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Abstract. In this paper, we introduce a normative, multi-agent
perspective on the field of industrial symbiosis research and propose normative institutions as a key technology for operating Industrial Symbiotic Networks (ISNs), both as a framework to represent and reason about dynamic behaviour of ISNs and as a platform for design and maintenance of such networks. We discuss
the requirements of normative agent-based frameworks for ISNs
with respect to agent interactions, joint commitments, and the organisation to monitor interactions in ISNs.

1

Introduction

the dynamic nature of industrial
symbiosis. In other words, an InAs a key concept in facilitated in- dustrial Symbiotic Network (ISN)
dustrial practices, industrial sym- is not a fixed and static institubiosis “engages traditionally sep- tion but a dynamic and evolving
arate industries in a collective one. In this respect, one significant
approach to competitive advan- contribution that clearly goes betage involving physical exchange yond the traditional definition of
of material, energy, water, and industrial symbiosis by Chertow
byproducts” [7]. Among various [7], is the study of [16]. In the latapproaches that aim at provid- ter, the main attempt is to proing a framework for represent- vide a more relaxed and dynamic
ing and reasoning about indus- definition for industrial symbiosis
trial symbiosis, we encounter pro- which is not limited to geographiposals with different perspectives. cal proximity and is broader than
In [5], the interactions amongst the focus on waste-resource exindustrial firms are seen as pro- changes only. We see that this defcesses, the study of [17] has a sta- inition is successful in describtistical point of view which merely ing the behaviour of ISNs that
focuses on the case of the Na- are based on sharing both tantional Industrial Symbiosis Pro- gible and intangible assets. Howgramme (NISP) in the UK [14], ever, more work needs to be done
and [23] is focused on organiza- in tailoring it for specifying the dytional perspectives. One point of namics of the complex behaviour
agreement among these studies is of ISNs, regarding temporal as-

pects. For instance, an ISN that
is operating now might face different economic circumstances (e.g.,
market price) as well as structural settings (e.g., entrance of
new ISN members) in a later stage.
These possible changes can influence the efficiency and stability of
ISNs over time. Roughly speaking,
is an ISN today still an ISN tomorrow or the next quarter? We claim
that answering such a question,
necessitates modelling approaches
that incorporate the long-term behaviour and subtleties of temporal
behaviour of ISNs.
Presence of multiple decision
makers and heterogeneity of industrial firms with respect to
their interests and preferences
make multi-agent systems a natural modelling paradigm for formal specification and verification
of the properties of such networks. Moreover, ISNs are not
aiming to merge industrial firms
but to establish a loose bounding and control. Hence, we believe that applying formal modelling approaches in the mature
field of normative multi-agent systems and norm-based coordination mechanisms can result in
frameworks that are expressive
enough to represent and reason about multi-dimensional behaviour of ISNs. To our knowledge, although some studies on industrial symbiosis, e.g. [3, 1], consider the agent-based paradigm,
they merely focus on agent-based
simulation and scenario analysis.
As part of the European Union’s
Horizon 2020 research and innovation programme, the SHARE-

BOX project focuses, among other
things, on the analysis, modelling,
design and maintenance of ISNs
and on decision-support tools that
enable secure operation of such
networks. In this position statement, we (1) see ISNs as instances
of normative multi-agent systems
[4], (2) discuss the requirements
that need to be taken into account to formalize normative ISNs,
and (3) introduce norm-aware institutions as a coordination mechanism for ISNs. Normative agentbased approaches has been successfully used for specification and
verification of multi-agent organizations [21, 6, 8]. We now build on
such well-established frameworks
and propose a similar approach to
specify, analyse and manage ISNs,
both as platforms for designing
new instances and as logical platforms to analyse and reason about
the behaviour of existing ISNs.

The remainder of this paper is
organized as follows. In Section 2,
we provide a general analysis of
our normative conception of industrial symbiosis. In Sections 3
and 4, we discuss agent interactions in ISNs, explain modelling requirements to express joint agreements, and introduce regulatory
institutions to coordinate ISNs. Finally, we note some challenging issues in modelling the complex behaviour of ISNs in Section 5 and
conclude in Section 6.

2

Normative Industrial
Symbiosis: Conceptual
Analysis

Imagine a realistic scenario1 in
which five industrial firms, represented by agents2 i, j, k, l, and
m, are located and active in an
industrial region where i and j
are metal industries, k is a recycling plant, and both l and m
are chemical industries (Figure 1).
The two metal industries have zinc
waste as their main waste that
was traditionally disposed at high
cost. Moreover, the two chemical
industries l and m have regular
demand for zinc powder as their
main primary input. On the other
hand, both l and m have excess
steam waste that is traditionally
disposed to the environment while
i and j are using turbines that require high amounts of steam. In
this case, a reasonable solution
that is both economically and environmentally beneficial for all the
involved industries is to establish
an industrial symbiotic relation
that involves: a long-term collaboration for exchanging resources,
an agreement in which the rules of
collaboration are stated, and a secure mechanism that guarantees
the maintenance and security of
such a collaboration.
Communication is essential and
distinguishable: Let us assume
that the involved agents in this
symbiosis scenario have become
conscious of the benefits of a long1
2

term collaboration and are willing to make commitments to each
other. For instance, m offers that
it can deliver a specific amount of
steam per month to j if j delivers
a specific amount of zinc waste per
month to k. We highlight that such
an offer does not affect the industrial environment. In other words,
the offer of m to deliver an amount
is distinguishable from the act of
delivering. However, it is not rational that m just delivers such
an amount before first offering it
and getting the confirmation that
j accepts the offer. We say that
for long-term collaboration (and
not a spontaneous industrial interaction) the communication actions between the involved agents
are necessary. As framed by Grosz
[13], “collaboration requires communication”. Thus, we make distinction between industrial actions
that affect the state of environment and communication actions.
Such a distinction is in-line with
Searle’s fundamental approach to
define institutions and his distinction between physical and institutional actions [19].
Collaboration agreements: In order to enable the regulation of
the collaborative relations among
the involved industries in a multiagent ISN, a formalism to represent the mutual agreements is
required. We argue that due to
the dynamicity of the industrial
context and the possible strategic behaviour of industrial agents,

This scenario is adapted from an ISN located at Ulsan, South Korea [18].
In this paper, we simplify industrial firms and represent any industry as a
single industrial agent. I.e., we dismiss the decision-making processes within
each firm and focus on the interactions amongst industries.
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Fig. 1. Industrial Symbiosis Scenario

static contracts and regimentbased approaches that impose
pre-determined restrictions on the
actions of industries may not be
effective. We follow [22, 9] in their
argument that, in order to stabilize the collaboration (as a desired
situation), it is not efficient to impose constraints on unwanted behaviour. But an apt solution would
be: to define norms that reflect
the goals of the industrial symbiosis, to detect violations, and to react to violations. For example, if
j accepts the above-mentioned offer from m, agent m is expected
to follow the norm (to collaborate)
and to deliver the promised resource as stated in its offer. More
general, collaborative agreement of
an industrial symbiosis can be expressed as a set of formal propositions that denote the joint commitments of industrial agents.
Normative institution: In the industrial context in which a set of
heterogeneous agents may become
involved in an ISN, agent’s deviations from the desired behaviours

may occur due to various reasons, e.g., strategic behaviour of
involved industries. Hence, in order to maintain industrial symbiosis and to incentivize external
industries to join such a platform, mechanisms to systematize
and secure the set of desired behaviours are essential. For such a
purpose a normative institution is
widely proposed as a solution concept for coordination and regulation of agent behaviour [2, 4, 22].
In such an institution, a set of
norms (that could be specified as
normative rules) aims to enforce
the goals of the institution. On
the other hand, individual agents
update the state of the environment (mainly) by means of performing industrial acts or update
the state of the institution (mainly)
by means of performing institutional acts. For example, after the
above-mentioned offer (from m),
agent j may confirm that it accepts
the offer. Such a confirmation by
j in combination with the former
offer by m can be counted as the

establishment of a joint commitment between m and j. Such a
set of rules, e.g., the rule that
the combination of a well-defined
offer and a related confirmation
counts as the establishment of a
joint commitment, forms the first
regulating component of our proposed representation of industrial
symbiosis as a normative institution. Now, imagine that m (despite
the joint commitment) violates the
norm and refuses to deliver the resources. In such cases (of norm
violation) the institution can react by applying sanction rules [6].
E.g., refusing to bring about the
situations that are mentioned in a
joint commitment can result in being disqualified for industrial trade
for a given amount of time. The set
of sanction rules forms the second
regulatory component of our normative industrial symbiosis framework.

3

Industry Interactions
and Joint
Commitments

Possible actions that industrial
agents can perform in an ISN to
influence their environment or to
interact with each other consist
of two exclusive sets of actions:
communication actions, e.g., offering another firm that a specific
amount of resources can be delivered by a specific deadline, and industrial actions, e.g., delivering a
specific amount of resources to another firm subject to specified conditions. Roughly speaking, industrial actions influence the actual
state of the shared industrial envi-

ronment amongst industrial firms
(involved in an ISN) while communication actions do not influence
the state of the industrial environment. For modeling the agent
interactions in an ISN, we assume a set of involved agents in
the ISN, a set of propositional
variables that reflect the possible
states in the industrial environment, and a domain-specific set
of legal communication phrases.
Accordingly, a communication action can be seen as the apprising
of a legal communication phrase
by one of the agents in the ISN
towards another member of ISN
while an industrial action by an
agent (in the ISN) would be to
bring about a propositional variable. E.g., in our ISN scenario, the
communication act of agent m, offering the monthly delivery (mon)
of steam waste (sw) to the recycling plant k, can be represented
by the communication phrase offer(m, k, mon, sw). Our approach to
limit communication phrases to
a set of sufficiently expressive
phrases follows the approach of
[8]. Moreover, our action categorization correlate with classification of institutional and physical
acts in the sense of [19].
One aspect that we consider
crucial as a distinction between
ISN practices and traditional
business-to-business relations is
the duration that such practices
last. In our view, an industryindustry relation should not be
called industrial symbiosis if it
basically occurs in reaction to a
spontaneous industrial need (for a
primary input) but has no concern

for a long-term relationship between the involved industries. In
order to specify and maintain the
long-term relationships amongst
agents, commitment-based approaches [11] propose a deontic
perspective in which agents commit to other agents that they bring
about a specific proposition before
a given due or/and with respect
to the occurrence of some other
conditions. The fundamental work
of Telang and Singh [21] tailors
this commitment-based approach
for cross-organizational business
models. In a general form, they
say that a debtor agent commits to
a creditor agent that if the creditor
brings about a given proposition p
by a specific due, the debtor will
bring about a given proposition q
by a specific due. We follow their
method in modelling joint commitments in ISNs and assume a set
of involved agents in the ISN, a
set of propositional variables that
reflect the possible states in the
industrial environment, and a set
of integer deadlines. Accordingly,
a given joint commitment between
two agents in an ISN specifies that
the debtor agent is committed to
bring about a given propositional
variable p before deadline d1 if
the creditor agent brings about a
given propositional variable q before deadline d2 .

4

Industrial Symbiosis
Institution

Following our proposal to model
ISNs using commitment-based
agreement technologies, we see
the necessity to securely manage

and maintain the well-being and
(as defined by [7]) the “[. . .] competitive advantages involving physical
exchange of materials, energy, water and by-products [. . .]” in ISNs.
Hence, we need mechanisms to coordinate the behaviour of involved
agents in ISNs and to enforce desired behaviours, e.g., the compliance of agents to joint commitments. There exists several multiagent frameworks (see [20, 10, 12])
proposing normative institutions
as a solution concept for enforcing desired behaviours in electronic/trading institutions. We follow this line of research and propose a normative institution, specified by facts, norms, and sanctions, as a concept that enables
the self-organization of ISNs.
In brief, the fact component,
which consists of institutional and
industrial facts, reflects the state
of the institution, e.g., the set
of already established commitments. In the norm component,
the set of normative rules that relate industrial/institutional acts to
(updated) industrial/institutional
facts will be specified. This component reflects the desired behaviours and in a sense the way
that an ISN designer expects that
her ISN will work. Finally, sanction
rules in the third component specify the sanctions to be introduced
in case of norm violation by the
involved agents in an ISN. In our
ISN scenario, one norm instance
could be that if an agent i accepts an offer of j, agent j should
bring about the offer, e.g., should
deliver the offered resource before
a specific deadline. In this case,

acting otherwise will be considered as a norm-violating behaviour
(by j) and triggers the sanction
rule (against j). The fact component can be programmed using
propositional variables while both
the norm and sanction rules can
be expressed as Searle’s count-as
rules [19]. Our goal is to provide a full description of such ISNtailored normative notions (formal
specification, dynamics and desired properties) in future work.

5

Discussion: Modelling
the Complex Behaviour
of ISNs

As noted earlier, the design and
management of ISNs must consider various issues such as the
behaviour over time of this industrial multi-agent system (temporal aspects) as well as mechanisms to monitor (and ensure) the
commitment of involved industries
to organizational objectives of the
industrial symbiosis (coordination
and control mechanisms). Fulfilling such necessities asks for comprehensive modelling frameworks,
reasoning languages, and operational semantics to represent ISNs
and to analyse their behaviour. In
the following, we discuss some of
the dimensions that we believe a
formal model of ISNs should take
into account. We view industrial
firms that are involved in an ISN
as agents with a high level of autonomy regarding their decisionmaking. In such a system, regulations provided by industrial symbiosis cannot intervene but can exogenously monitor the behaviour

of agents and can only impose coordination policies, e.g., sanctions,
in case of observing a violation. Accordingly, we see formal normative concepts (e.g., compliance and
violation), suitable notions to formulate needed operational semantics for ISNs. Moreover, normative
platforms such as proposed in [21]
and [8] provide notions that need
to be tailored: (1) for reasoning
about the temporal properties of
ISNs and (2) to formulate a logical
characterization of the discussed
concepts in this paper.
Due to the involvement of multiple agents in ISNs and their
possible conflict of preferences,
analysing the coalitional capacities of the possible sub-groups
would be helpful for implementing
a collusion-proof mechanism to
supervise and maintain ISNs. For
example, in our industrial symbiosis scenario, imagine a case in
which the two zinc waste providers
attempt to refuse to deliver for a
specific period. Such (undesired)
group decisions can strongly influence the efficiency of ISNs. Then
the challenge for the industrial
symbiosis designer will be to evaluate the effectiveness of the sanction rules to avoid such an undesired possibility. Therefore, sanction rules must be designed with
respect to coalitional capacities
of the involved agents. Otherwise,
the ISN will be vulnerable to collusional actions. Moreover, considering coalitional capacities and
strategy proofness of an ISN incentivizes newcomers to join and benefit from the collaboration in a secure fashion.

A final key aspect concerns the
relation of a given ISN member
with industries that are not involved in the ISN. It is essential to design communication protocols to efficiently communicate
and interact with agents that are
not (yet) a member of an ISN. This
approach relates our work to the
line of research on the concept of
Industrial Ecology (IE) [15]. In this
sense, we see any ISN as a loosely
coupled subset of IE that agrees
to collaborate (internally) based on
a specific agreement technology;
however, it is able to relate to exogenous industrial agents that are
active in the IE as its (external) industrial environment.

6

Conclusion

We have proposed a normative
perspective and discussed requirements to be taken into account
for formal representation and design of ISNs as institutions. Our
proposal distinguishes between industrial and communication actions of the involved agents, follows a dynamic formalism by

which the joint commitments of industrial agents can be expressed,
and uses norm and sanction rules
to regulate agent interactions and
to avoid commitment violations.
Although we discussed ISNs in the
institutional level, the decisionmaking process of each industrial
agent remains unresolved. This is
how an industrial agent decides
to offer to another agent or accept one. One alternative to deal
with such decisions should be a
rank of industries, with respect
to the preferences of the ranker,
which allows agents to choose the
best ones to make an agreement
with. For future work, we aim
to apply methods from normative
multi-agent systems to industrial
symbiosis research and focus on
formalizing operational semantics
and designing a platform for analyzing the temporal behaviour of
ISNs in strategic settings.
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