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Handicrafts, as one of the most prominent manifestations of local culture and the rural
creative economy, play a fundamental role in strengthening livelihoods, promoting
entrepreneurship, and enhancing the social sustainability of local communities. This
study aimed to identify the capacities and challenges of rural women's handicrafts and to
elucidate their linkage with rural tourism in Torbat-e Jam and Taybad Counties. The study
was applied in terms of purpose and qualitative and exploratory in terms of methodology,
employing the Strauss and Corbin grounded theory approach. Data were collected
through 20 semi-structured interviews with women handicraft producers, experts, and
managers in the field of cultural heritage. The data were analyzed using MAXQDA
software through three stages of open, axial, and selective coding. The findings resulted
in the identification of 329 initial concepts, 24 axial categories, and one core category
entitled “Empowering Rural Women through Handicrafts and Rural Tourism.” The
findings indicated that the major challenges included inadequate marketing and
advertising infrastructure, limited financial capital, the absence of adequate support and
insurance systems, unequal competition with industrial products, economic instability,
cultural constraints, and ineffective legislative policies. In contrast, capacities such as
intergenerational indigenous skills, a favorable geographical location, proximity to the
Dogharoun border, and location along tourism routes in Razavi Khorasan provide
opportunities for developing local entrepreneurial clusters and establishing effective
linkages between handicrafts and rural tourism. Based on the findings, developing
women's handicraft clusters, establishing cooperative workshops, providing digital
marketing training, strengthening local branding, leveraging the potential of religious
tourism in Mashhad, and ensuring sustained institutional support can serve as key
strategies for the economic and social empowerment of rural women and the achievement
of sustainable regional development. Furthermore, strengthening collaboration among
local institutions, rural communities, and tourism stakeholders can enhance the
effectiveness of these strategies.
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Introduction

Rural handicrafts contribute to cultural heritage preservation, livelihood diversification,
women’s economic participation, and rural tourism. Their flexible, household-based nature
makes handicraft production particularly relevant to rural women. However, Iranian rural
handicraft enterprises face several challenges, including weak marketing, limited financial
resources, inadequate infrastructure and institutional support, ineffective branding, competition
from industrial and imported products, and limited adaptation to changing consumer
preferences. Women producers may also encounter additional constraints related to household
responsibilities, restricted mobility, weak networks, and limited entrepreneurial and digital
skills.

Torbat-e Jam and Taybad counties in Razavi Khorasan Province have rich traditions of weaving
and embroidery, with skills transmitted across generations. Their proximity to the Dogharoun
border, tourism routes, and Mashhad provides opportunities for connecting handicrafts with
tourism. Nevertheless, these cultural and geographical assets do not automatically lead to
sustainable economic development. Therefore, this study identifies the major barriers facing
rural women handicraft entrepreneurs and examines the causal, contextual, and intervening
conditions affecting sustainable handicraft and rural tourism development in the study area.
Method

The study employed a qualitative, exploratory design to understand the experiences,
perceptions, constraints, opportunities, and adaptive responses of rural women engaged in
handicraft production. Grounded theory, based on the Strauss and Corbin framework, was used
to identify relationships among categories and develop an explanatory model of barriers and
potential development pathways. The study covered 15 villages across six rural districts in
Torbat-e Jam and Taybad counties. The villages contained concentrated household-based
handicraft activities, with approximately 6,658 households and more than 24,000 residents.
Major activities included fert and textile weaving, carpet weaving, kilim weaving, needlework,
crochet, hand embroidery, and coin embroidery. Twenty participants were recruited through
purposive and snowball sampling. Most were rural women handicraft producers, complemented
by cultural heritage and tourism specialists. In-depth interviews continued until theoretical
saturation.

Interview transcripts were analyzed in MAXQDA using open, axial, and selective coding. Open
coding generated 329 concepts, which were continuously compared and consolidated into 24
axial categories. Selective coding identified the central category and relationships among
causal, contextual, and intervening conditions, strategies, and consequences. Trustworthiness
was strengthened through member checking, researcher triangulation, and systematic
documentation, consistent with Lincoln and Guba’s criteria. The theoretical structure explains
how barriers constrain handicraft capabilities and sustainable entrepreneurship.

Results

The analysis generated 329 concepts, 24 axial categories, and the central category “rural
artisans as potential entrepreneurs surrounded by actual challenges.” This category expresses
the core paradox: rural women possess cultural, productive, and entrepreneurial capacities, but
these remain partly unrealized within restrictive institutional, economic, social, and
infrastructural conditions. Causal conditions included macro-level political, economic, and
planning challenges; inadequate branding and information systems; unequal competition
between handmade and industrial products; unstable markets associated with declining tourism
demand; limited financial resources; insufficient legislative and planning support; and weak
institutional implementation. Rising production costs and imported or machine-made products
reduced competitiveness and constrained producers’ ability to sustain production.
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A finding concerned weak marketing, branding, and information systems. Producers often
lacked professional packaging, product information, digital promotion, and market-research
knowledge. Dependence on traditional sales channels and intermediaries consequently reduced
market reach and bargaining power. Contextual conditions included limited awareness of
tourism opportunities, inadequate institutional support, underused tourism capacities, and
insufficient policy recognition of handicrafts as cultural and economic assets. Intervening
conditions included difficulties obtaining raw materials, cultural restrictions on women’s
economic participation, inadequate production spaces, negative perceptions of household-based
work, insufficient professional support, and weak rural physical and cultural infrastructure.
Participants described several strategies for overcoming these constraints: expanding
multidimensional institutional support; creating cooperative mechanisms for raw-material
procurement and distribution; strengthening producer networks; improving product quality and
design; developing digital marketing skills; enhancing branding; and increasing social capital.
Cooperative workshops were considered valuable because they could integrate production,
training, marketing, networking, and tourism functions. Another priority was distinguishing
authentic handmade products from industrial and imported imitations. Emphasizing
authenticity, craftsmanship, cultural meaning, provenance, and place-based identity could shift
competition from price toward differentiated value.

The consequences of existing conditions included declining interest among younger
generations, unstable occupational outcomes, low financial returns, and uncertainty about the
future of handicraft occupations. Weak profitability discouraged intergenerational transmission
of traditional skills, while intermediary dependence limited producers’ share of final market
value. Overall, the central problem is not insufficient production capacity but weak connections
among capabilities, markets, institutions, infrastructure, tourism, finance, and knowledge
networks. Handicraft development is therefore a systemic rather than merely technical
challenge.

Conclusions

Rural women in Torbat-e Jam and Taybad have substantial cultural, social, and entrepreneurial
potential, but interconnected micro-, meso-, and macro-level barriers limit its conversion into
sustainable livelihoods. The findings highlight the need for an integrated, place-based approach.
At the micro level, strengthening entrepreneurial, digital, marketing, design, and financial skills
is essential, while at the meso and macro levels, stronger cooperatives and producer networks,
improved branding and tourism infrastructure, better access to finance and insurance, market
regulation, and institutional coordination are required.

The study also highlights the potential of integrating handicrafts with rural tourism. Production
workshops can serve as cultural and experiential tourism spaces, while the Dogharoun border,
local cultural assets, tourism connections, and proximity to Mashhad provide opportunities for
developing handicraft-tourism networks. Overall, sustainable development requires
coordinated, gender-responsive, and market-oriented support across the handicraft value chain,
enabling handicrafts to contribute to women’s entrepreneurship, heritage preservation, and
sustainable rural development.
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Figure 1. Study area
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Table 1. Characteristics of interviewees (handicraft producers)

G Cadlad ai, SN Joo sbows e Sy 0 ylouid
ezl op koo )
S az b O S v
b ax)l SR oledd v
Sbazk SR ks ¥
S J6 F aeis S 0
Sbazk Olyg pheo i
ey (> koo M
Szl 3Ll og8 Slgan A
Shazl Tl e 39 K

Sl slasies s, o S v
S az b ) Slgens W

il s i, Y VY
b oals 5 IS IS W




\ Ohed g (LS /. (5,500 )5 9 (Gwd Bileo drwgi (53, Sl &lg0 (w2

Sbaxb ady elno 'Y
Sbazb i ol Vo
e U5 aeix Y '
Sl slsies s, Sy SN koo 398 A
Sbazt ady Oy g ol VA
Slbazb sbl gl B g ol '
Sbazt o Slgeas v

VEF (o slaasil :asle

@ Cowsd plpb bl o et glaced,b s ool Sl g)lh,0 n pfhle lieg, (BaSads
bt Slbls ) bl als, SUISHl g sgame dacil ) cind i o collid 6 d GBaLSals
sdas i lazlye o b GBS ads ol oS aites (6,5l wlge alaz 515k & (o s 6 lab 5 08 2u
0B (ol oS 6555 51 ile 35250 lgn Ul 0 it sl g o JIES1 5 e, o] slocsialy
e gilo e pglal ¥VOSS o cwl aidl adé b sasaily o o yill> a8 o)lge (g lws 0 5 00l
O PR | Dg o0 Mgl oliwg, (U Lawgd a5 adlaie Jled

olF,15 Y pguai (IS5 doiinr sliwg,y [ (Bb JB oS )5V pguai tain liwg, [ Bb W8 o5 )15 pgai ¥ IS

532 sliwgy | g8l B o515 :F 539005 10T (yloyd (slimsgy | ((smaty ) B 53
Figure 2. Image 1: Fart-weaving workshop / Poshteh Village; Image 2: Carpet-weaving workshop / Cheshmeh Gol
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workshop / Bozd Village.
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Figure 3. Conceptual model of qualitative results using MAXQDA software (Research findings, 2025)
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Table 2. Summary of coding results: central category, major axial categories, and selected subcategories
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Figure 4. Actual challenges, consequences, and strategies of the qualitative sector
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Rapid urbanization has led to an increase in brownfields and abandoned urban spaces;
simultaneously, Generation Alpha—as the first fully digital generation—exhibits distinct
cognitive and behavioral characteristics, including a preference for interactive learning
and multisensory experiences, mental flexibility, a need for rapid feedback, and extensive
engagement with modern technologies. In terms of purpose, this study is classified as
applied research; regarding its nature and methodology, it is a qualitative study employing
a descriptive-analytical approach based on a systematic literature review. The research
questions are as follows: What spatial and design requirements do the cognitive and
behavioral characteristics of Generation Alpha impose on learning environments? How
can the cognitive requirements of Generation Alpha be aligned with the physical,
environmental, social, and identity-related potentials of brownfield sites? How can the
design indicators for temporary learning environments on brownfield sites be categorized
and operationalized? Literature pertaining to the three pillars—learning environment
design, the cognitive characteristics of Generation Alpha, and brownfield regeneration—
was reviewed based on specific inclusion and exclusion criteria; subsequently, the
concepts were analyzed through the stages of open, axial, and selective coding. The
findings resulted in a seven-dimensional framework comprising environmental safety and
quality, physical flexibility, experiential quality, social interactivity, technological
integration, place identity, and personalization. The study’s contribution lies in
elucidating the relationships between cognitive attributes, spatial requirements, and the
capacities or constraints of brownfield sites. This framework is not a substitute for safety,
environmental, economic, or legal assessments of the site, nor was its empirical validation
conducted in the present study.
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Introduction

Rapid urbanization, industrial restructuring, and changes in land-use patterns have contributed
to the emergence of brownfields and other underutilized urban areas. Although brownfields
may be associated with environmental contamination, structural deterioration, functional
obsolescence, and economic constraints, they can also provide opportunities for adaptive and
temporary forms of urban reuse. Temporary learning environments represent one potential
approach to activating such underutilized sites while responding to changing educational needs.
However, their implementation requires more than the availability of physical space and must
consider environmental safety, structural conditions, accessibility, and site-specific constraints.
At the same time, changes in learner characteristics have challenged conventional approaches
to learning-environment design. Generation Alpha, generally referring to those born from
around 2010 onward, has grown up in highly digital and interactive environments. The
reviewed literature associates this generation with interactive and experiential learning,
multisensory engagement, rapid feedback, familiarity with digital technologies, flexibility in
learning processes, and a tendency toward personalization and choice. These characteristics
indicate a need for learning environments that are flexible, interactive, experiential, and capable
of integrating physical and digital learning experiences. Previous studies have generally
addressed brownfield regeneration, learning-environment design, and the cognitive
characteristics of Generation Alpha separately. The relationship among these three domains,
particularly the translation of Generation Alpha’s cognitive characteristics into spatial
requirements within brownfield sites, remains insufficiently integrated. Therefore, the present
study aims to develop a conceptual and functional framework for identifying design indicators
for temporary learning environments in brownfields, with emphasis on the cognitive
characteristics of Generation Alpha. The study addresses four questions: What spatial and
design requirements arise from the cognitive and behavioral characteristics of Generation
Alpha? What capacities and constraints do brownfield sites present for temporary learning
environments? How can the cognitive requirements of Generation Alpha be related to the
physical, environmental, social, and identity-related capacities of brownfields? And how can
the relevant design indicators be categorized and operationalized? The contribution of the study
is to clarify the relationship between cognitive characteristics, spatial requirements, and
brownfield capacities and constraints. The proposed framework is not intended to replace
environmental, structural, economic, or legal site assessments, nor does the present study
provide empirical validation of the framework.

Methods

This study is applied in terms of purpose and adopts a qualitative, descriptive—analytical
approach based on a systematic literature review. The review focused on three interconnected
domains: brownfield characteristics and regeneration, the cognitive and behavioral
characteristics of Generation Alpha, and learning-environment design. The literature search
was conducted over a five-month period using Google Scholar and relevant reference books.
The main search keywords were “brownfields,” “Generation Alpha,” “learning environment,”
and “regeneration.” The initial search identified 30 sources. After removing duplicate sources,
20 sources remained. Of these, 17 sources were examined during the screening process, and 9
sources were ultimately selected for the final analysis. The inclusion criteria comprised sources
addressing the characteristics of brownfields, the characteristics of Generation Alpha, and the
characteristics of learning environments. The screening process considered the relevance of the
sources from physical, functional, interactive, and related perspectives. Sources that did not
contribute to identifying the indicators and components of learning environments for
Generation Alpha in brownfield sites were excluded from the final analysis. The selected
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sources were analyzed using qualitative content analysis in three stages. In the open-coding
stage, concepts related to the cognitive and behavioral characteristics of Generation Alpha,
learning-environment requirements, brownfield capacities and constraints, and relevant design
principles were extracted. In the axial-coding stage, similar and related codes were grouped into
broader components and design indicators. In the selective-coding stage, the relationships
among Generation Alpha characteristics, learning requirements, and the physical,
environmental, social, and identity-related capacities of brownfields were examined and
integrated into the final conceptual framework. The analysis resulted in seven dimensions: (1)
spatial flexibility and adaptability; (2) experiential and multisensory learning; (3) social
interaction and collaborative learning; (4) technological readiness and environmental
intelligence; (5) environmental quality and livability; (6) place identity, sense of belonging, and
continuity of memory; and (7) personalization and environmental choice. These dimensions
were considered complementary indicators rather than a fixed weighted hierarchy.

Results

The findings indicate that temporary learning environments for Generation Alpha require an
integrated approach combining cognitive characteristics, educational needs, spatial qualities,
and brownfield capacities. Seven interrelated design dimensions were identified: (1) spatial
flexibility and adaptability, through movable furniture, multifunctional spaces, and flexible
layouts; (2) experiential and multisensory learning, supported by exploration, direct experience,
and appropriate reuse of existing site features; (3) social interaction and collaborative learning,
through shared spaces and indoor—outdoor connections; (4) technological readiness and
environmental intelligence, including digital connectivity and interactive technologies; (5)
environmental quality and livability, emphasizing safety, accessibility, and control of
contamination and structural risks; (6) place identity, sense of belonging, and continuity of
memory, through appropriate reuse of historical and industrial features; and (7) personalization
and environmental choice, allowing learners to select spaces according to different learning
preferences. These dimensions are complementary rather than independent. Brownfields
represent a conditional opportunity for temporary learning environments, as existing structures
may offer flexibility and place identity, while contamination, structural limitations, accessibility
problems, and adaptation costs may restrict their reuse. Therefore, site safety and eligibility
should be assessed before applying the proposed framework, and the seven dimensions should
be treated as a portfolio rather than a fixed ranking.

Conclusions

The study developed a conceptual framework linking Generation Alpha’s cognitive and
behavioral characteristics with the spatial requirements and opportunities of brownfield sites.
The seven dimensions emphasize flexibility, experiential learning, collaboration, technology,
environmental quality, place identity, and user choice. However, brownfield reuse should be
considered a conditional possibility rather than an inherent suitability of all sites.
Environmental, structural, safety, accessibility, economic, and legal assessments should
therefore precede design application. Since the framework was developed through qualitative
literature review and content analysis, it requires empirical validation. Future studies can use
Delphi, AHP, case studies, and post-occupancy evaluations to validate and contextualize the
indicators. Overall, the framework provides a structured basis for integrating Generation
Alpha’s learning needs with the regenerative potential of brownfields while recognizing site-
specific constraints.
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Drawing on a literature review on ecotourism and sustainable tourism in protected areas,
the study aims to propose an environmental planning framework for Iran that reflects the
country’s climatic, geographic, cultural, and institutional contexts and can serve as a
model for the sustainable conservation of sensitive ecosystems and the sustainable
management of tourism. This study seeks to answer the following questions: What are
the key opportunities, challenges, and research gaps in managing ecotourism in protected
areas? How can an indigenous, sustainability-oriented framework for Iran be adapted to
the country’s specific climatic, institutional, and environmental conditions? This study
conducted a systematic review of the literature on ecotourism, sustainable tourism,
environmental planning, and protected areas. Persian and English keywords were
searched across ScienceDirect and Google Scholar for 2020-2026. After screening and
the removal of duplicates, 21 articles were selected for final analysis. Findings reveal that
nature-based tourism in protected areas can strengthen local economies, yet significant
challenges persist, including land-use changes, pollution, socio-cultural disruptions,
climate change impacts, human—wildlife conflicts, and inadequate infrastructure. The
literature emphasizes carrying capacity, stakeholder education, participatory planning,
collaborative governance, and robust legal frameworks as key management strategies.
The review also reveals a clear research gap: most Iranian studies are confined to local or
regional scales, focusing on individual sites without offering a coherent, transferable
framework, while international findings require substantial adaptation to Iran’s specific
conditions. This study proposes a locally adapted framework based on environmental
protection, economic development, community participation, ecosystem vulnerability,
carrying capacity, and sound policy-making. It accounts for Iran’s arid and semi-arid
climate, institutional misalignment, and competition over scarce water resources. The
result is a framework in which carrying capacity is climate-sensitive, zoning is
institutionally aligned, participation is livelihood-oriented and grounded in equitable
benefit-sharing, and monitoring is adaptive and data-driven. This model provides an
operational basis for strategic ecotourism planning, facilitating the transition from mere
exploitation to sustainable conservation in Iran’s sensitive ecosystems and protected
areas.
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Introduction

Tourism is an important driver of economic development, employment, income diversification,
and poverty reduction, particularly in developing countries. Natural areas, protected landscapes,
and biodiversity-rich ecosystems are major destinations for nature-based tourism while also
providing essential ecosystem services. However, increasing tourism pressure, uncontrolled
recreational activities, land-use changes, pollution, climate change, and biodiversity loss can
threaten sensitive ecosystems. Without appropriate environmental planning and management,
tourism development may intensify resource degradation and create conflicts between
conservation objectives and local economic interests. Ecotourism provides an approach for
linking biodiversity conservation with responsible tourism, local economic development,
environmental education, and community participation. Effective ecotourism planning
therefore requires attention to ecological capacity, visitor management, local livelihoods,
stakeholder participation, and institutional arrangements, supported by tools such as carrying-
capacity assessment, zoning, participatory planning, monitoring, and collaborative governance.
Iran has considerable ecotourism potential due to its diverse climates, ecosystems, landscapes,
protected areas, and cultural heritage. Nevertheless, ecotourism development faces
environmental, socio-economic, and institutional challenges, including water scarcity,
ecosystem vulnerability, inadequate infrastructure, livelihood dependence on natural resources,
and institutional fragmentation. Existing Iranian studies have largely focused on specific
destinations or individual management issues and have rarely provided an integrated and
transferable planning framework. Therefore, international experiences require adaptation to
Iran’s climatic, geographical, socio-economic, cultural, and institutional conditions.
Accordingly, this study systematically reviews recent literature on ecotourism and sustainable
tourism in protected areas to identify major opportunities, challenges, management strategies,
and planning requirements and to provide the conceptual basis for an integrated framework for
sustainable ecotourism planning in Iran.

Method

This study employed a systematic literature review to identify and synthesize recent evidence
on ecotourism, sustainable tourism, environmental planning, and protected areas, with
emphasis on environmental, socio-economic, institutional, and planning dimensions relevant to
the Iranian context. Persian and English studies published between 2020 and 2026 were
searched in ScienceDirect and Google Scholar using keywords such as “ecotourism,”
“protected areas,” “environmental planning,” “environmental impacts of ecotourism,” and
“sustainable conservation.” In ScienceDirect, an advanced search restricted “Ecotourism” and
“Protected areas” to article titles and research articles, yielding 110 records.

Titles and abstracts were screened based on predefined inclusion and exclusion criteria, and
duplicate or irrelevant studies were removed. Finally, 21 articles (15 English and 6 Persian)
were selected for analysis. The selected studies were comparatively reviewed to identify major
opportunities, challenges, management strategies, and planning requirements. Findings were
thematically organized around ecological conservation, carrying capacity, community
participation, economic benefits, governance, policy, environmental education, and monitoring,
providing the basis for developing a context-sensitive framework for sustainable ecotourism
planning in Iran.

Results

The systematic review identified key opportunities, challenges, and strategic solutions for
ecotourism management in protected areas. Findings indicate that developing nature-based
tourism, particularly in regions near international borders, can attract support and strengthen
local economies. However, significant challenges persist, including land-use changes,
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pollution, socio-cultural disruptions, and the intensification of climate change impacts.
Resource scarcity and human-wildlife conflicts, alongside poverty and inadequate
infrastructure, remain primary barriers to sustainable development. To mitigate these conflicts,
the literature emphasizes several management interventions: calculating carrying capacity,
diversifying recreational activities, and enhancing local welfare through participatory planning.
Stakeholder education and international branding of protected statuses are crucial for balancing
conservation and utilization, with tour guides playing a pivotal role in promoting environmental
awareness. Furthermore, tourists’ attitudes and their awareness of conservation needs are
decisive factors for the success of ecotourism destinations.

Results also highlight the importance of “Collaborative Governance” and benefit-sharing
mechanisms. Sustainable success depends on structured interactions among stakeholders,
transparency, and conflict management to link biodiversity conservation with local livelihoods.
Strategic educational planning along tourist routes can foster pro-environmental public opinion
while improving socio-economic indices. Finally, researchers stress the necessity of integrated
policy-making and robust legal frameworks that simultaneously prioritize ecological capacity
and economic.

Conclusions

This study identifies the dimensions and components governing ecotourism environmental
planning in sensitive ecosystems and protected areas to develop the groundwork for a
comprehensive indigenous framework that aligns tourism development, local community
participation, and the sustainable conservation of natural resources. The review shows that most
Iranian studies have been limited to local or regional scales, focusing on capacity assessment
or the challenges of specific sites without offering a coherent, transferable framework.
Conversely, international findings stem from geographic, institutional, and environmental
contexts that differ markedly from those of Iran and therefore require substantial adaptation to
its climatic variability, biodiversity, and local governance structures.

The literature reveals a clear gap in studies that conceptualize ecotourism planning as an
integrated model aligned with sustainable conservation in the Iranian context, particularly
regarding the systematic linkage of ecological, socio-economic, and institutional dimensions;
the institutionalization of local community participation as a core pillar rather than a peripheral
variable; and a concrete policy framework capable of balancing development-oriented
exploitation with conservation requirements.

Accordingly, any proposed framework must rest on core pillars environmental protection
alongside economic development, community participation, sensitivity to Iran’s specific
conditions and ecosystem vulnerability, carrying capacity, and sound policy-making—while
accounting for the country’s arid and semi-arid climate, institutional misalignment, competition
over scarce water resources, the livelihood dependence of local communities on natural assets,
and security and accessibility constraints. The result is a locally adapted framework in which
carrying capacity is climate-sensitive, zoning is responsible and institutionally aligned,
participation is livelihood-oriented and grounded in equitable benefit-sharing, and monitoring
is adaptive and data-driven. Such a framework can serve as an operational model for strategic
ecotourism planning, facilitating the transition from mere exploitation to sustainable
conservation in Iran’s sensitive ecosystems and protected areas.
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Figure 1. Research process diagram
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Figure 2. Framework of an indigenous model for ecotourism environmental planning in Iran's protected areas, based
on a synthesis of previous studies
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Process industries, due to their operational nature and the presence of hazardous
chemicals, are constantly exposed to extensive risks such as fire, explosion, and the
release of toxic substances. Under such circumstances, the establishment of safe shelters
and the designation of efficient emergency evacuation routes, as two fundamental
components of the crisis management system, play a vital role in reducing human
casualties and enhancing industrial resilience. The present study was conducted with the
aim of identifying and prioritizing the factors affecting the location of safe shelters and
the determination of emergency evacuation routes in process industries in scenarios such
as the release of toxic substances using the Analytic Hierarchy Process approach. In this
study, a review of scientific sources was first conducted to extract the key criteria
influencing the location of safe shelters and the determination of emergency evacuation
routes. Subsequently, utilizing an expert panel method (comprising 13 faculty members
specializing in industrial safety and crisis management), the extracted criteria were
validated and supplemented. The data collection instrument was a pairwise comparison
questionnaire based on Saaty's scale (1 to 9). The final weights of the criteria were
calculated using the AHP method, and the consistency of the judgments was confirmed
through the calculation of the inconsistency ratio. The findings indicated that in the
location of safe shelters, the criteria of "minimum exposure to hazardous materials" (C1)
and "distance from the hazard source" (C2), with equal weights of 0.16, possess the
highest priority. The criteria of "access to safe routes" (C3) and "optimal evacuation time"
(C4) were ranked subsequently. Among the factors affecting the determination of
emergency evacuation routes, the criterion of "susceptibility to the accident" (C3) with a
weight of 0.22 had the highest priority, followed by "population distribution at the site"
(C1) and "population density along the routes" (C2). Prioritizing the criteria of distance
from hazard sources and route safety in the design of emergency management systems
can effectively contribute to reducing human casualties, preventing widespread
consequences, and enhancing the resilience of process industries. The findings of this
study can serve as a foundation for developing location standards, revising
comprehensive emergency response plans, and improving the level of safety in high-risk
industrial units.
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Introduction

Process industries, due to their operational nature and the presence of hazardous chemicals, are
inherently exposed to extensive risks including fire, explosion, and the release of toxic substances. The
occurrence of accidents in these industries can result in catastrophic consequences, not only in terms of
human casualties and financial losses but also with irreversible impacts on surrounding communities
and the environment. When primary accidents occur in chemical facilities, the chain-like nature and
physicochemical interactions between adjacent units create the potential for propagation to neighboring
equipment, potentially leading to the "domino effect" phenomenon, which exacerbates the scale of the
disaster.

The establishment of safe shelters and the designation of efficient emergency evacuation routes
constitute two fundamental components of crisis management systems, playing a vital role in reducing
human casualties and enhancing industrial resilience. Rescue centers in chemical industrial complexes
serve as key operational infrastructure components within emergency management systems, responsible
for providing and distributing emergency resources, personal protective equipment, and sheltering
exposed individuals in a timely manner. Safe shelters serve a dual function: providing temporary
accommodation for affected populations who lack alternative safe locations and offering specialized
medical care for those requiring immediate attention. These shelters must possess adequate physical
space to meet basic survival needs and primary healthcare services.

Emergency evacuation, defined as the purposeful relocation of individuals from identified hazard zones
toward safe locations within the shortest possible time and with maximum reliability, represents a
critical pillar of crisis response systems. Based on available warning time, emergency evacuation
scenarios can be broadly classified into precautionary operations, where sufficient warning time enables
pre-assessment and planning, and life-saving operations, characterized by limited or absent warning,
necessitating immediate rescue of injured individuals and clearing of access routes.

Due to the inherent diversity of evacuation scenarios and their susceptibility to multiple and sometimes
conflicting factors, selecting the best operational strategy requires simultaneous assessment of numerous
indicators. Safety experts in process industries possess different perspectives regarding safety system
evaluation indicators, naturally leading to different levels of importance for each indicator. Multiple-
Criteria Decision-Making methods have emerged as efficient approaches for addressing these
complexities. Among various MCDM methods, the Analytic Hierarchy Process, first introduced by
Saaty in 1980, has become one of the most practical tools for integrating expert opinions and evaluating
scores. Despite the breadth of studies in crisis management, limited research has specifically addressed
the identification and prioritization of factors affecting the location of safe shelters and emergency
evacuation routes in process industries using MCDM techniques. Therefore, this study was designed
with the objective of identifying and prioritizing these factors using the Analytic Hierarchy Process
approach.

Method

This study employed a systematic multi-stage methodology to identify and prioritize key factors
affecting the location of safe shelters and emergency evacuation routes in process industries. Initially, a
comprehensive review of credible scientific literature and previous studies in crisis management,
process safety, and emergency facility location was conducted. Based on the findings, a set of criteria
were extracted covering various aspects of the subject. The identified dimensions for ranking the
location of safe shelters included: C1 (minimum exposure to hazardous materials), C2 (distance from
hazard source), C3 (access to safe routes), C4 (optimal evacuation time), C5 (environmental and climatic
requirements), C6 (potential for accident impact), C7 (easy access), C8 (emergency facilities and
infrastructure), and C9 (minimum access time). Factors identified as effective in determining evacuation
routes included: C1 (population distribution at the site), C2 (population density along routes), C3
(susceptibility to the accident), C4 (maximum route capacity), C5 (time from route to safe assembly
point), and C6 (exit locations).

An expert panel comprising 13 faculty members specializing in occupational health and safety and crisis
management was formed. All participants held doctoral degrees, with ages ranging from 31 to over 45
years and work experience spanning 1 to over 15 years, ensuring diversity of perspectives. A pairwise
comparison questionnaire based on Saaty's standard scale (1 to 9) was designed to measure the relative
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importance of each factor. The Consistency Ratio was calculated to assess inconsistency in judgments,
with values less than 0.1 considered acceptable. The final weights of the criteria were calculated using
the AHP method based on the pairwise comparison matrices.

Results

The results revealed distinct prioritization patterns for safe shelter location compared to emergency
evacuation route criteria. For safe shelter location, the criteria of "minimum exposure to hazardous
materials" (C1) and "distance from hazard source" (C2), with equal weights of 0.16, demonstrated the
highest priority. The criterion of "access to safe routes" (C3) with a weight of 0.15 ranked third, followed
by "optimal evacuation time" (C4) with a weight of 0.12 in fourth position. These four criteria
collectively accounted for the highest weights, indicating their dominant influence in the decision-
making process. In contrast, criteria including environmental and climatic requirements (0.09), potential
for accident impact (0.11), easy access (0.09), emergency facilities and infrastructure (0.06), and
minimum access time (0.07) exhibited lower priority.

For emergency evacuation route determination, the criterion of "susceptibility to the accident" (C3) with
a weight of 0.22 demonstrated the highest priority. The criteria of "population distribution at the site"
(C1) and "population density along routes" (C2) ranked second and third with weights of 0.20 and 0.19
respectively. These three criteria collectively received the highest weights, demonstrating their dominant
influence in evacuation route design. The Consistency Ratio for all participants' judgments was
confirmed within the acceptable range (less than 0.1), indicating internal consistency and appropriate
reliability of the pairwise comparisons conducted.

Conclusions

The present study successfully identified and prioritized factors affecting the location of safe shelters
and emergency evacuation routes in process industries using the Analytic Hierarchy Process approach.
The findings revealed that for safe shelter location, the criteria of "minimum exposure to hazardous
materials" and "distance from hazard sources" possess the highest priority, followed by "access to safe
routes" and "optimal evacuation time," indicating the critical importance of distancing from hazards and
speed of access in shelter design. Conversely, in determining emergency evacuation routes, the criterion
of "susceptibility to the accident" demonstrates the highest importance, followed by "population
distribution at the site" and "population density along routes," indicating the necessity of prioritizing
route safety against process hazards.

Based on these findings, safety engineers should calculate minimum safe distances based on
consequence modeling of critical scenarios and establish shelters outside hazard radii. In evacuation
route design, network nodes exposed to domino effects should be eliminated and alternative routes with
minimum hazard exposure should be determined using route optimization algorithms. Evacuation route
capacity should be calculated based on maximum floating and working population per shift, and
potential bottlenecks should be eliminated to optimize evacuation time. In revising comprehensive
emergency response plans, higher-weight criteria should be defined as key performance indicators and
compliance of existing shelters and routes should be monitored. Ultimately, prioritizing distance from
hazard sources and route safety criteria in emergency management system design can effectively
contribute to reducing human casualties, preventing consequences arising from domino effects, and
enhancing resilience of process industries, providing an effective operational framework for safety
engineers and crisis managers toward improving safety levels in high-risk industrial units.
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Table 1. Characteristics of respondents
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Table 2. Sample pairwise comparison questionnaire for factors related to evacuation route selection
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Table 3. Hourly measurement scale for pairwise comparison

Toy Ry 2 ool a4z jo
DS e SeS Baa &y plp Ojg0 4 Jlre 9o Ol Coonl )
ol b lone 5 (S @ 4 (Si ob 4 gl bsgie Coenl ¥
ey lmo 51 S gy B psbo ay oglisd 3L Eoenl 5
2yl 88T 65 Hlxe S b Hlws Sl Al
900l (Soe el (0 SV )3 (6508 p )l Se 65 | Sueal UL A
g0 ) 4 38 sacuggl (o (Gl polie o ol o polie Ag? ¥




VoD liwali oY o Lo oY 0593 ¢ iyl (Ui o y3 ko 3 swikiteo pole LS pdly dolibind

\Al

Criy Oolallae g (oole (yg0 59 50
Siladl Slupali (gl 5 sunld (el il Cu e (glaojge 0

v

)l ! 4o (Sl pno g (yoal Glaolaly (LS 2 Fde Jalge pule (alulid
ool slaolSaly bl sl adyl (slajlne ;g ajline gatsazas g ol 2l

oyl Al gl s Ll 4

By
Gy yd g 25l a blad ()5 2 giles s gl e olol
il g glad  Cilags oise eleciia glael 5l LA VY I Sine wlllS e 8 LSS

v

(AHP) s otk Juloxi bg b dliane 23,5l
(na38 gl e 5 oo diof slaglan wchiin Jalih bl ooy lll 5l it

E

% 8) Ol dolibawyy (>15b
(A6Y) o)llead zels ulia 5l eslizal
oS gloool 4y 55 45 clacglad s gl

v

93 Slaallio g b 31 Jolge 23]
ol o 4 om0 g ] (oo 5 0l g kel oS

ol o “j el slua n QT »a, nn-1/2 zha a o lissee g5 Olaylie dus

v

%93 Slulio gl pilo JSiis
G SR bl Sl sl e (8 gl

v v

Cagly) lagjy sl asglad g5k b))
a3ag )l gy sl eala b Jale ja 50 dloxs (CR) 5,85k 75 5 (CI) 5,53k a3l dslons
aglyl oy gl o abgiye by ol

L]

Lacglad (bpdy (o
s e a2dpdy lacigliad /) 3l 2eS CR &jgen o
25 o plol lagliad ) 6,505k Spgi ol o o
¥

Jolge guizas g lagyjg aaes
Ao Jelss 4 a5 2o slagjs gress
LS)U““.'l EWES; L.’,‘lb):.-.ns "_,.n.ﬂ L(;LheL{hLQ GLQL{u 58

v

g Sladiy 5 it
Sl £155 b yens g oal SloolSaly sl conlio Slop S e
OB 0ol 5 oled slagyzg pulul 2

adlao plxil W ylaals ) ST
Figure 1. Study flowchart
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Figure 3. Weights of factors influencing the determination of emergency evacuation routes.
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The escalating production of organic waste, the rapidly growing demand for protein for
both human consumption and animal feed, and the intensifying pressure on water
resources, soil, and conventional agricultural inputs have collectively underscored the
urgent need for the development of low-input, biological solutions. In this regard, the
black soldier fly (Hermetia illucens) has attracted considerable attention in recent years
owing to its relatively short life cycle, its capacity to consume a wide spectrum of organic
materials, and its ability to convert a significant fraction of these substrates into insect
biomass. The larvae of this species are capable of transforming food waste and various
organic streams into biomass that is exceptionally rich in protein and lipids, while
simultaneously generating a valuable by-product known as frass. The present review
examines the potential of black soldier fly-based technology, focusing on its biology and
life cycle, rearing conditions, the distinction between open and closed systems, substrate
and feed management, the range of harvestable products, and the insect's role within the
circular bioeconomy. Furthermore, it discusses the applications of larval meal, oil, frass,
and compounds such as chitin and chitosan, together with the opportunities and
limitations of their utilisation in animal feed, aquaculture, agriculture, and biotechnology.
Within the conceptual framework derived from current research, the black soldier fly
should not be viewed exclusively as a waste management tool; rather, it can be conceived
as an intrinsic element of a closed-loop system wherein waste is transformed into biomass
and subsequently into feed, fertiliser, and other high-value products. However, factors
including substrate safety, consistency in feed composition, production costs,
standardisation, regulatory frameworks, pathogen control, and market acceptance
constitute the most critical obstacles to the industrial-scale deployment of this technology.
In Iran, establishing clear standards, advancing indigenous technical expertise, creating
sustainable supply chains, and conducting research adapted to the local climate and socio-
economic context can facilitate the responsible expansion of this nascent industry.
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Introduction

The rapid growth of population, urbanisation, and changing consumption patterns has
substantially increased the generation of organic waste and intensified concerns regarding waste
management, resource depletion, and food security. At the same time, the increasing demand
for protein-rich feed ingredients has placed considerable pressure on conventional sources such
as soybean meal and fishmeal. The production of these resources is associated with
environmental challenges, including deforestation, overfishing, high water consumption, and
greenhouse gas emissions. Consequently, increasing attention has been directed toward
alternative protein sources that can simultaneously contribute to organic waste valorisation and
resource recovery. Among emerging biological technologies, the black soldier fly (BSF),
Hermetia illucens, has received considerable attention because of its high capacity to convert
diverse organic substrates into valuable biomass. BSF larvae can consume food waste,
agricultural residues, and manure and convert them into protein- and lipid-rich biomass, while
the remaining frass can be used as a nutrient-rich agricultural amendment. This characteristic
makes BSF particularly relevant to circular economy and sustainable agriculture approaches.
In addition to larval meal, BSF production can provide oil, frass, chitin, chitosan, and bioactive
compounds with potential applications in animal feed, agriculture, industry, and biotechnology.
Although BSF technology has progressed considerably at the global level, its development in
Iran remains constrained by technical, regulatory, economic, and market-related challenges.
Therefore, this study aimed to review the biological characteristics, rearing requirements,
production systems, products and applications, circular-economy potential, and major
opportunities and limitations associated with BSF production, with particular emphasis on its
prospects for development in Iran.

Method

A descriptive and analytical review was conducted on the biology, production, applications,
sustainability, and development prospects of H. illucens. The available evidence was
synthesised thematically according to major components of the BSF production chain. The
review considered the biological and developmental characteristics of BSF, environmental and
operational requirements including temperature, humidity, substrate properties, moisture, and
larval density, and differences between open and closed production systems in terms of
environmental control, investment, biosecurity, and scalability. Major products, including
larval protein meal, oil, frass, chitin, chitosan, and bioactive compounds, were examined
alongside their potential applications. The circular-economy potential of BSF was assessed
through organic-residue conversion, feed production, and nutrient recycling. Finally,
opportunities and limitations for BSF development in Iran were reviewed, including substrate
availability, dependence on imported feed ingredients, research activities, emerging businesses,
regulatory conditions, technical capacity, product safety, and market barriers.

Results

The review demonstrated that BSF has considerable potential to integrate organic waste
valorisation with alternative protein production. Successful production depends strongly on
environmental and nutritional conditions. Under favourable conditions, particularly
temperatures of approximately 27-32°C and relative humidity of 60—80%, eggs hatch within
3—4 days and larvae can reach harvestable size within approximately 14-21 days. Substrate
characteristics strongly influence larval growth, biomass yield, and product quality. A moisture
content of approximately 60—70% is generally suitable for larval development, while substrate
composition affects biomass composition; protein-rich substrates may support growth, whereas
starch-rich substrates can promote lipid accumulation. Appropriate feeding and larval-density
management are therefore essential to avoid anaerobic conditions, odour generation, and
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reduced productivity. Production systems differ according to scale and resource availability.
Open systems generally require lower investment and may be suitable for small-scale or rural
applications, but limited environmental and biosecurity control can reduce consistency and
scalability. Closed systems require greater investment but allow better control of temperature,
humidity, lighting, feeding, and harvesting, making them more suitable for standardised and
industrial production. Automation of feeding, environmental control, and harvesting may
further improve efficiency and consistency.

BSF biomass has multiple potential applications. Depending on substrate and processing
conditions, dried larvae may contain approximately 40-45% protein and 15-25% fat, with a
useful amino acid profile. This supports their potential as a partial alternative to conventional
protein sources, particularly fishmeal, in aquaculture and poultry feed. BSF oil, characterised
by its high lauric acid content, has potential applications in feed, biodiesel, and cosmetics. Frass
contains nutrients and organic matter and may contribute to soil fertility and plant growth;
however, its commercial use requires control of composition and microbiological safety. Chitin
and chitosan obtained from larval cuticles also have potential applications in agriculture,
medicine, drug delivery, and biodegradable materials. Bioactive compounds, including
antimicrobial peptides, represent additional opportunities, although further safety and efficacy
studies are required. BSF production is closely aligned with circular-economy principles
because it converts organic residues into protein and lipid biomass while returning nutrients to
agricultural systems through frass. Nevertheless, environmental and economic benefits are
context-dependent and may be affected by energy and water consumption, transportation,
substrate preparation, drying, and processing. Life-cycle and economic assessments are
therefore necessary to evaluate sustainability under specific conditions.

In Iran, the availability of agricultural, food, and municipal organic residues and dependence
on imported protein feed ingredients provide opportunities for BSF development. Iranian
universities have increasingly investigated local substrates, larval growth, and nutritional
characteristics, while emerging businesses and pilot projects have explored training, farm
design, equipment, and insect production. However, wider adoption is limited by the absence
of comprehensive national standards and clearly defined regulations for insect production,
substrate use, and feed applications. Limited technical knowledge, inadequate training and
extension services, uncertain market demand, and economic competitiveness also remain
important constraints. Product safety requires particular attention because unsuitable substrates
may introduce heavy metals, mycotoxins, pharmaceutical residues, or pathogens, while
variations in substrate, larval age, and processing can result in inconsistent product quality.
Conclusions

BSF technology offers an integrated approach to organic waste valorisation, alternative protein
production, and nutrient recycling within a circular bioeconomy. Its ability to convert diverse
organic residues into protein- and lipid-rich biomass, together with valuable products such as
frass, oil, chitin, and chitosan, creates opportunities for agricultural and industrial applications.
In Iran, abundant organic residues and the need for alternative domestic feed ingredients
provide a basis for further development. However, technological potential alone is insufficient
for industrial adoption. National standards, clear regulatory frameworks, improved technical
and extension capacities, pilot and demonstration facilities, and context-specific economic and
life-cycle assessments are required. Future research should prioritise production optimisation,
automation, selective breeding, substrate safety, product standardisation, and integration with
waste-management systems. Collaboration among researchers, industry, policymakers, and
standard-setting organisations will be essential for developing a safe, economically viable, and
sustainable BSF sector in Iran.
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Mountain vulnerability assessment has shifted from indicator-based and spatial
approaches toward hybrid frameworks combining GIS, remote sensing, machine
learning, MCDA, and statistical-participatory methods. Yet methodological diversity
alone does not guarantee that the resulting documents are coherent, robust, or useful for
decision-making. To examine the state of methodology in mountain vulnerability
research, we conducted a review-based methodological assessment. Following the
PRISMA 2020 protocol, we selected 96 articles and carefully analyzed their
methodological landscape within a meta-method framework. Data processing,
classification, and statistical analysis were performed using Python in the Google Colab
environment, based on a reproducible computational flowchart. We examined the
documents across several dimensions: methodological groups, methodological
architecture, process robustness, output types, and their linkage to decision-
making.Results showed that composite architecture dominated vulnerability assessment
(83.3%, n=80). Uncertainty, however, received limited attention, appearing in only
10.4% of studies. Validation was reported in 57.3% of the reviewed papers. Overall,
57.3% of the studies presented a complete method—output—decision chain.Monte Carlo
permutation tests followed by Benjamini—Hochberg correction indicated a significant
association between methodological architecture and chain completeness (Cramér’s V =
0.441; pFDR = 0.0003). Temporal shifts in methodological architecture were also
evident.Synthesizing the findings within the meta-method framework confirmed an eight
stage process: problem framing, vulnerability conceptualization, data architecture,
method architecture, aggregation and modeling, validation and robustness, output
translation, and decision linkage.The final results suggest that a methodological gap does
not actually exist in this field. Rather, the core issue lies in methodological shortcomings,
specifically, weaknesses in addressing uncertainty and in connecting to decision-making.
As a result, methodological outputs are only partially transformed into decision functions.
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Introduction

Mountain vulnerability assessment has grown into a methodologically diverse field. Early work
leaned heavily on indicators and spatial analysis. More recent studies combine GIS, remote
sensing, statistical models, machine learning, multi-criteria decision analysis, scenario
techniques, and participatory approaches. This expansion has increased analytical capacity. But
it has not necessarily produced assessments that are equally robust or useful for decision-
making. A study may bring together several advanced techniques and still leave important parts
of the analytical process weakly specified. Validation may be missing. Uncertainty may go
untested. Outputs may stop at vulnerability maps, indices, or classifications without being
translated into a clear decision function. Moreover, methodological complexity can sometimes
obscure how individual analytical choices influence the final assessment, making comparisons
across studies difficult and limiting the reproducibility of reported findings. These concerns
highlight the need to examine not only which methods are used, but also how they are
structured, connected, evaluated, and ultimately interpreted. This study examines mountain
vulnerability assessment at the level of methodological architecture. We do not ask which single
method performs best. Instead, we address three questions. How have methodological families
and their combinations changed over time? How are validation, sensitivity analysis, and
uncertainty analysis treated? Can an empirically grounded meta-methodological architecture be
derived from the literature? Particular attention is given to the connection between method,
analytical output, and decision use.

Methods

A systematic scoping review and meta-methodological synthesis was conducted following the
PRISMA 2020 protocol. Searches covered 2008-2026 and used Semantic Scholar and
OpenAlex. Records were screened for mountain context, vulnerability focus, assessment
orientation, methodological evidence, and eligibility for full-text analysis. After deduplication,
title and abstract screening, full-text assessment, retrieval, and bibliographic verification, 96
studies formed the final analytical corpus. The studies were coded for several dimensions:
vulnerability conceptualization, data architecture, methodological family, method sequence,
indicator selection, normalization, weighting, aggregation, modelling, validation, sensitivity
analysis, uncertainty analysis, output type, and decision relevance. Methods were grouped into
major families. These included index-based approaches, GIS and remote sensing, statistical
methods, machine learning, MCDA/AHP, scenario-based analysis, and survey or participatory
approaches. Method architecture was then classified according to whether studies used a single
family, two-family combinations, or multi-method combinations. Data processing and
statistical analysis were performed in Python within Google Colab using a reproducible
computational workflow. Associations between categorical variables were examined with
Pearson's chi-square statistic and Cramér's V. Because some contingency-table cells had small
expected frequencies, statistical significance was estimated using 20,000 Monte Carlo
permutations. Benjamini—Hochberg false discovery rate correction was applied to multiple
comparisons. The method—output—decision relationship was also coded as a methodological
chain, here termed M—O-D.

Results

Methodological combination was the dominant pattern. Of the 96 studies, 53.1% used multi-
method architectures and 30.2% combined two methodological families. Only 9.4% relied on
a single methodological family. Taken together, 83.3% of the corpus used a combined
architecture. This indicates that the field has moved toward methodological recombination
rather than the simple replacement of older methods by newer ones. The change was also
temporal. Publication period was significantly associated with method architecture after Monte
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Carlo testing and FDR correction (Cramér's V = 0.279; pFDR = 0.0143). Its association with
the dominant methodological family was not statistically significant after correction (Cramér's
V = 0.328; pFDR = 0.0820). Thus, the more evident change concerns how methods are
assembled within assessments.

Methodological robustness analysis provides an alternative viewpoint on the data. According
to the statistics provided above, 57.3% of studies demonstrate validation. In case sensitivity
analysis is considered, the percentage goes down to 14.6%. Importantly, 10.4% of studies were
distinguished by uncertainty analysis. One more important point relates to the relationship
between vulnerability outputs and decision-making that was revealed in 69.8% of cases. When
the chain was expanded to include explicit vulnerability conceptualization, identifiable method
architecture, identifiable output, validation, uncertainty analysis, and decision linkage, only
6.2% satisfied all six components.

The statistical results support this distinction. Method architecture was associated with the
completeness of the M—O-D chain (Cramér's V = 0.441; pFDR = 0.0003). The dominant
method family was also associated with chain completeness (Cramér's V = 0.417; pFDR =
0.0054). By contrast, robustness architecture alone showed no significant association with M—
O-D completeness after FDR correction (Cramér's V = 0.209; pFDR = 0.1817).
Methodological plurality, in other words, cannot by itself be treated as evidence of
methodological integration. The review of the literature from a robustness perspective shows
that the concept of “uncertainty” is used in many ways. Some of the papers performed
simulation and global sensitivity analysis. In other papers, model or scenario uncertainty was
analyzed using either an ensemble analysis, diagnostics, or the comparison of models'
performance. There were also three papers in which uncertainty was viewed as a part of the
research, a suggestion, or methodological issue, but not as an element of the evaluation process.
Some variability was also seen in validation techniques. Among 55 papers that used some type
of validation technique, 26 used predictive or statistical validation, such as cross-validation,
AUC/ROC, and other performance measures. Nine papers compared their model outputs with
field data or other data. In three papers, the validation was performed by experts or stakeholders,
and in 17 papers, no information on validation methods was provided. This variability is
important, since they reflect different aspects of evaluation process. The first one is
discriminatory ability, while the second one refers to performance versus observation.
Conclusions

The synthesis produced an eight-stage meta-methodological architecture: problem framing,
vulnerability conceptualization, data architecture, method architecture, aggregation and
modelling, validation and robustness assessment, output translation, and decision linkage.
These stages describe functions that need to be connected, not a prescribed sequence of
techniques. The main methodological problem identified in the literature is therefore not a
shortage of assessment methods. The field already contains a wide range of analytical tools and
increasingly combines them. The weaker point lies elsewhere. Uncertainty is rarely examined
explicitly. Validation remains incomplete. Analytical outputs do not always reach a clear
decision function. For mountain vulnerability assessment, the practical question is consequently
less about adding another method and more about maintaining a defensible analytical chain
from the definition of vulnerability to the use of results in planning, management, or policy.
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Figure 1. Process followed based on the PRISMA protocol for screening the sources used
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Figure 3. Method architecture and completeness assessment of the Method-Output-Decision (M-O-D) chain; the
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within each layer
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Figure 4. Assessment of the robustness of the conducted studies; the vertical axis represents robustness components
and their link to decision-making, while the horizontal axis represents the percentage of the total studies reviewed
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Figure 5. Architecture resulting from the eight-step meta-method derived from 96 selected studies.
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research in industrialized countries, developing contexts have remained overlooked in the
literature due to institutional voids, weak infrastructure, financial constraints, and specific
socio-cultural norms. The study seeks to identify theoretical gaps and propose a context-
based model for implementing industrial symbiosis in these countries. A systematic
search was conducted in Web of Science, Scopus, Science Direct, and Google Scholar
using keywords related to industrial symbiosis, eco-industrial parks, developing
countries, and challenges/success factors. Inclusion criteria comprised full peer-reviewed
research articles focused on developing countries and written in English or Persian. After
two-stage screening (title/abstract and full text) and methodological quality assessment,
35 eligible articles were selected. Data were coded based on a four-dimensional
framework (institutional, technical, economic, and socio-cultural) and synthesized using
qualitative content analysis. Barriers were identified in four categories: institutional
(weak laws, lack of incentive policies, ambiguous ownership), technical (poor
infrastructure, data scarcity, limited awareness), economic (high investment costs, high
risk, limited access to finance), and socio-cultural (distrust, resistance to change, low
social capital). In contrast, four key success factors were identified: the role of facilitators
and intermediary institutions, participatory design and trust-building through pilot
projects, flexibility in financial models and utilization of foreign investment, and
adaptation to local context through the use of indigenous waste streams and anchor
industries. The proposed conceptual model rests on four pillars: gradual
institutionalization, pilot-orientation, local context adaptation, and stakeholder
participation. Copying developed-country experiences without considering local
requirements is associated with high failure rates, and success requires stepwise, context-
sensitive, and capacity-based design. The findings provide clear policy implications for
governments, industrial managers, and international bodies to facilitate the transition
toward sustainable eco-industrial parks.
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Introduction

Increasing resource depletion, climate change, and the accumulation of industrial waste have intensified
the need to move beyond linear models of production and consumption toward circular and resource-
efficient industrial systems. Industrial symbiosis (IS), which involves the exchange of materials, energy,
water, infrastructure, and knowledge among industrial actors, provides an important mechanism for
implementing circular economy principles at the industrial ecosystem level. When these interactions are
organized within a geographically defined industrial area, they can contribute to the development of
eco-industrial parks (EIPs), in which firms and other stakeholders pursue environmental, economic, and
social benefits through coordinated resource sharing and collective action. Despite the growing
international attention to industrial symbiosis and eco-industrial parks, their implementation in
developing countries cannot be considered a simple transfer of models developed in industrialized
contexts. Many developing countries are characterized by institutional fragmentation, weak regulatory
enforcement, inadequate infrastructure, limited access to finance and technology, informal economic
activities, market instability, and context-specific social and cultural conditions. These characteristics
influence the formation, coordination, and sustainability of symbiotic relationships and may
substantially alter the conditions required for successful EIP development.

Existing literature provides valuable insights into industrial symbiosis; however, evidence concerning
the specific barriers and enabling conditions in developing countries remains fragmented across
different geographical, industrial, and institutional contexts. This fragmentation limits the development
of context-sensitive implementation strategies and may encourage the adoption of standardized
approaches that do not adequately reflect local conditions. Therefore, this study systematically reviews
the literature on industrial symbiosis and eco-industrial parks in developing countries, focusing on the
major barriers, enabling conditions, and implementation mechanisms. The review aims to develop an
integrated understanding of institutional, technical, economic, and socio-cultural conditions and to
synthesize these findings into a context-sensitive conceptual framework for EIP development.
Method

A systematic literature review was conducted to identify, assess, and synthesize research addressing
industrial symbiosis and eco-industrial parks in developing-country contexts. Literature searches were
performed in Web of Science, Scopus, ScienceDirect, Google Scholar, and selected Persian-language
databases. The search strategy combined terms related to industrial symbiosis, eco-industrial parks,
developing countries, barriers, challenges, enabling conditions, and success factors. Publications from
2000 to 2026 were considered, with greater attention given to recent studies in order to incorporate
current developments in the field. Studies were included when they were peer-reviewed research articles
that explicitly addressed industrial symbiosis or eco-industrial parks in developing or low- and middle-
income countries and examined at least one relevant barrier, enabling condition, success factor,
implementation mechanism, or lesson learned. Studies focusing exclusively on general sustainability or
circular economy issues without a specific connection to industrial symbiosis, studies conducted solely
in developed-country contexts without relevant comparison, and publications lacking sufficient
methodological or empirical information were excluded.

The screening process consisted of title and abstract screening followed by full-text assessment.
Duplicate and irrelevant records were removed, and the remaining studies were evaluated according to
the inclusion criteria and methodological quality. The quality assessment considered the clarity of
research objectives, appropriateness of methodology, transparency of reporting, and consistency
between evidence and conclusions. Ultimately, 35 studies were selected for qualitative synthesis. Data
were extracted using a structured coding framework covering study characteristics, geographical and
industrial context, identified barriers, success factors, implementation mechanisms, and reported
outcomes. The findings were analyzed through qualitative content analysis and organized into four
dimensions: institutional and governance, technical and infrastructural, economic and financial, and
socio-cultural factors.

Results

The findings indicate that barriers to industrial symbiosis in developing countries are interconnected
across four dimensions. Institutional and governance barriers include weak or poorly enforced
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regulations, fragmented responsibilities, limited institutional capacity, insufficient incentives, and
uncertainty regarding ownership and benefit sharing. Technical and infrastructural barriers involve
inadequate waste treatment and segregation, limited information on resource flows, technological
constraints, inconsistent quality of secondary resources, and spatial separation between potential
partners. Industrial symbiosis extends beyond material exchange to include water reuse, energy
integration, and shared value-chain activities such as logistics, procurement, knowledge exchange, and
workforce development. Economic and financial barriers include limited access to capital, high
financing costs, investment uncertainty, and difficulties in funding shared infrastructure. Diversified
financing, public-private partnerships, green finance, and risk-sharing mechanisms can help address
these constraints, provided that appropriate institutional and regulatory frameworks are in place. Socio-
cultural barriers include limited awareness, lack of trust, reluctance to share information, weak
collaboration, and insufficient stakeholder participation, highlighting the importance of communication
and trust-building.

Four major groups of success factors were identified. First, intermediary and facilitator institutions can
improve coordination, information exchange, trust, and identification of symbiotic opportunities.
Second, participatory implementation and pilot projects can reduce uncertainty, support institutional
learning, demonstrate benefits, and build stakeholder confidence. Third, financial flexibility and risk-
sharing mechanisms can facilitate investment by diversifying financing sources and reducing financial
risks. Fourth, adaptation to local conditions is essential; symbiotic networks should reflect local
resources, industries, infrastructure, markets, institutional capacities, and regional priorities rather than
replicate standardized EIP models. In less mature industrial networks, anchor industries can also provide
a foundation for developing broader symbiotic relationships.

Conclusions

The synthesis indicates that industrial symbiosis in developing countries involves two simultaneous
processes: establishing the institutional, technical, financial, and social foundations required for
collaboration and generating tangible environmental and economic benefits through that collaboration.
Consequently, successful EIP development requires more than technological solutions or waste-
exchange opportunities. It requires an integrated process of institutional development, stakeholder
coordination, financial mobilization, capacity building, and adaptation to local conditions.

Based on the synthesized evidence, a four-pillar conceptual framework is proposed. The first pillar is
gradual institutionalization and effective governance, emphasizing clear responsibilities, supportive
policies, regulatory capacity, and appropriate incentive mechanisms. The second is intermediary
facilitation and stakeholder participation, focusing on trust building, information exchange,
coordination, and inclusive decision-making. The third is pilot-oriented and financially flexible
implementation, emphasizing incremental development, institutional learning, risk reduction, and
diversified financing. The fourth is local-context adaptation, which aligns symbiotic networks with
regional resources, industries, infrastructure, market conditions, and socio-economic characteristics.
The findings suggest that industrial symbiosis in developing countries should be approached as an
evolutionary and context-dependent process rather than as the direct replication of standardized models.
Effective implementation requires simultaneous attention to institutional capacity, technical
infrastructure, economic feasibility, and socio-cultural conditions. Policies and programs should
therefore combine regulatory and financial support with participatory planning, local facilitation,
capacity building, and experimentally oriented implementation.

Several limitations should be considered. The reviewed literature is heterogeneous in terms of
definitions, analytical approaches, geographical coverage, and methodological quality. The number of
longitudinal studies remains limited, and evidence is concentrated in particular regions. In addition, the
review was restricted to English- and Persian-language literature. Future research should strengthen
longitudinal and comparative analyses, employ quantitative and econometric approaches where
appropriate, investigate the role of digital technologies and informal economic activities, and develop
empirical models for assessing the long-term performance of EIPs in different developing-country
contexts. Further research can also contribute to developing context-specific implementation
frameworks for industrial symbiosis and eco-industrial parks in countries undergoing industrial and
circular-economy transitions.
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This study evaluated the potential of food waste-derived compost for the bioremediation
of crude oil-contaminated soil from the Bahregan oil field, Bushehr Province, southern
Iran. The experiment was conducted for 180 days using four treatments: a control without
aeration and moisture addition, a control with aeration and moisture addition, and
treatments containing 30% and 50% compost. Total petroleum hydrocarbons (TPH) were
measured using gas chromatography equipped with a flame ionization detector (GC-
FID), and changes in TPH concentrations were monitored throughout the experimental
period. In addition, some physicochemical characteristics affecting the bioremediation
process, including pH, organic carbon, total Kjeldahl nitrogen, and total phosphorus,
were monitored. The results showed that after 180 days, TPH removal efficiencies in the
control without aeration and moisture addition, the control with aeration and moisture
addition, and the 30% and 50% compost treatments were 8.6%, 78%, 94.45%, and
94.91%, respectively. Comparison of the control treatments showed that oxygen supply
and maintenance of appropriate moisture substantially increased TPH removal, indicating
the important role of suitable environmental conditions in the activity of indigenous
microorganisms. Compost addition under the same aeration and moisture conditions also
increased the removal efficiency compared with the aerated and moistened control. The
30% and 50% compost treatments showed 16.45 and 16.91 percentage points greater
TPH removal, respectively, than the aerated and moistened control. However, the
difference in final removal efficiency between the two compost levels was only 0.46
percentage points. Therefore, under the conditions of this study, the use of 30% compost
may be a more suitable option in terms of the amount of amendment required and
operational costs. Overall, the results showed that food waste-derived compost, together
with appropriate moisture and aeration management, has high potential for the
bioremediation of petroleum-contaminated soil and can simultaneously contribute to
reducing hydrocarbon contamination and the beneficial reuse of organic waste.
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Introduction

Crude oil is one of the world’s most important energy resources and plays a major role in the
economies of oil-producing countries, particularly those surrounding the Persian Gulf.
However, oil exploration, drilling, extraction, transportation, storage, and processing can lead
to significant environmental contamination. Oil spills, leakage from petroleum facilities,
contaminated wastewater, and other petroleum-related activities are major sources of petroleum
hydrocarbons in the environment. These contaminants can adversely affect soil properties,
microbial communities, and surrounding ecosystems. Petroleum contamination is an important
environmental concern because crude oil contains a complex mixture of hydrocarbons with
different physical, chemical, and biological properties. Once introduced into soil, petroleum
hydrocarbons may undergo volatilization, dissolution, adsorption, desorption, transport, and
biodegradation. Their presence can also alter soil properties, nutrient availability, and microbial
activity. Therefore, effective, environmentally compatible, and economically feasible
remediation methods are particularly important in oil-producing regions. Bioremediation is a
promising approach for treating petroleum-contaminated soils because microorganisms can
transform and degrade petroleum hydrocarbons. Its efficiency depends on factors such as
oxygen availability, moisture, nutrients, pH, temperature, and contaminant bioavailability.
Compost can improve several of these conditions by supplying organic matter and nutrients,
enhancing moisture retention, and improving soil properties. In addition, the use of food-waste
compost can provide the combined benefits of organic waste management and contaminated-
soil remediation. The Bahregan oil region in Bushehr Province, southern Iran, is located along
the northern Persian Gulf and has a long history of petroleum exploration and production.
Therefore, investigating suitable bioremediation approaches in this region is environmentally
important. The present study evaluated the effectiveness of food-waste compost for the
bioremediation of real crude-oil-contaminated soil collected from the Bahregan oil region.
Specifically, the study investigated TPH reduction over 180 days, the effects of aeration and
moisture management on TPH removal, and the effects of applying 30% and 50% compost on
bioremediation efficiency.

Method

Petroleum-contaminated soil was collected from the Bahregan oil region in Bushehr Province,
southern Iran. Food-waste compost containing 20% sheep manure was produced from food
waste generated at a residential oil company camp and composted for five weeks in wooden
boxes with regular turning and moisture control. The initial TPH concentration of the
contaminated soil was 535,000 mg kg', while TPH was not detected in the compost within the
analytical detection limit. A 180-day bioremediation experiment was conducted using four
treatments: (1) unaerated and unmoistened control, (2) aerated and moistened control without
compost, (3) soil amended with 30% compost, and (4) soil amended with 50% compost.
Compost-amended treatments were manually turned every four days, and moisture was
maintained at 40-50% by adding water as needed. These treatments allowed the effects of
aeration and moisture to be distinguished from the additional effect of compost amendment.

TPH concentrations were measured at regular intervals. Before sampling, the mixtures were
thoroughly homogenized, and samples were collected from different depths. TPH was extracted
from dried samples using n-hexane and quantified by gas chromatography with a flame
ionization detector (GC-FID) according to TNRCC Method 1005. Hydrocarbons in the C6—
C35 range were considered TPH, and concentrations were reported on a dry-weight basis.

pH, temperature, organic carbon, total Kjeldahl nitrogen (TKN), total phosphorus, and moisture
were also monitored. TPH, organic carbon, TKN, and total phosphorus were measured weekly,
while pH and temperature were monitored daily. Treatment performance was evaluated based
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on changes in TPH concentration and percentage TPH removal over the 180-day experimental
period.

Results

Initial characterization showed that the compost had substantially higher organic carbon,
nutrients, and moisture than the contaminated soil, with organic carbon and moisture of 285.60
g kg™! and 48.20% compared with 18.50 g kg™ and 11.60%, respectively. TKN and total
phosphorus were also higher in the compost, while pH values were 7.45 and 6.82 for compost
and soil, respectively, indicating more favorable conditions for microbial activity and petroleum
hydrocarbon degradation. After 180 days, the unaerated and unmoistened control showed only
8.6% TPH reduction, whereas the aerated and moistened control achieved 78.00%, highlighting
the importance of adequate oxygen and moisture and the limited contribution of natural
attenuation alone. Compost addition further increased TPH reduction, with 94.45% and 94.91%
removal in the 30% and 50% compost treatments, respectively, corresponding to additional
reductions of 16.45 and 16.91 percentage points compared with the aerated and moistened
control. The improved performance may be related to the higher organic matter and nutrient
content of compost and its ability to improve soil moisture and the physical environment for
indigenous microorganisms. TPH reduction was not constant throughout the experiment. In the
aerated and moistened control, reduction increased from 72.03% on day 80 to 78.00% on day
180, while the 30% and 50% compost treatments increased from 55.46% to 94.45% and from
77.87% to 94.91%, respectively. Although degradation continued throughout the experiment, a
considerable proportion occurred during the earlier stages, followed by slower reduction later,
likely due to the depletion of readily biodegradable hydrocarbon fractions and persistence of
less accessible compounds. Increasing compost from 30% to 50% resulted in only a 0.46
percentage-point increase in final TPH removal; therefore, the 30% treatment achieved
similarly high removal with a lower compost requirement and may be more practical for further
pilot-scale and field investigations.

Conclusion

The findings demonstrated that food-waste compost has considerable potential for the
biological remediation of crude-oil-contaminated soil. After 180 days, TPH reductions in the
unaerated and unmoistened control, aerated and moistened control, 30% compost, and 50%
compost treatments were 8.6%, 78.00%, 94.45%, and 94.91%, respectively. The comparison
between the control treatments demonstrated the important role of adequate aeration and
moisture in enhancing the activity of indigenous microorganisms. Compost addition further
improved TPH removal, presumably by improving the physicochemical conditions and
providing organic matter and nutrients required for microbial activity. Because the difference
between the 30% and 50% compost treatments was only 0.46 percentage points, the 30%
compost treatment can be considered a more practical option under the conditions investigated.
The use of food-waste compost may therefore provide a dual environmental benefit by
contributing to petroleum-contaminated soil remediation and the beneficial reuse of organic
waste. However, the results were obtained under controlled experimental conditions, and
further pilot-scale and field studies are required to evaluate the effectiveness, stability,
operational requirements, and environmental implications of this approach under actual
conditions in oil-producing regions.
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Figure 1. Trend of pH changes in the control sample
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Table 3. Comparison of TPH removal efficiency in the bioremediation of soils contaminated with petroleum
hydrocarbons using organic amendments
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