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Highlights

o A skeletal ontology is proposed for eco-industrial parks;

e The ontology is used to create an ontological knowledge base for Jurong Island in
Singapore;

e A decentralized information management system is established;

Abstract

In this paper, we develop a skeletal ontology for eco-industrial parks. A top-
down conceptual framework including five operating levels (unit operations, pro-
cesses, plants, industrial resource networks and eco-industrial parks) is employed to
guide the design of the ontology structure. The detailed ontological representation
of each level is realized through adapting and extending OntoCAPE, an ontology
of the chemical engineering domain. Based on the proposed ontology, a framework
for distributed information management is proposed for eco-industrial parks. As
an example, this ontology is used to create a knowledge base for Jurong Island, an
industrial park in Singapore. Its potential use in supporting process modeling and
optimization are also discussed in the paper.
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1 Introduction

An eco-industrial park (EIP) is a cluster of businesses in a close proximity collaborate
with each other and the local community to efficiently share resources and reduce waste
and pollution. Setting up EIPs is an effective way towards environmental preservation
and resource conservation, which are two of the great challenges that the world is facing
today. Numerous research works have been carried out in the past decades, and a num-
ber of mathematical programming methodologies have been proposed for the design and
optimization of EIPs. Thorough review works can be found in literatures [12, 24]. Cur-
rently, the reported optimization approaches are mainly dedicated to the optimal design
of single styled networks, such as water network integration [30, 31, 41], energy network
synthesis [9, 38, 44], and material network integration [15, 21, 40]. Symbiosis relation
exists not only within single-styled resource networks, but also among different types of
networks and even cross domain boundaries. In order to reach an optimum symbiotic re-
lation among industries, all resources need to be taken into consideration simultaneously.
Also, variability of resource supplies should be addressed in more realistic models be-
cause of the inherent uncertainties. A substantial amount of supporting information which
covers not only data, but also specific knowledge about the EIP members is required in
order to understand the complexity of these issues. Given that an EIP consists of a large
amount of interacting industries and organizations, the required supporting information
has the following features:

1) Big volume: with the successful implementation of sensors, the data generated by
the represented entities is ever-growing. These data need to be stored and analyzed in
order to recognize patterns, trends as well as system behavior;

2) Distributed storage: knowledge about the individual EIP member is stored and
maintained locally. These information needs to be collected and shared among the rele-
vant organizations;

3) Syntax heterogeneity. Engineering knowledge, whether general domain knowl-
edge or specific evolving knowledge, is usually represented and stored in a diversity of
information media, which includes not only text documents in natural language, but also
mathematical models, tables and diagrams, structured worksheets, linked text files, and
so on. Information of different format needs to be integrated in order to capture different
facets of a system;

4) Semantic heterogeneity. Typically, knowledge about the specific engineering de-
sign processes is known implicitly to the participating designers, not to mention that the
domain knowledge is even more specific and usually segregated into ‘domain silos’. Con-
sensual knowledge representation is needed to facilitate the communication across disci-
plinary boundaries and to create joint understanding and meaning.

Accompanying the aforementioned challenges are the opportunities brought by the on-
going trend of Industry 4.0 and Internet of Things (IoT) [46]. In the future scenario
of Industry 4.0, a global network will be built to connect the machinery, factories, and



warehousing facilities of industrial businesses as Cyber-Physical Systems (CPS). These
CPS will facilitate the connection and control of the technical components intelligently by
sharing information that trigger actions. The CPS will take the form of smart machines,
smart factories, smart supply chains, smart storage facilities, smart grids and many more.
The future scenario of Industry 4.0 is shown in Fig. 1. It can be seen that the prerequisite
of realizing Industry 4.0 is to create a virtual representation of the physical world and to
establish a communication framework among the dependent entities.
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Figure 1: Technical overview of the IoT. [23]

In this context, we present a formal representation of different concepts capturing the
EIP features. Such formal representation is achieved with the help of ontology. A skele-
tal ontology is built by adapting and extending OntoCAPE, an ontology for the chem-
ical engineering domain [33]. It is constructed based on a conceptualization frame-
work including five operational levels (unit operations, processes, plants, industrial net-
works, and eco-industrial parks). The ontology is made up of several parts including
eco_industrial_park, resource_network, transportation_network, electrical_power _system,
and plant, as well as a few other modules adapted from OntoCAPE’s modules, namely,
chemical _process_system and unit_operation. The potential application of such ontologi-
cal representation in EIP information management is also discussed in this paper.

The remaining parts of this paper is organized as follows. Section 2 gives a concise litera-
ture review about the existing works regarding to the ontology development for engineer-
ing domains. Section 3 introduces a hierarchical modeling scheme for the information
representation of EIP system. Section 4 presents the proposed ontology for EIP. Sec-
tion 5 presents the establishment of a decentralized information management system by
applying the proposed ontology, followed by conclusions in Section 6.



2 Ontology engineering and ontologies in engineering do-
main: existing works

Ontology engineering is an advanced technique for computer-based information model-
ing and management, which aims to conceptualize the physical world in a formal and
explicit manner [20]. The term “formal” refers to the fact that the knowledge encoded
can be readily processed by machines, while the term “explicit” implies that the type of
concepts used, and the constraints on their use are explicitly defined; that imposes com-
mon agreement on the preciseness of semantics ensuring data and information sharing. In
other words, an ontology provides a backbone for knowledge systematization. In the past
decade, ontology engineering has evolved into a scientific field of its own with applica-
tions in knowledge representation, information integration and so on [33].

According to the “subject of conceptualization”, ontologies can be classified into several
categories, including top-level ontologies, domain ontologies, task ontologies and ap-
plication ontologies [18]. Top-level ontologies define general-purpose concepts that are
independent of any particular domain or problem. A domain ontology captures the gen-
eral knowledge of a domain of expertise, which is relevant to a wide range of tasks and
applications. Therefore, it is universally applicable (highly reusable) within the respective
domain. A task ontology (or method ontology) reflects general problem-solving methods
that are applicable in different domains of expertise. It can be seen that the re-usability
of domain ontology and task ontology has complementary objectives. An application
ontology provides the required concepts for a particular application.

A set of ontology languages have been created in order to implement ontologies in a
computer-processable form. Among which, web-based ontology languages (also known
as ontology markup languages) are the most recent. It is intended for publishing and shar-
ing ontologies in the World Wide Web. web-based ontology languages are based on the
existing markup languages: XML (eXtensible Markup Language) and RDF (Resource
Description Format). XML is specially designed to store and transport data with the con-
textual information tagged. RDF is a scheme developed based on XML syntax. It encodes
semantics in sets of triples (subject-predicate-object), and uses IRI (Internationalized Re-
source Identifier) to specify information resources. A sample code of RDF is shown in
Fig. 2.



<?xml version="1.0"?>

<rdf:RDF
xmlins:rdf="http://www.w3.0rg/1999/02/22-rdf- syntax- ns#
xmins:cd={http://www.recshop.fake/cd#{> N

<rdf:Description
rdf:about=|http://www.recshop. fake/cd,fEmplre BurlesqueH ~ “Subiject

<Cd:artisbrBob Dylank/cd:artist> Predicate
<cd: country>USA</cd cbcm‘crv> 777777777777777777 Object ///

<cd price>10.90</cd: prlce>
<cd:year>1985</cd:year>
</rdf:Description>

Figure 2: Encoding information of a CD named Empire Burlesque in triples (Subject-
Predicate-Object) and identifying the resources with Internationalized Re-
source ldentifiers (IRIs). (the original code is taken from W3 schools [1])

Ontology technology has received great attention in the past decade as an advanced knowl-
edge modeling and information management technique [16]. Numerous works have been
reported for the development of ontology, especially in engineering domains.

Domain ontologies for chemical industry

Mizoguchi et al. [35, 36] developed a Plant Ontology, which contains two sub-ontologies,
Domain Ontology and Task Ontology. The Domain Ontology models plant entities with
unchanging characteristics and appearances, such as plant equipments, materials, and
properties of materials, while the Task Ontology comprises of description for the plant
components whose properties are context-dependent. Subsequently, a Functional Ontol-
ogy [25] was developed as a complementary ontology to the Plant Ontology. The Func-
tional Ontology describes engineering constituents from different perspective of views
(structural, functional, behavioral) and defines relations between the decomposed aspects.
The combination of these two ontologies enables the modeling of equipments, materials
and operating activities in industrial plants as well as their functions. Batres et al.[10, 11]
developed an ontological framework, referred to as multi-dimensional formalism (MDF),
which specifies formal descriptions of knowledge about plants, processes and products.
MDF is an assemble of several interconnected sub-ontologies that arrange information,
activities and tools of the plant, process and product from the perspective of structure,
behaviour and operation.

Subsequently, a large-scale ontology called OntoCAPE was developed for chemical pro-
cess engineering [33, 37], taking into consideration the major engineering activities in this
domain (the design, construction, and operations of chemical plants). It covers conceptu-
alization for most of the processes of engineering activities during the life cycle. Among
the reported ontologies for chemical process engineering domain, OntoCAPE is currently
the most (re)usable ontology available to support software development. It has been field-
tested in a number of software projects [13, 43].

Domain ontologies for electrical power system



Kucuk et al. [29] presented an ontology for electrical power quality (PQ) data, called
PQONT, which provides a shared vocabulary for system problem detection of governmen-
tal and industrial institutions. It was utilized to support a multilingual natural language
based interface that allows flexible querying of the PQ data. Another domain ontology for
wind energy (WONT) was also reported and a semi-automatic process was proposed to
construct the ontology by making use of the existing Web resources [28]. Later on, these
two ontologies were extended with weighted attributes, and a high-level domain ontology
for electrical energy was built [27].

Domain ontologies for transportation system

Lorenz et al. [32] published an ontology for transportation systems. A public transporta-
tion ontology dedicated for user travel planning was also reported [22]. Recently, a do-
main ontology for intelligent transportation systems was represented [19], which served
as a basis of semantic information to a semantic service that allows easy extension.

In spite of many ontological frameworks reported for certain engineering domains and
applications, the ontology-based representation and applications for large-scale EIPs has
never been achieved before. Although the existing engineering ontologies cover quite a
lot of the engineering activities in an EIP, they cannot be directly reused to represent the
system as they vary in respect to their internal structures. A consistent and comprehensive
ontology framework need to be built to capture and integrate the individual knowledge
items emerging in the engineering projects of different domains. However, it has to be
underlined that such ontology development is never a one-off job due to the following
reasons: a) knowledge can always be approached from different perspectives depending
on different applications, leading to different ontology structures; b) human being’s cog-
nition of the world keeps evolving. As a consequence, the ontology shall keep evolving
as well. In this sense, the proposed ontology in this paper is not intended as a final frame-
work. On the contrary, we treat it as a preliminary trial for such ontological innovations
in EIP information management. Moreover, in this work, we are mainly concerned with
the the chemical engineering activity related information. Thus, the proposed ontology is
mainly focusing on chemical engineering concepts. The detailed structure of such ontol-
ogy framework will be discussed in Section 3 and Section 4.

3 Hierarchical framework for information modelling of
EIP

This section introduces a conceptual framework to guide the EIP information modeling.
A conceptual framework is yet another level of abstraction of ontology. It describes the
perspective based on which the ontology is constructed, the content of the ontology, as
well as the links between the ontology modules. The conceptual framework is shown in
Fig. 3. It provides a way to organize the entities in the EIP [39, 45, 47].
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Figure 3: A hierarchical framework for information modeling and management in EIPs.
[47]

At the topmost layer is the representation of the overall industrial park. It gives a general
description for the EIP as a whole. For instance, its geographic location, overall resource
(water, energy, and material) consumption, waste (water, energy, and material) as well
as pollutant emission etc. Potential applications of such information might be for the EIP
governors to query the general operation state of the EIP. One possible detailed ontological
modeling of the park layer is given in Section 4.1.

The second layer from top-down represents the core engineering sub-systems in an EIP.
It mainly includes resource networks (water network, energy network and material net-
work), and their supporting engineering systems, i.e. electrical power system and trans-
portation system. The network participants and their roles in the network (whether it’s a
source, or a sink or both) are specified. Knowledge contained in this layer is useful for
industrial resource network formulation and optimization.

Connectivity among the network participants is described on the third layer, which is a
collection of the plants reside in the EIP. A plant is represented as a group of manufac-
turing processes. Plant level information, such as plant ownership, location, raw material
requirement, product/by-product specification and waste emission are specified. Such
information might benefit the digitalization of chemical plants towards smart plant.

The fourth layer holds description about the manufacturing processes, covering mathe-
matical models that captures the parametric behavior of the process, its economical and
environmental performance, which might facilitate the production process automation.

The fifth layer reflects knowledge of the unit operations, including the machinery design
parameters, operational conditions, mathematical models that describe the parametric be-
havior, economical and environmental performance of the unit, as well as their physical
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connections which reflects the material/energy interdependence.

Finally, it has to be underlined that there is no single correct manner for the ontologi-
cal representation of a system. The above described systems could be approached from
various perspectives at various detail levels. In other words, what properties we describe
and how we describe them highly depend on the application requirement. In the next
section, we present an ontological representation for EIP that can fulfill the need of our
current application requirement, i.e. to support the establishment of a decentralized infor-
mation management system for EIP. Although we strived to construct the ontology to be
as comprehensive and versatile as possible, it is certain that the ontology will need to be
extended, with moderate efforts, when it comes to new application requirements.

4 Ontology for eco-industrial park — OntoEIP

4.1 The overall ontology structure

Based on the hierarchical structure proposed in the last section, this section will intro-
duce the detailed ontological representation of each level. The ontologies were developed
in Protégé, which is a standard ontology editor for ontology-based intelligent systems
[2]. The overall structure of OntoEIP is shown in Fig. 4, it can be seen that the overall
ontology is modularized into several modules representing different domain of expertise,
namely chemical industry, electrical power system, and transportation network. The mod-
ularization is based on the central concepts defined in the module eco-industrial_park,
including Eco-industrialPark, IndustrialSymbiosis, ChemicalPlant, ElectricPowerSystem
and TransportationNetwork, which is shown in Fig. 5. The descriptions of the relevant
concepts are listed in Table. 1.
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Table 1: The relevant eco-industrial park concepts.

Classes Definition

IndustrialSymbiosis Industrial symbiosis engages traditionally separate in-
dustries in a collective approach to competitive advan-
tage involving physical exchange of materials, energy,
water, and/or by-products [14].

Eco-industrial Park An Eco-industrialPark refers to the concrete realiza-
tion of the industrial symbiosis. [14]
WaterNetwork A WaterNetwork is also known as water distribution

system. It represents a type of industrial symbiosis
where industry entities collaborate with each other via
the exchange of water streams. [12, 31]

EnergyNetwork An EnergyNetwork is an industrial symbiosis system
realized via the exchange of energy streams. [12]
MaterialNetwork A MaterialNetwork can also be presented as material

distribution network, or supply chain. It reflects the
connection among industries that share materials with
each other. [12]

ElectricPowerSystem  An ElectricPowerSystem is a network of electrical
components deployed to supply, transfer, and use
electric power.

TransportationNetwork A TransportationNetwork is a realization of a spatial
network, describing a structure which permits either
vehicular movement or flow of some commodity.

ChemicalPlant A ChemicalPlant is an industrial plant that uses spe-
cialized equipment, units, and technology to trans-
form feedstock chemicals into chemical products
(usually on a large scale).

Furthermore, by following the design principle of OntoCAPE, the proposed ontology de-
scribes EIP as a whole from four perspectives, namely system realization, system perfor-
mance, system function, and system behavior. Each as a partial module groups a subset
of components (classes, relationships, and constraints) that reflect a particular aspect of
the modeled system (Fig. 6). System realization represents the realization aspect of a
system, reflecting the physical constitution of a technical system. Generally, it has mostly
constant properties that gives static description of a system, such as geographical location,
mechanical properties, and geometry. System performance is employed for the evaluation
and benchmarking of a technical system. The concept represents a performance mea-
sure for the evaluation. Evaluation in the perspective of economics and environment are
considered at current stage. System function introduces concepts that reflect the desired
behavior of a technical system, while system behavior describes how a system behaves
under certain conditions. Surrogate model is employed to capture the behavioral charac-
teristics of a system. Table 2 gives the notions defined for the description of such system
features.
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Table 2: Concepts that reflect the generic system features.

Classes

Definition

Organization

DesignCapacity

AddressArea

GeographicCoordinateSystem

ProjectedCoordinateSystem

Cost

CapitalCost

An Organization is a group of people, companies,
or countries, which is set up for a particular purpose
[34].

Capacity denotes the maximum amount of product
that a factory, company, machine etc. is designed to
produce or deal with. [? ]

An AddressArea represents the geographic location
on the Earth’s surface where a system resides, it pro-
vides the connection to the road network. [32]

A GeographicCoordinateSystem is a coordinate sys-
tem used in geography that enables every location on
Earth to be specified by a set of numbers, letters or
symbols. A common choice of coordinates is latitude,
longitude and elevation. [6]

A ProjectedCoordinateSystem 1s defined on a flat,
two-dimensional surface. It has constant lengths, an-
gles, and areas across the two dimensions. [8]

Cost describes all kinds of costs that may arise with
respect to producing a product.

CapitalCost are fixed, one-time expenses incurred on
the purchase of land, buildings, construction, and
equipment used in the production of goods or in the
rendering of services. [3]
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OperatingCost OperatingCost are the expenses which are related to
the operation of a business, or to the operation of a
device, component, piece of equipment or facility. [4]

LaborCost LaborCost denotes the expenses which are related to
manpower for the operation of a business or a system.

Earnings Earnings denotes the net benefits of a corporation’s
operation. [5]

Price Price denotes the currency per unit weight of a prod-
uct. [7]

PollutantEmission PollutantEmission represents the pollutant (liquid or
gaseous) discharged from a system to the environ-
ment.

Resource Resource denotes natural, or commercial resources
that could be used to produce certain type of products.

Product Product denotes for an economic goods or service.

4.2 Ontological representation of chemical industry

For the process level, and unit level ontology, they are already well established in Onto-
CAPE, thus this study mainly focuses on ontologies at resource network level, and plant
level and industrial park level. The term industrial symbiosis defined by Chertow [14]
is used to represent the resource sharing networks. It was defined as “engaging separate
industries in a collective approach to competitive advantage involving physical exchange
of materials, energy, and water”. Based on the exchanged resources, industrial symbiosis
can be classified into water network, energy network and material network [12]. Other
important concepts are electric power system and transportation network. The former
represents the grid that provides power to the industrial park, while the latter refers to the
road network.

Industrial symbiosis is the key feature of an EIP. It allows multiple independently oper-
ating plants to share common resources and utilities. A symbiotic network refers to the
resource exchanging network among a number of industrial plants which are geographi-
cally closely located [30]. Through the network, the waste, by-products and/or products
(in material or energy form) produced from one plant could be utilized in another as
feedstock. Generally, three types of industrial symbiotic system have been largely inves-
tigated, namely, water network, energy network and material network. For description of
symbiotic system, two concepts are important, Source and Sink. The former represents the
plant from which a certain type of resource is available, whereas the latter represents the
plant that consumes the resource [30]. The representation of a resource exchange network
is given in Fig. 7a. The main components are the participating companies, which can be
sources, or sinks, or even both. Fig. 7b gives an exemplary representation of a set of chem-
ical plant that serve as water sources. The design and operation of the resource exchange
network is determined by information of its participating plants, such as their geographic
location, specifications for the desired resources, and characteristics of the available re-
sources. Such information is described in plant ontology, as stated in the previous section,
which is illustrated in Fig. 8a. In particular, physical locations (noted as AddressArea) are

13



rather important, as it determines the physical distance between two plants, which further
affects the transportation cost when resource sharing occurs. The detailed description of
the plants’ physical location is held by another module, namely transportation ontology.
Such cross-reference would not influence the integrity of the overall ontology. On the
contrary, it can enhance a structuralized knowledge management which will be discussed
in detail later. The key concepts defined in the industrial_symbiosis module are listed in

Table 3.

ResourceNetwork

MaterialSource -- ’Networkln;rastructure‘ -- MaterialSink
\
UtilityHub

(a) Representation of resource networks.

—> isOrderedBy i .
isindextOfArray ¢—

| determinesPositionOf

T hasindex
WaterSource_j

refersToPlant
’ ChemicalPlant_i ‘

ie{l, 2, .., n}

(b) Exemplary representation of water sources.

Figure 7: Representation of a resource network and the corresponding source set.
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Figure 8: Representation of a chemical plant and its location in the transportation system
ontology.

Table 3: Relevant terminology for resource network representation.

Classes Description

Source A Source represents a place, organization, or process
from which a particular resource can be obtained.

Sink A Sink denotes a place, organization, or process that
consumes a certain type of resource.

UtilityHub A UtilityHub is a centralized infrastructure that serves
as storage tank to help the management of utility dis-
tribution.

NetworkInfrastructure A NetworkInfrastructure signifies the infrastructure
system that realises the allocation of resource net-
work. It is composed of connections (pipelines) and
devices (pumps, utility hub, waste treatment unit etc.).
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4.3 Ontological representation of electrical power system

Electrical power system is of great importance to the normal and efficient operation of
industrial manufacture systems. An electrical power system is an interconnected network
of several major subsystems, including generation subsystem, transmission subsystem,
distribution subsystem and utilization subsystem [17]. A generation subsystem includes
two main components, namely generator and transformer. The generator is responsible
for generating electric power in accordance with the predicted load requirements [42].
Normally, electricity generation from the generator is at a relatively low voltage, typically
20 kV. For the purpose of efficient power transmission, transformers are used for stepping
up of the generated voltage to high voltage, extra-high voltage, or even ultra-high voltage.
After voltage regulation, the electricity generated from a generation system is transfered
to the distribution system via transmission lines. High voltage (HV) transmission lines
are used for long distance electric power transmissions (from generation subsystem to
distribution subsystem), while low voltage (LV) transmission lines are used for short dis-
tance transmissions (from the distribution subsystem to the utilization subsystem). For
the modeling of transmission lines, four concepts are important, namely series resistance,
series inductance, shunt capacitance, and shunt conductance [17]. Utilization subsystems
(Loads) are categorized into industrial, commercial, and residential. Industrial loads refer
to manufacture plants and electric-consuming equipments, such as pumps, while residen-
tial and commercial loads are the lighting, heating and cooling system in buildings. These
concepts are organized into aspect modules, namely function, behavior, realization, as is
shown in Fig.9.

It needs to be highlighted that the ontology presented here not only provides a backbone
to represent the electrical power system as an individual technical component, but also
provides concepts that could link the electrical engineering domain with the chemical en-
gineering domain. For example, a pump, as a technical component (Machine) of chemical
industry, is also an instance of IndustrialLoad. As a result, a pump will be modeled jointly
by two ontology modules that describe the pump from the perspective of two different do-
main of expertise.
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Figure 9: Taxonomy of the concepts considered in electrical power system ontology.

5 Ontology enabled decentralized information manage-
ment system for Jurong Island

In this section, we present a framework for decentralized information management for EIP
based on the developed ontology. The idea of constructing such a framework is based on
the following two reasons. Firstly, the usefulness of an ontological knowledge model for
facilitating collaboration is greatly reduced if the model is placed into a central repository
that is disjoint from the original model developer and maintainer [26]. Secondly, it is
impractical and inapplicable to handle the EIP information in a centralized manner, as
the information of each individual industry organization is usually owned and managed
individually, and the key technical details are usually kept confidential to the outsiders.

Fig. 10 shows a schematic representation of the proposed decentralized information man-
agement system. It gives how the proposed ontological framework can be utilized to
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facilitate the establishment of a hierarchical information representation and sharing sys-
tem for the participants in an eco-industrial park. By applying the proposed ontology, a set
of Ontological Knowledge Bases (OKBs) can be generated for the technical components
of different operational levels. These OKBs (represented as nodes) are connected through
predefined relations indicating the interdependencies among the represented entities.
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Figure 10: A schematic representation of the decentralized knowledge management sys-
tem.

The proposed method is applied to Jurong Island, which is a 32 km? artificial island lo-
cated to the southwest of Singapore. It is home to more than 100 chemical and power
plants. To raise its competitiveness, the Singapore government plans to optimize its re-
source and energy utilization through collaborative solutions. One important prerequi-
site to achieve such collaborative benefits is a reliable and efficient information man-
agement system. Fig. 11 shows a snapshot of the ontological representation of Jurong
Island. As is shown, Jurong Island is of type Eco-industrial Park, and consists of a set
of subsystems, including chemical plants, electrical power system, transportation sys-
tem, water network system and so on. Each subsystem is identified by an IRI, through
which the corresponding OKB can be accessed. Fig. 12 gives the ontological repre-
sentation for a bio-fuel plant. It takes methanol and tripalmitin as raw materials, and
produces biodiesel as the main product and glycerol as by-product. It discharges waste
steam and CO, to the environment. The plant consists of three biodiesel producing pro-
cesses, whose detailed information is stored in different knowledge bases. One of the
knowledge bases is illustrated in Fig. 13, which shows that the process is composed of
25 process units, including heat exchangers, pumps, reactors and so on. Detailed infor-
mation about these process units is again stored in dedicated knowledge bases. These
dedicated knowledge bases for processes and process units may only be accessible for
certain group of people with authorizations. Fig. 14 illustrates description for one of the
reactors, covering its connectivity with other process components and its properties as
a power consuming units. The OKB system developed for Jurong Island is available at
http://www.theworldavatar.com:82/visualizeJurong. A snapshot of
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the information management system is shown in Fig. 15. The yellow node sitting at
the middle represents Jurong Island, while the pink nodes connected to it represent the
subsystems (chemical plants, electrical power system, transportation system, etc.).

Ontological knowledge base for Jurong Island

€2xml version="1.0"2>
<rdf:RDF xmlns="http://www.jparksimulator.com/JurongIlsland.owlg"

bsystem rdf:resource=
hasSubsystem rdf:res
rdf:res
rdf:res
rdf:res

A =+ i .owlgHydrocrackingPlant"/>| Su bSVStemS
ce="http://www.jparksimulator.com/JurongIsland.owlflandlotslaver"/>
ce="http://www.jparksimulator.com/JurongIsland.owlflanxess-PIBPlant"/>
rdf:res ce="http://www. jparksimalator.com/JurongIsland.owlgStorageTankSystem"/>
rdf:res ce="http://www.jparksimalator.com/JurongIsland.owlfTransportationSystem",
<system:r& ) rdf:resource="http://www. jparksimulator.com/JurongIsland.owl§WaterNetworkSystem"/

v

<system v1:isOwnedBy rdf:resource="http://www.jparksimulator.com/JurongIsland.owl#SingaporeGovernment"/>
<environmental performance:hasEmission rdf:resource="http://www.jparksimulator.com/JurongIsland.owl#CO2 Jurong"/>
</owl:NamedIndividual>

<owl:NamedIndividual rdf:abou
<zdficype rafiges

e : IRl of the chemical plant, referring to
: the ontological knowledge base

Figure 11: Ontological representation of Jurong Island, showing the subsystem, includ-
ing chemical plants, electrical power system, transportation system, water
network system and so on.
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Figure 12: Ontological representation of the Ibris Bio-fuel Plant,

showing its physical

address, raw material, product, and pollutant emission.
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Figure 13: Ontological representation of a biodiesel producing process, showing the
technical components (machines and equipments) that compose the process
system.

21



Reactor R-301
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: Attributes that represent
the reactor as a electrical
power system component

Figure 14: Ontological representation of the biodiesel reactor R-301 as part of the
biodiesel producing process, showing information about the reactor type,
physical location, connectivity with other process component, as well as its
property from electrical engineering point of view.
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Figure 15: Structure representation of the ontological knowledge bases (OKBs) built for
Jurong Island. Each node refers to an OKB (an owl file) that holds information
for an entity. An edge represents the interrelationship between two entities.

6 Conclusion and future work

This paper presents a skeletal ontology for the information modeling and management of
EIPs. The proposed ontology is constructed based on a conceptualization framework in-
cluding five operational levels (unit operations, processes, plants, industrial networks and
eco-industrial parks). EIP level gives general description of the EIP as a whole. Industrial
networks targets at the resource network (water network, energy network and material
network) in EIP and their supporting engineering systems, namely electrical power sys-
tem and transportation network. Groups of manufacturing processes are represented in
the plant level. Process level holds description about individual manufacturing processes,
while unit level reflects knowledge of the unit operations.

Based on such conceptualization framework, the detailed serialization of ontological mod-
eling of EIP is also achieved. The ontology consists of several parts including eco-
industrial park, resource network, chemical plant, transportation network, electrical power
system as well as several other modules adapted from OntoCAPEs modules (namely,
chemical process system, unit operation). The developed ontology describes EIP from
four perspectives, system realization, system performance, system function, and system
behavior. The core concepts associated with each aspect are also elaborated in the paper.
The benefit of such ontological modeling is shown through the establishment of a decen-
tralized information management system for large scale EIP. With the help of the system,
data from disparate databases can be integrated, and the reusability of information as well
as the efficiency of information sharing is increased. The proposed methodology is ap-
plied to Jurong Island in Singapore, a set of ontological knowledge bases is developed for
the represented entities.
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The potential benefit of such a system can be further unleashed through the continuous
iterative development of the ontology and construction of agents. Although we strive
to develop a comprehensive and versatile ontological representation for EIPs that can
support as many applications as possible, yet it is already clear that the ontology needs
to be improved, with moderate efforts, for other applications. On top of the OKB, agents
with different capabilities is going to be developed to carry out desired activities, such as
system self-diagnostic, self-prediction, self-configuration and so on.

In short, we deem ontology as a powerful tool for EIP knowledge management, particu-
larly in the future scenario of Industry 4.0 and Internet of Things (IoT). The capabilities
ontology has in reconciling data heterogeneity and promoting knowledge share make it
an indispensable ingredient on the road map towards future smart eco-industrial park. We
believe much more potentials regarding to the EIP optimal operation could be unleashed
given the growing data availability and machine computational power. We hope this work
could appeal to more collaborative efforts towards the future smart EIP.
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