316 waste, serves as an ideal substrate for anaerobic digestion and fermentation, leading to the 

317 generation of biogas, organic acids, biohydrogen, and compost.16 Aquatic feedstocks such as 

318 algae and aquatic plants offer high lipid and carbohydrate content and are being increasingly 

319 explored for biodiesel, bioethanol, and protein extraction.17 Additionally, industrial and 

320 agricultural residues like dairy waste, fruit peels, bagasse, and slaughterhouse waste can be 

321 valorized into high value bioproducts such as enzymes, bioplastics, and biosurfactants.15,14 The 

322 end products of biorefineries span multiple sectors and value chains. Energy products include 

323 bioethanol, biodiesel, biogas, biocrude and syngas which serve as renewable substitutes for 

324 fossil fuels. Non energy outputs comprise a wide range of bio-based chemicals, materials, and 

325 polymers, including lactic acid, polyhydroxyalkanoates, biochar, fertilizers, adhesives, 

326 nutraceuticals and active pharmaceutical ingredients. Advanced integrated biorefineries are 

327 also capable of producing multipurpose co-products like nutrient enriched digestate and 

328 biofertilizers that enhance soil health and carbon sequestration. The diversity of feedstock 
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329 options and product flexibility underscores the adaptability of biorefinery systems and their 

330 critical role in closing biomass loops within the circular bioeconomy.16,14

331

332 A case study on fatty acid production demonstrated how feedstock diversity significantly 

333 influences biorefinery outputs and product quality. Using a systematic multivariate analysis 

334 approach, researchers examined two key operations oil hydrolysis and fatty acid distillation to 

335 identify how variations in raw materials and process conditions affect outcomes. The study 

336 revealed that the type of oil used, such as canola or palm oil, strongly impacts the quality of 

337 the final fatty acids due to differences in composition. However, when a single oil type is used, 

338 process parameters like feed flow rate and reflux ratio become the main factors affecting 

339 product variability. This analysis highlights the importance of understanding feedstock 

340 variability and process control to achieve consistent and optimized biorefinery performance.22 

341 Studies report that diverse feedstock such as agricultural residues, energy crops, and organic 

342 waste can yield 50-80% fermentable sugars after pretreatment, enabling production of fuels, 

343 chemicals, and biopolymers. However, conversion efficiencies and product yields vary widely 

344 depending on feedstock composition, with lignin rich materials often reducing overall process 

345 efficiency by 20-40%. While recent reviews emphasize feedstock flexibility and multiple 

346 output streams, most studies still report isolated yields rather than critically comparing 

347 feedstocks in terms of scalability, consistency, and economic performance, limiting reliable 

348 feedstock selection for integrated biorefineries.19-21 A comparative overview of biorefinery 

349 types, associated feedstocks, conversion routes, and product outputs is summarized in Table 1.

350

351 Table 1 Classification of Biorefinery Systems   Feedstocks, Processes, End Products, and 

352 References.

353

Biorefinery 

Type

Conversion 

Process

Typical 

Feedstocks

Major End 

Products
Remarks

Referenc

es

Thermochemi

cal

Pyrolysis, 

Gasification, 

Combustion, 

Hydrothermal 

Carbonization

Lignocellulos

ic Biomass, 

Municipal 

Solid Waste, 

Agricultural 

residues

Syngas, 

Bio oil, 

Biochar, 

Electricit

y

High 

temperature; 

Suitable for 

dry and mixed 

feedstocks

13,14,16
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Biochemical

Fermentation, 

Anaerobic 

digestion, 

Enzymatic 

hydrolysis

Food waste, 

Manure, Crop 

residues, 

Organic 

industrial 

waste

Bioethano

l, Biogas, 

Organic 

acids, 

Enzymes

Environmental

ly friendly; 

Requires 

pretreatment 

for some 

substrates

15-17

Hybrid

Integration of 

thermochemic

al & 

biochemical

Any 

combination 

of above

Multiple 

outputs 

including 

energy, 

Chemical

s, 

Fertilizers

Supports 

cascading 

resource use; 

Maximizes 

waste 

valorization

13,14

Advanced/Sm

art

AI optimized, 

multi 

pathway, 

digital twins

Mixed 

feedstocks, co 

streams

Tailored 

products, 

Circular 

flows, 

Nutrient 

recovery, 

energy

High resource 

efficiency; 

Aligned with 

smart industry 

and circular 

economy

14

354

355 2.2.3. Biorefineries in Waste Valorization and the Bioeconomy

356 Biorefineries play a transformative role in advancing both waste valorization and the 

357 bioeconomy by enabling the efficient conversion of organic residues and biomass into high 

358 value products, thereby addressing the global challenges of waste management, fossil fuel 

359 dependence, and environmental degradation. Through integrated processing technologies, 

360 biorefineries are capable of transforming diverse waste streams such as agricultural residues, 

361 food waste, industrial effluents, and municipal solid waste into wide range of renewable fuels, 

362 chemicals, and materials that substitute for fossil derived counterparts.14,15 This approach not 

363 only diverts significant volumes of biodegradable waste from landfills and incineration, 

364 reducing methane and CO₂ emissions, but also promotes circular material flows by 

365 reintegrating by-products into production cycles. For example, lignocellulosic waste can be 

366 fermented into ethanol or converted into biochar for carbon sequestration and soil 
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367 enhancement, while food and dairy waste can be processed into biogas, organic acids, and 

368 bioplastics.13,17 As such, biorefineries represent a core operational model within the circular 

369 and bio-based economy, where biological resources are sustainably utilized, waste is 

370 minimized, and value is maximized across the supply chain. Moreover, they support the 

371 decoupling of economic growth from resource extraction by generating employment, reducing 

372 environmental burdens, and encouraging regional resource self-sufficiency. By integrating 

373 renewable feedstocks, clean technologies, and smart design principles, biorefineries foster 

374 innovation while aligning with multiple SDGs, including SDG 12 (Responsible Consumption 

375 and Production), SDG 13 (Climate Action), and SDG 7 (Affordable and Clean Energy).16,14 

376 Ultimately, biorefineries serve not only as technological platforms but also as systemic enablers 

377 of the sustainable transition toward a regenerative, low carbon future. Waste based 

378 biorefineries are reported in the literature to convert approximately 40-70% of organic waste 

379 carbon into fuels, chemicals, or materials, with 15-30% reductions in landfill disposal and 10-

380 25% reductions in GHG emissions, depending on waste type and system boundaries. However, 

381 these values are largely derived from scenario analysis, pilot scale studies, and system level 

382 assessments, with limited evidence from long term industrial operation, leaving scalability and 

383 economic robustness insufficiently demonstrated.14-16

384

385 2.3 Circular Economy

386 2.3.1. Circular Economy: Global Strategies and Inclusive Transition

387 The circular economy is a regenerative economic model that aims to retain the value of 

388 materials, products, and resources in the economy for as long as possible, minimizing waste 

389 and adverse environmental impacts. In contrast to the conventional linear economy of “take-

390 make-dispose,” circular economy promotes a paradigm shift toward reuse, recycling, 

391 remanufacturing, eco design, and product life extension. This model, rooted in industrial 

392 ecology and ecological economics, is increasingly regarded as a strategic response to global 

393 challenges such as climate change, resource depletion, and unsustainable consumption.23, 24 At 

394 the global policy level, the European Union (EU) has taken a leading role through its circular 

395 economy Action Plans (2015, 2020), embedded within the European Green Deal, with key 

396 objectives that include sustainable product design, circular procurement, eco-labelling, and 

397 Extended Producer Responsibility. These policies contribute significantly to SDGs 9 (Industry, 

398 Innovation, and Infrastructure), 12 (Responsible Consumption and Production), and 13 

399 (Climate Action) by promoting decoupling of economic growth from environmental 

400 degradation.25 The EU estimates that such strategies could lead to material savings of over 

Page 15 of 67 Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 8

:0
3:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SE00037A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6se00037a


16

401 USD 380 billion annually and generate half a million new jobs through recycling and 

402 remanufacturing.23,26

403

404 In emerging economies like India, circular economy has gained momentum through flagship 

405 programs such as the Swachh Bharat Mission, Smart Cities Mission, and the Lifestyle for 

406 Environment initiative. According to a recent G20 backed report, India’s circular transition 

407 could increase Gross Domestic Product (GDP) by USD 45 billion by 2030, create 4.4 million 

408 clean jobs, and reduce carbon emissions by 126 million tonnes approximately 9% of current 

409 levels.27,24 India's circular economy strategy spans seven key sectors, including batteries, solar 

410 panels, steel, construction and demolition waste, wastewater, organic waste, and agriculture. 

411 Yet, the country faces systemic challenges such as fragmented policy enforcement, 

412 underdeveloped secondary markets, poor infrastructure, and limited public awareness. At the 

413 firm level, Circular Economy Business Models play a transformative role in enabling circular 

414 transitions. These include models based on circular supply chains, product as a service, 

415 resource recovery, and life cycle extension. Such business models are increasingly integrated 

416 with Environmental Social Governance (ESG) indicators to enhance sustainability 

417 performance and accountability.23

418

419 Case studies such as Contarina SpA in Italy demonstrate how circular business models in the 

420 waste management sector can contribute directly to several SDGs, including SDG 4 (Quality 

421 Education), 7 (Affordable and Clean Energy), 8 (Decent Work and Economic Growth), 9 

422 (Industry, Innovation, and Infrastructure), 11 (Sustainable Cities and Communities), and 12 

423 (Responsible Consumption and Production), through innovative recycling, decentralised 

424 processing, and inclusive employment practices.25 Furthermore, digital technologies such as 

425 Internet of Things (IoT), blockchain, AI, and digital twins are accelerating circular economy 

426 transitions by improving traceability, enabling Life cycle analysis (LCA), and optimizing waste 

427 management systems. These digital innovations are critical for creating resilient, transparent, 

428 and adaptive supply chains.28

429

430 However, in the Global South, circular economy transitions often suffer from top down, techno 

431 centric approaches that risk excluding informal sectors and marginalized communities. 

432 Scholars advocate for participatory and location-based approaches that integrate local 

433 knowledge, empower informal actors, and ensure social justice alongside environmental and 

434 economic goals. Therefore, circular economy must be seen not only as a technical fix but also 
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435 as a social and political project requiring systemic redesign, policy coherence, and multi 

436 stakeholder collaboration to realize its full potential in advancing a sustainable and inclusive 

437 economy.

438

439 Global circular economy strategies increasingly emphasize multi-level governance, 

440 stakeholder coordination, and policy coherence, with national and regional roadmaps typically 

441 structured around 3-5 priority action areas such as waste reduction, resource efficiency, and 

442 social inclusion. However, while strategic frameworks acknowledge inclusivity as a core 

443 principle, quantitative indicators for social outcomes are largely absent or weakly defined, and 

444 empirical validation is often limited to selected case regions.23-25

445

446 2.3.2. Circular Economy Business Models and Value Creation Pathways

447 Circular Economy Business Models (CEBM) represent a fundamental departure from the 

448 traditional linear “take-make-dispose” model by prioritizing regenerative processes that 

449 maximize the utility of resources, extend product life cycles, and internalize environmental and 

450 social externalities. These models aim to decouple economic growth from resource 

451 consumption through a range of strategies such as material substitution, product life extension, 

452 waste valorization, and service-based access. Value creation within this framework is not solely 

453 focused on profit generation but is equally concerned with environmental performance and 

454 social inclusivity. As Fatimah et al.,23 note, circular economy models support a multi-

455 dimensional value proposition by integrating ESG indicators directly into business operations. 

456 Circular supply models that replace virgin inputs with renewable or recycled alternatives 

457 reduce exposure to resource scarcity and volatility, while product life extension strategies such 

458 as repair, refurbishment, and remanufacturing prolong the economic utility of goods and reduce 

459 demand for new materials.16 Similarly, resource recovery models that extract value from waste 

460 streams contribute to a closed loop system, as illustrated by biogas and compost production 

461 from organic waste in urban ecosystems.24

462

463 Furthermore, product as service models allow users to access products through leasing or 

464 subscription schemes, incentivizing firms to invest in product durability and service 

465 innovation. Sharing platforms, enabled by digital tools and consumer networks, increase asset 

466 utilization efficiency while reducing environmental footprints.15 The five core circular 

467 economy business model archetypes, along with their applications and associated value 

468 streams, are summarized in Table 2.
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469 Table 2. Circular Economy Business Model Archetypes, Examples, and Value Streams.23-

470 25

Circular 
economy 
Model 
Archetype

Description Example 
Applications Value Streams

Circular 

Supply

Use of 

renewable, 

recycled, or bio-

based inputs 

instead of virgin 

materials

  Recycled aluminum 

in auto manufacturing

  Bio based packaging

  Secondary steel in 

construction

 Environmental: Reduced raw 

material extraction and 

emissions

 Economic: Lower input costs

 Social: Reduced dependency 

on extractive industries

 Product 

Life 

Extension

Extending 

product use 

through repair, 

refurbishment, 

remanufacturing

  Refurbished 

electronics

  Reused construction 

equipment

  Remanufactured 

vehicle parts

 Environmental: Less landfill 

and resource use

 Economic: Revenue from 

aftermarket services

 Social: Local job creation in 

repair sectors

 Resource 

Recovery

Recovering 

usable materials 

or energy from 

waste or by 

products

  Biogas from organic 

waste

  E waste recycling

  Industrial by product 

utilization

 Environmental: Closed loop 

material flows

 Economic: Monetization of 

waste streams

 Social: Formalizing informal 

waste sectors

 Product as 

a Service

Customers pay 

for product 

access rather 

than ownership

  Tool leasing

  EV battery as a 

service

  Furniture rental

 Environmental: Product 

longevity and reuse

 Economic: Recurring revenue 

models

 Social: Affordable access to 

premium goods

 Sharing 

Platforms

Increased 

utilization of 

underused 

products or 

  Ride sharing (e.g., 

Uber, Ola)

  Co working spaces

 Environmental: Reduced total 

product demand

 Economic: Platform revenue 

and efficiency
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assets via shared 

access

  Peer to peer tool 

sharing platforms

 Social: Community based asset 

access

471

472 The role of digitalization is increasingly critical, as technologies such as the IoT, blockchain, 

473 and AI facilitate real time tracking of resource flows, predictive maintenance, and data driven 

474 lifecycle assessments.28 These capabilities not only enhance operational efficiency but also 

475 build consumer trust and regulatory compliance by increasing transparency. CEBM create 

476 economic value by lowering raw material dependency, opening secondary markets, and 

477 reducing operational costs, while also generating environmental value by mitigating GHG 

478 emissions and minimizing waste. Social value is created through green job generation, 

479 particularly in labor intensive sectors like waste collection, recycling, and repair, where India 

480 alone is projected to create over 4.4 million clean jobs by 2030.27

481

482 Nevertheless, the implementation of CEBM remains constrained by several systemic barriers. 

483 These include fragmented regulations, limited infrastructure, low consumer awareness, and a 

484 lack of standardized metrics that adequately capture the long-term benefits of circularity.24 

485 Traditional financial indicators such as return on investment or payback period often fail to 

486 reflect the broader value circular economy models deliver, necessitating the integration of 

487 sustainability-oriented performance frameworks. In emerging economies, challenges are 

488 further amplified by institutional fragmentation and the dominance of informal sectors in key 

489 areas like waste management. As Hadfield et al., 28 emphasize, circular economy transitions in 

490 the Global South require a transformative approach that combines systems thinking with 

491 participatory governance and socio-cultural sensitivity. Successful circular economy 

492 implementation depends on the alignment of business strategy with enabling policy 

493 instruments, public private partnerships, and inclusive innovation systems. In this regard, 

494 business models must evolve not only to deliver economic returns but also to generate 

495 ecological resilience and social equity. When implemented effectively, CEBM offer a 

496 comprehensive redefinition of value creation balancing profitability with sustainability and 

497 enabling businesses to thrive within planetary boundaries. The relationship between circular 

498 economy principles, enabling policies, strategic models, and sustainability outcomes is 

499 depicted in Figure 4. The model illustrates how global (e.g., EU Green Deal) and national (e.g., 

500 India's circular economy strategy) policies drive business model innovation, supported by 

501 digital enablers, ultimately contributing to resource efficiency, job creation, and SDG 

502 alignment.
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503
504 Figure 4. Conceptual framework showing the interaction between Circular Economy 

505 policies, strategic models, enabling technologies, and sustainability outcomes aligned with 

506 SDGs. 

507

508 A case study on pineapple processing demonstrates how industrial fruit by-products can be 

509 managed through a circular economy approach. Instead of discarding peels, cores, and other 

510 residues as waste, these by-products were identified as a rich source of polyphenols with high 

511 antioxidant activity. Using biotechnological extraction methods, these compounds can be 

512 recovered and converted into high-value antioxidant products for industrial applications. This 

513 approach not only reduces landfill waste and environmental impact but also creates economic 

514 value by turning waste into marketable products. The study highlights how shifting from a 

515 linear “produce–consume–dispose” model to an integrated circular valorisation strategy can 

516 benefit both the industry and the environment.29

517

518 Circular economy business models are commonly framed around product service systems, 

519 closed loop supply chains, and collaborative value networks, with firms often adopting 2-4 

520 simultaneous value creation pathways such as cost reduction, risk mitigation, and reputational 

521 gains. However, the literature largely prioritizes conceptual classification of business models 

522 over quantified value capture, with limited evidence on long term profitability, revenue 

523 stability, or distribution of value across supply chain actors. Moreover, social and 

524 environmental value creation is frequently asserted rather than measured, leading to an 
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525 imbalance between strategic ambition and demonstrated economic performance, particularly 

526 for small and medium enterprises.

527

528 2.4 Sustainability

529 2.4.1. Environmental, Economic, and Social Dimensions

530 Sustainability, as a multidimensional and dynamic concept, is grounded in the integration of 

531 environmental health, economic viability, and social equity. In the context of industrial 

532 symbiosis, biorefineries, and circular economy systems, these dimensions offer a framework 

533 for evaluating the performance and long-term impact of industrial processes and policy 

534 interventions. Sustainability is not a static state but a continuous journey toward balancing 

535 ecological integrity, economic development, and societal well-being.2

536

537 From an environmental perspective, sustainability seeks to reduce human pressure on 

538 ecosystems, limit GHG emissions, and conserve biodiversity. Industrial and circular models 

539 like biorefineries and industrial symbiosis play a key role here by transforming waste into 

540 resources, thus reducing landfill, energy consumption, and pollution. For instance, 

541 biorefineries convert agricultural residues, municipal solid waste, or food industry by products 

542 into fuels, bioplastics, or platform chemicals directly reducing the environmental footprint of 

543 fossil dependent systems.30 However, using biomass does not automatically ensure 

544 sustainability. Factors such as land use change, water consumption, and nutrient cycles must 

545 be considered, highlighting the importance of full LCA.2,31

546

547 The economic dimension focuses on the long-term viability and efficiency of systems, ensuring 

548 industries remain productive while minimizing resource input and maximizing value creation. 

549 Sustainability driven models like green finance, circular supply chains, and industrial 

550 symbiosis reduce operational costs, mitigate supply risks, and foster innovation.32 For instance, 

551 companies implementing circular practices report reduced input costs and improved 

552 productivity through the reuse of waste materials or sharing of heat and water via symbiotic 

553 networks.33 Moreover, the bioeconomy sector is increasingly viewed as an engine of economic 

554 revitalization, especially in rural and underdeveloped regions, offering diversified job 

555 opportunities, stimulating investment, and promoting technological advancement.30,34

556

557 The social dimension of sustainability ensures equity, inclusivity, and improved quality of life 

558 for all. It includes access to clean energy and water, decent employment, social justice, and 
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559 participatory governance. The shift to sustainable production and consumption must actively 

560 involve marginalized communities and ensure benefits are equitably distributed. Biorefineries 

561 can support social development by generating local employment, promoting farmer 

562 cooperatives, and encouraging gender inclusive value chains.2 However, if poorly planned, 

563 such systems may lead to land conflicts, food security concerns, or social exclusion especially 

564 in regions where resource governance is weak.31 Hence, sustainability assessments must 

565 integrate social impact indicators such as job quality, education access, and public health.

566

567 An integrated understanding of sustainability must also acknowledge interdependence and 

568 trade-off. For example, maximizing biomass use may conflict with food security if agricultural 

569 land is diverted from food to fuel. Similarly, prioritizing economic returns may result in poor 

570 environmental performance unless regulatory checks or incentives are in place. Therefore, 

571 systems thinking, participatory decision making, and adaptive governance are essential to avoid 

572 isolated, technocentric solutions and foster long term sustainability across all dimensions.30

573

574 Sustainability assessments increasingly adopt a triple dimension framework with 

575 environmental indicators often outnumbering economic and social metrics by a factor of two 

576 to three in empirical studies. While environmental gains such as emission reduction and 

577 resource efficiency are commonly quantified, economic resilience and social equity remain 

578 weakly operationalized, frequently relying on qualitative proxies. This imbalance limits cross 

579 dimensional comparability and risks overstating sustainability performance, as trade-offs 

580 between environmental benefits and economic or social outcomes are rarely examined in an 

581 integrated manner.30,31

582

583 2.4.2. Relevance to SDGs

584 The transition to circular and sustainable production systems through industrial symbiosis, 

585 biorefineries, circular economy models, and the bioeconomy directly supports a wide range of 

586 SDGs. These frameworks not only align with global environmental and economic objectives 

587 but also serve as enablers for integrated action across multiple development targets.

588

589 2.4.2.1. SDG 3 – Good Health and Well being

590 Sustainable industrial practices such as biorefineries, industrial symbiosis, and circular 

591 economy strategies contribute significantly to SDG 3 by addressing pollution, occupational 

592 hazards, and environmental exposure that affect public health. Specifically, these models help 
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593 achieve Target 3.9, which aims to substantially reduce deaths and illnesses from hazardous 

594 chemicals and air, water, and soil pollution.

595

596 Promoting mental health and psychological well-being is a core aspect of SDG 3, particularly 

597 under Target 3.4 (Focuses on cutting early deaths from NCDs by 33% by 2030 while 

598 strengthening mental health and well-being). For instance, a study by Abdelnaeim et al.,35 

599 examined the role of service quality in enhancing students’ psychological well-being within 

600 Egyptian higher education institutions. By demonstrating how functional and technical service 

601 quality dimensions affect various aspects of student well-being, this study highlights the 

602 broader social and psychological dimensions of sustainability. Such research underscores that 

603 achieving SDG 3 extends beyond physical health to encompass emotional and mental wellness, 

604 aligning with the holistic concept of well-being promoted by the United Nations.

605

606 One of the key pathways through which these frameworks promote health is by reducing air 

607 pollution. Traditional fossil fuel-based systems release substantial amounts of particulate 

608 matter, volatile organic compounds, and other harmful emissions. In contrast, biorefineries 

609 utilizing biomass or organic waste for energy production and material conversion produce 

610 fewer air pollutants, particularly when paired with clean combustion or anaerobic digestion 

611 technologies.2 For instance, converting agricultural waste into biofuels reduces open field 

612 burning, a major source of respiratory illnesses in rural communities. Industrial symbiosis 

613 networks further enhance air and water quality by integrating waste treatment, energy 

614 exchange, and resource sharing between facilities. This reduces the need for offsite disposal, 

615 untreated discharge, and long-distance waste transport, each of which poses public health risks. 

616 Co-existence of industries in eco industrial parks often include shared effluent treatment plants 

617 and emission control systems, which collectively reduce environmental exposure and health 

618 burdens in adjacent communities.33

619

620 In addition, circular economy principles encourage safer product design, reduction in toxic 

621 inputs, and longer product life cycles, all of which reduce health risks across the supply chain. 

622 Material substitution with bio based and biodegradable alternatives in packaging, textiles, and 

623 consumer goods further minimizes human exposure to microplastics, persistent chemicals, and 

624 heavy metals.30 Beyond pollution control, these systems can indirectly improve health 

625 outcomes by addressing social determinants of health, such as access to clean energy, improved 

626 livelihoods, and safer working conditions. For example, decentralized biorefineries can bring 
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627 clean cooking fuels to off grid communities, reducing indoor air pollution and the incidence of 

628 respiratory diseases among women and children. Thus, the alignment of industrial 

629 sustainability models with SDG 3 ensures a multidimensional impact addressing both 

630 environmental pathways of disease and the broader systemic conditions that shape human 

631 health.

632

633 Although SDG 3 is frequently referenced in sustainability strategies, its implementation is 

634 largely symbiotic, with health impacts assessed through self-reported or managerial indicators 

635 rather than measurable health outcomes. This gap between commitment and evidence limits 

636 the ability to verify whether SDG-aligned actions deliver real improvements in well-being, 

637 weakening their credibility and policy relevance.35

638

639 2.4.2.2. SDG 6 - Clean Water and Sanitation

640 The integrated application of biorefineries, industrial symbiosis, and circular economy 

641 strategies contributes meaningfully to SDG 6, particularly addressing Target 6.3 (improve 

642 water quality by reducing pollution and minimizing the release of hazardous chemicals) and 

643 Target 6.4 (substantially increase water use efficiency across all sectors). Pakistan, a rapidly 

644 developing nation with a large population and expanding industrial sector, continues to face 

645 significant challenges in achieving SDG 6. Although access to improved water sources 

646 increased during the Millennium Development Goals era with official statistics indicating that 

647 over 90 % of the population has access to basic drinking water the quality and long-term 

648 sustainability of these supplies remain major concerns. A substantial proportion of Pakistan’s 

649 water sources are contaminated with biological and chemical pollutants, and only about half of 

650 the population has access to safely managed water services that are reliable, safe, and available 

651 on-premises.36

652

653 Biorefineries are increasingly being designed to be water resilient by integrating water 

654 recycling, anaerobic treatment, and effluent polishing systems. Many biorefinery processes, 

655 such as fermentation and hydrolysis, rely on large water inputs, yet their effluent streams can 

656 be treated and reused internally, minimizing freshwater withdrawals. Moreover, residues from 

657 wastewater treatment in biorefineries, such as biosolids, can be further processed into 

658 bioenergy or soil amendments, creating value from waste and aligning with circular economy 

659 principles.2 Circular economy models promote water stewardship through systemic redesign 

660 of industrial and municipal processes. For instance, the recovery of nutrients (e.g., nitrogen, 
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661 phosphorus) and energy from wastewater via struvite crystallization or anaerobic digestion 

662 helps not only in pollution prevention but also in resource recovery, a key principle of SDG 6. 

663 Cities and industries adopting circular economy strategies are increasingly implementing 

664 Nature-based Solutions (NbS) such as constructed wetlands and biofiltration systems, which 

665 serve both treatment and ecological restoration functions.30

666

667 Additionally, these integrated systems contribute indirectly to SDG 6.1 (achieving universal 

668 access to safe and affordable drinking water) by reducing contamination sources in surface and 

669 groundwater, especially in regions where industrial effluents compromise drinking water 

670 quality. By promoting clean production and waste valorization, industrial symbiosis and 

671 circular bioeconomy frameworks offer scalable, sustainable solutions to water scarcity and 

672 pollution challenges. The synergy between sustainable industrial systems and water 

673 management strategies is critical for achieving SDG 6. When applied holistically, these models 

674 reduce water footprints, prevent waterborne pollution, and ensure long term water security in 

675 both urban and industrial landscapes.

676

677 The Pakistan Council of Research in water resources SDG-6 baseline report indicates that less 

678 than half of the population has access to safely managed drinking water and sanitation services, 

679 with strong urban-rural disparities and declining groundwater quality. Although national 

680 coverage figure often exceeds 70% for basic water access, advanced indicators such as water 

681 safely, wastewater treatment, and reuse remain below 40% in many regions. This gap between 

682 nominal access and service quality highlights a systemic failure in SDG-6 implementation, 

683 where infrastructure expansion has not translated into safe, equitable, and sustainable water 

684 and sanitation outcomes.36

685

686 2.4.2.3. SDG 7 – Affordable and Clean Energy

687 The development and integration of biorefineries, industrial symbiosis, and circular economy 

688 strategies play a crucial role in advancing SDG 7, which aims to ensure access to reliable, 

689 sustainable, and modern energy for all. These frameworks contribute especially to Target 7.2 

690 (increase the share of renewable energy in the global energy mix) and Target 7.3 (enhance 

691 energy efficiency).

692

693 A recent study by Frimpong et al.,37 in Ghana assessed strategies for enhancing energy 

694 sustainability, identifying renewable energy utilization, emission reduction, and efficient 

Page 25 of 67 Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 8

:0
3:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SE00037A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6se00037a


26

695 energy policies as key indicators. The findings emphasize that the integration of strong policy 

696 frameworks, sustainable energy indicators, and strategic communication is essential to 

697 accelerate progress toward clean energy access. These insights reinforce the global relevance 

698 of SDG 7, underscoring that achieving affordable and clean energy is both an environmental 

699 necessity and a foundation for inclusive development.

700

701 Biorefineries are at the core of bioenergy innovation. By converting biomass and organic waste 

702 into bioethanol, biodiesel, biogas, and advanced biofuels, biorefineries provide decentralized, 

703 low emission energy alternatives to fossil fuels.2 The use of lignocellulosic residues, food 

704 waste, animal manure, and municipal solid waste as feedstocks not only promotes energy 

705 diversification but also addresses waste management and rural development. Moreover, the 

706 production of biomethane through anaerobic digestion provides a flexible, storable, and grid 

707 compatible renewable energy source, especially relevant for countries with agricultural 

708 economies.30 Industrial symbiosis further enhances energy sustainability by enabling waste 

709 heat recovery, cogeneration, and shared energy infrastructure among industrial actors. For 

710 instance, excess heat from a power plant can be supplied to neighboring industries or used in 

711 district heating systems, significantly improving overall energy efficiency and reducing total 

712 energy demand.33 These cooperative arrangements align closely with energy cascading 

713 principles, where energy flows are optimized from high grade to low grade uses, reducing both 

714 energy waste and operating costs.

715

716 The circular economy promotes energy efficiency across product life cycles through reuse, 

717 remanufacturing, and design for energy efficiency. Reducing material extraction and increasing 

718 product longevity reduces the energy embedded in manufacturing processes. In addition, 

719 Circular economy driven innovations in sectors like construction (e.g., modular design) and 

720 manufacturing (e.g., low carbon materials) could reduce energy consumption per unit of GDP, 

721 thereby supporting national progress toward SDG 7 indicators.34 These models contribute to 

722 energy access in underserved regions. Decentralized biorefineries, for example, can deliver 

723 bioenergy in rural and peri urban areas that lack reliable grid access, enhancing energy equity. 

724 The deployment of small-scale biomass digesters, gasifiers, and ethanol micro distilleries 

725 support inclusive energy transitions by reducing dependence on costly and polluting fossil 

726 fuels. The implementation of circular bioeconomy models and symbiotic industrial networks 

727 represents a dual strategy to improve energy access and reduce the carbon intensity of energy 

728 systems. By integrating renewable energy generation, energy recovery, and efficiency 
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729 optimization, these systems directly support the transition to sustainable energy in line with the 

730 targets of SDG 7.

731

732 The SDGs Report 2025 highlights continued progress toward SDG 7. Global electricity access 

733 rose to 92% by 2023, and renewable energy is expected to become the primary power source 

734 by 2025. Despite this, Sub-Saharan Africa remains the most affected region, with the majority 

735 of people without electricity and only 21% having access to clean cooking fuels. Although 

736 global use of clean cooking solutions improved to 74%, around 2.1 billion people still rely on 

737 polluting energy sources. Renewable energy’s share in total consumption increased to 17.9% 

738 in 2022, driven mainly by growth in solar and wind power. The report emphasizes that greater 

739 investment and stronger policies are vital for achieving universal access to sustainable energy.

740

741 The transition toward affordable and clean energy is closely linked to sustainable resource 

742 management and forest-based livelihoods. According to Jagger et al.,38 traditional wood fuels 

743 currently play a major role in energy provision across low- and middle-income countries, but 

744 their dominance is expected to decline as modern energy technologies expand. However, 

745 energy stacking where households rely on both modern and traditional fuels will likely persist. 

746 The study further highlights that innovations in bio-based energy systems, such as forest-

747 derived biofuels and biopower, can support SDG 7 if balanced with sustainable forest 

748 management. Conversely, large-scale reliance on agriculture-derived biofuels or hydropower 

749 without proper safeguards may threaten forests and rural livelihoods. Thus, biorefineries and 

750 circular bioeconomy strategies must integrate both energy and ecological sustainability to 

751 ensure net positive outcomes across SDGs.  Although policy commitments to SDG 7, access 

752 to affordable and reliable clean energy remains uneven, with renewable energy contributing 

753 less than one third of total final energy consumption in many developing regions. While 

754 decentralized and renewable energy systems are promoted as solutions, affordability, grid 

755 integration, and financing constraints continue to limit adoption, particularly for low-income 

756 households.37

757

758 2.4.2.4. SDG 8 – Decent Work and Economic Growth

759 The implementation of biorefineries, industrial symbiosis, circular economy, and bioeconomy 

760 frameworks significantly contributes to SDG 8, which promotes sustained, inclusive economic 

761 growth, full and productive employment, and decent work for all. These sustainable industrial 

762 systems support Target 8.2 (achieve higher levels of economic productivity through 
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763 diversification, technological upgrading, and innovation) and Target 8.4 (improve global 

764 resource efficiency in consumption and production). One of the most notable contributions of 

765 these frameworks lies in the creation of green jobs across sectors such as waste management, 

766 bio-based manufacturing, eco industrial operations, and clean energy. The circular bioeconomy 

767 has emerged as a driver of rural employment by creating opportunities in biomass collection, 

768 processing, and transformation. These jobs are typically more decentralized and inclusive than 

769 those in fossil-based industries, helping to reduce rural to urban migration and regional 

770 economic disparities.30

771

772 These systems support economic diversification (Target 8.2) while reducing environmental 

773 degradation. As discussed in the book Achieving UN SDG 8: Economic Growth and Decent 

774 Work for All (2023), the challenge lies in fostering economic growth without compromising 

775 environmental integrity or social equity. The publication emphasizes that achieving SDG 8 

776 requires integrated policies promoting sustainable industry, fair labour practices, and inclusive 

777 education principles that align with the operational and policy frameworks of bio-based and 

778 circular economy models.39

779

780 Biorefineries, particularly when established in agro-industrial zones, stimulate local micro- 

781 economies by integrating farmers, cooperatives, and small and medium sized enterprises 

782 (SMEs) into biomass supply chains. These systems offer new revenue streams to agricultural 

783 communities through the sale of crop residues, livestock manure, and organic waste, aligning 

784 economic growth with rural development.2 Additionally, the by-products generated such as 

785 biofertilizers, bioplastics, and animal feed could support further local industries and markets, 

786 expanding the circular economy’s economic multiplier effect. Industrial symbiosis enhances 

787 economic efficiency by lowering raw material and waste management costs, creating 

788 synergistic business models that can boost competitiveness. Companies involved in resource 

789 exchange often benefit from cost savings, innovation spillovers, and new partnership 

790 opportunities. These networks also encourage knowledge sharing, skill development, and long-

791 term resilience among industrial candidates, making them more attractive to investment and 

792 human capital.33

793

794 Moreover, circular economy initiatives foster innovation in product design, materials science, 

795 logistics, and business strategy. Design thinking leads to innovation-based startups and 

796 enterprises focused on repair, reuse, remanufacturing, and digital platforms for sharing and 
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797 redistribution. These sectors are expected to grow rapidly in the coming decades, contributing 

798 to job creation and diversified economic activity, especially in urban centers.32 It is also 

799 important to note the emphasis on “decent work” jobs that are safe, fair, and inclusive. Circular 

800 and bio-based sectors provide a platform for promoting gender equality, youth employment, 

801 and upskilling, though this requires proactive policies to ensure labor rights, occupational 

802 safety, and equitable access to emerging opportunities.34 The synergy between environmental 

803 sustainability and economic vitality in industrial symbiosis, circular economy, and biorefinery 

804 systems exemplifies the core ethos of SDG 8:creating inclusive growth pathways that decouple 

805 development from environmental degradation while ensuring dignified, future fit employment. 

806 Despite sustained economic growth in many regions, over 60% of global employment remains 

807 informal, with limited job security, social protection, or labor rights. While GDP growth rates 

808 of 3-5%are frequently reported, indicates of decent work such as safe working conditions, fair 

809 wages, and employment stability show far slower improvement, particularly in low- and 

810 middle-income economies. This imbalance demonstrates that SDG 8 implementation largely 

811 equates growth with progress, while structural deficits in job quality and worker protection 

812 remain insufficient addressed.39

813

814 2.4.2.5. SDG 9 – Industry, Innovation, and Infrastructure

815 The transformation of industrial systems through biorefineries, industrial symbiosis, circular 

816 economy, and the bioeconomy significantly advances SDG 9. This goal promotes the 

817 development of sustainable, resilient, and inclusive industrialization, along with developing 

818 innovation and modern infrastructure. These frameworks contribute especially to Target 9.2 

819 (promote inclusive and sustainable industrialization), Target 9.4 (upgrade infrastructure for 

820 sustainability), and Target 9.5 (enhance scientific research and technological capability).

821

822 Industrial symbiosis plays a central role in advancing sustainable industry by shifting 

823 production systems from linear, siloed models to integrated, resource efficient networks. 

824 Industrial symbiosis facilitates inter firm collaboration where waste, heat, water, and by 

825 products from one industry become inputs for another, thus reducing raw material use and 

826 improving system wide efficiency. These industrial networks often form within eco industrial 

827 parks, where physical infrastructure (e.g., pipelines, cogeneration units, water loops) supports 

828 closed loop processes, thereby embodying upgraded and climate resilient industrial systems.33

829 Biorefineries represent next generation industrial infrastructure, merging biotechnology, 

830 chemistry, and process engineering to convert biomass into a diverse range of energy and 
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831 material products. These facilities are inherently modular, scalable, and adaptable to different 

832 feedstocks ranging from lignocellulosic residues to municipal solid waste making them 

833 especially suited for distributed manufacturing models that enhance regional industrial 

834 capabilities.2 Biorefineries also promote technological spillovers into adjacent sectors such as 

835 agriculture, pharmaceuticals, and energy, reinforcing innovative ecosystems. Circular 

836 economy models stimulate industrial innovation by encouraging sustainable design, materials 

837 substitution, and digital technologies such as IoT and blockchain for tracking resource flows. 

838 These innovations not only improve environmental performance but also create competitive 

839 advantages in global markets. Circular economy supports industries in transitioning from 

840 product ownership to service-based models (e.g., product as a service), which demand 

841 rethinking value chains and customer relationships hallmarks of industrial modernization.32 

842 The bioeconomy, as an innovation intensive domain, fosters cross sectoral R&D, including 

843 synthetic biology, advanced fermentation, enzymatic processing, and smart logistics. It creates 

844 incentives for public private partnerships, university industry collaborations, and start ups 

845 focused on zero waste technologies. These developments align with the need to increase 

846 research intensity (Target 9.5) and develop regional industrial capacity in developing 

847 economies (Target 9.2), especially in agriculture linked sectors where biomass is abundant but 

848 underutilized.30

849

850 Digitalization in Industry 5.0 which merges automation with human centric design, offers a 

851 new paradigm for building resilient and inclusive infrastructure. Coupling digital tools with 

852 circular economy and bio based solutions enhance transparency, system integration, and 

853 adaptive control, making industrial systems more responsive to resource availability and 

854 climate change risks.33 Through technological modernization, value chain re-design, and cross 

855 disciplinary innovation, industrial symbiosis, biorefineries, and circular bioeconomy systems 

856 contribute comprehensively to achieving SDG 9, ensuring that the next wave of industrial 

857 development is not only productive and innovative but also regenerative and inclusive.

858

859 A recent study by Edbais and Hossain40  examining SDG 9 implementation in Kuwait highlights 

860 the need to diversify industrial sectors, advance renewable energy, and encourage innovation 

861 and R&D activities. The study emphasizes that supporting SMEs, fostering technology 

862 adoption, and promoting public–private partnerships are key to building sustainable industrial 

863 infrastructure. These insights align with the principles of circular and bio-based industrial 

864 models, demonstrating how technological innovation and sustainable industrialization can 
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865 drive economic growth while minimizing environmental impacts.  Even though increased 

866 investment in innovation and infrastructure, over 40% of industrial activity in developing 

867 economies still relies on outdated or low-efficiency technologies. While research and 

868 innovation expenditure often remains below 1-2% of GDP in many regions, infrastructure 

869 development tends to prioritize expansion over resilience and sustainability. This imbalance 

870 indicates that SDG 9 progress is investment-driven rather than innovation effective, limiting 

871 long-term industrial competitiveness and inclusive infrastructure development.40

872

873 2.4.2.6. SDG 12 – Responsible Consumption and Production

874 SDG 12 aims to “ensure sustainable consumption and production patterns” by promoting 

875 resource efficiency, reducing waste, and decoupling economic growth from environmental 

876 degradation. It is arguably the most directly supported SDG by frameworks such as industrial 

877 symbiosis, biorefineries, circular economy, and the bioeconomy. These systems actively align 

878 with Targets 12.2 (sustainable management and efficient use of natural resources), 12.3 

879 (halving food waste), 12.4 (environmentally sound management of chemicals and wastes), and 

880 12.5 (substantially reduce waste generation).

881

882 Circular economy principles are foundational to achieving SDG 12. It encourages the redesign 

883 of products and processes to extend life cycles, enable reuse and remanufacturing, and ensure 

884 materials are kept in use as long as possible. This reduces the need for virgin resource extraction 

885 and lowers the environmental impact of production systems.40 Circular economy driven 

886 innovations such as product as service models, reverse logistics, and modular product design 

887 have redefined consumption patterns across industries, from electronics to packaging. 

888 Biorefineries embody circular economy strategies by converting various waste streams 

889 including agricultural residues, food waste, and municipal solid waste into high value products 

890 such as biofuels, bioplastics, enzymes, and organic fertilizers. This approach not only reduces 

891 environmental impacts but also supports food energy water nexus objectives. For example, 

892 food processing by products can be transformed into energy or feed ingredients, helping reduce 

893 both upstream food loss and downstream organic waste.2 This contributes significantly to 

894 Target 12.3, which focuses on reducing global food waste at the retail and consumer levels, as 

895 well as along production and supply chains. Industrial symbiosis is a key enabler of resource 

896 efficiency and waste reduction across industries. Industrial symbiosis allows the by-products, 

897 waste energy, and secondary materials of one industry to be used as inputs in another, 

898 significantly reducing waste sent to landfills and lowering raw material demand. These systems 
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899 not only improve materials circularity but also reduce emissions and costs, contributing to 

900 Target 12.5 (substantial reduction of waste generation through prevention, reduction, and 

901 reuse).33 Furthermore, industrial symbiosis aligns with Target 12.4, which advocates 

902 environmentally sound management of chemicals and waste throughout their life cycles. In 

903 addition, circular economy and bioeconomy strategies support sustainable public procurement 

904 (Target 12.7) by promoting LCA (evaluates energy use, emissions, and environmental burdens 

905 across all stages of a system to support sustainable decision-making), eco-labeling, and cradle 

906 to cradle certification in the sourcing of bio based and recyclable materials.30 Governments and 

907 corporations adopting circular procurement practices stimulate demand for sustainable goods 

908 and services, thereby encouraging innovation and market transformation.

909

910 Crucially, these systems also contribute to raising awareness and education for sustainable 

911 consumption (Target 12.8). The adoption of circular economy and industrial symbiosis requires 

912 stakeholder engagement and behavior change among industries, consumers, and regulators. 

913 Many circular economy initiatives include consumer facing campaigns, zero waste platforms, 

914 and digital tools that track product footprints, encouraging more conscious consumption habits. 

915 SDG 12 represents a central axis around which industrial sustainability revolves. Biorefineries, 

916 industrial symbiosis, and circular economy systems not only enable cleaner production but also 

917 actively reshape consumption paradigms, making production and lifestyle choices more 

918 efficient, restorative, and equitable.

919

920 A recent study by Firoiu et al.,42 analyzed sustainable production and consumption practices in 

921 EU Member States, highlighting strategies for reducing material use, optimizing supply chains, 

922 and fostering circular economy approaches. These practices align with the principles of 

923 industrial symbiosis and biorefineries, where waste streams are valorized, energy and material 

924 efficiency are maximized, and environmental impacts are minimized. By integrating such 

925 strategies, industries can advance SDG 12 objectives while promoting economic and 

926 environmental sustainability. Regardless of policy commitments to SDG 12, global material 

927 consumption continues to rise, with resource use increasing by over 3% annually while waste 

928 generation grows faster than recycling capacity. Although circular and responsible production 

929 practices are promoted, less than 20% of material flows are effectively reused or recycled in 

930 many economies. This persistent gap between consumption growth and resource efficiency 

931 highlights that SDG 12 implementation remains policy oriented rather than outcome driven, 

932 with limited impact on absolute resource used reduction.42
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933 2.4.2.7. SDG 13 – Climate Action

934 SDG 13 calls for urgent action to combat climate change and its impacts, and is directly 

935 addressed by the implementation of biorefineries, industrial symbiosis, circular economy, and 

936 the bioeconomy. These frameworks contribute significantly to Target 13.2 (integrate climate 

937 change measures into national policies and planning) and Target 13.3 (improve education and 

938 awareness for climate change mitigation and adaptation). At the core of climate mitigation 

939 strategies is the reduction of GHG emissions. Biorefineries, by producing renewable fuels and 

940 bio-based materials, offer lower carbon alternatives to fossil derived products. When designed 

941 with low emission technologies, such as anaerobic digestion or enzymatic hydrolysis, 

942 biorefineries can be nearly carbon neutral or even carbon negative when co products like 

943 biochar are used for soil sequestration.2 Bioenergy, especially from waste biomass, also reduces 

944 methane emissions from landfills and open burning, two major sources of short-lived climate 

945 pollutants.

946

947 Industrial symbiosis enhances climate action by facilitating shared resource use that optimizes 

948 energy efficiency and minimizes emissions. Waste heat recovery, steam sharing, and integrated 

949 renewable energy systems (e.g., solar biogas hybrids) allow industrial clusters to significantly 

950 reduce their collective carbon footprint. These industrial symbiosis networks can also support 

951 carbon capture, utilization, and storage schemes where industrial CO₂ is reused in other 

952 production processes, such as algae cultivation or carbonation of construction materials.33 

953 Circular economy models reduce emissions by promoting product longevity, materials reuse, 

954 and process optimization, all of which cut down on energy intensive resource extraction and 

955 manufacturing. For instance, using recycled aluminum instead of virgin aluminum reduces 

956 GHG emissions by up to 95%, and similar trends hold for paper, plastics, and textiles. By 

957 shifting focus from throughput to value retention, circular economy aligns with 

958 decarbonization pathways necessary to meet climate targets under the Paris Agreement.41 The 

959 bioeconomy further supports climate goals through biological carbon sinks and substitution 

960 effects. Biobased materials like bioplastics and composites can displace carbon intensive 

961 inputs, while bio-based processes often have lower life cycle emissions than conventional 

962 alternatives. Additionally, integrating forestry, agriculture, and industrial value chains under 

963 bioeconomy models can promote land use strategies that optimize both productivity and carbon 

964 sequestration.30

965
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966 These frameworks also contribute to climate adaptation and resilience. For example, 

967 decentralized bioenergy systems can improve energy access in climate vulnerable regions, 

968 while water efficient biorefinery designs can enhance drought resilience. By localizing 

969 production and diversifying feedstock sources, these systems reduce supply chain 

970 vulnerabilities caused by climate disruptions. Finally, all these models support climate 

971 education and awareness. The implementation of circular economy and Industrial symbiosis 

972 strategies involves multiple stakeholders’ industries, governments, communities working 

973 collaboratively on sustainability initiatives. This promotes a culture of climate responsibility, 

974 enhances transparency, and drives informed decision making.34 Through emissions reduction, 

975 resource efficiency, carbon sequestration, and climate conscious design, biorefineries, 

976 industrial symbiosis, and circular economy models are powerful tools for achieving SDG 13. 

977 Their implementation offers practical, scalable, and locally adaptable solutions to the climate 

978 crisis. 

979

980 Climate action (SDG 13) is a cross-cutting goal that underpins sustainable industrial 

981 transformation. As highlighted by Leal Filho et al.,43, SDG 13 interacts synergistically with 

982 several other goals including SDG 7 (Clean Energy), SDG 9 (Industry, Innovation and 

983 Infrastructure), and SDG 12 (Responsible Consumption and Production) forming the 

984 foundation for integrated climate-responsive strategies. In this context, industrial symbiosis 

985 and biorefinery systems represent practical pathways for achieving SDG 13, as they minimize 

986 greenhouse-gas emissions through resource efficiency, waste valorization, and renewable 

987 energy integration. By facilitating carbon-neutral production networks and valorizing organic 

988 residues into bioenergy or biochemicals, these circular systems contribute directly to climate-

989 mitigation targets while advancing innovation-driven sustainability. Thus, the adoption of 

990 symbiotic industrial networks and bio-based processing platforms can operationalize the global 

991 vision of SDG 13 through localized, low-carbon technological frameworks. Although 

992 widespread adoption of climate strategies, global GHG emissions have continued to increase 

993 by 1-2% annually, indicating a clear gap between commitment and impact. While climate 

994 action plans and targets are extensively reported, measurable emission reductions and 

995 adaptation outcomes remain limited, particularly outside pilot initiatives. This mismatch 

996 suggests that SDG 13 implementation is planning intensive but action deficient, undermining 

997 its effectiveness in addressing climate urgency.43

998

999
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1000 2.4.2.8. SDG 15 – Life on Land

1001 SDG 15 aims to protect, restore, and promote sustainable use of terrestrial ecosystems, 

1002 sustainably manage forests, combat desertification, halt and reverse land degradation, and halt 

1003 biodiversity loss. The frameworks of biorefineries, industrial symbiosis, circular economy, and 

1004 the bioeconomy play important roles in addressing Target 15.1 (conservation and sustainable 

1005 use of terrestrial ecosystems) and Target 15.2 (sustainable management of forests and 

1006 afforestation).

1007

1008 Biorefineries, when sustainably designed, reduce pressure on forests and land by utilizing 

1009 agricultural residues, organic waste, and non-edible biomass instead of virgin wood or food 

1010 crops. This helps prevent deforestation and avoids land degradation caused by unsustainable 

1011 biomass harvesting. When combined with precision agriculture and integrated biomass 

1012 planning, biorefineries can support sustainable land use and encourage the cultivation of 

1013 marginal or degraded lands with perennial or cover crops like miscanthus, switchgrass, or 

1014 agroforestry systems thereby aiding ecosystem restoration and carbon sequestration.2  

1015 However, the scaling of bioeconomy strategies must be managed carefully to avoid negative 

1016 land use impacts, such as monoculture expansion, land grabbing, and biodiversity loss. This 

1017 requires robust land governance, transparent feedstock sourcing, and strong sustainability 

1018 certification systems.30 Circular economy and industrial symbiosis models contribute to SDG 

1019 15 by reducing the need for virgin resource extraction. The reuse of construction materials, 

1020 metals, industrial by products, and packaging materials prevents habitat destruction associated 

1021 with mining, quarrying, and logging. Circular economy strategies that promote material 

1022 circularity inherently reduce the pressure on land ecosystems, while Industrial symbiosis can 

1023 turn organic waste into bio compost or soil conditioners, improving soil fertility and reducing 

1024 the need for chemical fertilizers thereby mitigating soil degradation.33 Furthermore, circular 

1025 economy models that encourage Extended Producer Responsibility (EPR) , eco-design, and 

1026 end of life product recovery systems reduce illegal dumping and land-based pollution, 

1027 especially of plastics and e-waste, which are major contributors to soil contamination and 

1028 ecosystem disruption. Biochar, a by-product of certain biorefinery processes (e.g., pyrolysis), 

1029 provides a direct mechanism for soil enhancement and carbon sequestration. When applied to 

1030 land, biochar improves water retention, nutrient availability, and microbial activity, while 

1031 locking carbon in the soil for centuries, thereby aligning industrial development with land 

1032 restoration goals.34 In addition, by reducing food loss and organic waste through valorization 

1033 in biorefineries, these models indirectly support biodiversity conservation, especially in regions 
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1034 where agricultural expansion into forested areas is driven by the demand for new cropland. 

1035 Transforming waste into value reduces this pressure and promotes a more circular and 

1036 ecologically balanced bioeconomy. SDG 15 is supported through a range of mechanisms: 

1037 sustainable biomass utilization, minimized land-based pollution, forest friendly value chains, 

1038 and restoration enhancing co products like compost and biochar. The integration of industrial 

1039 symbiosis, circular economy, and biorefineries into regional land use planning is thus essential 

1040 for safeguarding terrestrial ecosystems while advancing economic and environmental 

1041 objectives. Table 3 summarizes the specific contributions of industrial symbiosis, biorefineries, 

1042 circular economy, and the bioeconomy toward relevant UN SDGs.

1043

1044 Gulseven and Ahmed44 evaluated the United Arab Emirates’ progress toward SDG 15, 

1045 identifying both policy commitment and critical data gaps that constrain effective biodiversity 

1046 management and terrestrial ecosystem protection. Their work highlights the need for robust 

1047 indicators and integrated conservation frameworks to strengthen regional sustainability 

1048 performance. Kerton45 highlights that sustainable chemistry plays a vital role in achieving SDG 

1049 15, as it offers innovative routes to minimize chemical pollution, conserve biodiversity, and 

1050 promote the responsible use of natural resources. Industrial processes grounded in green 

1051 chemistry principles including biorefineries and circular material use can mitigate harmful 

1052 emissions, reduce soil and water contamination, and protect terrestrial ecosystems from 

1053 degradation. In this regard, industrial symbiosis frameworks that transform waste streams into 

1054 feedstocks align with SDG 15 objectives by supporting sustainable land use and biodiversity 

1055 conservation. Thus, sustainable industrial practices not only advance environmental 

1056 performance but also ensure that industrial growth remains compatible with ecological 

1057 integrity.

1058

1059 Regardless of global conservation commitments, over 70% of terrestrial ecosystem are now 

1060 degraded or under increasing human pressure, with biodiversity loss continuing at an 

1061 accelerated rate. While protected land coverage has expanded to 15-17% globally, ecosystem 

1062 fragmentation, land use change, and weak enforcement significantly undermine conservation 

1063 outcomes. This disconnect shows that SDG 15 progress is area based rather than impact based, 

1064 with limited success in halting biodiversity decline or restoring ecosystem integrity.44, 45

1065

1066
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1067 Table 3: Relevance of Industrial Symbiosis, Biorefineries, Circular Economy, and 

1068 Bioeconomy to the UN SDGs 

1069

SDG Goal Title
Relevant 

Targets

Key Contributions of Industrial 

symbiosis, Biorefineries, Circular 

economy, and Bioeconomy

References

SDG 3

Good Health 

and Well 

being

3.9

Reduced air, water, and soil pollution 

through cleaner production, biofuels, 

and waste management; improved 

occupational and community health.

2,33

SDG 6

Clean Water 

and 

Sanitation

6.3, 6.4

Water reuse and recycling in industrial 

systems; efficient wastewater 

management; circular water flows and 

effluent valorization.

2

SDG 7

Affordable 

and Clean 

Energy

7.2, 7.3

Bioenergy production from waste; 

waste heat recovery; enhanced energy 

efficiency through shared infrastructure 

and clean technologies.

30,33

SDG 8

Decent Work 

and 

Economic 

Growth

8.2, 8.4

Creation of green jobs; rural 

development via biomass value chains; 

economic productivity through resource 

efficiency and innovation.

32, 2

SDG 9

Industry, 

Innovation 

and 

Infrastructure

9.2, 9.4, 

9.5

Sustainable industrialization; eco 

industrial parks; biorefinery and circular 

economy driven R&D; digital 

innovation in manufacturing.

34, 33

SDG 

12

Responsible 

Consumption 

and 

Production

12.2, 

12.3, 

12.4, 

12.5, 

12.7

Resource decoupling; food waste 

valorization; safe waste treatment; 

product redesign; sustainable 

procurement and circular material use.

2, 41

SDG 

13

Climate 

Action

13.2, 

13.3

Emission reduction through bio-based 

processes; carbon sequestration (e.g., 
30,34
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biochar); energy substitution; climate 

education and resilience.

SDG 

15
Life on Land

15.1, 

15.2

Sustainable biomass sourcing; forest 

conservation; reduced land degradation; 

land restoration via compost and biochar 

use.

33, 2

1070

1071 These integrated frameworks contribute directly to at least nine SDGs namely, SDG 3, 6, 7, 8, 

1072 9, 12, 13, and 15 and support several additional targets indirectly. Their implementation is 

1073 pivotal for delivering cross sectoral impacts that align with the 2030 Agenda for Sustainable 

1074 Development. However, these contributions must be evaluated through robust sustainability 

1075 metrics such as Life Cycle Sustainability Assessment to ensure long term effectiveness and 

1076 avoid unintended tradeoffs.

1077

1078 3. Interlinkages and Synergies

1079 3.1. The Nexus Approach: How Industrial symbiosis, Biorefineries, circular economy, 

1080 and SDGs Reinforce Each Other?

1081 The escalating urgency of climate change, biodiversity loss, and unsustainable resource 

1082 exploitation has necessitated systemic approaches to industrial sustainability. Among these, the 

1083 convergence of industrial symbiosis, biorefineries, the circular economy, and the SDGs 

1084 presents a powerful and mutually reinforcing framework that addresses environmental, 

1085 economic, and social imperatives. This integrated nexus approach offers more than the 

1086 individual counterparts, enabling synergistic pathways toward regenerative industrial systems 

1087 that align closely with the 2030 Agenda for Sustainable Development.

1088

1089 Industrial symbiosis plays a foundational role in enabling this nexus by promoting cooperation 

1090 between industries through the physical exchange of resources such as energy, water, by 

1091 products, and waste materials. Industrial symbiosis reduces raw material input, minimizes 

1092 emissions, and enhances overall process efficiency by linking firms into symbiotic networks, 

1093 thus promoting both circularity and economic viability.46 At the same time, biorefineries act as 

1094 operational hubs for the valorization of biomass and organic waste, converting them into a wide 

1095 array of biofuels, biochemicals, and biomaterials. When integrated within Industrial symbiosis 

1096 networks, biorefineries can utilize waste from surrounding industries (e.g., food waste, 
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1097 agricultural residues, effluents) as feedstock, while simultaneously supplying bioenergy, 

1098 steam, or nutrient rich digestate to neighboring facilities.47,2

1099

1100 The circular economy complements both industrial symbiosis and biorefineries by promoting 

1101 the design and implementation of closed loop production systems. circular economy principles 

1102 emphasize waste prevention, product longevity, remanufacturing, and regenerative use of 

1103 materials. The interlinkage between circular economy and Industrial symbiosis is particularly 

1104 strong in the context of eco industrial parks, where material reuse, shared infrastructure, and 

1105 life cycle optimization are central strategies.30 Circularity enhances the performance of 

1106 biorefineries by supporting cascading use of biomass, maximizing the value extracted from 

1107 feedstocks through integrated processing routes (e.g., extracting essential oils before 

1108 converting residues into bioenergy). Moreover, circular thinking drives the adoption of cleaner 

1109 technologies and sustainable product design, which feed back into Industrial symbiosis 

1110 networks with higher quality recyclable materials.33

1111

1112 The integration of circular economy, industrial symbiosis, biorefineries, and the broader 

1113 bioeconomy offers a highly synergistic pathway for advancing multiple SDGs, particularly 

1114 SDG 3, 6, 7, 8, 9, 12, 13, and 15 which are discussed briefly. For SDG 3 (Good Health and 

1115 Well-Being), circular economy and biorefinery frameworks play vital roles by reducing 

1116 pollution and hazardous waste. The substitution of fossil-based products with cleaner bio-based 

1117 fuels and materials, along with improved waste management and reduced emissions from open 

1118 burning and landfilling, directly contribute to healthier air and water quality.2 Industrial 

1119 symbiosis enhances this by promoting cleaner production through inter industry resource 

1120 sharing and pollution abatement technologies.33 In relation to SDG 6 (Clean Water and 

1121 Sanitation), circular economy and Industrial symbiosis promote water recycling and efficient 

1122 use through shared treatment infrastructure and cascading water loops. Biorefinery and 

1123 bioeconomy systems also contribute by integrating low water use technologies and converting 

1124 wastewater into valuable products like biofertilizers or process water, thereby reducing 

1125 contamination and improving resource recovery.30,2 SDG 7 (Affordable and Clean Energy) is 

1126 directly supported by biorefinery and BE through the production of renewable energy sources 

1127 such as bioethanol, biodiesel, and biogas derived from organic waste and non-edible biomass. 

1128 Industrial symbiosis complements this by facilitating waste heat recovery and energy exchange 

1129 among firms, while circular economy reduces embedded energy demand through reuse and 

1130 recycling.34,33 SDG 8 (Decent Work and Economic Growth) benefits from circular economy 
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1131 and Bior Economy through green entrepreneurship, job creation in sustainable manufacturing 

1132 and waste processing, and value chain expansion for bio-based products. biorefinery facilities, 

1133 especially in rural areas, enable decentralized employment and stimulate regional economic 

1134 diversification. Industrial symbiosis further supports this goal by encouraging the formation of 

1135 collaborative industrial networks that open new employment and innovation opportunities.32,30 

1136 The integration of these frameworks significantly enhances SDG 9 (Industry, Innovation and 

1137 Infrastructure). Industrial symbiosis fosters sustainable industrial development by enabling eco 

1138 industrial parks and symbiotic resource flows. Biorefinery and bioeconomy promote 

1139 innovation in biomass conversion technologies, while circular economy encourages the 

1140 redesign of supply chains and infrastructure to accommodate circular business models and 

1141 digital tracking tools.33,34 For SDG 12 (Responsible Consumption and Production), all four 

1142 frameworks reinforce each other. circular economy leads the way through product life 

1143 extension, material recovery, and closed loop systems. Industrial symbiosis ensures the reuse 

1144 of by-products between industrial actors. Biorefinery processes organic residues into new 

1145 products, reducing raw material demand. Bioeconomy supports systemic shifts toward low 

1146 impact, renewable biological resources.2,30

1147

1148 In terms of SDG 13 (Climate Action), bioeconomy and biorefinery contribute by replacing 

1149 fossil-based processes with low carbon alternatives and promoting carbon negative 

1150 technologies like biochar. Industrial symbiosis enhances GHG reductions through efficiency 

1151 and energy cascading, and circular economy contributes by minimizing emissions linked to 

1152 extraction and production activities. Together, these approaches align strongly with national 

1153 climate targets and the Paris Agreement.34,2 Finally, SDG 15 (Life on Land) is addressed 

1154 through reduced pressure on terrestrial ecosystems. Biorefinery and bioeconomy frameworks 

1155 promote sustainable biomass cultivation, soil restoration via compost and digestate, and 

1156 agroecological land use practices. circular economy and Industrial symbiosis reduce land-

1157 based pollution by diverting waste from landfills and minimizing virgin material extraction.33,30 

1158 This nexus of circular economy, industrial symbiosis, biorefinery and bioeconomy forms a 

1159 mutually reinforcing system capable of delivering multidimensional sustainability benefits 

1160 while advancing critical global development targets. Recognizing and operationalizing these 

1161 synergies is essential for achieving a regenerative, inclusive, and low carbon industrial future. 

1162 These interconnections are further illustrated in Figure 5, which highlights the synergistic roles 

1163 of industrial symbiosis, biorefineries, circular economy, and bioeconomy in advancing key 

1164 SDGs.
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1165

1166
1167

1168 Figure 5. Conceptual illustration of the synergistic roles of industrial symbiosis, 

1169 biorefineries, circular economy, and bioeconomy in advancing key SDGs, highlighting 

1170 system specific contributions and integrated sustainability outcomes.

1171

1172 Furthermore, the integration of industrial symbiosis, biorefineries, and circular economy with 

1173 SDG planning enables better alignment between national development policies and global 

1174 environmental goals. Regional industrial ecosystems can be designed with built in SDG 

1175 metrics, such as carbon intensity, resource productivity, and employment quality. Tools like 

1176 LCSA and Material Flow Analysis are instrumental in quantifying these linkages and 

1177 identifying hotspots for circular interventions.46,2 For instance, a well-functioning industrial 

1178 symbiosis and biorefinery network reduce the environmental burden of biomass processing 

1179 while enhancing local job creation and energy resilience. Simultaneously, circular design 
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1180 interventions can reduce end of life waste and enhance upstream value chain transparency. 

1181 Adopting a nexus approach that integrates Industrial symbiosis, biorefineries, and circular 

1182 economy not only accelerates progress toward specific SDGs but also creates self-reinforcing 

1183 cycles of innovation, investment, and impact. This synergistic model is especially valuable in 

1184 emerging economies, where it can stimulate regional industrial development, optimize local 

1185 resource use, and create inclusive green employment all while meeting environmental and 

1186 climate targets. By moving beyond siloed approaches and recognizing the interdependencies 

1187 between these frameworks, stakeholders can create a resilient, low carbon, and circular 

1188 industrial future.

1189

1190 Nexus based assessments report that integrated industrial symbiosis and biorefinery systems 

1191 can reduce material and energy losses by 15-30% and lower environmental impacts by 10-25% 

1192 when aligned with circular economy and SDG objectives. However, these synergies are mostly 

1193 demonstrated through model based or scenario driven analysis, with limited empirical 

1194 validation at industrial scale. The absence of standardized indicators across industrial 

1195 symbiosis, circular economy, and SDGs weakness the claimed reinforcements, indicating that 

1196 the nexus approach remains conceptually attractive but operationally underdeveloped.46,47

1197

1198 3.2. Systems Thinking in Resource Recovery and Process Integration

1199 The integration of systems thinking in resource recovery and process integration offers a 

1200 transformative pathway toward achieving circularity and sustainability goals. This approach 

1201 enables a holistic view of complex environmental, economic, and social interactions, especially 

1202 when managing biomass residues and designing biorefinery systems. Systems thinking 

1203 considers the entire lifecycle of materials from production to consumption and post use 

1204 allowing stakeholders to understand feedback loops, trade-offs, and synergies within a system. 

1205 It is particularly useful in managing "wicked problems" such as climate change, waste 

1206 accumulation, and inefficient resource flows, where linear interventions fail to account for 

1207 systemic interdependencies.48

1208

1209 At the core of systems thinking is the ability to recognize and model interconnections among 

1210 different resource domains such as energy, water, and materials which often function in silos 

1211 under traditional planning. For example, the water–energy–food–climate nexus illustrates the 

1212 cascading effects a policy in one sector can have on others, emphasizing the need for integrated 

1213 governance and modeling tools.49 By using system dynamics models and visual tools such as 
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1214 Sankey diagrams or chord plots, researchers and policymakers can simulate interlinkages and 

1215 identify critical resource bottlenecks and trade-offs. This capability enables the decoupling of 

1216 economic growth from environmental degradation by optimizing resource loops and 

1217 preventing fragmentation in decision making.

1218

1219 In the domain of biomass residue management, systems thinking facilitates the development 

1220 of synergistic and multi sectoral strategies. Rather than treating waste as an isolated problem, 

1221 it views residues as resources within interconnected cycles. Biorefinery systems, for instance, 

1222 benefit from this perspective by integrating energy recovery, nutrient recycling, and material 

1223 valorization into a closed loop model, thus enhancing both environmental performance and 

1224 economic resilience.48,50 Household level studies demonstrate that embedding energy and waste 

1225 flows into a unified system leads to reduced emissions, greater material circularity, and 

1226 improved sustainability metrics across the board.50

1227

1228 Furthermore, systemic frameworks also help identify challenges in achieving circularity. 

1229 Iacovidou et al.,51 argue that despite the increasing enthusiasm for circular economy models, 

1230 many resource recovery efforts remain “linear in disguise” such as energy recovery methods 

1231 that degrade material value. A true systems approach moves beyond mere recycling to consider 

1232 design for sustainability, infrastructure adaptability, consumer behavior, and policy 

1233 environments. Systems thinking enables a shift from reductionist solutions to transformative, 

1234 multi-level interventions involving governance, innovation, and cultural change.

1235

1236 The application of systems thinking in resource recovery and process integration strengthens 

1237 the circular economy by aligning technological capabilities with socio-economic priorities and 

1238 environmental constraints. It advances sustainability science by connecting actors, values, and 

1239 material flows into a unified framework that is essential for addressing both immediate and 

1240 long-term sustainability challenges. System based studies report 10-30% gains in resource 

1241 recovery through process integration, but these results are largely model-driven and weakly 

1242 validated at industrial scale. Simplified assumption and limited treatment of uncertainty make 

1243 systems thinking conceptually strong yet operationally fragile.48-50

1244

1245 3.3. Case studies

1246 Case studies of industrial symbiosis, biorefineries, and circular bioeconomy systems provide 

1247 concrete evidence of how these frameworks are implemented across diverse sectors and 
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1248 geographies. The Gujiao mining industrial park in China provides an illustrative example of 

1249 early-stage industrial symbiosis. Song et al.,52 applied Social Network Analysis to examine 

1250 inter-firm collaborations, revealing that industrial symbiosis in the park is still in its infancy 

1251 and anchor firms have limited influence on resource exchanges. The study highlights the 

1252 importance of social relationships in enhancing industrial symbiosis, showing that technical 

1253 exchanges alone are insufficient. To improve collaboration, the authors recommend 

1254 establishing an information platform, providing economic incentives, investing in R&D, and 

1255 promoting broad stakeholder engagement. This case underscores that successful industrial 

1256 symbiosis requires both technical coordination and active social collaboration, offering insights 

1257 for designing more effective eco-industrial parks.

1258

1259 Grimmel et al., 53 developed an urban industrial symbiosis recommendation platform that 

1260 leverages historical material exchange data to identify potential symbiotic partnerships among 

1261 urban factories. Using case studies in Braunschweig (Germany) and Singapore, the system 

1262 demonstrated how data-driven tools can enhance circularity by matching waste and resource 

1263 streams across diverse industries in dense urban regions. The hierarchical matching model 

1264 integrates multiple criteria such as material compatibility, geographic proximity, and economic 

1265 feasibility to recommend feasible exchanges. This real-world application illustrates how 

1266 digitalization and knowledge-based systems can support the practical implementation of 

1267 industrial symbiosis in urban contexts, promoting resource efficiency and advancing SDG 12 

1268 (Responsible Consumption and Production).

1269

1270 In emerging economies such as Saudi Arabia, significant industrial symbiosis potential has 

1271 been identified in sectors like oil and gas, desalination, cement, and steel. However, 

1272 technological, institutional, and regulatory gaps remain barriers to full scale 

1273 implementation.54,55 In the agrifood sector, the integration of industrial symbiosis principles 

1274 offers vast potential for the valorization of biomass residues and by-products. For instance, 

1275 Hamam et al.,56 illustrate how closed loop systems can be adopted in agro-food clusters to 

1276 convert waste streams into valuable resources such as compost, bioenergy, and animal feed. 

1277 Despite this potential, many agro-food industrial symbiosis initiatives are constrained by 

1278 fragmented supply chains and insufficient stakeholder collaboration. Facilitated cooperation 

1279 and digital tools for resource mapping could significantly enhance symbiotic exchanges and 

1280 systemic efficiency in such contexts.

1281
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1282 González-García et al.,57 evaluated a brewery waste–based biorefinery designed for the co-

1283 production of bioethanol and Xylo oligosaccharides using LCA. The system utilized 

1284 lignocellulosic residues such as barley straw and brewer’s spent grains, and was structured into 

1285 five key process areas: reconditioning, autohydrolysis pretreatment, XOS purification, 

1286 fermentation, and bioethanol purification. The LCA identified major environmental hotspots 

1287 associated with steam generation for autohydrolysis and enzyme production for fermentation, 

1288 which significantly contributed to global warming and ecotoxicity potentials. To mitigate these 

1289 impacts, the study proposed replacing natural gas with wood chips as a renewable fuel, 

1290 achieving 44–72% reductions in several impact categories. This case demonstrates how 

1291 integrating waste valorization within biorefineries can promote circular economy principles 

1292 while highlighting the importance of optimizing energy inputs and enzyme production for 

1293 sustainable bio-based industries.

1294

1295 Lignocellulosic biorefineries offer another promising example. As outlined by, Leong et al.,58 

1296 these facilities are designed to process a wide variety of plant-based residues including forestry 

1297 waste, rice and wheat straw, pulp industry byproducts, etc., into biofuels, biopolymers, and 

1298 high value chemicals. Case studies have shown that integrating waste biorefinery processes 

1299 with wastewater treatment or anaerobic digestion units significantly improves overall energy 

1300 efficiency and reduces GHG emissions. For instance, polyhydroxyalkanoates and bio-lipids 

1301 can be derived from food and municipal waste, which are then converted into biofuels or 

1302 biodegradable plastics, advancing both waste valorization and circular bioeconomy goals.

1303

1304 A global synthesis of circular bioeconomy implementation reveals diverse models adapted to 

1305 local contexts. Hartwell and Macmillan59 studied how building façades can be designed and 

1306 managed using circular economy principles. They found that materials like aluminium and 

1307 glass can be reused effectively, but challenges such as complex designs and lack of reuse 

1308 systems limit circular practices. Some successful projects used modular designs and material 

1309 tracking to allow easy disassembly and reuse. This example shows that circular economy in 

1310 the construction sector is possible when buildings are designed for recovery, reuse, and long-

1311 term sustainability. Tsolakis et al.,60 developed a Circular Economy 4.0 decision-making 

1312 system that integrates digital technologies such as the IoT, data analytics, and digital twins into 

1313 supply network design to enhance resource circularity and efficiency. The framework was 

1314 tested through real industrial case studies in manufacturing and logistics sectors, where 

1315 companies applied digital tools to map product life cycles, monitor resource flows, and 
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1316 optimize reuse and remanufacturing operations. The results demonstrated that digitalization 

1317 enables data-driven circular strategies, improving material traceability, reducing waste, and 

1318 supporting closed-loop supply chains. This real-world example highlights how Industry 4.0 

1319 technologies can operationalize the circular economy by transforming traditional linear supply 

1320 networks into intelligent, connected, and sustainable systems.

1321

1322 Venkatesh61 reviewed over 385 studies from 50 countries and identified trends in agriculture, 

1323 forestry, aquaculture, and municipal solid waste sectors. Notably, integrated systems that 

1324 combine anaerobic digestion, gasification, and microbial fermentation to upcycle waste into 

1325 biochemicals and bioenergy are gaining traction. These decentralized models are especially 

1326 relevant in rural or resource constrained regions and represent a vital step toward low carbon, 

1327 resilient economies.

1328

1329 Real world case studies affirm the feasibility of industrial symbiosis, biorefinery integration, 

1330 and circular bioeconomy principles. They highlight not only the technological but also the 

1331 socio-institutional requirements such as policy alignment, infrastructure support, and multi-

1332 stakeholder collaboration necessary for successful implementation and scaling. These insights 

1333 provide a roadmap for regions aiming to leverage local resource synergies for sustainable 

1334 development.

1335

1336 Empirical case studies report material efficiency improvements of 15-45% and energy savings 

1337 of 10-35% through industrial symbiosis and circular integration. However, most gains are 

1338 context specific, with replication barriers linked to high coordination costs, data asymmetry, 

1339 and policy dependency. Lifecycle based case analysis indicate GHG reductions of 20-40%, yet 

1340 several studies rely on static LCA assumptions, underestimating rebound effects and system 

1341 leakage. Scio-economic assessments show 5-18% cost savings, but benefits disproportionately 

1342 favor large firms, limiting inclusively. Food and bio-based system case studies highlight waste 

1343 valorization rates up to 60%, but scalability is constrained by feed stock variability and market 

1344 volatility, questioning long term resilience beyond pilot or regional scales.52-56

1345

1346 4. Benefits and Opportunities

1347 4.1. Emissions Reduction and Waste Minimization

1348 One of the foremost benefits of transitioning to a circular economy and implementing 

1349 symbiotic biorefinery models is the significant reduction in GHG emissions and overall waste 
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1350 generation. Unlike the linear economy, which relies heavily on virgin resource extraction and 

1351 landfilling, circular economy systems retain materials in circulation, reducing the demand for 

1352 energy intensive raw material processing. Biomass based energy systems, waste to energy 

1353 technologies, and microbial fuel cells represent critical strategies that utilize agricultural 

1354 residues, municipal solid waste, and industrial by products to generate renewable energy while 

1355 diverting waste from landfills.62 These technologies not only mitigate methane emissions from 

1356 unmanaged organic waste but also reduce CO₂ emissions by replacing fossil-based energy 

1357 sources.63 The valorization of waste through circular practices, such as composting, anaerobic 

1358 digestion, and fermentation, aligns closely with SDG 13 (Climate Action) and SDG 12 

1359 (Responsible Consumption and Production) and directly contributes to creating a low carbon, 

1360 resource efficient economy. Industrial symbiosis further complements these efforts by 

1361 optimizing material and energy flows among firms, allowing waste from one entity to serve as 

1362 input for another, effectively lowering system wide emissions and enhancing resource 

1363 efficiency.64 Integrated waste to resource and biorefinery systems report 20-40% reductions in 

1364 GHG emissions and 30-60% decreases in solid waste disposal through material recovery and 

1365 bioenergy generation. However, these benefits are often derived from controlled or pilot scale 

1366 conditions, with limited assessment of rebound effects, feedstock variability, and long-term 

1367 system stability.62

1368

1369 4.2. New Value Chains, Job Creation, and Innovation

1370 The integration of circular economy principles into industrial and agricultural systems opens 

1371 new pathways for economic diversification, technological innovation, and employment. 

1372 Circular bioeconomy business models such as those based on bio-based inputs, waste 

1373 valorization, and service-oriented design generate new value chains by creating secondary 

1374 markets for formerly discarded materials.63 Waste biorefineries, for example, not only 

1375 transform organic and industrial waste into biofuels, bioplastics, and biofertilizers but also 

1376 catalyze the development of local, decentralized economies with reduced dependence on 

1377 imports. These bioprocesses, often implemented at various scales from community-based 

1378 setups to large scale industrial parks, offer opportunities for skilled and semi-skilled 

1379 employment in sectors like waste logistics, R&D, bioproduct manufacturing, and maintenance. 

1380 According to Islam et al.,62, such systems also promote innovation through interdisciplinary 

1381 collaboration across environmental science, biotechnology, process engineering, and digital 

1382 analytics. Additionally, strategies involving microbial lipid production, bacterial cellulose 

1383 synthesis, and the use of residual streams in fermentation processes have demonstrated scalable 

Page 47 of 67 Sustainable Energy & Fuels

S
us

ta
in

ab
le

E
ne

rg
y

&
Fu

el
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 8

:0
3:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SE00037A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6se00037a


48

1384 innovation potential that supports industrial competitiveness and sustainable 

1385 entrepreneurship.58 This transformation is not merely technological but socio economic, 

1386 nurturing inclusive growth by creating green job opportunities and empowering SMEs.

1387

1388 Waste valorization and bio-based production systems are presented as drivers of new value 

1389 chains and innovation led growth, with localized processing reported to generate 5-15% 

1390 employment gains in emerging bioeconomy sectors. However, most evidence focuses on 

1391 potential job creation rather than job quality, skill stability, or long-term market viability. 

1392 Innovation outcomes are similarly framed in terms of technological novelty, while commercial 

1393 adoption and diffusion remain weakly demonstrated, limiting the durability of these new value 

1394 chains.62,63

1395

1396 4.3. Policy Support and Institutional Frameworks

1397 The effectiveness and scalability of circular economy and symbiotic biorefinery systems are 

1398 significantly influenced by policy frameworks, regulatory instruments, and institutional 

1399 coordination. In developed and developing countries alike, national circular economy strategies 

1400 (such as India’s G20 supported circular economy roadmap) and supranational efforts (such as 

1401 the EU Green Deal and circular economy Action Plans) provide vital scaffolding for enabling 

1402 systemic change. These policies often mandate EPR, promote eco-design standards, and 

1403 support public–private partnerships for circular innovation.62,64 Institutional mechanisms such 

1404 as subsidies, tax incentives, and green procurement further facilitate circular investments. 

1405 However, policy coherence across sectors and jurisdictions remains a challenge, particularly in 

1406 emerging economies where institutional silos and fragmented waste governance hinder circular 

1407 transitions. As Leiva et al.,64 highlight, the techno economic viability of industrial symbiosis 

1408 requires harmonized CAPEX–OPEX (capital expenses and operational expenses) accounting, 

1409 lifecycle cost analysis, and material flow cost accounting approaches to guide investment and 

1410 decision making. Creating enabling ecosystems where stakeholders’ industries, academia, 

1411 municipalities, and local communities collaborate across value chains is thus essential to 

1412 advance circular economy initiatives. Institutional frameworks must also be inclusive, ensuring 

1413 the participation of informal sector actors and marginalized communities in circular economy 

1414 transitions to avoid techno-centric and inequitable outcomes. Policy frameworks are identified 

1415 as key enablers of sustainability transitions, with coordinated regulations and incentives shown 

1416 to improve project adoption rates by 20-30% in structured governance settings. However, 
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1417 institutional support remains fragmented and uneven, particularly in developing regions, where 

1418 policy misalignment and weak enforcement limit long term impact.

1419

1420 5. Challenges and Barriers

1421 5.1. Technological, Regulatory, Financial, and Behavioral Barriers

1422 Despite the momentum surrounding circular economy transitions and biorefinery innovations, 

1423 multiple interconnected barriers hinder large scale implementation and commercialization. 

1424 Technologically, the complexity of integrating diverse biomass feedstocks, process variability, 

1425 and conversion inefficiencies make scaling up biorefineries and industrial symbiosis networks 

1426 particularly challenging. These technical hurdles are often exacerbated by seasonal feedstock 

1427 availability and the lack of standardized processing technologies.65 Economically, many 

1428 circular and biorefinery models face high upfront capital costs, limited access to finance, and 

1429 difficulty achieving market competitiveness against well established, fossil-based alternatives. 

1430 These financial concerns are especially acute in regions with underdeveloped bioeconomy 

1431 infrastructures and uncertain investor confidence.66,67 Regulatory uncertainties also play a 

1432 critical role, particularly where environmental legislation is fragmented or lacks clarity on end-

1433 of-waste status, standardization, and quality benchmarks for circular and biobased products. 

1434 Moreover, insufficient or misaligned policy incentives at times fail to effectively de-risk 

1435 circular investments.

1436

1437 Behavioral and organizational barriers are equally significant. These include resistance to 

1438 change within firms, insufficient management expertise on CEBM, and a general lack of 

1439 awareness or understanding among consumers regarding the benefits of circular products and 

1440 services 44. The misalignment between short term financial performance metrics and the long 

1441 term environmental social returns of circular economy further impedes adoption. Cultural 

1442 preferences for “new” over “reused” products, as well as low public trust in waste-derived 

1443 goods, continue to be deterrents in many societies.68 Despite technological progress, systemic 

1444 barriers dominate. Around one third of projects fail to scale due to poor technological 

1445 integration, while fragmented regulations extend implementation timelines by up to 25%. High 

1446 capital costs and payback periods exceeding 8 years discourage investment, particularly for 

1447 SMEs. Crucially, behavioral resistance and weak market demand often overlooked undermine 

1448 adoption, indicating that technological innovation alone cannot deliver sustainability 

1449 transitions without strong policy and social alignment.66,67

1450
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1451 5.2. Lack of Standardization and Market Incentives

1452 A critical yet often overlooked barrier to circular economy adoption is the absence of 

1453 standardized classification systems, quality specifications, and traceability frameworks for 

1454 secondary raw materials and bio-based products. The lack of harmonized norms makes it 

1455 difficult to ensure consistency, safety, and performance key concerns for industries, regulators, 

1456 and consumers alike. Without these standards, recycled/repurposed products often struggle to 

1457 compete in mainstream markets, leading to weak demand-pull effects.65 Also, the insufficient 

1458 development of marketplaces or procurement systems for waste-derived goods, which limits 

1459 the scaling of circular bioeconomy product’s value chains.

1460

1461 Incentives for circular economy innovation such as tax breaks, green financing, or preferential 

1462 procurement are sporadic or absent in many countries, further discouraging private sector 

1463 investment. Additionally, existing subsidies for linear, resource intensive industries often 

1464 distort market competitiveness, unintentionally undermining emerging circular solutions. The 

1465 lack of consistent carbon pricing mechanisms, EPR enforcement, or eco-labelling schemes also 

1466 restricts consumer uptake and industry motivation to innovate toward circularity. The studies 

1467 show that non standardized assessment methods LCA, circularity indicators, SDG metrics) 

1468 prevent fair comparison and reduce industry confidence. At the same time, weak and 

1469 inconsistent market incentives fail to compensate for the 20-40% higher upfront costs of 

1470 circular and symbiotic systems. This combination keeps most initiatives at pilot scale, limiting 

1471 large scale adoption despite technical feasibility.66

1472

1473 5.3. Need for Multi Stakeholder Collaboration

1474 Given the systemic and cross sectoral nature of circular economy transitions, isolated efforts 

1475 are insufficient. However, achieving effective coordination among diverse stakeholders’ 

1476 governments, businesses, research institutions, non-governmental organizations, and 

1477 consumers remains a major hurdle. Institutional bodies, fragmented governance structures, and 

1478 competing policy priorities often lead to poor alignment of objectives and duplication of 

1479 efforts. The absence of regional circular economy platforms or knowledge sharing hubs limits 

1480 learning, joint ventures, and replicability of best practices across sectors or geographies.69

1481 In industrial symbiosis and biorefinery networks, for example, collaboration is critical to 

1482 ensuring reliable input output flows, shared infrastructure, and cost-effective logistics. Yet, 

1483 mistrust among firms, lack of data transparency, and concerns about intellectual property 

1484 frequently obstruct cooperation. Additionally, SMEs often lack the resources or institutional 
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1485 support to participate meaningfully in circular economy partnerships. To overcome these 

1486 barriers, it is essential to foster enabling ecosystems that prioritize co design, capacity building, 

1487 and inclusive innovation particularly in the Global South, where informal role players and local 

1488 communities must be engaged to ensure socially justified transitions.

1489 Industrial symbiosis and circular initiatives fail when firms, governments, financiers, and 

1490 communities act in isolation. Case evidence indicates that projects with formal multi-

1491 stakeholder platforms achieve 25-40% higher resource exchange efficiency, while fragmented 

1492 governance leads to delays exceeding 2-3 years and reduced trust. The study critically 

1493 highlights that collaboration is often voluntary and informal, making outcomes unstable 

1494 without institutionalized coordination mechanisms.

1495

1496 6. Sustainability Assessment Methodologies for Industrial Symbiosis and Biorefineries

1497 Recent studies emphasize the integration of Techno-Economic Analysis (TEA) (assessment of  

1498 capital and operating costs to determine the economic feasibility and minimum selling price of 

1499 biorefinery products) and LCA to holistically evaluate sustainability performance in 

1500 biorefinery systems. Verma and Saini70 highlighted that combining these methodologies helps 

1501 determine both the economic feasibility and the environmental implications of industrial 

1502 effluent treatment processes, thereby promoting sustainable process design and resource 

1503 recovery.

1504

1505 6.1 Life Cycle Assessment 

1506 LCA is a well-established methodology for evaluating the environmental impacts of products 

1507 and services throughout their entire life cycle. The LCA framework comprises four primary 

1508 stages: (i) goal and scope definition, (ii) inventory analysis, (iii) impact assessment, and (iv) 

1509 interpretation71.

1510 The application of LCA and related methodologies has gained considerable attention in 

1511 corporate social responsibility and sustainability evaluation. However, limited research has 

1512 explored the integration of LCA with quantitative approaches such as statistical analysis and 

1513 AI.72 Modern firms are increasingly adopting sustainability-oriented approaches to strengthen 

1514 Corporate Social Responsibility initiatives and assess the efficiency of procurement, 

1515 production, and distribution processes. Life Cycle methods enable organizations to 

1516 systematically assess the environmental performance of their products and processes across the 

1517 entire life cycle. LCA has been applied extensively in recent years to support sustainability 

1518 practices across diverse sectors, extending beyond traditional industries. LCA, per ISO 
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1519 14040:2006, is widely used for biorefineries and industrial symbiosis, but differences in 

1520 boundaries and assumptions can shift results by 20-50%, limiting comparability. This makes 

1521 LCA indicative rather than definite, reducing its reliability for decision making. LCA turns 

1522 qualitative circularity ideas into quantitative design levers, identifies environmental hot-spots 

1523 across interconnected processes, and prioritizes where material and energy exchanges will 

1524 actually reduce impacts. By quantifying cradle-to-gate and cradle-to-grave effects, LCA helps 

1525 site planners and biorefinery designers choose which waste streams to exchange, which 

1526 valorization routes to scale, and which co-products deliver the largest net environmental gains 

1527 avoiding well-intentioned but counterproductive substitutions56. For emerging biorefineries, 

1528 prospective LCA supports scale-up decisions by comparing alternative processing pathways 

1529 (e.g., biochemical vs thermochemical) and by revealing trade-offs between carbon, energy, and 

1530 other impact categories; when combined with TEA it prioritizes symbiotic linkages that are 

1531 both low-impact and economically viable.73 Therefore, embedding LCA into industrial-

1532 symbiosis planning creates measurable evidence for regulators, investors, and community 

1533 stakeholders accelerating approvals and financing by demonstrating verified environmental 

1534 benefits. Dynamic and circularity-aware LCAs furthermore allow comparison of “symbiosis 

1535 bundles” (sets of exchanges) rather than single exchanges, enabling system-level optimization 

1536 of material cascading and energy recovery across industrial parks and regional biorefinery 

1537 networks.

1538

1539 6.1.1 Social Life Cycle Assessment 

1540 Social Life Cycle Assessment (S-LCA) provides insights into the social impacts associated 

1541 with a product’s life cycle. Although promising, S-LCA remains under development and lacks 

1542 comprehensive detail in its current applications74.  Integrating social considerations alongside 

1543 environmental and economic metrics is essential for achieving a holistic sustainability 

1544 evaluation. It extends conventional LCA to social impacts but suffers from inconsistent 

1545 indicators, poor data availability, and subjective scoring, especially in industrial symbiosis and 

1546 biorefinery contexts. Connecting S-LCA to industrial symbiosis and biorefineries strengthens 

1547 sustainability planning by incorporating human and societal impacts alongside environmental 

1548 and economic considerations. In systems where industries share resources and biorefineries 

1549 transform biomass into fuels, chemicals, or materials, S-LCA highlights social outcomes such 

1550 as job creation, worker health and safety, community well-being, and stakeholder equity 

1551 metrics that traditional environmental LCA might overlook. This makes circular strategies 

1552 more socially robust and helps avoid unintended negative social consequences while enhancing 
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1553 local development.75 For industrial symbiosis, S-LCA can reveal how resource exchanges 

1554 affect employment patterns, working conditions, and community stakeholders across supply 

1555 chains, enabling planners to optimize exchanges not just for material efficiency but for positive 

1556 societal outcomes too. By systematically tracking social indicators (e.g., fair wages, labor 

1557 rights, community health), S-LCA supports decision-making that aligns collaborative 

1558 industrial networks with broader sustainability goals.76 In biorefinery contexts, integrating S-

1559 LCA ensures that scaling bio-based processing considers local socio-economic impacts, 

1560 stakeholder perceptions, and equity in benefit sharing across upstream (feedstock producers) 

1561 and downstream (workers, consumers) stages. This is especially important in rural or 

1562 developing regions where biorefinery projects can significantly alter employment landscapes 

1563 and community dynamics. S-LCA thus helps stakeholders, investors, and policymakers 

1564 understand which biorefinery configurations deliver the most socially beneficial outcomes in 

1565 addition to environmental and economic zones.77

1566

1567 6.1.2 Life Cycle Costing 

1568 Life Cycle Costing (LCC) evaluates the total financial expenditure related to a product or 

1569 system from design and production through to the end of its operational. Over time, various 

1570 LCC methodologies have been proposed; however, only two approaches environmental LCC 

1571 and social LCC have gained significant recognition and adoption within the scientific 

1572 community. LCC complements LCA and S-LCA by providing critical economic insights that 

1573 support decision-making and resource optimization.78 LCC assesses economic performance 

1574 over a systems lifecycle, but assumptions on costs and discount rates can change results by 20-

1575 40%. This makes LCC indicative rather than a reliable investment guide for biorefineries and 

1576 industrial symbiosis. Sasongko & Pertiwi79 applied LCC across the full palm-oil biodiesel 

1577 chain incorporating capital, operation, maintenance, disposal, and externality costs. Their 

1578 results show Indonesia’s B30 biorefinery program reduced diesel imports by 45%, avoided 

1579 14.34 Mt CO₂e, saved IDR 63.4 trillion, and supported 1.2 million jobs, demonstrating how 

1580 integrated biorefineries enable industrial symbiosis via waste valorization and co-product 

1581 utilization. Liu et al.80 integrated LCC with LCA for Jatropha biodiesel in China, estimating a 

1582 production cost of USD 796.32 t⁻¹, with feedstock oil contributing 44.37%, while shell 

1583 combustion and glycerol recovered 16.76% of total costs. These quantified savings from by-

1584 products directly illustrate symbiotic resource loops within biorefineries. Such integrated 

1585 LCC–LCA studies help identify economic and energy hot-spots while quantifying the value of 

1586 co-products and waste streams, enabling optimized resource sharing across biorefineries. By 
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1587 revealing cost savings from by-product utilization and infrastructure integration, they 

1588 strengthen the business case for industrial symbiosis. These system-level insights guide 

1589 planners and policymakers in designing financially resilient circular networks, accelerating 

1590 deployment of sustainable biorefinery clusters and translating circular economy concepts into 

1591 measurable, scalable industrial practice. 

1592

1593 6.2 Techno-Economic Analysis 

1594 Recent studies underscore the significance of integrating TEA with sustainability assessments 

1595 to evaluate innovative technologies across various sectors. For instance, Zahedi et al.,78 

1596 conducted a comprehensive assessment of carbon capture from thermal power plants, 

1597 highlighting the potential of converting captured CO₂ into value-added concrete materials. 

1598 Their analysis encompassed technical, economic, and environmental dimensions, emphasizing 

1599 the viability of utilizing flue gas in concrete production through chemical reactions that 

1600 enhance CO₂ absorption while minimizing energy consumption. In the context of renewable 

1601 energy, Jan et al.,81 performed a TEA of renewable energy sources in the rural northern region 

1602 of Kalam, Pakistan. Their study evaluated the potential of hybrid energy systems, considering 

1603 diesel, wind, solar, and hydro sources, to meet local energy demands. The analysis provided 

1604 insights into the economic feasibility and operational efficiency of integrating these renewable 

1605 sources in remote areas.

1606

1607 Cormos et al.,82 focused on green hydrogen production via biogas reforming, coupled with 

1608 membrane-based CO₂ capture. Their TEA and environmental assessment explored innovative 

1609 concepts in integrating biogas reforming with pre- and post-combustion CO₂ capture using 

1610 membranes. The study assessed the technical and economic performances of green hydrogen 

1611 production, providing valuable insights into the feasibility of such integrated systems. 

1612

1613 Zhou et al.,83 employed machine learning-aided LCA and TEA to evaluate the hydrothermal 

1614 liquefaction of sewage sludge for bio-oil production. Their study integrated machine learning 

1615 models with LCA and TEA to predict product distribution and properties, enhancing the 

1616 assessment of energy, climate change, and economic performance of the process. Collectively, 

1617 these studies demonstrate the critical role of TEA in assessing the feasibility and sustainability 

1618 of emerging technologies. By integrating technical, economic, and environmental evaluations, 

1619 TEA provides a comprehensive framework for decision-making in the development and 
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1620 implementation of sustainable solutions across various sectors. TEA indicates that biorefinery 

1621 and resource recovery systems can achieve 10-25% cost savings under optimized conditions, 

1622 but results are highly sensitive to feedstock prices, scale, and technology efficiency. Most 

1623 studies rely on model projections, with real world validation limited, making TEA indicative 

1624 rather than fully reliable for investment decisions.84,85 Building on these findings, TEA serves 

1625 as a critical bridge between technological innovation and practical deployment in industrial 

1626 symbiosis and biorefinery systems by quantifying the economic value of resource integration, 

1627 co-product valorization, and infrastructure sharing. TEA enables comparison of alternative 

1628 processing pathways and symbiotic configurations, identifying conditions under which waste-

1629 derived feedstocks, energy cascading, and CO₂ utilization become economically attractive. 

1630 When combined with sustainability assessments, TEA supports circular economy 

1631 implementation by highlighting scale-dependent benefits, cost sensitivities, and system-level 

1632 trade-offs, guiding stakeholders toward resilient biorefinery networks that maximize resource 

1633 efficiency while minimizing financial and environmental risks.

1634

1635 7. Emerging Trends and Future Directions

1636 7.1 Digital Enablers for Circular and Symbiotic Systems

1637 Digitalization is playing an increasingly transformative role in advancing both circular 

1638 economy and industrial symbiosis, offering tools for optimization, real time monitoring, and 

1639 transparency. Technologies such as the IoT, AI, blockchain, big data, and digital twins are now 

1640 used to track resource flows, predict material demands, and enhance coordination across 

1641 industrial networks.84 In circular economy contexts, these tools support the regeneration, 

1642 slowing, narrowing, and closing of resource loops by enabling predictive maintenance, LCA, 

1643 and smart product service systems.85

1644

1645 Blockchain technologies further support traceability and accountability in industrial 

1646 ecosystems by recording transactions of waste, energy, and secondary materials with 

1647 immutable records, which is particularly beneficial in multi-stakeholder Industrial symbiosis 

1648 networks.86 Digital twins and Building Information Modeling are also increasingly being used 

1649 to simulate industrial infrastructure and its environmental performance, supporting design for 

1650 reuse and real time system optimization.87 Despite these advancements, several barriers remain, 

1651 including data projections, high implementation costs, and underdeveloped standards for inter-

1652 operability. Moreover, concerns about rebound effects where digital tools inadvertently 

1653 increase resource consumption highlight the need for holistic evaluation frameworks.86 While 
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1654 digital tools show potential to enhance efficiency and coordination by 15-30%, practical 

1655 adoption is constrained by high investment costs, fragmented data systems, and low integration 

1656 across stakeholders, limiting their real-world impact in circular and symbiotic systems.

1657

1658 7.2 Nature Based Solutions and the Regenerative Economy

1659 Alongside digital innovation, the emergence of NbS and the regenerative economy are 

1660 reframing industrial sustainability by moving beyond efficiency toward ecological restoration. 

1661 NbS such as constructed wetlands, agro-forestry, urban green infrastructure, and ecological 

1662 wastewater treatment restore ecosystem services while supporting circularity in material and 

1663 nutrient flows.88 These solutions offer co-benefits including climate resilience, biodiversity 

1664 restoration, and improved human well-being, especially when embedded into biorefinery and 

1665 circular economy infrastructures.

1666

1667 Regenerative economy principles go further by emphasizing net positive environmental 

1668 impact, circular nutrient loops, and long-term ecosystem health. For example, the integration 

1669 of biochar from biorefineries into agriculture improves soil fertility and sequesters carbon, thus 

1670 aligning circular economy with SDG 13 (Climate Action) and SDG 15 (Life on Land).2 When 

1671 applied in tandem with industrial symbiosis, regenerative solutions can convert organic waste 

1672 into compost or biofertilizer, further closing local bioresource cycles. However, to realize these 

1673 potentials at scale, enabling policies, cross disciplinary collaboration, and ecological 

1674 accounting systems are needed. Nature based solutions are promoted to restore ecosystems and 

1675 support circular economies, yet less than 20-25% of projects report measurable ecological or 

1676 economic benefits at scale. Implementation is often constrained by fragmented governance, 

1677 short term funding, and lack of monitoring, making many initiatives conceptually appealing 

1678 but practically underperforming.87

1679

1680 7.3 Research Gaps and Proposed Roadmap

1681 Despite increasing momentum, important research and implementation gaps persist in 

1682 industrial symbiosis, circular economy, and biorefinery integration. First, most case studies 

1683 remain fragmented across sectors and geographic scales, with limited multi-scalar system 

1684 modeling to assess cumulative sustainability outcomes.85 Furthermore, the social dimension in 

1685 particular issues of inclusivity, labor quality, and community resilience remains underexplored, 

1686 especially in the context of emerging economies.68

1687
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1688 Current LCA tools largely emphasize environmental indicators, but S-LCA and equity metrics 

1689 are needed to evaluate distributional impacts. Additionally, empirical insights on how informal 

1690 sectors contribute to circularity especially in waste management, are insufficiently 

1691 documented.89

1692

1693 A forward-looking research roadmap should include: (i) the development of inter-operable data 

1694 platforms for industrial symbiosis and circular economy collaboration; (ii) the integration of S-

1695 LCA and digital twins for dynamic scenario planning; (iii) the establishment of living labs for 

1696 regenerative circular economy innovations; and (iv) the expansion of transdisciplinary research 

1697 that includes design, ecology, behavioral sciences, and systems governance. Such steps will be 

1698 essential for designing scalable, inclusive, and regenerative industrial models that align with 

1699 long term climate and sustainability goals. These interrelated enablers and innovation pathways 

1700 are conceptually illustrated in Figure 6, highlighting the convergence of digital and nature-

1701 based tools in shaping future ready circular and symbiotic industrial systems.

1702

1703 Regardless of advances in industrial symbiosis, biorefineries, and circular economy 

1704 integration, empirical validation remains limited, with most studies relying on models or pilot 

1705 cases. Key gaps include standardized metrics, long-term socio-economic impact assessments, 

1706 and scalable governance frameworks, indicating that future research must focus on measurable 

1707 outcomes, cross sector integration, and actionable roadmaps to translate theory into practice.

1708
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1709
1710

1711 Figure 6. Conceptual visualization of emerging digital and nature-based enablers in 

1712 advancing circular economy, industrial symbiosis, biorefineries, and bioeconomy.

1713

1714 8. Conclusion and Outlook

1715 This review has mapped the critical interlinkages among industrial symbiosis, biorefineries, 

1716 the circular economy, and sustainability frameworks, illustrating their collective potential to 

1717 transform linear, resource intensive industries into closed loop, regenerative systems. Industrial 

1718 symbiosis enhances resource and energy efficiency through inter firm collaboration. 

1719 Biorefineries enable biomass valorization and organic waste recovery, while circular economy 

1720 principles restructure material flows to promote longevity, reuse, and systemic efficiency. 
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1721 When integrated, these approaches reinforce the environmental, economic, and social pillars 

1722 of sustainability and align industrial development with global goals such as climate resilience 

1723 and resource decoupling.

1724

1725 Key insights include the emergence of digital tools such as AI, IoT, and blockchain as catalysts 

1726 for operational transparency and system optimization. Simultaneously, NbS and regenerative 

1727 models shift the paradigm from sustainability to net positive industrial performance. However, 

1728 significant gaps remain, including fragmented case studies, weak integration of social metrics, 

1729 and underrepresentation of informal and rural economies in implementation strategies.

1730

1731 Moving forward, policy must incentivize interoperable platforms for data sharing, cross sector 

1732 collaboration, and circular infrastructure investment. Research should expand to include 

1733 dynamic, location-based, and inclusive models especially in the Global South. For industry, 

1734 the adoption of living labs, circular procurement standards, and value chain redesign will be 

1735 critical to scale impact.

1736

1737 An integrated nexus approach grounded in systems thinking and regenerative design holds 

1738 transformative promise. It not only enables sustainability compliance but also unlocks long 

1739 term economic resilience and societal well-being.
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