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ABSTRACT

Industrial symbiosis can be understood as the substitution of new resources used in an industrial process by another resource
that would otherwise be discarded. Industrial symbiosis can thereby create new revenue streams and at the same time reduce
environmental impact. The initial step in creating an industrial symbiosis is the identification of potential substation relationships
between production plants. This step is challenging, as information about the companies is often not available. Several software tools
have been developed in order to identify potential symbiosis opportunities. However, these tools have the shortcoming that they require
extensive data input from companies owning the production plants. This requirement limits the number of companies for which
symbiosis opportunities are identified. In this paper, we propose a data-driven methodology for identifying industrial symbiosis and
generating eco-industrial park architectures. The methodology is based on meta-models of industrial plants for identifying plant
attributes for certain types of plants, correlations that estimate the rough amount of resource supply and demand of a plant, and a rule-
based system that identifies symbiosis opportunities based on knowledge from successful symbioses. Based on the symbiosis
opportunities, approach generates eco-industrial park architectures that are optimal in terms of economic and environmental
performance. Finally, we apply the methodology to a case study of the existing Kalundborg eco-industrial park to evaluate if the
methodology is capable of finding existing symbioses. We conclude that the methodology can be applied to screening industrial zones
with standard types of industrial plants. However, the results depend on the types of existing industrial plant meta-models in the database.
Future work will focus on extending the data and knowledge base; and validating the methodology by its application to other existing
eco-industrial parks.

INTRODUCTION
An industrial park can be defined as a set of businesses

within a specific geographic area which share resources and thereby increase profitability, reduce environmental impact, and improve
social performance (Lowe, 2001). An industrial symbiosis can be defined as “a flow of underutilised resource(s) (comprising substances
and/or objects and/or energy), from an entity which would otherwise discard them, to another entity which uses them as a substitute for
new resources.” (Deutz, 2014) An example for an industrial symbiosis is the use of waste cooling water from a refinery as cooling water
for a power plant, depicted in Fig. 1 adapted from (Gertler, 1995). Without this symbiosis, the power plant would use more expensive
surface water from a lake. The refinery saves the cost of constructing waste water treatment facilities and receives revenues for the waste
water. The underutilized resource is therefore waste water. Without the symbiosis, it would be discarded and not further used. The power
plant would use a new resource, the lake water. By establishing an industrial symbiosis, both symbiosis partners save costs and resources.
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Fig. 1: Waste water-based symbiosis at Kalundborg

Industrial symbioses play an important role in eco-industrial parks. An eco-industrial park is a set of businesses that share resources in
order to increase profitability and reduce environmental impact (Lowe, 2001). The most famous eco-industrial park is located at
Kalundborg in Denmark. Over 40 different symbioses have reduced CO2 emission by about 8% and are saving three million tons of
water per year (Chertow, M. R., Lombardi, 2005; Hodge et al., 2010; Jacobsen, 2006; Korhonen and Snékin, 2005; Sokka, 2011; Tian
and Zelkowitz, 1992). The waste water symbiosis in Fig. 1 is an existing symbiosis within the Kalundborg eco-industrial park.

STATE OF THE ART: SYMBIOSIS DEVELOPMENT

Industrial symbioses allow for improving profitability and reducing environmental impact, hence, “killing two birds with one
stone”. How can we then develop industrial symbioses? (Grant and Seager, 2010) divides the symbiosis development process into five
steps. The process starts with opportunity identification, continues with opportunity assessment, barrier removal, commercialization and
adaptive management; and finally documentation, review, and publication. In the following, we will mainly deal with the “opportunity
identification” and the “opportunity assessment” step, as we are interested in the initial stage of symbiosis development.

According to (Grant and Seager, 2010), the step “opportunity identification” consists of three sub-steps:

- New process discovery: A new process for transforming a waste / by-product into a useful resource,

- Input-output matching: Finding a company that can supply a resource and a company that needs that resource,

- Case study mimicking: Involves “mimicking successful relationships employed by similar organizations.” (Grant & Seager,

2010, p.745).

One of the challenges in designing an industrial symbiosis is to find options and stakeholders for flow exchange. From the literature and
an interview with a business developer at the eco-industrial park of Kalundborg, we identify three approaches to search for industrial
symbiosis opportunities (Boons and Spekkink, 2012):

- Matchmaking events: Workshops and brainstorming sessions where representatives of industrial plants are searching for
symbiosis opportunities. Such events are important for fostering mutual trust and confidence between potential symbiosis
partners. Furthermore, companies usually share some data about their plant to facilitate finding symbiosis opportunities.

- Business associations: Associations where representatives of local businesses meet on a regular basis. These meetings are also
used for sharing waste supply and resource demand information. On that basis, symbiosis opportunities can emerge.

- Third-parties: consultancies, non-profits, public agencies. These actors identify symbiosis opportunities and encourage
companies to get into contact and assess the symbiosis opportunity. Government agencies and public funds sometimes provide
funds for pursuing symbiosis feasibility studies. (Information from interview with business developer at Kalundborg.)

As this list of approaches shows, the social element is very important before potential future symbiosis partners invest in feasibility
studies etc. However, participants of matchmaking events and business associations do not know a priori about the likelihood that their
plant could participate in a symbiosis. If companies do not participate in such events and share data, they do not know if there is a
symbiosis opportunity for them. This becomes a serious problem for large industrial parks with hundreds of companies and industrial
parks where the three approaches for identifying symbiosis opportunities are currently not present. In the following, we conduct a
literature survey of existing tools and methods for identifying symbiosis opportunities. We are, in particular, interested in approaches
that can be used even before extensive data from companies has been acquired.



Anumber of symbiosis development support tools and methods have been developed in the past. Recent examples are the French Presteo
tool (Julien-Saint-Amand and Le Moenner, 2008), the Swiss symbiosis identification methodology (Massard and Erkman, 2007), and
the e-Symbiosis tool by (Cecelja et al., 2015). Several shortcomings exist that provide research opportunities. First, almost all tools
focus on the technical aspects of symbiosis identification step. There are only few tools that include or focus on the symbiosis assessment
step. Regarding the assessment step, metrics such as capital expenditures and operation / maintenance cost are usually included such as
in (Schulze, 2014). To the knowledge of the authors, no tool uses more sophisticated techno-economic analysis approaches such as
discounted cash flow.

Another shortcoming of existing tools is the analysis of environmental benefits. One of the most common environmental performance
approaches is life-cycle assessment (LCA). DIME proposed a LCA approach which was not realized. RUES provides logical rules for
environmental screening. DIET claims to optimize economic, environmental, employment objectives. However, although economic,
environmental, and societal assessment of symbiosis has been touched, with the rapid advance of LCA research and application in recent
years, the environmental assessment is likely to be outdated. As (Zamagni et al., 2012) argues, LCA standardization efforts and the
emergence of new types of LCA such as consequential LCA open up new possibilities for the assessment of industrial symbioses.
Another area that advanced in recent years is the development of taxonomies for wastes and resources. The European Waste Catalogue
and the UN Product Catalogue provide extensive categories for wastes and products for various industrial activities. Such standardized
representations can bridge the semantic gap between inputs and outputs from the tools and the understanding of users, as both can “speak
the same language” (Hein, 2010). Most tools except for IUWAWM and Presteo do not use any standardized waste taxonomy. However,
Presteo does not use any matching system. IUWAWM needs input from each actor before it can start searching for matches.

Finally, all of these tools require extensive input from the companies themselves in order to produce results. The data is either directly
fed into the system by companies or by the organization using the tool. None of the tools and methods can be used in a situation where
no proprietary data of companies is available. In the next step, we will illustrate that there is a real need for performing such “a priori”
analysis of industrial zones, based on publicly available data only.

PROBLEM STATEMENT

Fig. 2 shows the industrial zone of Le Havre in France. There is an interest from local companies and government to convert
the zone into an eco-industrial park. The zone consists of at least 114 industrial plants.? Commonly each industrial plant consist of
dozens to hundreds of inputs and outputs. On average, one industrial plant has about 20 inputs and outputs.! This means that there are
over 2000 outputs that can be matched with 2000 inputs. In total, these are over 4 million potential input — output matches that need to
be assessed. It is clear that such a matching cannot be done manually. Within the industrial zone, symbiosis opportunities are currently
identified ad-hoc and opportunistically. Furthermore, the assessment of an opportunity is costly and time-consuming. It took one person
about a half a year to assess the feasibility of one potential industrial symbiosis. As it is impossible to collect detailed data for each plant
and doing feasibility studies for each symbiosis opportunity, the question is how to perform an automatic screening of the industrial
zone for symbiosis opportunities without extensive data collection?

This paper presents a methodology for identifying industrial symbiosis opportunities within large industrial zones before extensive
data collection is required. Such a methodology would allow for pre-selecting companies that are likely to form symbioses and
concentrate the matchmaking efforts on them.

OBJECTIVES

Based upon previously identified research gaps, the following objectives for an eco-industrial park architecting methodology can
be formulated:

- Screen large numbers of industrial plants and their input/outputs to form symbioses automatically;

- ldentify technologies for converting a specific waste into a resource automatically;

- Perform screening under incomplete information:

2 Number calculated by using data from the ,,Installations Classées* data base for five communities: Le Havre, Sandouville, Gonfreville-1’Orcher, Rogerville,
Oudalle.



Known: Type of business, size, types of wastes

Unknowns: Quantities of resources and wastes
Output:
A set of symbioses that are likely to be successful individually and collectively, forming the basis of an eco-industrial park architecture,
i.e. a set of waste / resource exchanges and their associated technologies.

The reason for not having a list of individual symbioses as the main output of the methodology, is that a single symbiosis is subject to
fewer constraints than a set of symbioses. For example, a set of symbioses is constrained by the resources available that can be supplied
to another industrial plant. Hence, the number of symbioses one industrial plant can engage in is limited.

Fig 3 shows the main input and output of the eco-industrial park architecting methodology. The main input from the user is
data from publicly available databases for a specific industrial zone. Ideally, the data can be fed into the system automatically. One of
the most comprehensive databases for industrial plants in France is the “Base des Installations Classées™ (Inspection des Installations
Classées, 2015). It is a database of all “classified” industrial installations in France. All permits for hazardous substances and
environmental emissions with higher limits are registered. In many cases, some of the data can be used to estimate the dimensions of
the industrial plant. Furthermore, the database contains the geographic locations of the plants. The geography and topology of the site
can be easily looked up via Google Earth or other geo-information systems (GIS). Fig. 3 also shows the main output: about 5-10 eco-
industrial park architectures. What is an “architecture” that is generated? It is a set of industrial plants and a set of symbioses they take
part in. The symbioses are represented in terms of the waste supply, the symbiosis infrastructure that transports the waste, technologies
that convert the waste into a resource, and an estimate of the quantity for the waste and resource.

Why 5-10 architectures? This number is usually associated with the number of alternatives a decision-makers can properly take
into account. This result has been confirmed in the literature on cognitive psychology and conceptual design and systems architecting
literature (Condat et al., 2012; Miller, 1956). These architectures have been selected based upon the likelihood that they can be realized.
The criteria include strategic considerations such as competition between companies, past instances where two types of companies have
formed a symbiosis, technological criteria such as technological maturity, economic criteria, and environmental criteria. Societal criteria
are currently not included.

In the next step, we propose a methodology that addresses the research gaps and is, at this stage, focusing on creating an eco-
industrial park from an existing industrial zone.

A NEW METHODOLOGY FOR INDUSTRIAL SYMBIO-SIS IDENTIFICATION

We introduce a methodology for identifying industrial symbioses and generating eco-industrial park architectures a priori,
before extensive data needs to be collected from individual companies. Fig. 3 shows an overview of the steps in the methodology. At
this point, we consider an existing industrial zone, but the methodology can be easily extended to developing an eco-industrial park on
a “green field”. The “green field” case is currently not considered, as the main use case in France is the conversion of an existing
industrial zone into an eco-industrial park. The conversion may include the construction of new industrial plants within the zone such
as incinerators and power plants. Hence, the focus of this methodology is on the conversion of an existing industrial zone.
The first step is the creation of a model of the industrial zone under consideration. For properly dimensioning the industrial plants within
the zone, publicly available data is used. This data is fed into a number of correlations that are used for estimating the main inputs and
outputs of the industrial plant from the publicly available data. These estimates from the correlations are then stored in instances of
industrial plant meta-models. The meta-models are “templates™ that list the major inputs and outputs of certain types of plants. The
model of the industrial zone includes models of the plants with their input and output estimates as well as their location within the
industrial zone. Other infrastructure elements such as roads are neglected at this point.
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In the second step, eco-industrial park architectures are generated. The generated architectures are continuously down-selected by using
strategic, technological, economic, and environmental criteria into consideration. First, strategic criteria are taken into consideration
such as competition between companies. Companies that are in competition usually do not engage in symbioses. For these companies,
no further assessment of symbioses needs to be performed. In the next step, technologies that are used for the symbiosis infrastructure
are assessed under criteria such as technological maturity. For example, if only technologies with a Technology Readiness Level (TRL)
of 9 should be considered, i.e. technologies that are already in operational use, all other technology options are excluded. Then, economic
feasibility is assessed, using classic approaches of techno-economic analysis. As a last step, environmental assessment is conducted. It
is currently based on a waste reduction and resource substitution metric but we intend to adapt a Life Cycle Analysis (LCA) to this step
in the future. In case the number of eco-industrial park architectures after this step is still larger than 10, architectures that are similar to
other architectures are eliminated. The objective is to provide the decision-maker with a variety of “good” solutions (Condat et al.,
2012). Performing these steps will lead to the desired output of 5-10 eco-industrial park architectures.

MODEL OF INDUSTRIAL ZONE

The methodology needs to identify potential symbiosis opportunities before extensive data is collected. More specifically, we
want to avoid the high costs associated with data collection such as conducting audits and interviews. By contrast, if we can find publicly
available data bases from where data can be extracted, this would circumvent this issue. However, one of the problems with these
databases is that they usually do not contain data of all resource inputs and waste outputs. For example, one French data base of registered
industrial installations only contains data on hazardous materials and emissions a plant is allowed to release into the environment or
stores on its territory. To circumvent the lack of resource and waste data, the idea is to use the publicly available data and to estimate the
resource inputs and waste outputs using correlations. Fig. 4 provides an overview of the proposed estimation approach. For estimating
the plant characteristics we want to know, we use correlations and plant meta-models. The correlations establish a link between a
parameter that is based on publicly available data and a parameter that is known to be associated with a certain type of plant. By using
correlations, we can infer with a certain likelihood the value for that parameter for a specific plant using regression analysis. What we
also need to know is which parameters are key for specific types of plants in order to link the parameters of the correlation with the key
plant parameters. This is established by so-called plant meta-models, which were introduced in (Hein et al., 2015a, 2015b). The plant
meta-models are therefore a priori classifications of a certain plant within an industrial zone. As the classification is a priori, there is a
certain likelihood that the plant does not correspond to the meta-model in reality. In such a case, the data can be updated and the
methodology reapplied. The proposed inference approach therefore allows for estimating the plant types within an industrial zone and
the associated resource inputs and waste outputs. In the next step, we describe how eco-industrial park architectures can be generated
based on this industrial zone model.
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Fig. 4: Industrial zone model generation step

GENERATE ECO-INDUSTRIAL PARK ARCHITEC-TURES

The eco-industrial park architecture generation step consists of two sub-steps. In the first sub-step, resource inputs and waste outputs
of the plants and urban areas in an industrial zone are matched according to a set of rules. Based on these matches, actual eco-industrial
park architectures are generated in the second sub-step. This includes the assignment of technologies that realize the exchange of wastes
for substituting for resources and creating a set of potentially feasible symbioses taking demand / supply constraints into consideration.

RULE-BASED MATCHING

For finding waste — resource matches between industrial plants and municipalities, we use a rule-based matching system. A rule-
based matching system includes a set of logical rules of the form “if A then B”. These rules are then applied to a set of facts, which is in
our case the model of the industrial zone. The inference engine checks if the conditions for applying a rule are met, for example if A is
present. If yes, the rule infers B from A. Rule-based systems are also called “expert systems” as they model the way experts think for
reaching conclusions. We developed a rule-based system that is implemented in Prolog and contains four types of rules:

Process knowledge-based rules: Based on knowledge on processes in certain types of plants, resource inputs and waste outputs are
inferred. Publicly available process data is used, such as from (Brown, 1996). For example, the process for producing hydraulic cement
requires clinker, water, electricity, limestone, clay, and shale. Fig. 5 shows the general structure of the substitution rule. The rule-based
system has stored numerous substitution rules, based on process knowledge for types of wastes and resources. If the rule-based system
detects a pattern for an instance that corresponds to a rule, it creates a substitution relationship between the waste and resource instance.

substitutes

Instance of

Fig. 5: Visualization of the substitution rule

Rules based on existing symbioses: If a symbiosis between two types of actors and a resource has already been established
somewhere, there is a higher likelihood that such a symbiosis can be created again, as it seems to be in principle feasible. We use a
database at the Paris-Saclay Efficacité Energétique (PS2E) institute with more than 200 symbioses compiled from various sources that




include the type of actors taking part in the symbiosis and the transferred resource. Table 1 shows the material / energy flows between
two types of actors and their occurrence in the database. If a plant of type A supplied resource type 1 to a plant of type B, then the
instance of type A and an instance of type B can supply an instance of resource of type 1.

Table 1: Most frequent symbiosis partners and resources in 14 eco-industrial parks

Industry \ flow type Steam Water Electricity Waste water Pressurised air Solid waste
Chemical industry -

Chemical industry 3 3 2
Pigment production -
Cogeneration plant 1 2 1

Pigment production -
Base chemical industry
Cogeneration plant -
Oil refinery
Petrochemical -
Petrochemical

Taxonomy-based rules: We use waste and resource taxonomies based on the EU Waste Catalogue and the United Nations’
“International Standard Industrial Classification of All Economic Activities (ISIC)” to define several abstraction levels for wastes and
resources. These abstraction levels allow for dealing with epistemic uncertainty regarding the waste and resources of a specific actor
within an industrial zone. For example, we know that a refinery generates large quantities of waste water but the amount of pollutants
in the water and their composition differs from refinery to refinery. Although we do not know about the exact composition, we may still
classify the generated waste water as “waste water”. When more accurate data is available, we may find out that the waste water cannot
be used for a certain symbiosis. Depending on the degree of epistemic uncertainty, we assign a higher or lower likelihood that a symbiosis
can materialize.

Compositional rules: Waste flows and resources often consist of components, which can be matched individually. For example,
natural gas consists to a large degree of methane. Hence, finding out that both contain methane can open up an opportunity for symbiosis.
Another example is fly ash from incineration processes. The fly ash contain a certain amount of precious metals such as nickel and
vanadium. Fig. 6 shows a visualization of the compositional rule. The rule base contains a number of component types for waste and
resource types. If the rule-based system detects a certain waste or resource instance that has a component in common, it will create a
substitution relationship between these instances.
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Fig. 6: Visualization of the compositional rule

With all these rules, we need an approach to calculate an aggregate likelihood value for symbioses. For this purpose, we use an evidence
scoring approach.

Escore = WlEexisting + W2Eprocess + W3Etax_dist + W4Ecomp
)

with 4, w; = 1



w; is a weighting factor, E,y;s:ing the score for a similar, existing symbiosis, Ej,,cess the score for a known process, E;qy ¢ iS @ score
for the closeness of two waste / resource within a taxonomy, Ec,,;, is the similarity of waste / resource in terms of its composition.
Existing 1S @ binary variable. If two types of plants have already engaged in a symbiosis based on a waste / resource, Egyiseing is 1, if
not, itis 0. E},ocess IS also binary. If a plant type needs a resource and a waste, according to a data base, Epycess IS et to 1. If the waste

or resource does not appear in a data base, it is set to 0. E;, 4;5¢ is a variable with values within the interval [0, 1]. It is defined by the
following equation:

steps in tree
)

Etax_aise =1 — maximum step s in tree

The ratio on the right side is the ratio between the steps in the tree-graph that describes the taxonomy to reach one waste / resource
from another, divided by the maximum number of non-recurring steps to reach two concepts in the graph. One can easily see that if a
concept is identical, the number of steps is 0, leading to a value of 1 for Eyqy gis¢- Ecomp IS binary. If a component of a waste / resource
matches another waste / resource, the value is set to 1. If no component matches another waste / resource, it is 0.

All matches are ranked with respect to the score and a threshold value is defined for only selecting the most promising potential
symbioses. Once all matches have been identified, based on the model of the industrial zone, the actual eco-industrial park architectures
are generated, which will be described in the next section.

GENERATING PARETO-OPTIMAL ECO-INDUSTRIAL PARK ARCHITECTURES

For generating “good” eco-industrial park architectures, we need to define the objective functions, variables, and constraints. We
say “good” instead of “optimal”, as we are dealing with a multi-objective optimization problem where trade-offs between economic and
environmental performance have to be made. Hence, an increase in economic performance usually has to be traded against decreasing
environmental performance. The multi-objective optimization problem is formulated as:

maX(ApS“") 3

subject to msupplyl-jp - mm(msupply_maxijp:mdemand_maxi ]-p) <0 (4)

msupplyijp >0
We will introduce each of the terms in the following. We use two objective functions. The first objective function seeks to maximize
the economic performance of the eco-industrial park Ap;,:. Ap:,: indicates the profit from implementing the eco-industrial park. The
second objective function seeks to maximize the environmental performance S for an eco-industrial park.
Currently, there are two types of inequality constraints. The first inequality constraint states that a waste / resource stream msupplyijp

between two plants i and j of type p cannot exceed either the maximum supply msupply_maxijp of a plant i or the maximum demand
mdemand_maxijp of a plant j. In other words, the waste / resource stream cannot be larger than what the receiver needs and cannot be

larger than what the supplier can supply. We take the minimum of the two values, as the minimum value is the constraining value. The
other, trivial type of constraint is that the waste / resource flow cannot be smaller than 0.

The economic performance is calculated for all symbiosis supplier and receiver pairs and their specific waste / resource flow
identified in the matchmaking step. The economic performance is expressed as the difference between the situation without the symbiosis
and the situation with the symbiosis. We call the situation without the symbiosis the “counterfactual situation”. For the supplier side, the
counterfactual situation is described by the equation:

psupplier,counter actual = rtot,supplier - Cwaste i - Cother,supplier (5)
disposal

preceiver,counterfactual = Ttot_receiver — Cnew,resource - Cother,receiver (6)

For the supplier, the profit psyppiier counterfactuar 1S the difference between the revenue 7;,; cuppiier and the cost of waste disposal

Caste disposal and other costs for the plant Cotper suppiier- FOT the receiver, the profit p,eceiver counterfactuar 1S the difference between

the revenues ;4 receiver @nd the price for acquiring the new resources Cpey resource PIUS Other costs of the plant Coiper receiver- The
situation with the symbiosis can be formulated as following:

psupplier,symb = rtot?supplier + rsymb?supplier symbiosis_supp Cother?supplier (7)



preceiver_symb = Ttot_receiver + rsymb_receiver - Csymbiosis_rec - Cother_receiver (8)

Dsupplier_symp 1S the profit of the supplier with the symbiosis. peceiver_symp i the profit of the receiver with the symbiosis. 7ymp,_suppiier
is the revenue from the symbiosis for the supplier and 7y, receiver iS the revenue from the symbiosis for the receiver. The costs incurred
by the symbiosis are represented by Cgympiosis supp fOr the supplier and Cgympiosis rec fOr the receiver. Note that the underlying
assumption is that the cost of the symbiosis and its revenues can be separated from other revenues and costs of the plant. We can imagine
cases where the substitute has an inferior quality compared to the new resource and hence leads to a product with inferior quality. This
may affect the overall revenue from the product produced by the receiver. The assumption of separability greatly simplifies the economic
assessment of industrial symbioses. On the downside, it does not take into account potential savings or additional costs from changed
internal processes of industrial plants.

Apsupplier = psuppliersymb - psupplierwunterfactual = 7"symbsupph-er - Csymbiosissupp + Cwastedisposal (9)

Apreceiver = preceiversymb - precei"ercounterfastual = rsymbreceiver - Csymbiosis_rec + Cnew_resource (10)

The total profit from all suppliers and receivers results in:

Aptot = Apreceiver + Apsupplier (11)

Decomposing the left-hand side into its elements leads to the following equation, which is in essence the standard formula for calculating
the Net Present Value (NPV) of the investment in the set of symbioses:

_ y/fin g n m At At
Aptot_Zkzo l=1Z,-=1Zi=1 Tijp~ * — o™k +C

At At
+ T k + (73 k —
symbsupp p ( yp

l]pwastedisposal supplier symb_rec

ijpsymbsupp

0’k +C + Tyt )/ + )Pk — Cijpoq (12)

YUP symb_rec P new_resource receiver

At

At
T ok and r;;,, %tk
U symbsypp ijp

symb_rec 1€ TEVENUES from the supplier and receiver side due to the symbiosis p between plants i and j in a

time-period Aty,. o“ki,-p are the operational expenses for a symbiosis p between plants i and j. Note that the expression in the bracket []
is the in- and out-flow of capital from the set of symbioses. The expression in the bracket () is the time-value of capital, expressed by
the interest rate d for the time period Aty. C;j,, are the capital expenditures for the symbioses. q is the fraction of the capital expenditures

that would be paid by the companies participating in the symbiosis. A certain percentage of the capital expenditures could be paid by
governmental agencies or other institutions.

Estimating environmental performance is in general challenging. As a first step, we use a waste reduction / resource substitution
indicator. The indicator is based on the amount of waste that is avoided within an eco-industrial park and the amount of resources that
is substituted by wastes. For each symbiosis s with a resource k between two plants i and j, we have a substitution factor c,,. The
substitution factor is 1, if the amount of new resource replaced by the waste is equal to the amount of waste. ¢, is selected accordingly
if more or less new resources are substituted by the symbiosis. Hence, a simple environmental performance indicator can be written as:

S = Sresources T Swaste = Z:ﬁl Z?:l Sijp_resource T Sijp_waste = Zﬁl Z;'l:1 Sijpwaste(l + Cpq) (13)

Where S,osources 1S the total amount of new resources saved and S,, ¢ IS the amount of wastes that does not need to be treated. To give
an example for the substitution factor c,,, only about 5% of biomass can be converted to hydrogen via existing conversion processes.
In that case, s;j, waste WOUld be the amount of biomass that is converted and s;jy, resource the amount of hydrogen substituted. Hence,
we can substitute s;jp, resource DY @ conversion factor c,, between the waste stream p and the resource stream g after conversion,
multiplied by s;;p, ...

With the optimization problem formulated, we can now select an appropriate multi-objective optimization algorithm. The problem has
multiple objectives, linear objective functions, and linear constraints. We use a standard multi-objective genetic algorithm for solving



the optimization problem, as the algorithm is flexible enough for coping with potential non-linear extensions of the current optimization
problem.

After having formulated the matchmaking approach and optimization problem, in the next step, we apply the methodology to an existing
eco-industrial park case study.

CASE STUDY: KALUNDBORG ECO-INDUSTRIAL PARK

We use a retrospective case study for validating if the methodology is capable of reproducing at least some of the existing symbioses
in an eco-industrial park. Furthermore, we compare the optimal solution to the existing eco-industrial park architecture. We choose the
Kalundborg eco-industrial park as the retrospective case study, due to the amount of data available, compared to other eco-industrial
parks, and its archetypical character. We selected the most relevant six plants in the park: the Asnaes coal-fired power plant, the Statoil
refinery, the Novo Nordisk pharmaceutical plant, the Kalundborg municipality, local farmers, and a cement company.

Table 2 shows the identified symbiosis opportunities by the matching algorithm. The right column shows if there is a corresponding
existing symbiosis in the Kalundborg eco-park. Some of the symbioses detected by the matchmaking algorithm do not exist in reality.
This result can be explained by the difficulties of implementing industrial symbioses practically, as a number of additional criteria have
to be met. Hence, only a small subset of possible symbioses is actually implemented in reality.

Table 2: Some results of the matching algorithm for the Kalundborg eco-industrial park

Symbosis Symbiosis Material | Corresponding
partner: partner: / energy | existing
supplier receiver flow symbiosis?
Refinery Pharmaceutical | Steam No
Refinery Municipality Steam No
Refinery Power plant Waste Yes

water
Pharmaceutical | Power plant Waste No

water
Pharmaceutical | Farmers Sludge Yes
Municipality Power plant Waste No

water
Power plant Refinery Steam Yes
Power plant Pharmaceutical | Steam No
Power plant Municipality Steam Yes
Power plant Cement Fly ash Yes

company

Power plant Farmers Sludge No
Cement plant Farmers Sludge No

Fig. 7 shows the graph for all detected potential symbioses between a set of industrial plants and the municipality of Kalundborg.

Some of the symbioses that exist in reality were not detected:
- Flare gas: Refinery — power plant
- Yeast slurry: Pharmaceutical — pig farms

In both cases, the waste / resource pairs were not detected, as they were more specific than the meta-models used. For example, yeast
slurry is generated in pharmaceutical plants producing insulin. The meta-model of the pharmaceutical plant used is a generic
pharmaceutical plant and hence, yeast slurry as a waste was not included in the model. Flare gas was not detected, as the amount of gas
produced is small and furthermore not produced continuously. Hence, it was not listed in the meta-model as a relevant waste from a
refinery. Therefore, the two symbioses were not detected due to the lack of detail and specificity of the meta-models. This is an important
underlying hypothesis. This means if one wants a more refined symbiosis matching there is a need for further data gathering and refined
modeling of the industrial zone.
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Fig. 7: Graph of all detected potential symbioses between industrial plants and municipality at Kalundborg (edge numbers
indicate number of symbioses between industrial plants)

After the matchmaking step, the genetic algorithm was used for generating eco-industrial park architectures and finding Pareto-optimal
architectures. Fig. 8 shows the set of generated eco-industrial park architectures, evaluated with respect to the NPV after 6 years and the
amount of resources substituted. The NPV was calculated for 6 years, as none of the architectures for 5 years created a positive NPV.
Hence, the breakeven point for the generated architectures is 5 years. The question is if this also related to actual deployment in
Kalundborg. This question could not be answered at this point, as financial data from the eco-park is not available. Future work would
develop financial estimates, based on the data for the existing symbiosis. As the quantities for material flows are known and their market
prices, rough estimates for the economic performance of Kalundborg can be developed. For the environmental performance of the
generated architectures, no conversion was involved between the symbiosis partners and hence, the total resources substituted equals
the amount of waste avoided.
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Fig. 8: Six Pareto-optimal eco-industrial park architectures evaluated with respect to NPV and resources substituted

Table 3 shows the amount of wastes / resources exchanged per year for each of the potential symbioses for the Pareto-optimal solution,
indicated as the red line in Fig. 8. It shows that the steam generated by the refinery is shared between the pharmaceutical plant and the
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municipality. Furthermore, the power plant receives waste water from two different suppliers, the refinery and the pharmaceutical plant.
The farmers receive sludge from two suppliers as well: the power plant and cement plant.

Table 3: Amount of wastes / resources exchanged between the symbiosis partner for the Pareto-optimal solution

Symbosis Symbiosis Material /| Amount of
partner: partner: energy flow | resources
supplier receiver [t/a]
Refinery Pharmaceuti | Steam 1200
cal
Refinery Municipality | Steam 94,090
Refinery Power plant | Waste water 467,390
Pharmaceuti | Power plant | Waste water 154,890
cal
Pharmaceuti | Farmers Sludge 23,040
cal
Municipality | Power plant | Waste water 74,130
Power plant | Cementplant | Fly ash 500
Power plant | Farmers Sludge 23,000
Cement Farmers Sludge 2070
plant
Farmers Refinery Methane 6310
Farmers Pharmaceuti | Methane 6670
cal

The Kalundborg case study has demonstrated that the methodology is able to reproduce part of the existing symbioses and is furthermore
able to create Pareto-optimal eco-industrial park architectures.

CONCLUSIONS

This paper presented a methodology for finding potential symbioses under insufficient data and generating eco-industrial park
architectures based on the symbioses with the highest feasibility likelihood. The methodology was demonstrated by its application to an
existing eco-industrial park at Kalundborg. The application to the case study showed that most of the existing symbioses could be
detected. The ones not detected were not detected due to the lack of a sufficiently detailed industrial plant meta-models and a lack of
variety of plants represented in the meta-model taxonomy. Future work will focus on testing alternative scoring approaches for the
potential symbioses after matchmaking and extending the environmental performance indicator to a LCA appraoch. The methodology
needs to be further validated on existing and planned eco-industrial parks.
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