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ABSTRACT

The ecological transition demands innovative frameworks to reduce industrial resource consump-
tion and environmental impacts. Industrial ecology, particularly through Eco-Industrial Parks (EIPs),
provides a promising pathway by enabling exchanges of materials, energy, and water between
firms. However, the deployment of EIPs is limited by the lack of standardized industrial profiles
and transferable modeling approaches. This study develops a generic framework for representing
industrial actors as standardized input—-output black-box models, consolidating data on resource
consumption, energy demand, by-products, and waste streams. These profiles are structured into
a harmonized database to support resource-exchange analysis and scalable optimization across
diverse contexts. Complementary mappings of processes and resources, as well as energy and
heat demand profiles, enhance the feasibility of identifying synergies such as heat cascading and
material reuse. The framework is designed to integrate with optimization approaches to evaluate
trade-offs between economic and environmental objectives. The framework highlights the bene-
fits of generalizing industrial profiles for robust and transferable EIP modeling, while also identify-
ing gaps in the integration of social indicators, uncertainty analysis, and governance aspects. This
work contributes a methodological foundation for supporting circular, low-carbon industrial sys-
tems and provides practical tools for the design and deployment of sustainable industrial zones.
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INTRODUCTION

The ecological transition requires innovative strate-
gies to reduce resource consumption and mitigate indus-
trial environmental impacts. Industrial ecology, and par-
ticularly Eco-Industrial Parks (EIPs), has emerged as a
promising framework for promoting circular resource use
through exchanges of energy, water, and materials be-
tween companies. While several studies have demon-
strated the economic feasibility of industrial symbiosis,
there remains a lack of integration of environmental per-
formance and model flexibility across various industrial
contexts.

Industrial ecology (IE) provides the theoretical foun-
dation for rethinking industrial systems as ecosystems in
which resources circulate rather than follow a linear path.
Chertow (2000) emphasized that the central principle of
IE is the closing of loops that allows transforming waste
from one process into a valuable input for another. This
https://doi.org/10.69997/sct.128354

idea is operationalized in EIPs, where firms engage in in-
dustrial symbiosis through exchanges of materials, en-
ergy, water, and by-products to achieve both environ-
mental and economic benefits [1].

The Kalundborg symbiosis in Denmark is the most
widely cited and pioneering example of this approach.
Over several decades, companies in Kalundborg devel-
oped a network of exchanges, such as the transfer of
steam, surplus heat, gypsum, and wastewaterthat re-
duced costs, minimized environmental impacts, and
demonstrated the feasibility of symbiosis in practice. This
case illustrates how industrial systems can evolve organ-
ically towards resource efficiency and collaborative sus-
tainability.

Recent works extend EIP thinking toward Hubs for
Circularity (H4C), which integrate industrial, urban, and
rural exchanges to reach near-zero emissions and en-
hance local welfare. This broader framing highlights the
importance of considering not only intra-industrial
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synergies but also urban heat recovery, agricultural
waste valorization, and community-level benefits [2].

In Europe, Italy has pioneered regional EIP initia-
tives, particularly in Emilia-Romagna, where governance
and institutional support are critical drivers of symbiotic
networks. Similarly, in Spain, co-located industrial symbi-
osis networks have contributed to multiple UN Sustaina-
ble Development Goals (SDGs), including water savings,
emission reductions, and job creation [3].

Despite successful examples, EIP design and oper-
ation are complex due to conflicting objectives, local ver-
sus global optima, and operational uncertainties. Kuz-
netsova and Zio propose a methodological framework
treating EIPs as complex engineered systems compara-
ble to smart grids, requiring multi-level optimization and
robustness to uncertainties [4]. Mathematical program-
ming, particularly mixed-integer linear programming
(MILP), is widely applied to model optimal material and
energy exchanges, balancing costs, emissions, and re-
source use.

Recent advances include:

=  Multi-objective MILP models optimizing economic,
environmental, and social performance in desert
EIPs, such as the Ulan Buh Demonstration Park in
Inner Mongolia.

= Stochastic and robust optimization frameworks to
account for uncertainty in demand, waste
availability, and energy prices within IS networks
and H4Cs.

= Leader-slave optimization structures that
reconcile global EIP objectives with local firm
interests.

Such formulations increasingly integrate multi-re-
source networks (water, energy, materials, gases),
though joint modeling across all domains remains limited.
The literature demonstrates the evolution from classical
EIP design to complex, multi-objective, and multi-scale
frameworks. Key insights include: EIPs can deliver signif-
icant environmental and economic benefits but require
systematic modeling under uncertainty. Simulation and
visualization methods bridge the gap between technical
models and stakeholder decision-making.

Despite progress, gaps remain in integrated multi-
resource modeling, incorporation of social objectives
(e.g., job creation, equity), and operational-level optimi-
zation beyond strategic design. This work builds upon
these foundations by developing a generic framework for
modeling network components in industrial resource ex-
changes, integrating black-box process representations
with systemic indicators (e.g., MFA, Sankey diagrams) to
improve adaptability across contexts.

PROBLEM STATEMENT
Mavlanova et al. / LAPSE:2026.0228

The primary objective of this study is to support the
deployment of industrial ecology by developing stand-
ardized industrial profiles that can be used as building
blocks in a generic optimization framework for eco-in-
dustrial parks. The work involves reviewing existing liter-
ature and case studies, defining representative profiles
for selected industrial sectors, and characterizing their
typical processes in terms of resource consumption, en-
ergy demand, by-products, and waste streams.

These profiles are modeled using a black-box ap-
proach to identify potential resource exchanges and syn-
ergies between companies. Finally, the profiles are inte-
grated into an adaptable optimization framework and ap-
plied to a case study, with the aim of evaluating both eco-
nomic and environmental performances.

The purpose of this formulation is not to provide a
site-specific optimal solution, but to demonstrate how
standardized profiles reduce modeling effort and enable
scalable optimization across heterogeneous industrial
contexts. This research work aims to answer the follow-
ing questions:

= What are the defining features of industrial profiles
in terms of resource usage?

= How can these profiles be modeled in a way that
supports generic optimization?

= Whatis the impact of using standardized profiles
on the scalability and adaptability of eco-industrial
models?

METHODOLOGY

The methodology outlines the approach adopted to
develop a generalized framework for modeling resource
exchanges within eco-industrial parks. Within the scope
of the French industry decarbonization program, this re-
search addresses the need for a standardized database
capable of integrating diverse industrial profiles across
the country. The procedure involved structuring repre-
sentative profiles into a harmonized format and designing
a network model to support resource exchange analysis.
This approach provides the foundation for evaluating
eco-industrial park topologies in a way that is both gen-
eralizable and adaptable to local contexts.

This study is defined as quantitative and model-
based, drawing on the frameworks of industrial ecology
and optimization modeling. Industrial ecology provides
the systemic perspective for analyzing material, energy,
and water exchanges within industrial ecosystems [5],
[7]. Within this methodological framework, EIPs opera-
tionalize industrial symbiosis by linking firms through
complementary resource flows and assessing their per-
formance with eco-efficiency indicators [8].

Case studies such as the Ulsan Eco-Industrial Park
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Table 1. Representative enterprise types and their primary input-output flows.

Category Facility / Plant Inputs Outputs

Energy Utility Combined Heat & Power Fuel, Water Electricity, Steam, Waste
(CHP) Plant Heat
Biomass Power Plant Biomass Electricity, Heat, Biochar

Waste-to-Energy Plant
Hydrogen Production Plant

Municipal Waste
Electricity, Water

Electricity, Heat, Ash
Hydrogen, Oxygen

Wastewater TP Municipal Wastewater

Treatment Plant

Wastewater, Electricity Treated Water, Biogas,

Sludge

Heavy Industry Cement Factory
Steel Manufacturing Plant

Glass Manufacturing Plant

Limestone, Slag, Energy
Iron Ore, Coal, Water
Silica, Soda Ash, Energy

Cement, Clinker, Heat
Steel, Slag, Waste Heat
Glass Products, Heat

Brick or Tile Factory Clay, Ash Bricks, Tiles
Chemical Industry Chemical Processing Plant Feedstocks, Steam, Water Chemicals, Heat,
Wastewater

Plastic Recycling Facility
Paint or Coating Factory
Fertilizer Plant

Plastic Waste, Energy
Solvents, Chemicals
Ammonia, CO,

Recycled Plastic
Paint, Coating
Fertilizers, CO, Reuse

Agri-Food Food Processing Plant

Brewery or Winery
Slaughterhouse

Raw Food, Water Packaged Food, Organic
Waste
Beer/Wine, Spent Grains

Animal Products, Fat Waste

Grains, Water
Livestock

Dairy Plant Milk, Steam, Water Milk Products, Whey
Light Manufacturing Textile Factory Cotton, Dyes, Water Fabrics, Dye Wastewater

Paper Mill Pulp, Water Paper, Sludge

Wood Workshop Wood Sawdust, Wood Products

Electronics Assembly Plant

Electronic Components Electronics, E-waste

Other industries Urban Greenhouse / Vertical
Farm

Composting Facility

Algae Production Facility
Biogas Plant (Anaerobic Di-

CO,, Heat, Water Vegetables, CO, Utilization
Food Waste, Green Waste
Wastewater, CO,

Organic Waste

Compost
Algae, Biomass
Biogas, Digestate

gester)
Small Business Bakery Flour, Water, Electricity Bread, Waste Heat
Laundromat Water, Electricity Hot Water Discharge

Café / Restaurant

Water, Ingredients, Energy Food Waste, Wastewater

demonstrate how “designed” industrial symbiosis net-
works can evolve from research and development initia-
tives into practical business models, enabling systematic
evaluation of exchanges across diverse enterprises [9].

Optimization modeling has been widely applied to
EIPs to evaluate synergies and design efficient exchange
networks [10]. Methods such as mixed-integer linear pro-
gramming (MILP) and superstructure optimization enable
systematic assessment of trade-offs between economic
and environmental objectives, while metaheuristic ap-
proaches such as ant colony optimization (ACO) and
agent-based modeling (ABM) have been proposed to
handle the complexity of large-scale networks.

The objectives of this research are therefore four-
fold:

= To develop generalized industrial profiles that
abstract enterprises into standardized input—
output black-box models;

Mavlanova et al. / LAPSE:2026.0228

= To model resource exchanges in EIPs through
network superstructures that capture all feasible
synergies;

= To design a harmonized dataset to support
optimization across diverse industrial contexts;

= To evaluate the adaptability of this framework
through application to a case study.

MAPPING OF INDUSTRIAL PROFILES

Industrial profiles and enterprises types

A substantial body of literature exists on material
flow analysis (MFA) [1], circular economy implementa-
tion, and the optimization of industrial symbiosis [6].
These studies demonstrate the potential of resource ex-
changes within eco-industrial parks (EIPs) and provide
valuable methodologies for flow quantification and net-
work optimization. However, most of these works remain
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Table 2. Process to Resources mapping

Enterprise Process

Resources Required

Steel Manufacturing Blast Furnace

Basic Oxygen Furnace

Rolling

Waste Heat Recovery

Slag Handling

Iron ore, Coal, Coke, Oxygen, Heat
Oxygen, Scrap Metal, Heat
Electricity, Lubricants

Waste Gas, Heat Exchanger
Electricity, Water

Cement Factory
Preheating

Clinker Production
Grinding & Packing

Raw Material Crushing

Limestone, Electricity
Waste Heat, Fuel
Fuel, Heat, Electricity
Electricity, Gypsum

Food Processing Cleaning
Cooking
Pasteurization

Packaging

Water, Electricity

Steam, Electricity, Ingredients
Steam, Water, Electricity
Plastic, Packaging Gas

Table 3. Resources -> Process mapping

Resource Input

Used In Process

Industry Examples

Steam

Sterilization

Boiling
Evaporation

Drying

Heating reactors
Steam Stripping
Textile finishing
Steam cleaning
Pasteurization
Cooking
Distillation
Preheating

Food & Beverage
Pharmaceutical

Brewery, Food Processing
Food processing

Sugar Refinery

Dairy

Paper Mill, Textile, Chemical
Chemical Manufacturing, Petrochemical
Petrochemical, Refining
Textile, Apparel

Dairy, Brewery

Dairy, Beverage

Canning, Packaged Food
Refinery, Spirits Production
Steel, Chemical

context-specific, focusing on individual case studies or
sectoral analyses, rather than proposing a generalized
and reusable dataset of industrial profiles.

Currently, there is no consolidated datasheet that
categorizes enterprises into standardized groups with
generalized input/output flow data. This gap makes it dif-
ficult to design transferable models that can efficiently
simulate exchanges between companies in different lo-
cations. Existing datasets are often fragmented (case-
specific "stories" of companies or sectoral MFA studies),
but they are not harmonized into a universal resource-
exchange typology.

Industries in this study were first classified into rep-
resentative categories (e.g., power plants, chemical

Mavlanova et al. / LAPSE:2026.0228

industries, steel plants, bakeries, wastewater treatment
facilities). The Enterprise Types sheet of the database
defines the scope of participants, their primary inputs
(fuels, raw materials, water), and outputs (electricity,
steam, waste heat, by-products). This provides the foun-
dation for a generic library of industrial actors in an EIP.

The Input-Output sheets consolidate resource bal-
ances by identifying primary inputs, main outputs, and
secondary outputs such as waste heat, CO,CC, or solid
residues. This abstraction ensures that industries with
very different processes can be compared under the
same modeling structure.

A datasheet (Table 1) has been created for each in-
dustry profile, providing a general view and supporting
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Table 4. Energy and heat demand profiles of industries

Enterprise Name Process

Electricity De-
mand (Typical)

Heat/Steam De-
mand (Typical)

Estimated Temper-
ature Range (°C)

Steel Manufactur- Raw material handling  Very High High 900-1800
ing Plant
Blast furnace Very High High 900-1800
BOF Very High High 900-1800
Rolling & finishing Very High High 900-1800
Waste heat recovery Very High High 900-1800
Cement Factory Crushing High Very High 1200-1500
Preheating High Very High 1200-1500
Clinker formation High Very High 1200-1500
Grinding High Very High 1200-1500
Packing High Very High 1200-1500
Chemical Pro- Reactor operation High High 100-300
cessing Plant
Separation High High 100-300
Distillation High High 100-300
Storage High High 100-300
Cooling High High 100-300

the construction of a generic model. The sheets are
structured around the following characteristics:

» Enterprise type (energy, chemical industry, heavy
industry, etc.);

* Primary and secondary inputs and outputs of
enterprises.

Process-resource mapping

Two complementary sheets: Process->Resources
and Resources->Process—map industrial processes to
the resources they require and produce (Table 2, 3). For
example, in steelmaking, the blast furnace consumes iron
ore, coke, and oxygen, while emitting CO, and slags. This
mapping ensures that exchanges can be matched based
on technical feasibility.

ENERGY AND HEAT PROFILES

To systematically evaluate exchange opportunities,
the energy and heat requirements of industrial processes
are characterized in terms of both demand level and tem-
perature range. The Electricity-Heat Demand profile pro-
vides a comparative mapping of industries such as steel
manufacturing, power generation, and food processing,
indicating whether their electricity and heat consumption
is low, medium, or very high.

In addition, typical operating temperature ranges
are included to capture the quality of heat required or re-
leased. This parameterization is crucial for identifying
feasible synergies: for instance, excess low-temperature

Mavlanova et al. / LAPSE:2026.0228

steam from one process may be unsuitable for another
process requiring high-grade heat, but could be matched
to district heating or drying applications.

By grouping industries according to their energy de-
mand intensity and thermal characteristics, the frame-
work facilitates heat cascading strategies and improves
the robustness of optimization models for eco-industrial
parks.

OPTIMIZATION AND MODELLING
STRATEGIES

The standardized industrial profiles developed in
this study are designed to be adaptable to a range of op-
timization and modeling approaches. This creates oppor-
tunities to strengthen the design and deployment of Eco-
Industrial Parks (EIPs) by linking resource-exchange data
to advanced decision-support tools.

Mathematical optimization methods, such as Mixed-
Integer Linear Programming (MILP), are particularly well-
suited for systematically identifying exchanges that min-
imize cost or emissions while respecting process con-
straints. By structuring industries as black-box profiles,
the framework ensures compatibility with such models
and facilitates scalable, scenario-based evaluation.

Based on previous works [6] and to demonstrate the
compatibility of the proposed standardized industrial
profiles with process-systems engineering approaches,
this section outlines a generic optimization formulation
for eco-industrial park (EIP) design based on these
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profiles. The objective is not to solve a fully instantiated
case-specific problem, but to illustrate how the stand-
ardized profiles can be directly embedded into a super-
structure-based optimization framework.

Each industrial actor i € I is represented as a stand-
ardized black-box profile defined by its resource inputs,
outputs, by-products, and energy demands. These pro-
files constitute the building blocks of a superstructure
that enumerates all feasible resource exchanges be-
tween actors within the EIP.

Let R denote the set of resources (e.g. water, steam,
heat, materials), and x{; the continuous decision variable
representing the flow of resource r € R exchanged from
actor i to actor j. Binary variables yf; indicate whether an
exchange link is activated.

A generic cost-emission optimization problem can
be formulated as:

min (Zi,m Clixj; Zi’j’rEF’x{j)
subject to:

= Mass and energy balance constraints

Zx}i + 8] = Zx{j + D{Vi,r

J J
where S} and D] denote standardized supply and demand
parameters derived from the industrial profiles.

= Capacity constraints

0 < xjj < Xj; i

»= Technical compatibility constraints
xi’j =0

if profiles i and j are incompatible for resource r

The standardized profiles provide harmonized
bounds )_({j, emission factors EF”", and unit exchange
costs Cj;, enabling the formulation to be instantiated
across different territorial contexts without redefining the
model structure.

This formulation illustrates how standardized pro-
files reduce model-building effort, facilitate scalability,
and support comparative scenario analysis, while re-
maining fully compatible with classical MILP and multi-
objective optimization approaches used in EIP design.

The standardized industrial profiles can be applied
to generate and analyze generic resource-exchange sce-
narios representative of typical eco-industrial park con-
figurations. Rather than focusing on a single site-specific
case, the objective is to demonstrate how the profile-
based approach supports systematic identification of
symbiosis opportunities.

Based on the compiled profiles, industries are cur-
rently classified according to their dominant resource
Mavlanova et al. /| LAPSE:2026.0228

roles (producer, consumer, or prosumer) and thermal
characteristics. This enabled the identification of recur-
rent exchange patterns, including:

= heat and steam cascading between high-
temperature and low-temperature processes,

=  by-product valorization chains across
manufacturing and recycling activities,

= water reuse loops involving industrial and utility
actors.

For instance, standardized profiles for energy-in-
tensive processes (e.g. power generation, steelmaking)
are matched with medium- and low-temperature demand
profiles (e.g. food processing, district heating), revealing
generic heat recovery configurations applicable across
multiple industrial zones. Similarly, material by-products
identified in standardized profiles enabled the construc-
tion of cascading exchange chains connecting primary
production, transformation, and recycling actors.

These scenarios can be directly encoded as candi-
date exchange links in the optimization superstructure,
reducing the search space while preserving technical re-
alism. Compared to purely case-specific modeling, the
standardized profile approach enables rapid scenario
generation, cross-site comparison, and transferability of
symbiosis configurations.

Looking forward, the main opportunity lies in com-
bining these approaches: using standardized profiles as
building blocks for multi-objective optimization, heuristic
exploration, and dynamic modeling. This integration will
not only improve technical robustness but also support
decision-making by balancing economic, environmental,
and social objectives. While the present framework relies
on static categorizations of energy and heat demand
(e.g., low, medium, high), this simplification corresponds
to an aggregated representation aimed at enabling ge-
neric and transferable modeling across industrial sectors.
However, real industrial systems often exhibit significant
temporal variability due to batch operations, shift-based
production, or seasonal fluctuations.

The proposed formulation can be naturally extended
to account for such dynamics by introducing a multi-pe-
riod MILP structure. In this case, the set of decision vari-
ables and parameters (e.g., resource flows, demands,
and availabilities) can be indexed over discrete time in-
tervals (e.g., hourly, daily, or seasonal periods). This al-
lows capturing temporal mismatches between resource
supply and demand, such as excess heat production dur-
ing off-peak hours and consumption during peak periods.

Additional components such as storage units (e.qg.,
thermal storage, tanks) and time-dependent operational
constraints can also be integrated to ensure feasibility of
exchanges over time. Importantly, the standardized in-
dustrial profiles developed in this work remain fully
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compatible with this extension, as their input-output
structure can be enriched with time-dependent parame-
ters without modifying the underlying modeling frame-
work.

This perspective opens the way toward more realis-
tic and operational eco-industrial park designs, combin-
ing the scalability of standardized profiles with the accu-
racy of dynamic optimization.

CONCLUSION

This study proposes a process-based framework to
support the design and optimization of Eco-Industrial
Parks (EIPs) through the development of generalized in-
dustrial profiles. By abstracting enterprises into stand-
ardized black-box models defined by their inputs and
outputs, the framework makes it possible to compare di-
verse sectors under a common structure and to system-
atically identify potential exchanges of materials, energy,
and water.

The results highlight that structuring industrial data
in this way improves both the robustness and scalability
of optimization models. It also enhances transferability
across different contexts, making the framework suitable
for regional and national applications in the deployment
of industrial ecology. Furthermore, the use of systemic
indicators such as Sankey diagrams and material flow
analysis strengthens the capacity to communicate tech-
nical results to stakeholders, supporting collaborative
decision-making.

While the present work has focused primarily on
economic and environmental objectives, future develop-
ments should integrate social and governance dimen-
sions, life cycle assessment (LCA), and explicit modeling
of uncertainty. In combination with advanced optimiza-
tion and simulation strategies, the proposed framework
can thus serve as a practical tool for advancing circular,
low-carbon industrial systems and supporting territorial
decarbonization policies.
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