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Abstract—A two-objective, two-stage mathematical model was developed considering demand uncertainty and oper-
ational risk assessment in constructing a utility supply network for steam generation and steam exchange in a petro-
chemical industrial park. This study defined two objective functions, the total economic cost and risk cost, where the
demand uncertainty enhanced the reliability of the utility network design. The economic and risk cost present a holis-
tic study, where the actual operation cost and additional costs in case of industrial operation failure can be determined.
For this, two stages were established for both objective functions, a deterministic stage and a stochastic stage. The
deterministic stage fixed the parameter values for the optimization problem, while the stochastic stage included the
steam supply-demand uncertainty. A case study of the Yeosu industrial park in South Korea was used to show the fea-
sibility of the proposed method, proposing five scenarios for risk assessment analyses. A Pareto set was drawn, show-
ing the optimal values of the optimization scenarios studied. From the optimization analysis, scenario 5 showed the
best utility supply network design providing a more realistic network with a balanced total economic cost and risk cost,
which presented the lowest risk operation of all facilities. From scenario 5, the results showed a decrease in economic
cost by 65.5% to 67.6% compared to the current situation considering the risk costs for the operational risk.

Keywords: Utility Supply Network, Demand Uncertainty, Risk Assessment, Industrial Park, Two-objective Two-stage

Stochastic Programming Model

INTRODUTION

Over the last few decades, industrial parks have been designed
for eco-industrial development to provide an operating network that
enhances production and minimizes industry losses due to the
advantages of exchanging utility resources and turning them into
valuable inputs between companies [1-9]. Industrial systems are
ruled by the dynamics of demand uncertainty [1,10-15], which
influences industry losses and discharge minimization from indus-
tries [3,5,16]. Industrial parks have been located in developed coun-
tries worldwide. Ulsan, the industrial capital city of South Korea,
has an eco-industrial park (EIP) center, representing one primary
example of the move towards an industrial symbiotic park concept
[1]. Similarly, petrochemical industrial parks have been created in
Sweden, such as the Stenungsund petrochemical park [10,12].

Petrochemical industries consist of diverse process plants and
utility systems, in which steam is a significant utility stream in the
utility supply networks [13,17-21]. Steam is regularly utilized for heat
exchange between process plants and utility systems, leading to heat
and power integration [15,18,22]. The change in steam production
is then easily estimated from a company? facilities (equipment units),
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such as boilers, gas turbines, steam turbines, and steam headers [1,
10]. Since the utility network is the core of every industrial energy
system, its optimization has been the focus of many studies [23,
24]. Utility network designs are intricate because they require simul-
taneous optimization of several variables (pressure, temperature,
and steam flowrate for multiple complex turbines) and demand
uncertainty along with failure risk during system operation. In
most industries, a large part of the production cost is the cost of
utilities (steam and electricity) required in the process, which depends
on the steam demand [20,21,25]. Thus, the utility supply in indus-
trial parks has a significant economic effect in terms of the value
of production, operating cost minimization, and demand/supply
affected by uncertain conditions [26-30].

Studies in the last decade show the need for research on failure
risks of operation in utility supply networks under demand uncer-
tainty conditions, given that the solutions for a combined effect of
failure scenarios have not been fully understood (Fig. 1(a)). Scien-
tific publications for the areas of risk assessment and failure risk do
not show a steady increase in research on utility supply networks.
In contrast, publications implementing demand uncertainty show
an increasing interest in research in this area. However, the num-
ber of publications has not surpassed 124 in the last decade, sup-
porting the need for more research on utility supply networks, in-
cluding the concept of demand uncertainty. The significant factors
affecting the failure risk encountered in a utility network are decen-
tralized production [31], demand uncertainty [32], rate of techno-
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Fig. 1. Development of risk assessment in utility supply networks in the past decade. (a) Annual scientific publications since 2010. Data were
extracted from Scopus on 5 March 2020. (b) Factors affecting the risk assessment in utility supply networks. Data were taken from
[31-33,35]. A is the demand uncertainty, B is the physical capabilities of pipelines, C is the equipment failure, D is the aging infra-
structure, E is the rate of technological change, F is the power system interruption, and G is the decentralized production of utilities.

logical change [32], power system interruptions [33], aging infra-
structure [33,34], physical capabilities of pipelines [35], and equip-
ment failure [35] (Fig. 1(b)). The most commonly addressed aspect
is demand uncertainty; followed by the physical capabilities of pipe-
lines, and the least often addressed aspect is equipment failure.
Cases wherein utility networks were affected by the failure of
the facilities demonstrate the need for a more in-depth evaluation
of the equipment capacity variables (discrete variables) [22,36-38]
in cases of emergencies (equipment breakdown) and safety acci-
dents [39-42]. Previous studies have analyzed the risk encountered
in the operation of the utility network design in different ways,
and these affect the overall economic cost of the network. Thus, a
risk assessment of accidents was proposed based on the probabil-
ity of occurrence, where the risk variables were the value at risk, the
spectral risk measures, and the expected shortfall [43]. Similarly,
another approach developed a risk assessment of the investment
efficiency in electric power networks based on the uncertainty of
the system reliability [44]. However, there is still a lack of research
that considers the economic cost related to the failure risks, such
as the reinstallation cost in case of facilities breakdown based on the

uncertainty demand. Therefore, this approach can help with unfold-
ing the trade-off between the economic and risk costs, which can
present a contradictory relation and improve sustainability in the
industrial park.

A realistic scenario for utility supply networks is a challenging
optimization problem caused by the multiple objective functions
and uncertainties of utilities supplied throughout operation [4].
Given that two conflicting objective functions may clash with each
other by their variables and constraints ranges, their handling would
be more troublesome in a single objective function. Hence, multi-
objective optimization can be implemented in the way of two objec-
tive functions to reach proper operating conditions and avoid a
conflict between them, which has been implemented in previous
studies [45-48]. In this study, a two-objective two-stage stochastic
programming model optimization is proposed to overcome these
problems, considering the demand uncertainty and failure risk of
operation of a utility supply network. The proposed framework
presents two objective functions defined for cost optimization (eco-
nomic cost and the risk cost) and two stages of the programming
model (deterministic and stochastic). The effects of this approach
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on failure risk of operation for supplying the steam demand have
been thoroughly analyzed. Finally, an operational risk assessment
was developed considering the Yeosu industrial park in South Korea
as a case study. The rest of this paper is organized as follows: a
detailed problem statement is presented in the following section.
The mathematical model of the utility supply network section
details the defined objective functions and their constraints. The
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designed method is discussed in detail, and comparative simula-
tion scenarios are presented in the Results and discussion section.
Finally, the conclusions of the study are given.

PROBLEM STATEMENT

This paper considers an optimization programming model based
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Fig. 2. Configuration of the utility supply network in the case study of the Yeosu industrial park. (a) Map of the industrial park. (b) Utility
system in a source company. (c) Process structure in a sink company. (d) Primary facilities for failure risk assessment in a utility pro-

cess structure.
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on the Yeosu industrial park of South Korea. The complex includes
two types of companies, source companies, and sink companies,
where the source companies produce steam and provide steam to
the sink companies, while the sink companies only receive steam.
The source companies include power plants (high pressure (HP)
steam), chemical factories (a large amount of steam production),
and incineration and chemical companies (low marginal cost steam
production), while the sink companies include the petrochemical
industries [49]. The Yeosu industrial park design (Fig. 2(a)) con-
sists of the sink companies (No. 1 to 5) (Fig. 2(b)), and the source
companies (No. 6 to 15) (Fig. 2(c)), which present the base config-
uration of the companies’ locations, which are connected by their
utility supply network. Further details are provided in Supplemen-
tary Information.

The pipeline network for steam transfer was designed during
the construction of the industrial park. However, over the years,
the industrial production has varied, while the steam transfer has
not been optimized to these conditions. The steam amount gener-
ated by companies in the Yeosu utility network has been previously
measured for companies like Hansol EME, who recorded the pro-
duction of medium-pressure (MP) steam of 10 kgf/cm’, and KP
Chemical, who supplied HP steam of 45 kgf/cm” [1]. Overall, the
minimum steam production amount in 2010 was of 3,075 ton/h
of very high-pressure (VHP) steam, 514 ton/h of HP steam, and
153 ton/h of MP steam, while the maximum steam production was
3,717 ton/h of VHP steam, 1,172 ton/h of HP steam, and 248 ton/
h of MP steam [50]. Thus, the utility supply network has reported
profits of 68.52 million dollars per year, while the investment cost
was 64.93 million dollars [1].

In this study, data from the source and sink companies were
limited to an analysis of the utilities of steam, fuel, water, and elec-
tricity for mathematical modeling optimization. The equipment
facilities in each company included the fuel tanks (supplying differ-
ent fuels), the splitters, mixers, boilers, turbines, letdown units for
pressure change, the water, and the electricity units. A more detailed
description of each equipment facility is presented in the follow-
ing section on the mathematical model (section 3) and Supple-
mentary Information. The risk assessment integrated into this study
consists of an analysis of the potential risk of operation for two
main parts of a utility network: the pipeline connections, and the
equipment facilities of the companies.

To account for facility failure probability in the analysis, the princi-
pal facilities included the boilers, mixers, splitters, and turbines of
the companies (Fig. 2(d)). For these, the components of each facil-
ity (Table 1) were considered common modes of failure. Here, dif-
ferent cases of failure rate were used in the assumption of an average
failure rate for possible interruption of the operation of the facili-

Table 1. Failure rate of the facilities in the utility supply network

ties in the utility supply network. For a boiler unit, there were con-
sidered the superheater, water-wall tubes, air preheater, and fan as
principal mechanisms of failure in the boiler. For the turbine, the
steam transfer characteristics for the mixer and splitter were used
from base records of previous studies [51-55].

1. Algorithm

The two-objective two-stage stochastic model solving algorithm
is introduced in Fig. 3. As shown, it is divided into three sections
focused on updating the datasets needed from the utility supply
network, defining the objective functions and the approaches to
utilize, and determining the methodology for the optimization
problem. The algorithm description assumes that the utility net-
work problem is solved using mixed-integer linear programming
(MILP) [56]. When the demand uncertainty for a supply is con-
sidered, the operational variables are identified for different stages
to adapt to variations in demand profiles.

The optimization problem includes the simultaneous determi-
nation of the optimum economic and risk cost of a utility supply
network for optimal operating conditions. When the uncertainty
in steam demand and supply is integrated, the design must have
the capacity to adapt to varied demand and supply profiles. There-
fore, design and operational variables are decided in different stages.
This problem is hence addressed as a typical two-stage program-
ming model, which has been widely revised in the literature [11,
36,56,57]. The two-stage stochastic programming classifies the vari-
ables as a first stage variable (deterministic stage) and the second
stage (stochastic stage) for determining the uncertainty parame-
ters, which allows defining a more realistic design [57]. The opti-
mization process is developed iteratively with values of uncertain
demand for the utility supply. Referring to the law of large num-
bers, the average of results is obtained from a large number of tri-
als that are close to the expected value [56]. In this study, the ad-
vantages of using the stochastic model and the deterministic model
are based on common metrics for the defined objective functions.
1-1. Section I Target System Configuration

Section I of the program was focused on the data collection of
materials cost and failure rates for the equipment units and pipe-
line connections of the industrial park. It was assumed that the
main components for steam production, such as the boilers, tur-
bines, splitters, and mixers were the most relevant units to account
for during optimization programming. Furthermore, the base con-
ditions of the industrial park were adopted from a previous study
[49], and they include the mass balances of the processes for the
utility network.

1-2. Section II. Model Development

Section II establishes the approach methodologies for the two

defined objective functions. Here, it is detailed the deterministic

Equipment Description Average failure rate Unit Reference
Boiler Closed vessel which generates the steam 9.00E-07 /h [53]
Splitter Redistribute the feed stream depending on specified condition 6.54E-08 /h (49]
Turbine Rotary mechanical devise that extracts energy from steam 1.87E-05 /h (50]
Mixer mechanical devise that mix different feed streams 7.95E-07 /h [49,51]
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Fig. 3. Block-flow diagram of the devised two-stage model-solving algorithm with the abounding procedure.

stage and stochastic stage for both the economic cost and risk cost
of the programming model for the utility supply network (Table
2). The first objective function includes the total investment cost of
the utility network based on the distance between companies, the
operating cost, and the materials cost of the utility supply network.
The second objective function groups the failure risk metrics based
on the pipeline connections and the equipment facilities (boilers,
turbines, splitters, and mixers).
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Furthermore, the two-stage stochastic programming model is
presented with a deterministic model optimization in the first stage
for minimizing the investment costs of the utility supply network.
In this stage, both objective functions account for fixed values for
optimization. For the risk cost, the integration of the pipeline con-
nections cost is included in the deterministic stage of this func-
tion. The second stage involves stochastic model optimization to
include the demand uncertainty of steam supply and a later risk
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Table 2. Summary of the mathematical models for the two-objective functions in the two-stage stochastic optimization

Objective function Stage

Description (highlights)

Deterministic the utility network.

The investment cost is fixed, considering the connections between pipelines for steam transfer in

The operating cost is fixed by the connections of the installed pipelines between companies.

Economic cost

The operating cost depends on the varied steam demand of each company in different demand

scenarios.

Stochastic . T, .

o The raw cost of materials (fuel, water, and electricity) is integrated as a variable based on the mar-
ket cost increase in the last years.
. ... The failure risk is dependent on the connection between pipelines for steam exchange.
Deterministic . . .
Risk o The steam transfer is based on the distance between companies.
sk cost
Stochastic o The failure risk of facilities (turbine, boiler, splitter, and mixer) is correlated to the steam demand.

« The total operation risk failure of the facilities is considered together.

cost optimization. Here, the economic cost is defined by the uncer-
tain demand calculation of the optimal operating conditions for a
real system. For the risk cost, the facility failure risk is accounted
for in the second stage.
1-3. Section III. Optimization Approach

The optimization approach is considered in Section III by the
&-constraint method, which is an iterative methodology where the
optimum solution to the objective functions is defined after several
trials, leading to a Pareto set plot for determining multiple points
of solutions for both objective functions. The chosen objective func-
tion range of the target values for decision-making is defined by
the set of Pareto optimal solutions. The trade-off relationship iden-
tifies numerous solutions. These solutions represent the best com-
promises among multi-objectives. Finally; these results are analyzed
through a comparison to obtain an optimal solution overall.

MATHEMATICAL MODEL

A mathematical model is proposed to integrate the economic
cost with the failure risk of operation of all the companies in the
industrial park. Two objective functions, which consist of total eco-
nomic cost and risk cost, were used to optimize the utility supply
network. Here, demand uncertainty was considered in both objec-
tive functions, and operation failure of the companies was inte-
grated into the risk cost to approach to a more realistic utility supply
network design. During the optimization process, the companies
utility demand must be satistied. General mass balance equations
in the utility network system are defined from previous studies
[49] for all the main equipment units in the companies.

1. Two-objective Two-stage Stochastic Programming Model

The objective functions in this study intend to optimize a util-
ity supply network by minimizing the total economic cost and risk
cost. A two-stage stochastic programming approach (Eq. (1)) in-
cluded the demand uncertainty for a real scenario, namely the
utility supply network in the Yeosu industrial park. This approach
integrates two types of parameters and variables related to the de-

Economic Risk

terministic (Totalcoy, firt stage AN TOtal g, fire stage) and stochastic

(Z(P(s) X TOtallé‘f;:ZosZi;ndstage) and Z(P(s) X TOtallé;Ss];, second srage))

approach methodologies of programming. The second stage inte-
grates the steam demand uncertainty, where p(s) is assumed to be
the inverse of the sum of demand scenarios (s).

Economic Economic
TOtalCast,ﬁrst stage + z (P(S) x TOtalCost, second srage)
s

Min (1)
Risk Risk

TOtalCast,ﬁrststage + Z(p(s) x TOtalCost, second stage)

s

1-1. First Objective Function and the First Stage

The total economic cost of the first stage (Totalgi,‘;z(}?szge) pre-
sented in Eq. (2) is composed of the investment cost (Cost; " s, eam)
and the operating cost (Cost;": y, yeam)- In the first stage (deter-
ministic), the investment cost is considered based on the installa-
tion of the pipeline between companies, while the operating cost
represents the maintenance cost of the pipelines for steam trans-
fer. Fixed parameter values were defined for this stage in the
mathematical model of Eq. (2), considering no variations based on
the demand scenario. Here, the investment and operating costs are
proportional to the pipeline length, given that these variables are
directly related to the distance between companies (Dist; ;).

Totalcy e = L3 2 OS5, eant COST ot sean] @)

invest

The total investment cost (Cost; ; 4, searm) and fixed total oper-
ating cost (Cost;’; . eam) account for the capital cost of the utility
supply network, which are shown in Egs. (3) and (4), respectively.
The investment cost represents the installation of pipeline connec-
tions between companies, and it is a function of the fixed invest-
ment cost parameter (FC™*") by the binary variable of steam
transfer (bi; ). The operating cost depends on the fixed operat-
ing cost parameter (FC”), as well as the distance between com-

panies (Dist; ;) (Eq. (4)).

invest invest, .steam investy .tr .

COSti, i, sh, steam — (FC bli, i sh+VC bli, i sh)Dlsti, z/DP (3)
oper opery .steam ~.

COSti, i\, sh, steam = FC bli, i sthSti, i’ (4)

1-2. First Objective Function and Second Stage
In the second stage (stochastic), the scenario-based description
of demand uncertainty is defined for the total economic cost of

Economic

the second stage (Total oy, second stage) (EQ. (5)). The operating cost
oper

of the second stage (Cost,; - 4, steam) depends on the varied steam
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oper

demand for each company based on the parameter VC**, and
the binary variable of steam transfer (bi;; ; ), which shows the
variation of steam transfer for various demand scenarios (Eq. (6)).

Economic oper Raw
TOtalCost, second stage — Z[ZZZ Z COSti, i, sh, steam T ZCOSti :| (5)
i

sL i i shsteam

Cost?" =VCPbiy, ;, 4Dist, ; ©

s, i, i', sh, steam S,

The raw cost is known to fluctuate based on the market varia-
tions for materials, including fuel, water, and electricity (Eq. (7)).
Here, it was considered the price of fuel in the last few years (Pri™
the amount of fuel consumed by the companies in the utility net-
work (A%, o), the industrial water price (Pri"*"), the amount
of industrial water being consumed by the companies (A o, o),
the electricity price (Pri“*), and the amount of electricity utilized

elec

by the companies (A ; ).
Cost?;w: Z ZprifuelAfuel

s, i, boil, "con”

boil fuel (7)
+Z Z PriwuterAwuter . PrielecAelec

s, i, wu, "con’ s, i, "con”
wu water

>

1-3. Second Objective Function and the First Stage

In the deterministic stage, the risk cost related to the pipeline
connections failure probability is fixed to a single demand scenario.
This assumption was implemented in the system based on the physi-
cal limitations for the construction of pipeline connections in the
industrial park. The total risk cost in the first stage (Totalléfj, first stage)
is calculated by multiplying the operation failure risk of pipelines
(Risk?".) and the installation cost of the pipelines (C"') (Eq. (8)).
Further, Risk?, results from the multiplication of the failure rate
of pipelines (fail”), the binary variable of steam exchange between

stea

companies (bi; ; 4,), and the distance between companies (Dist; ;1)
(Eq. (9)).

TOtal}CziﬂSskt, first stage = ZZCPIRiSk‘ZZi’ (8)
ii
Risk!, = > >3 fail’ x bi}'i'}, x Dist, , )

i i sh

1-4. Second Objective Function and Second Stage

The risk cost stochastic stage aims to extend the utility supply
network design to a realistic scenario. For this, the risk cost in the
second stage (Totalgfft, second stage) Considers the operation of facili-
ties in the source companies. Since facility operation is directly
related to the steam demand, the operation risk cost of the facili-
ties is considered based on demand scenarios. The risk cost is cal-
culated by summing the products of the installation cost of the
different facilities (C*', C"", C*, and C"™) and their respective
failure risks (Risk”", Risk'"/, Risk?, and Risk"") (Eq. (10)).

boil boil tur tur

Risk C " Risk, ; +C Risk, ; +
TOtalCast, secondstagezzz ol ss,l’ mix ms,’;
s 1| CPRisk?;+C""Risk]";

(10)

It is assumed that the boiler, turbine, splitter, and mixer are (i)
the main equipment units at the source companies that may fail
during operation and (ii) the principal components for steam pro-
duction and consumption. Egs. (11) to (14) show the risk of fail-
ure at source company facilities. The risk of failure results from
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multiplying the failure rate of facilities (fail””, fail™, fail”, and
fail™) by the binary variable of facilities operation (br;"; i, sream>

oper oper

oper
brs, i, tur, steam> brs, i, spl, fuel> and brs, i, mix,fuel)'

Riskﬁwil: > fail™'x br ot steam an
boil steam

Risk!" =" 3 fail " xbrs,, um (12)
tur steam

Risk? - > S fail? ' br? ol fuel (13)
spl fuel

Risk"" = > lefailmix xbr fuel (14)
mix jfue

2. Mass Balance in the Utility Supply Network

A material balance method defined the constraints of the system
and to represent the utility supply network. This method assumes
the operability of the network at a steady-state, where there is no
loss of materials in the steam exchange. Eqgs. (15) and (16) repre-
sent the material balance equations for the whole utility supply
network. Here, D¢ is the demand for materials in the network,
Al o is the amount of materials transferred by facilities, and
E' o is the materials exchange by facilities. The materials are
the fuel, water, and electricity transferred between facilities. The
different demand scenarios are represented as s, by each company
i. The facilities (fac) are defined as the fuel tank, splitter, mixer,
boiler, turbine, letdown unit, water unit process, and pipeline.

The state (st) refers to the input or output of material from the
facility where it is consumed or generated. A more detailed descrip-
tion of each variable is presented in the nomenclature. Eq. (15)
represents the amount of material in the facilities of any company
that should meet its demand under the demand scenario condi-
tion. Eq. (16) shows the total amount of exchanged material in the
facilities, which should be equal to the original amount of mate-
rial in the facilities. More details related to the mass balance for
each facility are presented in Supplementary Information, and a
deeper understanding can be found in previous studies [26,49].

DI <A o (15)
A:,”foac, st:fZE:,anfuc, st (16)
fac

RESULTS AND DISCUSSION

The proposed two-objective two-stage stochastic model was
applied to the Yeosu industrial park. The work was developed in
the software GAMS (General Algebraic Modeling System) v24.6,
which utilizes the CPLEX solver [58]. The designed model imple-
mented a series of variables and equations for optimizing the total
economic cost and the total risk cost, representing the realistic sce-
nario of an industrial park for assessing the most optimal opera-
tion. Five scenarios were conducted for operational risk assessment
(Table 3), a base case (scenario 1), an optimized base case (sce-
nario 2), a stochastic optimized case (scenario 3), a two-objective
two-stage stochastic optimized case with the integration of the oper-
ation risk of pipelines (scenario 4), and a two-objective two-stage
stochastic case with integration of the operation risks of all the
facilities (scenario 5). The base case outlines the utility supply net-
work optimization based on a multi-period deterministic model
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Table 3. Description of case studies for the optimization problem
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No. Scenario Description
Base case Base utility network by deterministic approach.
2 Optimized base case Economic cost optimization by deterministic approach.
. - Economic cost optimization by stochastic approach (demand
3 Stochastic optimized case . P Y PP (
uncertainty).
4 Two-objective two-stage stochastic optimized Economic cost and pipeline risk cost optimization by stochastic

case with integrated operation risk of pipelines
Two-objective two-stage stochastic case with
integrated operation risks for all facilities

approach (demand uncertainty).
Economic cost and risk cost optimization for the whole utility
supply network by a stochastic approach (demand uncertainty).

Table 4. Comparison of economic cost and risk cost of optimized utility network for each scenario

No. Scenario

Economic cost [$/year] Risk cost [$/year]

Base case [49]
Optimized base case
3 Stochastic optimized case

integrated operation risks for all facilities

Two-objective two-stage stochastic optimized
case with integrated operation risk of pipelines

Two-objective two-stage stochastic case with

276,461,500 -
89,683,480 -
89,698,130 -

589,439,300 473,184

(High) (Low)
89,683,478 3,641,736
(Low) (High)
95,461,527 5,362,764
(High) (Low)
89,683,478 7,543,536
(Low) (High)

from previous research [44]. Scenario 2 illustrates the optimized
utility supply network with updated materials cost values for inver-
sion costs. Scenario 3 shows the economic cost integrated with
demand uncertainty. Scenario 4 merges the risk cost of pipelines
into the optimization model. Scenario 5 illustrates the full two-
stage stochastic model that evaluates the economic cost and risk
cost of the pipelines and facilities for the companies.

The results from all scenarios show the different economic costs
and risk costs of the utility supply network (Table 4). Analyses of
the five scenarios address the economic cost and risk cost; the
more significant difference in the results between the base case
and the subsequent scenarios shows the improvement provided
by the optimization model. The results of the scenario 2 show a
$186,778,020 (67.5%) decrease in the total economic cost compared
to the base case. The reasonable implication of this is that the cur-
rent utility network model (base case) is not suitable for the cur-
rent actual price of raw materials. Scenario 3 presents a $186,763,370
decrease in the total economic cost compared to the base case, but
a $5,650 (0.02%) increase compared to case study 2. The results of
scenario 4 show a dramatic increase of $499,741,170, by 6.5-times
the total economic cost of scenario 3 for the highest economic cost
determined at the lowest risk cost calculated, which suggests that
the risk cost affected the minimization of the economic cost.

Further, the lowest total economic cost of the scenario 4 shows
a $14,652 (1%) decrease compared to the scenario 3. Here, the risk
cost increased as $3,168,552 by 6.7-times due to a $499,755,822
(84.8%) decrease in the economic cost. The results of scenario 5
present a $490,977,773 (92%) decrease for the highest total eco-

nomic cost determined as compared to scenario 4. In contrast, the
lowest total economic cost shows no variation compared to sce-
nario 4. These suggest that the risk cost greatly influenced the
optimization problem for decreasing and maintain the total eco-
nomic cost. Overall, the companies in the utility supply network
design were able to meet their steam demand.
1. Base Case and Optimized Base Case

Scenario 1 is the base case from a deterministic model in which
the optimization problem is treated by multi-season variation, based
on previous research proposed by [49]. Here, the seasonal varia-
tion accounts for the different steam demand amounts required by
the petrochemical industrial park. The base case integrates the previ-
ous conditions of the industrial complex, considering past cost val-
ues for each material tracked in the utility supply network. The
estimated past economic cost of this case was of 276 million dol-
lars. This design sought to meet the steam delivery based on the
seasons of a year. Furthermore, scenario 2 is the optimized base
case, which implements the concept of seasonal variation with an
update to present conditions of investment costs (Table S4), for a
correct estimation of the economic cost. Scenario 2 past economic
cost was estimated to be 89 million dollars. A detailed explanation of
the scenarios 1 and 2 is provided in Supplementary Information.
2. Stochastic Optimized Case

Scenario 3 is the stochastic optimized case, which utilizes a sto-
chastic model to include the demand uncertainty of steam in the
economic cost optimization. The economic cost was estimated to
be around 89 million dollars (Table 4), indicating a slight increase
compared to the optimized base case. The optimized utility sup-
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ply network design experiencing demand uncertainty shows that
companies 9 and 10 are the principal steam producers (Fig. 4(a)).

[Legend
Source company
[#] Sink company

e I B]i | C

Legend

15 3 Source company
(#] Sink company
(b)
A ‘ B : C
\ \' : b
12 2 1=
@ ‘.113 ‘ 11
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15@ 8 Source company 1
: (#] Sink company |
()

Fig. 4. Schematic diagram of the utility supply network of scenarios
3 and 4. (a) Design for optimized utility supply network of
scenario 3 considering demand uncertainty. (b) Design for
minimization of the total economic cost for optimized util-
ity supply network of the scenario 4. (c) Design for minimi-
zation of the risk cost for optimized utility supply network
of scenario 4.
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The devised optimization methodology could represent the demand
uncertainty as well as the conditions of demand scenarios. How-
ever, it was not able to minimize the economic cost of the utility
network compared to the optimized base case. Although scenario
3 maintains an economic cost similar to the previous scenario, the
design provides further analysis of demand uncertainty in the fol-
lowing optimization scenarios.

3. Two-objective Two-stage Stochastic Optimized Case with
Integrated Operation Risk of Pipelines

Scenario 4 is the two-objective two-stage stochastic optimized
case with integrated operation risk of pipelines. This case employes
a stochastic model for including the demand uncertainty and the
terms of risk failure into the economic cost and risk cost optimiza-
tion. In the design for minimization of total economic cost for the
optimized utility supply network, the design shows that the com-
panies are centrally distributed by their steam production-exchange
(Fig. 4(b)). The centralized distribution turns the source compa-
nies into sink companies, except for companies 9 and 10. The sink
companies only satisfy their steam demand through the exchange
with source companies. Since steam exchange is cheaper than the
generation of steam from each company for self-sufficiency, the dis-
tribution design requires the initialization of the cost of pipelines
between companies. The centralization design of the utility supply
network causes the minimization of the economic cost in the scope
of the whole industrial park. Furthermore, given that in scenario 4
the risk of operation of pipelines was considered, the installed pipe-
lines between companies for centralized distribution integrated the
failure rate of facilities in the design. Therefore, the economic cost
decreased while the risk cost increased, illustrating a trade-off
between both objective functions.

Furthermore, for this scenario, three areas (A, B, and C) were
defined for the analysis of the economic cost based on the clusters
formed for steam supply and their primary producer companies.
Area A includes companies 1, 2, 3, 5, 6, 7, 12, and 15, area B con-
tains companies 8, 9, 10, and 14, and area C involves companies 4,
11, and 13. Most of the companies in area A are connected, except
for companies 12 and 15, which act as self-sufficient companies
(supply their steam demand). Supplying steam to the source com-
panies, companies 2 and 5 act as producer companies in this area,
where company 2 generally supplies the steam to companies 3, 5,
and 6. In area B, companies 9 and 10 are supplying steam to com-
panies 3 and 14, and 11, respectively, while company 8 operates as
a self-sufficient company. Companies 9 and 10 serve as steam sup-
plier companies. Companies in area C are fully interconnected,
showing that company 11 is the only producer company, supply-
ing to companies 4 and 13. A higher steam exchange is shown in
this configuration (Fig. 4(b)), as five companies act as the main
suppliers, lowering the costs of steam generation. However, this
design is prone to a higher failure risk probability because the steam
exchange is centrally distributed by the major supplier companies.

On the contrary, a utility supply network design where compa-
nies are locally distributed is presented (Fig. 4(c)). In this design,
the utility supply network is utterly decentralized. This design mini-
mizes the installation of pipelines between sink and source compa-
nies to minimize the total risk cost. Accordingly; all source companies
should generate steam to meet their steam demand, which is called
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self-sufficiency. Although self-sufficient companies reduce the fail-
ure risk of facilities of the industrial park, it also maximizes the
total economic cost. Here, to minimize the total risk cost, only some
sink and source companies are connected to exchange steam from
source to sink companies. In areas A and C, companies 2, 5, 6, 7,
and 11 act as supplier companies to the sink companies 1, 3, 4,
and 5. The rest of the companies (8, 9, 10, 14, and 15), mainly in
the area B, act as self-sufficient. With this approach, the pipeline
connections are reduced by increasing the self-sufficient compa-
nies, and the risk cost decreased compared to the centrally distrib-
uted scenario (Fig. 4(b)).
4. Two-objective Two-stage Stochastic Case with Integrated
Operation Risk for All Facilities

Scenario 5 is the two-objective two-stage stochastic case that
accounts for the operational risks of all facilities, including boiler,
turbine, splitter, and mixer, as well as pipelines. Note that this case
is a more realistic scenario of a fully functional utility supply net-
work in the target industrial park. The mixer, splitter, boiler, and
turbine units are assumed to represent the principal failure risks of
the companies. In summary, the optimization result of the risk
cost and the total economic cost is shown in a Pareto set in Fig. 5.
The Pareto result of this scenario is divided into three parts: high
risk, optimal cost set, and high cost set. The first three points of
the Pareto set are grouped as a high-risk set, leaning more to the
risk cost. A change of slope is observed between points 3 and 4,
showing a change in the total economic cost and risk cost. The opti-
mal cost set occurs between points 4 and 7, where the risk cost
and total economic cost shows an almost linear inverse relation.
Lastly, the economic cost dramatically increases until point 8 (high
cost set). Therefore, the Pareto set helps in understanding more
directly the relations of operational cost for this utility supply net-
work. In this way, the optimization decision is easier to find,
allows more ranges for decision making when considering more
important one cost over the other; and enhances the speed of the
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decision-making process, as it is not directly linked to the exper-
tise of a third party to verify each calculation of the optimization.

Point 4 in the Pareto set presents an economic cost of around
90 million dollars and a risk cost of 6.5 million dollars. Point 5
shows values of 90.85 million dollars for the economic cost and
6.3 million dollars of risk cost. Point 6 shows 91.29 million dollars
of economic cost and 6 million dollars of risk cost, which are approx-
imately the same as point 7 values (91.92 million dollars of eco-
nomic cost and 5.67 million dollars of risk cost). Given the small
variation in optimal values, this area was taken for risk analysis
using an average value of economic cost and risk cost.

In the high-risk set, the utility network design for point 1 shows
that the steam is primarily produced by companies 9, 10, 13, and
15 (Fig. 6(a)). Since point 1 represents an extreme case to mini-
mize the total economic cost, this design presents a centrally dis-
tributed utility network, where most of the companies supply is
provided by a few companies. Except for the steam supplier com-
panies, the rest of the companies are considered as sink compa-
nies, including non-activating source companies, which satisfy their
steam demand by the steam exchange. Accordingly, the steam ex-
change by the centralized distribution of the utility supply net-
work lowers the total economic cost slightly more than the self-
sufficiency. However, centralized distribution increases the risk cost,
given the longer pipeline connections between companies.

In the optimal cost set, the utility supply network design is cen-
tralized, similar to the high-risk set. Company 3 supplying to 1
and 5, and company 9 supplying to 12 are added to the utility net-
work design developed in point 5 from the Pareto set (Fig. 6(b)).
This design shows a close network (as previously shown in point
1) by also removing the connection between companies 13 and
11, and 15 and 5. The utility supply network shows a full connec-
tion between companies for the case of the total minimized risk of
point 8 (Fig. 6(c)). Steam transfer between companies 10 to 7, 1 to
7,7t06,5t0 1,9 to 15, 14 to 15, and 13 to 4 is added in this

High risk set
7| Risk covt: 7,543,536
75 4 Economic ost : 89,683,478
. 7 Y
; Risk cost 7,214,312
1 2 & Economic gost : 89,829,969
& 4 \ Risk cogt : 6,912,460
= N 3 Economic cost : 89,942,795
S Y f e -<_ .
= - “ " Risk cost : 6,551,396~ ~ Optimal cost set
£ 65 Economic cost : 90,540,677~ ~ -
(3 ’ i Risk cost : 6,297,144 So
E i t: 90,854,098 .
: \\ CONOMIC COS \\ ngh c()st Set
@ \ Risk cost : 5,987,612 N N
% 6 \\ conomic cost : 91,285,055 | - - T T T = -
s Risk cost : 5,678,40) / N
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55 So Economic cost : 95,461,527
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5
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Fig. 5. Pareto set for the economic cost and risk cost from the scenario 5.
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Fig. 6. Comparison of the pipeline network of case studies for the
main Pareto set points. (a) Pareto point 1 in the high risk cost
set. (b) Pareto point 5 in an optimal cost set. (c) Pareto point
8 in the high economic cost set.

design, which helps to reduce steam. Furthermore, the steam
transfer (points 1, 5, and 8) is principally conducted by companies
9 and 10 (Table 5), where companies 15 to 5, and 9 to 1 exchange
steam, which places them in the high risk set for being far from
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each other.

Comparing the utility supply network with the lowest risk cost
from the scenario 4 (Fig. 4(c)) with the scenario 5 (Fig. 6(c)), the
latest scenario achieves a more realistic configuration by changing
the network design from locally distributed to fully connected. Sce-
nario 5 assesses the risk of all operating facilities. Although the risk
cost from the scenario 4 is lower than that from the scenario 5, the
economic cost increases in the locally distributed network design.
The improved network from the scenario 5 has longer connec-
tions and provides a more realistic utility supply network, show-
ing a balanced total economic cost and risk cost. Therefore, a full
design, in reality, includes the risk operation of all facilities in the
utility supply network which allows a better approach for the opti-
mization of total economic cost, risk cost, and a risk assessment of
the system as well.

On the other hand, the steam exchange maintains the central
distribution in which few major companies supply steam for achiev-
ing the lowest total economic cost in scenario 4 (Fig. 4(b)) and
scenario 5 (Fig. 6(a)). Scenario 4 shows a network where compa-
nies 9 and 10 are major companies, which is the same as scenario
5 does. The utility networks maintain this characteristic in their
design. Thus, the central distribution of companies is essential for
minimizing economic cost. Further, the economic cost values in
both case studies are the same. Although the pipeline connections
in scenario 5 increase, the realistic configuration presents an equi-
librium for both, the total economic cost and risk cost of the util-
ity network. Scenario 5 adequately addresses a real industrial park
operation for an optimized utility supply network.

CONCLUSIONS

A two-objective, two-stage stochastic model was developed to
assess the risk of operation for an optimal solution in an industrial
park. Objective functions were defined based on the investment
cost of the materials, the operational failure risk of facilities in the
companies, and the demand uncertainty. The economic cost and
risk cost were divided into two stages based on the deterministic
and stochastic terms of the optimal design of the utility supply net-
work. Five scenarios were evaluated and compared with the cur-
rent case and each one of the deterministic and stochastic scenarios
at the Yeosu industrial park of South Korea.

Previous research on optimization of utility networks in the indus-
trial park focused on a periodically variant multi-scenario, which is
particularly unfeasible due to the difficulties and economic losses
of building different types of pipeline networks for each scenario.
Demand uncertainty and operational risk assessment were imple-
mented into the objective functions using a stochastic mathematic
formulation, which allowed a more realistic utility network design.
The proposed mathematical model was able to integrate the deter-
ministic and stochastic stages of the economic cost and risk cost of
the utility network.

Different scenarios were defined to find a realistic optimal util-
ity supply network design. The utility supply network included the
risk operation of key facilities in the risk cost (scenarios 4 and 5).
Pipeline failure was found to cause problems related to central dis-
tribution and local distribution of the steam exchange between com-
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Table 5. Comparison of pipeline network case studies of (a) Pareto point 1 in the high risk cost set, (b) Pareto point 5 in the optimal costs set,

and (c) Pareto point 8 in the high economic cost set

To
6 s | o Jw ]| n]nB|u]|rns
Sink company
Source company
b b High risk set
b:  Optimal cost set
c c:  High cost set
6 b
7
From
8
9 a |abc|abc abc| ab a,b b, ¢ abc
10 ab ab,c abc| ab
11
12 c
13 a
14
15 b a c
panies, for which the risk probability of facilities in the companies (No. 2017R1E1A1A03070713).
was included in the mathematical model. Here, the turbine and
boiler showed a particularly negative effect on the operation status NOTATION
of the companies. These facilities presented high failure risk, resulting
in a centrally distributed utility network. This concluded that the Abbreviations
risk cost of the utility supply network tends to be regionalized in EIP :eco-industrial park
the network design, and this should be considered when develop- HP  :high pressure
ing a reliable supply network. MP  :medium pressure
In comparison with the results from the base case, the proposed LP  :low pressure
two-objective two-stage stochastic model (scenarios 5) showed the VHP :very high pressure

best realistic network design for the operation of a utility supply
network. The highest economic cost and the lowest economic cost
were reduced by 65.5% and 67.6%, respectively. Thereby; the model
can be used to optimize the operation strategy for companies under
demand uncertainty to achieve a sustainable and reliable utility sup-
ply network in a petrochemical complex.

Notably; this study primarily focuses on the steam utility supply
network and its design optimization in a petrochemical complex.
As demonstrated in the scenarios evaluated, the whole utility net-
work design highly influences the operational costs of the indus-
trial complex. However, the framework presented in this study is a
general layout for risk assessment through the risk cost estima-
tion. Therefore, a more specific study, including the addition of risk
performance for each facility operation and their detailed opera-
tion month-wise, should be developed for future research.
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MILP : mixed-integer linear programming
GAMS : general algebraic modeling system

Sets (Utility)

tnk  :fuel tank

spl  :splitter

mix :mixer

boil :boiler

tur :turbine

sh  :steam header
lu  :letdown unit
wu :water unit

i : company
proc : process

p(s)
pl
st

fuel

:demand scenario
:inverse of the sum of demand scenarios
: pipeline
:state of the material (in: input; gen: generation; out: output;

con: consumption)

: fuel

Korean J. Chem. Eng.(Vol. 37, No. 7)




1128 P. Vilela et al.

water : water
steam : steam

elec :electricity

iw  :industrial water

Parameters (Utility)

D}"{" :demand of materials (ton/year)

Dist; ; : distance between source and sink companies [ton/year]
CP™*" . investment cost parameter

Pri" : price of fuel [ton/year]

Pri"™" : price of water [ton/year]

FC™*" : fixed investment cost parameter [$/ton]

FC”” : fixed operating parameter [$/ton]

VC* : variable investment cost parameter (cap: invest or operation)

($/ton]

Variables (Utility)
bi; 4o o : binary variable of steam amount (boiler)

Stur

bi;",, s -y : binary variable of steam amount (turbine)

bi?, ,, v : binary variable of steam amount (splitter)

bi!",, - : binary variable of steam amount (mixer)

bi;"", : binary variable of steam transfer

bi;; y : binary variable of steam transfer (tr: trl, tr2)

biy ;g : binary variable of steam transfer (tr: trl, tr2) (second stage)
biy" il steam : binary variable of boiler operation

br!",. seam : binary variable of turbine operation

bri"",, e : binary variable of splitter operation

bry,i. fua : binary variable of mixer operation

invest

Cost; 1 g steam : total investment cost [$/year]

Costy . weam * total operating cost [$/year]

Cost}": g sweam : total operation cost [$/year] (second stage)

Cost.?" : total raw material cost [$/year]

E;" « :materials exchange between facilities (mat: fuel, steam,
water; fac: tnk, spl, mix, tur, wu, lu, proc) [$/year]

Al « »amount of materials transferred (mat: fuel, steam, water;
fac: tnk, spl, mix, tur, wu, lu, proc) [ton/year]

AL o - fuel amount (con: consumption) [ton/year]

AL eon : Water amount (con: consumption) [ton/year]

A,  electricity amount (con: consumption) [ton/year]

Totalléf,‘;:f%ﬁfsmge : total economic cost in the first stage [ton/year]
Economic

Totalcyg, second stage * total economic cost in the second stage [ton/
year]

Risk Variables

" :installation cost of pipelines [$/km]

" . installation cost of boiler [$/unit]

C" :installation cost of turbine [$/unit]

C” :installation cost of splitter [$/unit]

C™ . installation cost of mixer [$/unit]

fai' - failure rate of pipelines [failure /km]

fail”" : failure rate of boiler [failure /h]

fail*" : failure rate of turbine [failure /h]

fail” : failure rate of splitter [failure /h]

fail™ : failure rate of mixer [failure /h]

Risk" : failure risk of pipelines (failure probability)
Risk!"" : failure risk of boiler (failure probability)
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SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Study Area

This paper considers the Yeosu industrial park (YIP) of South
Korea as scenario. YIP was created by the Korea Water Resources
Corporation and Korea Industrial Complex Corporation, and in
2013 it was converted into an eco-industrial park (EIP). The indus-
trial park is strategically located in the proximity of Jungheung-
dong and Samil-dong, Yeosu city, South Korea; taking advantage
of the favorable conditions of a seaside site [1]. The pipeline net-
work for steam transfer was designed during construction of the
industrial park. However, over the years, the industrial production
has varied, while the steam transfer has not been optimized to
these conditions. The steam amount generated by companies in
the Yeosu utility network has been previously measured for com-
panies like Hansol EME, who recorded the production of medium-
pressure (MP) steam of 10kgf/cm’, and the KP Chemical com-
pany; who supplied high pressure (HP) steam of 45 kgf/cm” [1].
Overall, the minimum steam production amount in 2010 was
defined as 3,075 ton/h of very high-pressure (VHP) steam, 514
ton/h of HP steam, and 153 ton/h of MP steam, while the maxi-
mum steam production was 3,717 ton/h of VHP steam, 1,172 ton/
h of HP steam, and 248 ton/h of MP steam [1]. Thus, the utility
supply network has reported profits of 68.52 million dollars per
year, while the investment cost was 64.93 million dollars [1].
Problem Statement

Varied cases of failure rate were used in the assumption of an
average failure rate for possible interruption of the operation of the
facilities in the utility supply network. For a boiler unit, there were

Table S1. Description of scenarios for the optimization problem

considered the superheater, water-wall tubes, air preheater; and fan
as principal mechanisms of failure in the boiler. For the turbine,
the steam transfer characteristics from previous studies were used,
and base records from previous studies were used for the mixer
and splitter [2-6].
Mass Balance of the Utility Supply Network

A material balance method was used for defining the con-
straints of the system and to represent the utility supply network.
This method assumes the operability of the network at a steady
state, which means that there is no loss of materials in the transfer
between facilities and companies. Eqs. (1) and (2) represent the
material balance equations for the whole utility supply network.
Here, D!{" is the demand for materials in the network, A"} ;. . is
the amount of materials transferred by facilities, and E{';, , is
the materials exchange by facilities. The materials are the fuel, water,
and electricity transferred between facilities. The different demand
scenarios are represented as s, by each company i. The facilities
(fac) are defined as the fuel tank, splitter, mixer, boiler, turbine, let-
down unit, water unit process, and pipeline. The state (st) refers to
the input or output of the material from the facility where it is
being consumed or generated. A more detailed description of each
variable is presented in the nomenclature. Eq. (S1) represents the
amount of material in the facilities of any company that should
meet their demand under the demand scenario condition. Eq.
(S2) shows the total amount of exchanged material in the facili-
ties, which should not exceed the original amount of material in
the facilities. More details related to the mass balance for each facil-

No. Scenario Description
1 Base case Base utility network by deterministic approach.
2 Optimized base case Economic cost optimization by deterministic approach.
Economic cost optimization by stochastic approach (demand
3 Stochastic optimized case . P Y PP (
uncertainty).
4 Two-objective two-stage stochastic optimized Economic cost and pipeline risk cost optimization by stochastic
case with integrated operation risk of pipelines approach (demand uncertainty).
5 Two-objective two-stage stochastic case with Economic cost and risk cost optimization for the whole utility

integrated operation risks for all facilities supply network by a stochastic approach (demand uncertainty).




Table S2. SO, and GHG emission parameter according to the fuel
type. Adapted from [7]

Fuel SO, emission GHG emission (emission,GnHG)
type parameter (pri,) [ton/ton fuel]

f1 0.022 0.017

2 0.004 0.005

3 0.003 0.003

4 0.003 0.003

ity are presented in Supplementary information, and a deeper under-
standing can be found in the previous studies of [7] and [8].

D <A (S1)
Azlztfm, st :fZE:l?,tfac, st (82)
lac

Common Constraints
The steam injected at each company should be greater than the
steam demand for their process (Eq. (S3)):

Dist, ;,<X, ; &, 17" (S3)

As shown in Eq. ($4), the steam injected is transferred from the
steam header to the process. The binary values of the steam amount
and steam transfer are presented in Egs. (S5) to (S9). Eq. (S5) is
adapted for the turbines (Eq. (S6)), splitters (Eq. (S7)), and mixers
(Eq. (S8)) of each company.

Xe ik p, "IN'= ;et, ifkp (S4)

b idpl
tBM ==Xy dp, 1i=(b, 4 » D(BM)

turbine
bt, i, e, "HS", "IN"

BM
splitter
bt, i, b, m, "IN"

BM

(S5)

turbine

<Xy e msy, S (b g, ms, ) (BM) (S6)

splitter

X i by m, S (Dg 4 b, m, ) (BM) (§7)

Table S4. Utility, environmental, and equipment cost data

Table S$3. Maximum steam production capacity. Adapted from [7]

Compan Boiler Steam Maximum capacity
paty type type (steam;; ; ,) [ton/year]
p bl VHS 1270200
b2 HS 525600
7 b2 HS 1379700
8 b4 LS 109500
9 b3 MS 1051200
10 bl VHS 1971000
b2 HS 1971000
1 bl VHS 1971000
b2 HS 1379700
12 b3 MS 919800
b4 LS 876000
13 b2 HS 197100
14 bl VHS 1379700
b2 HS 2190000
15 bl VHS 1839600
b2 HS 240900
bm::xirm "IN" mixer
X SO0, ) (BM) (58)
b i, ]
ey iy <, g )(BM) (59)

where BM is a large positive value for big-M method of mixed-inte-
ger linear programming (MILP) formulation. The Big-M method
is an extension of the Simplex algorithm that solves problems con-
taining “greater-than” constraints. The BM value selected in this
study, was needed to be sufficiently large for the artificial variable
not to be part of a feasible solution [9].

Type Component Abbreviation Cost Unit Reference
Electric power import Pri(o) 0.06 $/kWh (6]
ri(o
Electric power export 0.06 $/kWh [11]
fl 569.09 [11]
Utili 2 32 12
v Pri(m) —— $/ton [12]
f3 5091 [12]
t4 172.73 (6]
Raw water Pri(n) 0.05 $/ton [6]
SO, Pri(q) 400 [11]
Environmental impact cost $/ton
co, Pri(r) 40 [11]
Mixer c 23050 $ [13]
Splitter b 23050 $ [13]
Equipment
Gas turbine e 650 $/kWh [14]
Boiler d 2562000 $ [15]




Table S5. Steam conversion parameter. Adapted from [7]

Steam type 1 Steam type 2 Steam conversion (Stc,, ,,)
VHS HS 0.1
VHS MS 0.18
VHS LS 0.24
HS MS 0.07
HS LS 0.13
MS LS 0.05

Table S6. Turbine parameters. Adapted from [7]

Utility type Abbreviation Turbine parameter
Water (Wt) Tur(n) 0.001

HS 0.15
Steam MS Tur(p) 0.07

LS 0.009

Table S7. Electricity consumption constants. Adapted from [7]

Boiler type Fixed (") Variable (4;“")
bl 0.001 0.002
b2 0.001 0.003
b3 0.001 0.0025
b4 0.001 0.0025
Fuel Tank Constraints

The fuel transfers from the fuel tanks to the splitters or boilers.
The fuel tank model follows Egs. (S10) to (S15). Egs. (S10) and
(S11) show the output from the fuel tank to the splitter; if the com-
pany does not possess a splitter, the fuel is transferred to the boiler
(Egs. (S12) and (S13)).

Zﬂ:xz, i, a,m, "OUT"™ Zb:xt, i, b,m, "IN" (810)
Xy i m, "OUT"= Zb:ez, iabm (S11)
Zﬂ:xr, i a, m, "OUT"= %Xr, i d,m, "IN" (S12)
Xt i, a,m, OUT"= %er, ia,dm (S13)

Further, the remaining inventory of fuel is represented by Eq.

(S14), where it is equal to the initial inventory minus the output
from the fuel tank. The same remaining inventory must be lim-
ited to be less than the minimum inventory value (safety level of
the tank) (Eq. (S15)).

remain initial

inventory, ; 4, ,, = 1NVeNntory, ; o » =Xy i 4, m, oUT” (S14)
. emai . atio .. initial
inventory, ; o = (inventory,;,)(inventory;; » ) (S15)

Splitter and Mixer Constraints

The role of the splitter and mixer units is to transfer the materi-
als from the company, from one unit to another. Egs. (S16) and
(S17) show that the output amount from the splitter is equal to the
total of the input amount of the mixers.

Zb:xt, i b, m, "OUT" = sz, i c,m, "IN" (S16)

c

X4 i b, m, "OUT"= 284, i, b, ¢ m (817)
c

Eq. (S18) presents the fuel transfer for the fuel tank and the split-
ter, which is the same as the transfer of the splitter and mixer.

Zer, i, a, b,mzzet, ibem (818)
a c

Eq. (S19) similarly portrays the balance equation in which the
fuel exchange is maintained from the transfer between the splitter
and mixer, and between the mixer and boiler.

Zet, i, b, c,m:zet, icdm (819)
b d

Hence, the output from the mixer is equal to the input of the
boiler (Egs. (S20) and (S21)).

%Xt, i ¢, m, "OUT"™ Zd:Xz, id, m, "IN" (S20)

Xt i, ¢, m, "OUT"™ %et, i ¢, d,m (821)

Boiler Constraints

The output from the boilers includes the steam, SO, and GHGs.
Steam is a principal energy source classified into four types based
on their pressure and temperature. Table S2 presents details of the
steam properties for each type of steam, such as very high-pressure
steam (VHS), high-pressure steam (HS), medium-pressure steam
(MS), and low-pressure steam (LS). The boiler model is presented
in the following equations (Egs. (S22) to (S30)). The steam gener-

Table S8. Failure rate of main components of the utility network of the Yeosu industrial complex

Equipment Description Average failure rate Unit Reference
Pipe Diameter larger than 3 in 3x1077 /km g
Boiler N/A 8.6x10°° /h (4]
Splitter N/A 6.54x10"° /h

Turbine N/A 7.197x10°° /h [3]
Mixer N/A 7.947x107 /h

N/A: Not available



ated must be less than the maximum capacity of the boiler (Eq. X, 4 a p canSsteam; (822)
(822)). The boiler is considered to have a minimum steam genera- _
tion capacity as well (Eq. (523)). (steam;’;'y )by 5 4, Gen) <X i 4 p, "GEN” (S23)

Table S9. Utility demand by company. Adapted from [7]

, Steam (D, ; ,) [ton/year] Water (D, ; ,) Electricity (D{""?)
Period Company
VHS HS MS LS (ton/year] [(kWh/year]
1 0 0 70000 0 0 99000
2 0 0 183000 278000 119000 199000
3 0 0 119000 99000 119000 159000
4 0 0 28000 40000 0 99000
5 0 0 0 12000 0 40000
6 0 0 0 0 0 0
7 0 0 0 50000 99000 99000
t, 8 0 129000 91000 14000 238000 199000
9 0 0 334000 191000 99000 139000
10 894000 894000 0 0 497000 238000
11 894000 1081000 342000 229000 437000 238000
12 0 0 62000 364000 119000 99000
13 0 229000 68000 28000 199000 139000
14 1212000 445000 419000 227000 497000 397000
15 837000 147000 131000 141000 397000 338000
1 0 0 60000 0 0 99000
2 0 0 99000 159000 119000 199000
3 0 0 119000 99000 119000 159000
4 0 0 28000 40000 0 99000
5 0 0 0 12000 0 40000
6 0 0 0 0 0 0
7 0 0 0 50000 99000 99000
t, 8 0 99000 70000 0 238000 199000
9 0 0 219000 139000 99000 139000
10 874000 596000 0 0 497000 238000
11 854000 795000 342000 229000 437000 238000
12 0 0 40000 238000 119000 99000
13 0 229000 60000 28000 199000 139000
14 1192000 417000 419000 219000 497000 397000
15 837000 139000 131000 129000 397000 338000
1 0 0 50000 0 0 99000
2 0 0 40000 79000 119000 159000
3 0 0 109000 89000 119000 159000
4 0 0 20000 36000 0 99000
5 0 0 0 10000 0 40000
6 0 0 0 0 0 0
7 0 0 0 40000 99000 99000
t 8 0 52000 46000 0 159000 199000
9 0 0 133000 0 0 139000
10 860000 318000 0 0 457000 238000
11 825000 686000 342000 229000 358000 238000
12 0 0 20000 109000 119000 99000
13 0 219000 50000 28000 199000 139000
14 1164000 413000 417000 191000 497000 358000
15 823000 125000 131000 119000 397000 298000




Table S9. Continued

. Steam (D, ; ,) [ton/year] Water (D, ; ) Electricity (D)
Period Company " ’
VHS HS MS LS [ton/year] [kWh/year]

1 0 0 56000 0 0 99000
2 0 0 99000 159000 119000 159000
3 0 0 119000 99000 119000 159000

4 0 0 24000 40000 0 99000

5 0 0 0 12000 0 40000

6 0 0 0 0 0 0

7 0 0 0 50000 99000 99000
ty 8 0 79000 70000 0 159000 199000
9 0 0 219000 139000 0 139000
10 874000 397000 0 0 457000 238000
11 854000 795000 342000 229000 358000 238000

12 0 0 40000 238000 119000 99000
13 0 229000 60000 28000 199000 139000
14 1172000 417000 419000 219000 497000 358000
15 831000 139000 131000 129000 397000 298000

Further, Eq. (524) portrays the steam generation as a function ((turbine’i") (X, ; o, s, 1v)
of the calorific value, fuel consumed by the boiler, and the boiler Ve oS ~ (turbine’yie ) (X, ; o s “GeN") 1)
efficiency. The output amount of steam is equal to the sum of all biOENTT S (turbine)(x, 1 » 15" “cen)

the steam header input amounts as presented by Eq. (525).

(calorific, )(X, ; 4, ”CON”))

efficiency, ,, (524)

Xy i d, p, "GEN"™ (
m

X, i d,p, "OUT"= ;e:, idfp (825)

Eq. (S26) presents the generation of steam that occurs in the
company, which commonly happens alongside the generation of
waste load due to the water and fuel consumption. Eq. (527) pres-
ents the limit for water that should be consumed in the boiler.

Zxr, id m, ”IN”+ZXI, idn "IN"
" " (S26)
=D Xy idp GENt DXt i d g GEN'T 2 Xt 1, d, . GEN”

» q r

Xy i dn, 'IN"=X4, i, d, n "CON" (827)

The electricity consumption is presented based on the steam gen-
erated (Eq. (§28)). Similarly; the SO, and GHG generated are pro-
portional to the fuel consumed by the boiler (Egs. (S29) and (S30)).

Yt i, "con”
electrici lectrici (828)
=> (e ‘ ty)(bt, id p,"GEN) T (B ! ty)(xt, i, d, p, "GEN"))
p
. . S0,
DX 04 ¢ "GEN"= 2 (emission,, " )(X, ; 4, m, ‘con") (529)
q m
. . _GHG
DX i d r, cene= D (emission,, )X, ; 4 m, “con”) (S30)

r m

Turbine Constraints

The amount of electricity generated is based on the WT and steam
input as HS, MS, LS of the turbine unit, for which the HS input
amount is the sum of the rest of the types of steam and water gen-
eration (Egs. (S31) and (S32)).

. steam
—(turbine. ¢ )Xy ; o “wr, "can"))

X, e, "HS", 'IN'= Xt iy ¢, "M, "GEN" T Xe,i ¢, "L", "GEN"F Xt i, ¢, “wr", "GeN" (S32)

The generated MS/LS is transferred from the turbine to the
MSH/LSH (Egs. (S33) and (S34)). The HS input amount is the
steam transferred from the header to the turbine unit (Eq. (S35)).

Xt i e, "MS", "OUT"= €4, i, ¢, "MSH", "MS" (833)
Xt i e "Is", "OUT" = Ct i ¢, "Ish”, Is" (S34)
Xt i e, "HS", "IN"™ ;et, if e "HS" (835)

Eq. (S36) presents the generation of the condensate, which is
proportional to the HS input amount of the turbine.

Xt i, e, "wt', "GEN"™ (COHP)(XL i, e, "hs", ”IN”) (836)

Steam Header Constraints

Egs. (S37) and (S38) refer to the input and output of a steam
header. These parameters are related to the transfer between com-
panies, steam exchange with the other facilities, as well as process
and steam vents.

Xy i fip, 'IN'= %rf, it %:et, idfpT get, iefipT %et, igfp (837)

Xy i b 0UT = D e it D€ i fept 2ChifgpT 2Lk (838)
fp : f fep r&p . fkp
ip e g

Scenarios

The proposed two-objective two-stage stochastic model was
developed in the software GAMS (General Algebraic Modeling
System) v24.6, which utilizes the CPLEX solver [10]. There were
conducted five scenarios for operational risk assessment (Table S1).
The base case outlines the utility supply network optimization based



Table S10. Distance between source and sink companies (Dist, (i, ip)). Adapted from [7]

Company 1 6 2° 3" 4° 7 8 57 9 10 11 12 13 14 15
1 500 825 1020 2886 141 2663 200 1844 2506 3421 906 3231 2000 2110
6 500 412 608 2518 539 2163 412 1345 2062 3041 640 2816 1526 1703
2 825 412 200 2602 906 1910 800 1166 2040 3102 316 2828 1456 1300
3 1020 608 200 2617 1105 1769 1000 1077 2010 3102 316 2807 1414 1100
4 2886 2518 2602 2617 2816 1985 2693 1746 781 539 2907 539 1300 2953
7 141 539 906 1105 2816 2693 141 1860 2470 3353 1020 3178 1985 2202
8 2663 2163 1910 1769 1985 2693 2555 854 1221 2220 2062 1803 1005 1304
5 200 412 800 1000 2693 141 2555 1720 2332 3228 949 3046 1844 2100
9 1844 1345 1166 1077 1746 1860 854 1720 1020 2159 1393 1811 447 1221
10 2506 2062 2040 2010 781 2470 1221 2332 1020 1140 2319 800 600 2193
11 3421 3041 3102 3102 539 3353 2220 3228 2159 1140 3400 424 1726 3324
12 906 640 316 316 2907 1020 2062 949 1393 2319 3400 3114 1726 1237
13 3231 2816 2828 2807 539 3178 1803 3046 1811 800 424 3114 1400 2941
14 2000 1526 1456 1414 1300 1985 1005 1844 447 600 1726 1726 1400 1664
15 2110 1703 1300 1100 2953 2202 1304 2100 1221 2193 3324 1237 2941 1664
“Sink company

on a multi-period deterministic model from previous research by
[7]. Scenario 2 illustrates the optimized utility supply network with
updated materials cost values for inversion costs in the present con-
ditions. Scenario 3 evaluates the economic cost integrated with the
utilities demand uncertainty. Scenario 4 analyses the economic
cost and risk cost of pipelines in the optimization model. Scenario
5 presents a full two-stage stochastic model that evaluates the eco-
nomic cost and risk cost of the utility supply network and its facili-
ties for all the companies.
Scenarios 1 and 2

Scenario 1 is the base case, which utilizes a multi-period deter-
ministic model based on the previous research proposed by [7].

Table S11. Calorific values and boiler efficiencies by fuel type.

Adapted from [7]
Boiler Fuel Calorific value Boiler efficiency
type type (calorific,,) (efficiency, ,,,)

fi 15.19 0.59

b f, 12.67 0.59

! f, 9.79 0.59

f 9.79 0.59

fi 15.19 0.58

b f, 12.67 0.58

? f, 9.79 0.57

f 9.79 0.57

fi 15.19 0.56

b f, 12.67 0.56

’ f, 9.79 0.56

f, 9.79 0.56

f, 15.19 0.56

b f, 12.67 0.56

* f, 9.79 0.56

f, 9.79 0.55

The steam delivery by seasons of the year was primarily consid-
ered in this design. The optimized utility supply network integrated
the previous conditions of the industrial complex, considering past
cost values for each material tracked in the utility supply network.

Table S12. General constant parameters. Adapted from [7]

Constant parameter Values
Condensate parameter (ConP) 0.25
Minimum distance (Dist™") [km] 1
Depreciation parameter (DP) 7
Minimum inventory ratio (inventory/m.) 0.2
Investment cost parameter (IP) 2
Pressure drop cost parameter (PP) [$/yearxkm] 1
Repairment cost parameter (RP) [$/yearxkm] 0.1

Table S13. Configuration of companies. Adapted from [7]

Company Fuel tank  Spliter ~Mixer Boiler =~ Turbine
1 - - - - -
2 - - - - -
3 - - - - -
4 - - - - -
5 - - - -
6 2 2 2 2 1
7 1 - - 1 -
8 1 - - 1 -
9 1 - - 1 1

10 2 2 2 2 1
11 2 2 2 2 1
12 2 - - 2

13 1 1 -
14 2 2 2 2 1
15 2 2 2 2 1




Table S14. Fuel consumption in companies. Adapted from [7]

Company Fuel type input at splitter ~ Fuel type input at mixer

2 f, f,
2 f, f,
6 f, f,
7 f, f,
9 f, f,
10 f, f,
10 f, f,
11 £, f,
11 f, f,
12 f, f,
12 f, f,
13 £, £,
14 f, f,
14 f, f,
15 f, f;
15 f, f,

Table S15. Initial inventory of the fuel tank. Adapted from [7]

Company  Fuel tank type ~ Fuel type  Inventory [ton]

5 ft, f, 120
ft, fy 130
6 ft, f, 130
7 ft, f, 120
9 ft, £, 130
ft, £, 130
10 ft, f, 120
U ft, f, 120
ft, fy 130
ft, f, 120
12 ft, f, 130
13 ft, f, 120
ft, f, 120

14
ft, f, 130
5 ft, f, 120
ft, £, 130

Table S16. Steam properties. Adapted from [7]

Property VHS HS MS LS Unit
Temperature 525 370 270 195 °C

Pressure 121.5 40.0 15.0 35 atm
Enthalpy 3422 3156 2982 2858 kJ/kg

The estimated economic cost for this case was 276 million dollars.
Furthermore, scenario 2 was similarly developed as a determinis-
tic model with seasonal variation. However, an update of the cost
values of materials (electricity, fuel, and equipment) for a correct
estimation of the economic cost was considered. The updated val-

ues are presented in Table S3, and the economic cost of scenario 2
was estimated around 89 million dollars.
Utility Supply Network Configuration

This section presents illustration and tables referred to the con-
figuration of the utility network, the companies, their facilities, the
steam transfer conditions, and the utilities conditions in general.

NOTATION

Abbreviations

YIP :yeosu industrial park

EIP :eco-industrial park

HP  :high pressure

MP :medium pressure

VHP :very high pressure

MILP : mixed-integer linear programming
GAMS : general algebraic modeling system

Sets (Utility)

: fuel tank

: splitter

: mixer

: boiler

: turbine

: steam header

: letdown unit

: water unit

: company

: sink company

: process

: state of the material (IN: input; GEN: generation; OUT: out-
put; CON: consumption)

: fuel

: water

: steam

:SO,

: greenhouse gas (GHG)

: period (demand by time)

— g~ TR he Ao o

- "0 T B3

Parameters (Utility)
a?“m”’y : fixed electricity consumption constant (boiler)
a5 ; +fixed investment cost parameter [$/year-km]

;"o : fixed operation cost parameter [$/year-km]

B variant electricity consumption constant (boiler)

Bl [ : variant investment cost parameter [$/km-ton]
o variant operation cost parameter [$/km-ton]

calorific,, : calorific value

ConP : condensate parameter

D, ;, :water demand [ton/year]

D, ; , :steam demand [ton/year]

Dil?f'imy : electricity demand [kwh/year]

Dist, ;, : distance between source and sink companies [km]

Dist™ : minimum distance [km]

DP  :depreciation parameter

efficiency, ,, :boiler efficiency

emissionanG : GHG emission parameter [ton/ton,]



.. S0, .
emission,, " : So, emission parameter [ton/tong,,]

inventory/., :minimum inventory ratio
inventory!™ :initial inventory [ton]

IP  :investment cost parameter

PP  :pressure drop cost parameter [$/year-km]
pri, :fuel price [$/ton]

pri, :water price [$/ton]

pri; :SO, emission parameter [ton/ton,]

pri,  :GHG dleanup cost [$/ton]

pri®™ : electricity price [$/kwh]

RP  :repairment cost parameter [$/year-km]

Stc,, ,, :steam converting parameter

steam,’; ; , ; maximum steam production [ton/year]
steam,";'; , : minimum steam production [ton/year]

turbine, " :turbine water parameter
turbine,” : turbine steam parameter
Variables (Utility)

b, ; 41 : binary variable of steam amount (boiler)

turbine

by o ms -y : binary variable of steam amount (turbine)

by e : binary variable of steam amount (splitter)

by . e : binary variable of steam amount (mixer)

br, ; ;, s : binary variable of steam transfer

brl,; , ; :binary variable of steam transfer 1

br2, ; ;, s : binary variable of steam transfer 2

C™* - total risk cost [$/year]

C.} s + total investment cost [$/year]

C/l " +total operation cost [$/year]

C"" :total raw material cost [$/year]

C" :installation cost of pipe [$/km]

C™™" . installation cost of boiler [$/unit]

C™™" . installation cost of turbine [$/unit]

: installation cost of splitter [$/unit]

C™™" . installation cost of mixer [$/unit]

€, i a b m :fuel exchange between fuel tank and splitter [ton/year]

€, a4 m :fuel exchange between fuel tank and boiler [ton/year]

€, i1 cm : fuel exchange between splitter and mixer [ton/year]

€, 4 m - fuel exchange between mixer and boiler [ton/year]

€,i4fp - Steam exchange between boiler and steam header [ton/
year]

€, iz - Steam exchange between turbine and steam header [ton/
year]

€, o1 n - Water exchange between turbine and water unit [ton/year]

€,if.p : Steam exchange steam header and turbine [ton/year]

€,/ - Steam exchange steam header and letdown unit [ton/year]

€.k p - Steam exchange steam header and process [ton/year]

€, i p - Steam exchange between letdown unit and steam header
[ton/year]

€, ;14 - Water exchange between water unit and boiler [ton/year]

€,ingn - Water exchange between water unit and letdown unit [ton/
year]

€, ik n - Water exchange between water unit and process [ton/year]

fail” : failure rate of pipe [failure /km)]

fail™™ : failure rate of boiler [failure /h]

fail ™™ - failure rate of turbine [failure /h]

fail™™ : failure rate of splitter [failure /h]

Csplitter

fail™™" : failure rate of mixer [failure /h]

inventory; |, : remaining inventory [ton]

I, ;i - Steam transfer [ton/year]

rl, ;¢ :steam transfer 1 [ton/year]

12, iy, : Steam transfer 2 [ton/year]

Risk!"" : risk of failure of pipeline (failure probability)
Risk, 5 ,, «our : risk of failure of boiler (failure probability)
Risk}"7" s e : risk of failure of turbine (failure probability)
Risk”;"s"  : risk of failure of splitter (failure probability)
Risk;" ", ;- : risk of failure of mixer (failure probability)
v, ; s : vented steam [ton/year]

Xy i am - fuel amount at fuel tank [ton/year]

X, i, m 1 - fuel amount at splitter [ton/year]

X, i o m - fuel amount at mixer [ton/year]

X, i qm - fuel amount at boiler [ton/year]

X, ;s Water amount at turbine [ton/year]

X, ;¢ p 1 : Steam amount at turbine [ton/year]

X, ; 4 - Water amount at boiler [ton/year]

X, i d,p,1 - Steam amount at boiler [ton/year]

Xy 54,41 S0, amount at boiler [ton/year]

X, ;41 : GHG amount at boiler [ton/year]

X, fp 1 : Steam amount at steam header [ton/year]

X, ;¢ n 1 - Water amount at letdown unit [ton/year]

X, ;¢ p 1 - Steam amount at letdown unit [ton/year]

X, i n 1 - Water amount at water unit [ton/year]

X, ; 1 », - Water amount in the process [ton/year]

X, ; k p,1 - Steam amount in the process [ton/year]

V.1 :electricity amount [kwh/year]

Z  :total cost [$/year]
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