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Application of Industrial Symbiosis principles to the management of 
utility networks 
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H I G H L I G H T S  

• A new flexible methodology for designing/retrofitting utility networks is proposed. 
• The model considers multi-site / multi-actor and multi-period problems. 
• Trade-offs between energetic, economic and environmental objectives are included. 
• Conflicting situations are solved without considering any central authority. 
• The method allows identifying Win-Win situations in non-cooperative scenarios.  
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A B S T R A C T   

Utility exchanges between different plants have shown to produce large energy savings, extending the potential 
advantages of Energy/Process Integration through Industrial Symbiosis principles. Systematic approaches to 
determine such exchanges in industrial networks have been already proposed, although some of them are only 
applicable to specific situations and some others introduce the figure of a central authority. However, assuming 
such a figure in non-cooperative situations may restrict the economic benefit of some companies involved, thus 
discouraging their participation and preventing eventual agreements. The aim of this work is to develop an 
optimization model that allows analyzing the different symbiosis alternatives in different conflicting situations, 
even without the presence of any authority. Scenarios inspired by Game Theory have been considered. The 
problem has been modelled using a Mixed Integer Linear Programming (MILP) formulation and its capacities are 
illustrated through a particular case from the literature. Results show that the method allows establishing utility 
exchanges between different plants, which can improve the energetic, economic and environmental efficiency of 
all of them, as well as the whole set. Considering cooperative scenarios may allow determining solutions pro-
ducing total energy savings and cost reductions, but without taking the specific interests of individual companies 
into account. On the other hand, considering non-cooperative scenarios ensures desirable outcomes from the 
eventual agreements for each company. Furthermore, the model is able to identify the economic barriers of the 
companies for participating, thus, being a useful and applicable tool that may improve decision-making support 
for managing utility networks in such situations.   

1. Introduction 

Due to the increased concern on the limitations of the available re-
sources and the need for a more sustainable industrial development, the 
efficient energy management has become one of the most important 
issues for companies [1]. The production of utilities such as steam, 
water, and electricity conform the most significant energy consuming 
processes in many industrial complexes [2]. The cost of such utility 

supply considerably affects the total costs of these complexes and, 
therefore, a correct management of their distribution and equipment 
involved is necessary. 

In addition to the obvious convenience of reducing process utilities 
requirements (process efficiency improvements, local energy integra-
tion, etc.), industrial symbiosis (IS), defined as the combination of 
connected businesses within a given area in a mutually beneficial way 
[3], has become one of the most used concepts in the industry to achieve 
a more sustainable development. In recent years, the importance and 
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applications of IS have increased, while its benefits have been recog-
nized [4]. One of its main practical applications is on the design of eco- 
industrial parks (EIP). The concept eco-industrial park, proposed by 
Chertow [5], refers to an industrial ecosystem understood as a network 
of symbiotic relationships (material or energy exchanges), which aims to 
improve the efficiency in the use of resources and reduce waste [6]. This 
may result in a reduction in raw materials consumption and environ-
mental fees as well as getting incentives from the administration [7]. 

Most of the studies on energy exchange networks have been carried 
out through the analysis and exploitation of two structural options: heat 
exchanger networks (HEN) and utility supply networks (USNs) [1]. The 
former may use Pinch Analysis in order to minimize the energy con-
sumption in a system by determining feasible energy exchanges [3,8]. 
Waste heat recovery is typically carried out between energy flows of the 

same process, although recent studies have also applied Pinch technol-
ogy between different plants [9,10]. 

Regarding the use of utility supply networks, these studies focus on 
their optimal design, proposing different scenarios for decision-making 
[11]. Most studies have developed methodologies or models that 
allow finding exchanges between plants that meet the utility demand 
while minimizing associated costs [12]. However, some methods target 
global objectives without ensuring that all stakeholders benefit from the 
solution found [13]. Staino et al. [14] proposed an optimization model 
to minimize the overall energy consumption of a group of buildings, 
thus, decreasing the total energy cost in exchange for increasing the 
individual cost of the small buildings. 

The analysis of the interactions between different companies in the 
scenario of an industrial symbiosis has awakened great interest for 

Nomenclature 

Sets 
I Plant or company 
U Unit or process cell/area 
ua Fuel tank 
ud Boiler 
ue Turbine 
uf Steam header 
ug Letdown unit 
uh Water unit 
uk Production area 
M Fuel 
N Water 
P Steam 
Q Toxic gases 
R Greenhouse gases (GHG) 
L State 
T Time period 

Parameters 
Calm Calorific value of fuel m 
ConPue Condensate parameter of turbine unit 
Dt,i,n Water n demand of plant i in period t (ton/season) 
Dt,i,p Steam p demand of plant i in period t (ton/season) 
DElec

t,i Electricity demand of plant i in period t (kWh/season) 
Li,i’ Distance between plants i and i’ (km) 
LMin Minimum distance (km) 
DP Depreciation parameter 
DF Driving force parameter 
EFud,m Boiler efficiency with fuel m 
Qm Toxic gases emission parameter of fuel m (ton/ton of fuel) 
Rm GHG emission parameter of fuel m (ton/ton of fuel) 
Gua Minimum inventory ratio of fuel tank 
IP Investment cost parameter ($/yr⋅km) 
Nt,i,ua,m Initial inventory of fuel m in plant i in period t (ton) 
Pmax

i,ud,p Maximum steam production (ton/h) 
Pmin

i,ud,p Minimum steam production (ton/h) 
PP Pressure drop cost parameter ($/season⋅km) 
Prim Fuel m price ($/ton) 
Prin Water n price ($/ton) 
Priq Toxic gases cleanup cost ($/ton) 
Prir GHG cleanup cost ($/ton) 
PriElec Electricity price ($/kWh) 
RP Repairment cost parameter ($/season⋅km) 
Stcp,p’ Steam conversion parameter of p to p’ 
Turn Turbine water parameter 

Turp Turbine steam parameter 
αElec

ud Fixed electricity consumption constant for boiler 
βElec

ud Variable electricity consumption constant for boiler 
αInvest

i,i’ Pipe installation parameter ($/yr⋅km) 
βInvest

i,i’ Pipe capacity parameter ($/km⋅ton) 

αOper
i,i’ Flow exchange parameter ($/season⋅km) 

βOper
i,i’ Flow amount parameter ($/km⋅ton) 

Variables 
Bi,i’ ,u Steam transfer between plants i and i’. “1” when the 

pipeline exists and “0” otherwise. 
BNew

i Participation of a company. “1” when new exchanges are 
carried out and “0” otherwise. 

BTt,i,i’ ,u Steam transfer between plants i and i’ during period t. “1” 
when transfer exists and “0” otherwise. 

BDt,i,u Operating state of unit at plant i during period t. “1” when 
it is operating and “0” otherwise. 

Et,i,u,u’,m Fuel exchange between two units or process cells (ton/ 
season) 

Et,i,u,u’,n Water exchange between two units or process cells (ton/ 
season) 

Et,i,u,u’,p Steam exchange between two units or process cells (ton/ 
season) 

Xl
t,i,u,m Fuel amount at unit or process cell (ton/season) 

Xl
t,i,u,n Water amount at unit or process cell (ton/season) 

Xl
t,i,u,p Steam amount at unit or process cell (ton/season) 

Xl
t,i,u,q Toxic gases amount at unit or process cell (ton/season) 

Xl
t,i,u,r GHG amount at unit or process cell (ton/season) 

Rt,i,i’ ,u Steam transfer between plants i and i’ (ton/season) 
RIt,i,u,m Remained inventory of fuel m in unit of plant i during 

period t (ton) 
Vt,i,u Vent of steam at unit of plant i during period t (ton/season) 
Yl

t,i Electricity amount (kWh/season) 
CRaw

t,i Raw material cost of plant i at period t ($/season) 
CEco

t,i Environmental cost of plant i at period t ($/season) 
CSales

t,i Incomes of plant i at period t ($/season) 
CInvest

i,i’ ,u Investment cost between plants i and i’ ($/year) 

COper
t,i,i’ ,u Operating cost between plants i and i’ at period t 

($/season) 
CPurchase

t,i Purchase of plant i at period t ($/season) 
TCost Total cost of EIP ($/year) 
TGain Total benefits of source plants ($/year) 
TExpenses Total expenses of sink plants ($/year)  
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economists, mathematicians and engineers, and this has allowed the 
introduction of game theory (GT) in the optimization. The works of 
Chew et al. [15,16] were the first to adopt game theory as a decision- 
making tool for the integration of water networks, both for direct [15] 
and indirect [16] integration schemes. More recently, GT approaches 
have been used to address the issue of the relative benefit of the different 
stakeholders, thus satisfying all of them. Jing et al. [17] proposed novel 
constraints on the allocation of emission costs and benefits inspired by 
cooperative game theory to ensure that each actor involved shares the 
benefit as a whole. Similarly, Parlar et al. [18] addressed the same issue 
determining the best share of the benefits among the participating 
companies. 

Most of the proposed exchange network models in EIPs have been 
formulated as Multi-Leader-Follower games (MLFG), which are based on 
sequential decisions on quantities (Stackelberg Game) [19]. Ramos et al. 
[11], considered that an environmental authority wants to minimize the 
total CO2 emissions while the different companies seek to minimize their 
costs. A comparison between single-leader multi-follower games 
(SLMFG) and multi-leader single-follower games (MLSFG) is made by 
assuming that the authority acts as the lone leader and the enterprises as 
the followers or vice-versa. Salas et al. [20] used a SLFG along with the 
notion of Blind-Input contract to ensure the participation of the com-
panies in the exchange networks. In recent work from Jato-Espino et al. 
[21], Facilitated Industrial Symbiosis (FIS) and GT are coupled to 
improve the confidence between companies and overcome the limita-
tion of shared-information. In all these formulations, the players at the 
same level make simultaneous decisions on the quantities (Nash/Cour-
not Games) and the optimal solution denotes the situation where no 
player can improve its benefits by unilaterally changing his strategy 
(Nash Equilibrium) [22]. 

However, most of the studies that deal with utility integration in EIPs 
have addressed this problem by introducing simplifying assumptions in 
the model, as the figure of an environmental authority [11] or the figure 
of a facilitator to deal with the confidence between companies [21]. 
Considering such figures may restrict the decisions of companies, thus 
discouraging them to participate and preventing potential agreements. 
Furthermore, this hypothesis may not be applicable in some cases. For 
example, if all plants in an industrial complex comply with the current 
legislation (i.e., emissions, contaminants disposal), there should be no 
environmental authority that may limit the possible negotiations be-
tween neighbors. The figure of central authorities may be used in situ-
ations where the entire complex is operated by a single organization, but 
it may prevent potential solutions in the case of having different 

stakeholders. 
In order to deal with these different situations, we propose a new 

methodology based on IS principles and GT in a multi-objective sce-
nario, leading to a utility network optimization problem whose solution 
allows identifying different win-win situations. The main novelties of 
this study are described below. 

Although MLFGs have been already explored in industrial networks, 
this work applies this concept to an EIP without the figure of a central 
authority. Here, we propose an approach to identify and assess potential 
agreements between neighbors in order to improve the conditions of all 
the interested companies. 

The EIP is modeled with a multi-leader multi-follower approach, 
where a Stackelberg game is considered between production areas and 
utility areas, whereas a Nash/Cournot game operates between utility 
areas. Decisions on requirements are not negotiable, since the produc-
tion areas (leaders) impose their needs on the utility areas (followers). 
Furthermore, consumers do not compete with each other, since they 
must be supplied in any case, and only the different utility areas must 
compete with each other. 

Another novelty is the comparison between cooperative and non- 
cooperative scenarios in utility networks. The first one takes into ac-
count that the whole complex is operated by a single organization, 
establishing targets for the different operating objectives (either eco-
nomic or environmental) and the second one considers that each plant is 
operated by a different company and analyses the potential collabora-
tion opportunities. 

Another aspect to take into account is that usually the utility demand 
is not the same throughout the year, especially in the case of utilities 
related to heating and cooling, so that a variability of the demand must 
be considered given a planning horizon or consider uncertainty [2]. In 
this work, the mathematical model is developed focusing on two main 
targets; (1) multi-site and multi-period planning problem, (2) consid-
eration of common conflicting situations (multi-actor problem) in the 
industry. The resulting model is formulated as a MILP problem, where 
different alternatives for utility production and steam exchanges be-
tween companies can be determined according to the different posed 
objectives. 

The model is validated through a real case study widely present in 
the literature, the Yeosu industrial complex [2,12,23]. This industrial 
complex includes several companies that can generate utilities (source 
plants) and several companies that need these utilities to produce high- 
value products (sink plants), thus being a practical example to demon-
strate the capabilities of the model. The proposed methodology allows 

Fig. 1. Superstructure of the problem considering different types of plants and areas. The scope of this work is limited to the utility areas (marked in green) and the 
steam supply network (arrows). 
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analyzing the economic and environmental results of each of the plants, 
as well as the whole industrial complex. It has been shown that the 
model allows determining exchanges between plants that may improve 
decision-making support in the utility network management. 

Section 2 presents the problem statement of the model, as well as its 
scope and limitations. Section 3 describes the methodology used. Sec-
tion 4 describes the model formulation of the objective function and 
constraints. Section 5 presents the case study to validate the model. 
Section 6 presents the results and discussion of the different solutions 
obtained. Finally, Section 7 presents the conclusions of this work. 

2. Problem statement 

This work deals with the management of utilities related to energy, 
focusing on the steam supply network (steam, water and electricity). The 
problem to be addressed can be stated as follows: Given a set of process 
plants with their utility production capacity and their utility demand, 
the objective is to identify and asses the potential agreements that would 
improve the energetic, economic and environmental efficiency in 
different conflicting scenarios. 

It is assumed that an already existing utility network allows estab-
lishing steam exchanges between some of the plants in order to satisfy 
their utility needs. The solution may include the convenience to extend 
this network (e.g.: by adding some extra piping). 

In general terms, two types of process plants can be distinguished: 
source plants and sink plants. The first ones are those that, additionally 
to their process units, include equipment, such as boilers or turbines, 
capable of producing utilities. On the other hand, sink plants are those 
that need utilities to carry out their operations and do not have the 
necessary equipment to generate them (i.e.: they have to import them 
from external providers). If a plant produces and consumes steam 
simultaneously, it can be considered as both source and sink plant. 

Throughout this work, areas where utilities are generated and 
distributed will be referred to as utility areas (i.e., steam production and 
distribution network). Additionally, areas where utilities are consumed 
to produce chemical products will be referred as production areas (in-
dustrial plants). The superstructure of the problem is shown in Fig. 1. 

Only the equipment units directly related to utility areas (steam 
generation, management and supply) are detailed in this work. Fuel 
tanks supply the necessary fuel for the boilers in order to produce steam. 
Then, steam is transported to the steam headers, where it is distributed 
to the different units that need it. On the other hand, letdown units 

(valves) allow reducing the steam pressure, giving rise to different types 
of steam. Likewise, turbine units make it possible to reduce steam 
pressure and generate electricity. Water and electricity units allow the 
supply of both utilities to the facilities. Finally, the utility network of the 
industrial complex allows steam to be supplied to the different plants by 
means of the steam headers. 

Then, the problem, as its different aggregation/levels, consists of 
finding the optimal steam supply network considering as decision var-
iables the material flows, steam production and steam transfers between 
plants. 

The necessary data are the following: distance between plants and 
current utility network (in order to assess the eventual convenience of 
expanding the utility network), utility demand, fuel inventory, equip-
ment specifications, raw material costs and utility prices. Hence, it is a 
planning problem where an extension of the utility network may be 
determined to improve the conditions of the interested companies. 

2.1. Scope and limitations 

The scope of this contribution lies in the generation and distribution 
of steam. However, the model can be extended to also consider the ex-
change of fuel, water and electricity between the different plants. 

Environmental considerations have been monetized and included in 
a single economic objective function. In the case of analyzing the trade- 
off between economic and environmental objectives, the problem can be 
reformulated to consider the different objectives independently. 

The economic and environmental assessment of the different solu-
tions has been limited to the operation of the utility areas (steam pro-
duction and distribution). The possible modifications in the steam 
supply network are not expected to affect the operation of the industrial 
plants and, therefore, the cost of emissions and operation of the pro-
duction areas/industrial plants is considered out of the scope of this 
work. 

Finally, the cost of retrofitting is only considered in the pipelines of 
the steam supply network (plant-to-plant pipelines). This cost is 
included in the different investment and operating parameters: IP (in-
vestment cost), RP (repair/maintenance cost) and PP (pressure drop 
cost). The cost of equipment (e.g., boilers, turbines, valves) and the cost 
of the pipelines between units (from the boiler to the valves/turbines, 
etc.) have not been taken into account. 

Fig. 2. General scheme of the cooperative scenario.  
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3. Methodology 

This problem of utility network management may be formulated as a 
leader-follower game where the production areas (leaders) impose their 
steam demand to the utility areas (followers) and where a specific plant 
(game participant) has its own decision variables and objective func-
tions. First, the Standalone case is considered, where each plant is 
working individually at their best performance, thus establishing a 
reference for future negotiations. Then, different conflicting scenarios 
inspired by game theory can be used to analyze the industrial symbiosis 
alternatives. Cooperative scenarios consider the entire EIP as a single 
organization that has a central objective (Fig. 2) while non-cooperative 
scenarios consider that each plant is operated by a different company 
who prioritizes its own objectives (Fig. 3). Considering these common 
scenarios may allow better decision-making support in the field of utility 
network management. 

The proposed methodology to solve the EIP utility network problem 
is described below:  

• Formulation of a generic model: The system has been modeled 
using a generic mixed integer linear programming (MILP) formula-
tion based on previous studies. Most of the equipment units related to 
the utility generation, management and supply show a linear 
behavior that can be described from material and energy balances. 
Although terms related to the equipment’s performance/efficiency 
have not been taken into account in this work due to their nonlinear 
behavior, they could be included in the proposed model using 
piecewise linearization. On the other hand, the use of binary vari-
ables allows identifying the decisions associated with the possibility 
of putting some of the equipment into operation or not, as well as 
establishing exchanges between plants.  

• Standalone Case: In order to determine the best performance that 
each plant can achieve by working individually, the generic model is 
solved for each individual company using an economic objective 
function for minimizing its total costs, which also include the envi-
ronmental impact (emissions cleanup cost). These results will be 
used to establish targets to be used as reference in the final negoti-
ation process. 

• EIP optimization problem: To solve the multi-objective optimiza-
tion problem, a multi-leader-follower game (MLFG) formulation is 
used. At this point, when the cooperative scenario is considered, 
individual interests of each involved company are not taken into 
account. On the other hand, when the non-cooperative scenario is 
considered, it is imposed that none of the companies should obtain 
less benefit than in their stand-alone situation.  

• Discussion and analysis: Deep analysis of the different solutions 
obtained is needed to understand the impact of the resulting EIP 
utility network. Absolute and relative gains (non-cooperative sce-
nario) must be achieved and other objectives (e.g.: environmental 
objectives) must be also considered. 

4. Mathematical formulation 

The backbone of the mathematical formulation of the problem is 
based on the modelling of the specific equipment units in the USN. For 
this, the model proposed by Kim et al. [12] has been taken as a reference. 
The models of each process unit and all the necessary constraints are 
detailed below, with special emphasis on some of the adaptations 
included to take into account the specificities of the different scenarios 
now considered. 

4.1. Mass balances 

Set L refers to input, generation, output or consumption of materials 
(IN, GEN, OUT or CON, respectively). All units satisfy mass balance; 
thus, the summation of input and generation is equal to the summation 
of output and consumption. A representation of material balance in a 
unit cell is depicted in Fig. 4. 

4.2. Fuel tanks 

Fuel tank stores the fuel that will be used in the boilers to produce 
steam. Expressions (1) and (2) denote that all fuel exiting the tank enters 
the boilers. Equation (3) allows calculating the remaining fuel in the 
tank, which must be greater than the minimum ratio established (4). 

Fig. 3. General scheme of the non-cooperative scenario.  

Fig. 4. Material balance in a process unit.  
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∑

ua
XOUT

t,i,ua,m =
∑

ud
XIN

t,i,ud,m ∀t, i,m (1)  

XOUT
t,i,ua,m =

∑

ud
Et,i,ua,ud,m ∀t, i, ua,m (2)  

RIt,i,ua,m = Nt,i,ua,m − XOUT
t,i,ua,m ∀t, i, ua,m (3)  

RIt,i,ua,m ≥ Gua⋅Nt,i,ua,m ∀t, i, ua,m (4)  

4.3. Boilers 

Steam production takes place in the boilers by burning of fuel. The 
amount of generated steam cannot exceed the maximum production 
capacity of the unit, as denoted in equation (5). Also, if the boiler is in 
operation, the steam production cannot be less than the minimum 
established, as specified in equation (6). The amount of generated steam 
is given in equation (7). This amount is conditioned by the fuel calorific 
value and the boiler efficiency. Equation (8) denotes that generated 
steam is transported to the corresponding steam header. Material bal-
ance is given in equation (9). Expression (10) specifies that all the 
incoming water is consumed. Calculation of the energy needed is given 
in equation (11). Equations (12) and (13) allow determining the emis-
sion amount produced. 

XGEN
t,i,ud,p ≤ Pmax

i,ud,p ∀t, i, ud, p (5)  

Pmin
i,ud,p⋅BDt,i,ud ≤ XGEN

t,i,ud,p ∀t, i, ud, p (6)  

XGEN
t,i,ud,p =

∑

m

Calm⋅XCON
t,i,ud,m

EFud,m
∀t, i, ud, p (7)  

XOUT
t,i,ud,p =

∑

uf
Et,i,ud,uf ,p ∀t, i, ud, p (8)  

∑

m
XIN

t,i,ud,m +
∑

n
XIN

t,i,ud,n =
∑

p
XGEN

t,i,ud,p +
∑

q
XGEN

t,i,ud,q +
∑

r
XGEN

t,i,ud,r ∀t, i, ud (9)  

XIN
t,i,ud,n = XCON

t,i,ud,n ∀t, i, ud, n (10)  

YCON
t,i =

∑

p

(
αElec

ud ⋅BDt,i,ud + βElec
ud ⋅XGEN

t,i,ud,p

)
∀t, i, ud, p (11)  

∑

q
XGEN

t,i,ud,q =
∑

m
Qm⋅XCON

t,i,ud,m ∀t, i, ud (12)  

∑

r
XGEN

t,i,ud,r =
∑

m
Rm⋅XCON

t,i,ud,m ∀t, i, ud (13)  

4.4. Turbines 

A turbine is an equipment unit capable of producing electricity from 
mechanical energy. It has blades attached to a shaft that rotate in the 
presence of any high-pressure fluid. In the present model, the fluid that 
moves the blades is considered to be steam. During the process, part of 
the steam condenses as water. Also, pressure drop results in lower 
pressure steams. The model includes the following equations 
(∀p, p’, p > p’): 

YGEN
t,i =

∑

ue

(
Turp⋅XIN

t,i,ue,p −
∑

p’

Turp’ ⋅XGEN
t,i,ue,p’ − Turn⋅XGEN

t,i,ue,n

)
∀t, i, n, p

(14)  

XIN
t,i,ue,p =

∑

p’
XGEN

t,i,ue,p’ +XGEN
t,i,ue,n ∀t, i, ue, n, p (15)  

XGEN
t,i,ue,n = ConPue⋅XIN

t,i,ue,p ∀t, i, ue, n, p (16)  

XIN
t,i,ue,p =

∑

uf
Et,i,uf ,ue,p ∀t, i, ue (17)  

XOUT
t,i,ue,p’ =

∑

uf
Et,i,ue,uf ,p’ ∀t, i, ue, p’ (18) 

Equation (14) allows calculating the electricity that is generated 
from the incoming steam, the condensed water, and the low-pressure 
steam produced. Equation (15) establishes the mass balance of the 
unit, while expression (16) specifies the amount of steam that con-
denses. The rest of the equations (17) (18) refer to the steam transport 
between the turbine and the steam headers. As stated before, equip-
ment’s performance has not been taken into account, but efficiency 
terms can be introduced by considering piecewise linearization [24] in 
order to have a more realistic model of the unit. However, for the scope 
of this work, the proposed model (based on previous literature) is 
reasonable. 

4.5. Steam headers 

Steam headers distribute the different types of steam to the different 
equipment in the plant. Furthermore, these equipment units are also 
responsible for the steam transfer between different plants of the com-
plex. Steam can come from boilers, turbines, letdown units or other 
plants (19). Furthermore, the possible destinations of steam can be 
turbine units, letdown units, production areas, steam vents and to supply 
other plants (20). 

XIN
t,i,uf ,p =

∑

ud
Et,i,ud,uf ,p +

∑

ue
Et,i,ue,uf ,p +

∑

ug
Et,i,ug,uf ,p +

∑

i’
Rt,i’ ,i,uf ∀t, i, uf , p

(19)  

XOUT
t,i,uf ,p =

∑

ue
Et,i,uf ,ue,p+

∑

ug
Et,i,uf ,ug,p+

∑

uk
Et,i,uf ,uk,p+Vt,i,uf 

+
∑

i’
Rt,i,i’ ,uf ∀t,i,uf ,p (20)  

4.6. Letdown units 

Letdown units allow decreasing the pressure of a vapor, thus enables 
the conversion of high-pressure vapors to lower pressure vapors. The 
model of this equipment includes the following equations (∀p, p’, p > p’): 

XIN
t,i,ug,p = XCON

t,i,ug,p ∀t, i, ug, p (21)  

XGEN
t,i,ug,p’ = XOUT

t,i,ug,p’ ∀t, i, ug, p’ (22)  

XIN
t,i,ug,n = XCON

t,i,ug,n ∀t, i, ug, n (23)  

XIN
t,i,ug,p =

∑

uf
Et,i,uf ,ug,p ∀t, i, ug, p (24)  

XOUT
t,i,ug,p’ =

∑

uf
Et,i,ug,uf ,p’ ∀t, i, ug, p’ (25)  

XIN
t,i,ug,n =

∑

uh
Et,i,h,ug,n ∀t, i, ug, n (26)  

XIN
t,i,ug,n +XIN

t,i,ug,p = XGEN
t,i,ug,p’ ∀t, i, ug, p, p’, n (27)  

XIN
t,i,ug,n = Stcp,p’ ⋅XIN

t,i,ug,p ∀t, i, ug, p, p’, n (28) 

Expressions (21), (22) and (23) denote material balances, while 
equations (24), (25) and (26) indicate steam and water exchanges 
established with steam headers and water units, respectively. Equation 
(27) allows calculating the steam and water amount entering the 
equipment. Finally, equation (28) denotes that required water amount is 
conditioned to the targeted conversion. 
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4.7. Water units 

These units are responsible for supplying water to the utility area 
equipment units that need it: boilers, letdown units, etc. In addition, 
they also supply the production areas (29), so their demands have also to 
be met (30). Expressions (31) and (32) denote the water supply to 
boilers, letdown units and production area. All transferred water enters 
the boiler (33). Generally, the specifications for the water required in the 
utility areas (boilers and letdown units) are not the same as the ones for 
the water used in the production of valuable products (production area) 
and, therefore, it is convenient to distinguish between them. It should be 
noted that the steam consumed in the production areas usually ends up 
condensing, for example, after its use as a heating agent, which means 
that the use of this water in the utility areas must be also considered. 
Hence, condensed water in turbine units and production areas are both 
transferred to these units, as given by equations (34) and (35). 

Dt,i,n ≤ XCON
t,i,uk,n ∀t, i, uk, n (29)  

XCON
t,i,uk,n =

∑

uh
Et,i,h,uk,n ∀t, i, uk, n (30)  

∑

uh
XOUT

t,i,uh,n =
∑

ud
XIN

t,i,ud,n +
∑

ug
XIN

t,i,ug,n +
∑

uk
XIN

t,i,uk,n ∀t, i, n (31)  

XOUT
t,i,uh,n =

∑

ud
Et,i,uh,ud,n +

∑

ug
Et,i,uh,ug,n +

∑

uk
Et,i,uh,uk,n ∀t, i, uh, n (32)  

XIN
t,i,ud,n =

∑

uh
Et,i,h,ud,n ∀t, i, ud, n (33)  

∑

uh
XGEN

t,i,uh,n =
∑

ue
XGEN

t,i,ue,n +
∑

uk
XGEN

t,i,uk,n ∀t, i, n (34)  

XGEN
t,i,uh,n =

∑

ue
Et,i,ue,uh,n +

∑

uk
Et,i,uk,uh,n ∀t, i, uh, n (35)  

4.8. Electricity units 

Electricity units are in charge of supplying energy to both utility and 
production areas of the plants. Expression (36) denotes the fulfillment of 
the demand while equation (37) shows the energy balance in each plant. 

DElec
t,i ≤ YOUT

t,i ∀t, i (36)  

YIN
t,i + YGEN

t,i = YOUT
t,i +YCON

t,i ∀t, i (37)  

4.9. Common restrictions 

In addition to the previous unit models, there are some restrictions 
that affect all plants. Equation (38) imposes that steam arrival in the 
production area must be greater than or equal to the steam demand in it. 
Likewise, all steam is transported from the steam headers, as imposed by 
equation (39). 

Dt,i,p ≤ XCON
t,i,uk,p ∀t, i, uk, p (38)  

XCON
t,i,uk,p =

∑

uf
Et,i,uf ,uk,p ∀t, i, uk, p (39) 

Finally, equations (40), (41) and (42) show binary variable con-
straints, where M is a sufficiently large value. These expressions are used 
to let some variables take any value (within a range) when their asso-
ciated binary value is “1” and to ensure them to be zero otherwise. 
Equation (40) ensures that, although one specific exchange may not 
occur in all periods, the pipeline (and its cost) has to be maintained in all 
of them, while equation (41) refers to the operating costs in these cases, 
that will should only be computed in the periods when the transfer really 

exist. On the other hand, equation (42) makes it possible to identify 
whether the boiler is operating or not. If it is in operation (“1”), the 
generated steam must be between the maximum and the minimum 
production capacity, as previously stated in equation (6), otherwise its 
production must be zero. 

Bi,i’ ,uf

M
≤ Rt,i,i’ ,uf ≤ Bi,i’ ,uf ⋅M ∀t, i, i’, uf (40)  

BTt,i,i’ ,uf

M
≤ Rt,i,i’ ,uf ≤ BTt,i,i’ ,uf ⋅M ∀t, i, i’, uf (41)  

BDt,i,ud

M
≤ XGEN

t,i,ud,p ≤ BDt,i,ud⋅M ∀t, i, ud, p (42)  

4.10. EIP costs 

The total cost of the Eco-industrial Park is given by equation (43). It 
includes raw materials cost, environmental costs and investment and 
operating costs of all the industrial complex plants. 

TCost =
∑

t

∑

i
CRaw

t,i +
∑

t

∑

i
CEco

t,i +
∑

t

∑

i

∑

i’

∑

uf
CInvest

i,i’ ,uf 

+
∑

t

∑

i

∑

i’

∑

uf
COper

t,i,i’ ,uf (43) 

Raw materials cost only considers the consumption of fuel, water and 
electricity, as shown in equation (44). On the other hand, environmental 
cost includes the cost of toxic pollutant emissions (set q), such as sulfur 
oxides (SOx) or carbon monoxide (CO), as well as greenhouse gas 
emissions (set r): carbon dioxide (CO2), ozone (O3), methane (CH4), etc., 
as shown in equation (45). 

CRaw
t,i =

∑

ud

∑

m
Prim⋅XCON

t,i,ud,m +
∑

uh

∑

n
Prin⋅xIN

t,i,uh,n + PriElec⋅yIN
t,i (44)  

CEco
t,i =

∑

ud

∑

q
Priq⋅xGEN

t,i,ud,q +
∑

ud

∑

r
Prir⋅xGEN

t,i,ud,r (45) 

Installation of new pipelines and maintenance of all of them conform 
the investment and operating cost of the process, respectively. The in-
vestment cost is defined in equation (46), where DP is the depreciation 
parameter. The investment cost only takes into account the cost of 
additional exchanges to the existing utility network. The first term de-
pends only on the existence of a new exchange between two plants 
(Bi,i’ ,u = 1), that is, on the need for a new pipeline, regardless of whether 
it is used in all periods or not. The second term depends on the maximum 
flow exchanged, since the capacity of the pipe to be installed depends on 
this. 

CInvest
i,i’ ,uf =

αInvest
i,i’ ⋅Bi,i’ ,uf + βInvest

i,i’ ⋅maxt(Rt,i,i’ ,uf

)

DP
⋅Li,i’ ∀i, i’, uf (46) 

Regarding the operation cost, its value is dependent on the period. 
The first term refers to the existence of exchange in the period, while the 
second term depends on the amount exchanged in each period, as shown 
in equation (47). 

COper
t,i,i’ ,uf =

(
αOper

i,i’ ⋅BTt,i,i’ ,uf + βOper
i,i’ ⋅Rt,i,i’ ,uf

)
⋅Li,i’∀t, i, i’, uf (47) 

It should be noted that investment and operation costs are propor-
tional to pipe length, so the distance between plants is an important 
aspect of the problem. The different parameters associated with these 
costs are calculated according to the following expressions: 

αInvest
i,i’ = 0, 05⋅IP (48)  

αOper
i,i’ = 0, 05⋅(RP + PP) (49)  
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βInvest
i,i’ =

⎧
⎪⎨

⎪⎩

(RP + PP)⋅LMin

Li,i’
,Li,i’ < LMin

RP + PP,Li,i’ ≥ LMin

(50)  

βOper
i,i’ =

⎧
⎪⎨

⎪⎩

(RP + PP)⋅LMin

Li,i’
,Li,i’ < LMin

RP + PP,Li,i’ ≥ LMin

(51) 

The investment cost takes into account the cost of installing the 
pipes, represented by the investment cost parameter (IP), while the 
operating cost takes into account the maintenance cost (RP) and the 
pressure drop cost (PP). 

4.11. Individual benefits and expenses 

Sales revenue is derived from the amount of utilities sold. To 
compute these incomes, transferred utilities to production areas and to 
other plants are taken into account, as shown by equation (52). 

CSales
t,i =

∑

uf

∑

p
Prip⋅(Et,i,uf ,uk,p +

∑

i’
Rt,i,i’ ,uf ) ∀t, i (52) 

Source plants benefits in the presence of the current utility network 
are defined in equation (53). The costs to take into account are raw 
materials cost, environmental cost and purchase cost (if required). 
Hence, self-sufficient plants will not have purchase cost. On the other 
hand, expenses of sink plants are defined in equation (54), which con-
siders raw materials cost and purchase cost. Purchase cost is computed 
according to equation (55). 

GainAlone(i) =
∑

t
CSales

t,i −

(
∑

t
CRaw

t,i +
∑

t
CEco

t,i +
∑

t
CPurchase

t,i

)

∀i (53)  

ExpensesAlone(i) =
∑

t
CRaw

t,i +
∑

t
CPurchase

t,i ∀i (54)  

CPurchase
t,i = Prip⋅

∑

i’
Rt,i’,i,uf ∀t, i (55) 

However, when considering the possibility of making new exchanges 
and, therefore, expanding the utility network, investment and operating 
costs must be considered, too. In this case, benefits are computed 

according to equation (56) while expenses are computed according to 
equation (57). The cost of installing and maintaining the pipes is divided 
equally between the two plants involved. Hence, total benefits (source 
plants) and total expenses (sink plants) of the complex can be calculated 
as the summation of each plant benefit or expenses, as shown by (58) 
and (59), respectively. 

Gain(i) =
∑

t
CSales

t,i −
∑

t
CRaw

t,i −
∑

t
CEco

t,i −
∑

t
CPurchase

t,i 

−
1
2

(
∑

t

∑

i’

∑

uf
CInvest

i,i’ ,uf +
∑

t

∑

i’

∑

f
COper

t,i,i’ ,uf

)

∀i (56)  

Expenses(i) =
∑

t
CRaw

t,i +
∑

t
CPurchase

t,i 

+
1
2

(
∑

t

∑

i’

∑

uf
CInvest

i,i’ ,uf +
∑

t

∑

i’

∑

uf
COper

t,i,i’ ,uf

)

∀i (57)  

TGain =
∑

i
Gain(i) (58)  

TExpenses =
∑

i
Expenses(i) (59) 

It has to be noted that, in order to carry out new exchanges, the 
economic results obtained by the new network must improve those 
obtained by the current utility-network in its best conditions. Source 
plants would want to increase their benefits while sink plants would 
want to reduce their expenses. This requirement is represented by a 
driving force parameter (DF). Companies will only accept agreements if 
they obtain more benefits (source plants) or reduce their expenses (sink 
plants); otherwise, they will decide to work individually, as given by 
expressions (60) and (61), respectively. 

Gain(i) ≥ GainAlone(i)⋅
(
1 + DF⋅BNew

i

)
∀i (60)  

Expenses(i) ≤ ExpensesAlone(i)⋅
(
1 − DF⋅BNew

i

)
∀i (61)  

4.12. Objective functions 

In the Standalone case the model can be formally posed as follows: 

Fig. 5. Current utility network of Yeosu industrial complex. Steam flows in ton/h. Based on Kim et al. [12].  
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Max(TGain-TExpenses) s.t. Eqs.(1)–(55),(58)–(59) without 
considering additional exchanges 

For the cooperative scenario the model can be posed as: 

Min(TCost) s.t. Eqs.(1)–(52),(55)–(59) 

On the other hand, the non cooperative scenario leads to a two-stage 
mathematical programming problem, that can be posed as follows: 

Max(TGain-TExpenses) s.t. Eqs.(1)–(52),(55)–(61) 

where GainAlone and ExpensesAlone solves Standalone case 

5. Case study 

In order to analyze the capabilities of the proposed model, it has been 
implemented in a particular case described in the literature: the Yeosu 
petrochemical complex. The required information, summarized in this 
section, has been recovered from Kim et al. [12]. 

The Yeosu industrial complex, operated by the GS Caltex group, is 
located in South Korea and it is one of the largest chemical complexes in 
the world. For the case-study, a total of fifteen plants are considered. The 
geographical distribution of these plants, as well as the current utility 
network (steam pipelines), can be seen in Fig. 5. The specific sets 
considered (list of utilities, list of available fuels, etc.) are detailed in 
Table 1. 

In this industrial complex, three types of plants can be distinguished:  

1. Sink plants: plants that only have a production area, consuming 
utilities produced elsewhere.  

2. Non-productive source plants: plants that only have a utility area (to 
be sent to other production areas).  

3. Productive source plants: plants that include a utility area and a 
production area (they produce and consume utilities). 

All sink plants receive utilities from source plants. Companies that do 
not establish any exchange only produce to meet their own demand. 
There are four types of fuel tanks available, and each one stores a 
different type of fuel (a-f). Any of the fuels can be used in the boilers, 
except in the case of Plant 12, where only f3 fuel can be used in boiler d3 
and only f4 can be used in boiler d4. Also, each type of boiler produces a 
different type of steam: d1 (VHS), d2 (HS), d3 (MS) and d4 (LS). On the 
other hand, two types of emissions are considered and controlled: sulfur 
oxides (SOx) and greenhouse gases (GHG). The energetic conditions of 
the different steam grades are shown in Table 2. 

All plants have the same type of turbine units, and it is considered 
that they condense the same percentage of steam. According to the re-
ported case study specifications, electricity in the turbines are generated 
from HS steam grade. Each steam header and letdown unit is associated 
with a different type of steam. The name of the different equipment units 
refers to the type of steam that they deal with. In the case of VHS, it is 
distributed through vhsh steam headers and its pressure can be reduced 
in vhsg letdown units. Units vhsg1, vhsg2 and vhsg3 refer to the conver-
sion of VHS to HS, MS or LS, respectively. The especific equipment units 
associated to each plant are shown in Table 3. It should be noted that 
according to the pipelines characteristics, VHS steam cannot be trans-
ferred due to its high pressure. 

Utility demands are not the same throughout the year. For this 
reason, different periods of time are considered, namely the four seasons 
of the year: spring (t1), summer (t2), autumn (t3) and winter (t4). The 
specific demand for each period and all parameters of the case study 
have been extracted from Kim et al. [12]. 

One of the most relevant conditioning factors of the problem is the 
production capacity of the boilers. According to various sources, the 
usual value considered in the industry is a 90% availability [25,26]. 
Therefore, it has been considered that the complex works 8000 h/year, 
that is, 2000 h/season. 

According to the original Case Study, water unit supplies both pro-
duction and utility areas, considering the same type of water (same 
price) for both purposes. Usually, the quality of water that is used in the 
boilers or letdown units (utility area) is not the same as the one used in 
the production area to produce high-value products. Therefore, in order 
to deal with a more realistic example, only water consumption in the 
utility area is considered, assuming that the water unit has the suitable 
water quality for this specific use. 

Table 1 
Set values of the case study.  

Set Values 

Fuel tank a1, a2, a3, a4 
Fuel f1, f2, f3, f4 
Boiler d1, d2, d3, d4 
Steam VHS, HS, MS, LS 
Steam header vhsh, hsh, msh, lsh 
Letdown unit vhsg1, vhsg2, vhsg3, hsg1, hsg2, msg 
Period of time t1, t2, t3, t4  

Table 2 
Steam properties of the case study.  

Properties VHS HS MS LS 

Temperature (◦C) 525 370 270 195 
Pressure (atm) 121.5 40.0 15.0 3.5 
Enthalpy (kJ/kg) 3 442 3 156 2 982 2 858  

Table 3 
Detailed equipment of Yeosu Industrial Complex source plants.  

Plant Fuel tank Boiler Turbine 

P2 2 (a1, a4) 2 (d1, d2) 1 
P6 1 (a3) 1 (d2)  
P7 1 (a4) 1 (d4)  
P9 1 (a2) 1 (d2*) 1 
P10 2 (a2, a3) 2 (d1) 1 
P11 2 (a1, a4) 2 (d1, d2) 1 
P12 2 (a3, a4) 2 (d3, d4)  
P13 1 (a2) 1 (d2)  
P14 2 (a1, a4) 2 (d1, d2) 1 
P15 2 (a1, a2) 2 (d1, d2) 1  

* Modified from Kim et al. [12] for consistency reasons 

Table 4 
Price of steam considered for the case study [27].  

Steam grade Price ($/ton) 

VHS  8.32 
HS  7.78 
MS  7.26 
LS  6.54  

Table 5 
Economic and technical parameters for the 
calculation of investment and operating costs 
[12].  

Parameter Value 

DP 7 
IP 2 
RP 0.1 
PP 0.05 
LMin  1  
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Finally, Table 4 details the price of steam considered in order to 
compute the incomes and expenses of each company and Table 5 sum-
marizes the investment and operating cost parameters. 

6. Results and discussion 

The results of each of the considered scenarios are presented in this 
section. Fig. 6 illustrates the Standalone (SA) case, which includes 
utilities distribution to the sink plants through the existing pipelines. 
Optimized utility network for cooperative (COOP) and non-cooperative 
(NCOOP) approaches are shown in Fig. 7 and Fig. 8, respectively. For the 
NCOOP case a DF parameter of 10% was considered. Likewise, the so-
lution proposed by Kim et al. [12], who also considered a cooperative 
scenario, is shown in Fig. 9. Existing exchanges in the complex (SA case) 

are shown in grey, while potential new agreements are indicated in 
black. The values correspond to the maximum flow (ton/h). 

6.1. Steam supply networks 

As can be seen from the previous figures, most of the exchanges are 
HS transfers as they allow a better reassignment of steam. This type of 
steam grade is the highest-pressure steam that can be transferred, 
making it the most suitable for these exchanges. In most cases, the last 
period determines the capacity of the pipeline, due to the winter highest 
heating demand. This maximum flow is intended to be maintained 
throughout the year, but sometimes this cannot be achieved due to 
variations in the production capacity. During periods of less demand, 
several plants stop operating some of their boilers, reducing their steam 

Fig. 6. Utility network of Standalone (SA) case.  

Fig. 7. Optimized utility network of Cooperative (COOP) scenario.  
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production and consequently their expenses. 
Although some modifications have been made, most of the ex-

changes are present in both COOP and Kim et al. [12] solutions. In both 
cases, companies 2, 10 and 15 are the main suppliers of the complex due 
to their large production capacity. The main difference is found in the 
supply of plant 14. In the solution proposed by Kim et al. [12], plant 14 
is only supplied by plant 10. On the cooperative solution obtained in this 

work, several plants collaborate in the supply to plant 14, leading to 
more but smaller pipelines. It has to be noted that in this work it has 
been considered that any new pipeline (and its cost) has to be main-
tained during all periods, in spite of the fact that maybe it will not be 
used in all of them. This more realistic consideration has led to a slightly 
different utility-network with a reduction of − 29 k$/yr in the invest-
ment cost reported in the literature. 

Fig. 8. Optimized utility network of Non-cooperative (NCOOP) scenario with DF = 10%.  

Fig. 9. Optimized utility network proposed by Kim et al.  

Table 6 
Total steam production of each scenario (kton/yr).  

Scenario VHS HS MS LS TOTAL 

SA 24 179 9 066 953 399 34 597 
COOP 28 075 5 310 0 0 33 385 
NCOOP 25 072 7 806 0 912 33 790  

Table 7 
Total fuel consumption of each scenario (kton/yr).  

Scenario f1 f2 f3 f4 TOTAL 

SA 0 560 128 1 212 1 899 
COOP 0 869 0 882 1 751 
NCOOP 0 593 0 1 251 1 844  
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Regarding the differences between the COOP and NCOOP solutions, 
these are mainly related to the number of companies who participate in 
the potential agreements. In the cooperative case most of the plants have 
new exchanges, being the plants that can produce high-pressure vapor 
(VHS and HS) with less expensive fuels (f2 and f4) the main suppliers of 
the complex (plants 2, 10 and 15). Due to boiler efficiency and fuel se-
lection, the total cost of the EIP can be reduced. In the non-cooperative 
scenario, only four companies participate in the transactions. Further-
more, some LS exchanges are present in this scenario. As will be dis-
cussed later, all participants agree to collaborate because they all get 
benefits from the agreements (symbiosis). Furthermore, the other 
companies can maintain their potential benefits, thus avoiding eco-
nomic losses regarding the SA case. Also, in the NCOOP solution, com-
panies take more advantage of the existing pipelines, thus reducing the 
number of new infrastructures to be installed and reducing costs. 

These optimized utility networks entail changes in the complex’s 
steam production and fuel consumption as revealed in Table 6 and 

Table 7, respectively. 
Regarding the SA case, steam requirements are reduced in both 

COOP (− 4%) and NCOOP (− 2%) solutions. A large part of this reduction 
is due to the selection of high-pressure steam. The production of high- 
pressure steam makes it possible to obtain the rest of the steam grades 
(using letdown units and turbines), thus preventing the production of 
lower pressure steam (MS or LS) with expensive fuels (f1 and f3). This 
allows for larger flexibility in steam distribution system, thus reducing 
costs. In the NCOOP scenario, more steam than in the COOP scenario is 
required (+405 tons/yr) to allow companies achieve better economic 
conditions. For example, LS steam is not produced in the COOP solution, 
but it is produced in NCOOP (2.7% of total production) allowing plants 
that have boiler d4 (e.g., 12) not to import steam but be able to sell and 
obtain incomes, thus improving their economic situation regarding the 
standalone case. 

This reduction in the steam generation directly impacts in the fuel 
consumption, which is also reduced respect the standalone case (COOP 
(− 8%) and NCOOP (− 3%)). Moreover, the extended options of inter- 
plant utility exchanges enhance fuel selection flexibility, which in turn 
allows further economic and environmental benefits: both the cooper-
ative and the non-cooperative cases offer more opportunities for using 
fuels f2 and f4, with lower costs (the greatest element in the total costs 
break-down) and also with lower environmental penalties. 

6.2. EIP global performance 

Overall economic and environmental results are summarized in 
Table 8. All proposed solutions allow costs to be reduced compared to 
the standalone case. This shows the necessity of expanding the current 
utility network as the selection of fuels and steam production cannot be 
achieved through the existing network. Above all, as expected, cooper-
ative scenario is the one that allows a greater reduction of costs (− 7.2 M 
$/yr) and greater benefits (+5.4 M$/yr) regarding the SA case. More-
over, both COOP and NCOOP have shown better economic and envi-
ronmental performance than the solutions reported in the literature. 

Table 8 
Economic and environmental results of each scenario. Comparisons regarding 
the Standalone case are presented in percentages.   

Kim et al.  
[12] 

SA COOP NCOOP 

CRaw(k$/yr)  143 979 149 
513 

− 5.9% 140 
671 

− 3.9% 143 
671 

CEco(k$/yr)  2 583 2 458 +0.4% 2 469 − 1.7% 2 416 
CInvest(k$/yr)  749 0  720  137 
COper(k$/yr)  1 414 434  1 350  538 
TCost(k$/yr)  148 725 152 

405 
− 4.7% 145 

210 
− 3.7% 146 

761 
TGain(k$/yr)   126 

098 
+4.3% 131 

519 
+3.0% 129 

874 
SOx emission 

(ton/yr) 
6 646 6 257 − 2.2% 6 121 − 2.1% 6 125 

GHG emission 
(ton/yr) 

7 101 6 817 +2.5% 6 990 − 1.4% 6 719  
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In all cases, total cost savings are greater than investment cost, 
making each of the alternatives a profitable and favorable investment. 
However, only the NCOOP solution has been able to reduce the envi-
ronmental impact of the standalone case (− 230 ton/yr). As previously 
reported, in both cases (COOP and NCOOP) fuel consumption is reduced 
compared to SA case and only fuels f2 and f4 are used (Table 7). The 
difference is that f2 emits more GHG than SOx per ton of fuel, while f4 
has lower and same parameter values for both types of gases [12]. 

In the COOP solution, the consumption of f2 represents almost half of 
the total fuel consumption, while in the NCOOP solution its consump-
tion represents only the 32%. In addition, it should be noted that the 
environmental impact has been monetized and included in a single 
objective function. Its weight on the total cost break-down is much lower 
than the raw materials cost, thus giving more priority to the latter. In the 
NCOOP case, it is possible to reduce the environmental impact, although 
the cost reduction in raw materials is lower than in the COOP case. 
Therefore, there is a certain trade-off between total fuel consumption 
(affecting raw materials cost) and the fuel selection in each plant 
(affecting the environmental performance), but due to the weighting 
factors used (monetary prices), reduction of raw materials consumption 
is prioritized. 

6.3. Individual performance of the companies 

In order to understand the real impact of the different solutions, 
individual analysis of the situation for each company involved is 
necessary. Benefits of source plants and expenses of sink plants of each 

scenario are shown in Fig. 10 and Fig. 11, respectively. 
Results confirm that cooperative scenarios do not take individual 

interest of each plant into account, causing economic losses (negative 
benefits) in some of them (in this case, mainly to companies 7,11,12,13 
and 14). This is because although some of them have the capacity to be 
auto-sufficient they have expensive fuels (f1 or f3) and cannot produce 
high-pressure steam, so it is more favorable for the EIP to supply these 
companies. The total economic losses are about − 22.2 M$/yr (31% of 
the original benefits of the mentioned companies). 

On the other hand, the non-cooperative scenario ensures that all 
companies obtain at least the same economic results than working 
individually. Potential agreements are identified in order to improve the 
benefits of source plants and reduce the expenses of sink plants. For 
example, participating companies 2, 12 and 15 are able to increase their 
benefits (Fig. 10) while sink company 8 can reduce its expenses (Fig. 11). 
Hence, each participant gets benefits from the transactions (win-win 
situations). To accomplish this goal, some source plants have to sacrifice 
part of their extra benefits respect to their COOP situation, to allow 
others to maintain their original incomes. For example, as it can be seen 
by comparing Fig. 6 vs. Fig. 8, companies 2 and 15 can reduce part of 
their potential extra benefits (− 5.3 M$/yr from 35.7 M$/yr potential 
benefit in the cooperative case) to allow others (11,12,13,14) supply 
some of their consumers (i.e. obtaining more incomes) and thus avoid 
losing. But still, companies 2 and 15 have better results than in the SA 
case. 

6.4. Final remarks 

The presence of a single organization (or central authority) may force 
some participants to lose, since its decision can prevail over the rest, but 
without such a figure some companies will not want to participate in the 
COOP solution. The non-cooperative approach contemplates the 
absence of authorities and offers a solution favorable to all companies, 
since it ensures that none of them have economic losses. 

In order to understand the effect of the “driving force” parameter 
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Table 9 
Sensitivity analysis of DF parameter.  

DF Participants EIP TCost (M$/yr) EIP TBenefit (M$/yr) 

2% P2, P3, P8, P12 and P15  146.7  129.8 
5% P2, P8, P12 and P15  146.7  129.9 

10% P2, P8, P12 and P15  146.8  129.9 
20% P2, P8, P9 and P12  146.9  129.7  
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(DF) in the decision-making process of the companies and the EIP 
complex, a sensitivity analysis has been carried out. The results of this 
study are summarized in Table 9. Economic results are shown in Fig. 12 
while energetic and environmental results are depicted in Fig. 13. 

In general terms, it can be seen that the total cost increases with 
larger DF values and that cooperative scenarios are shown to allow 
larger cost reductions and also larger overall benefits than non- 
cooperative scenarios, as expected. This can be explained as the global 
benefit is sacrificed to improve the individual benefit of some of the 
participating companies (trade-off). Likewise, the results show that 
there are some companies that do not participate in any case. This is 
because with their current production conditions (boiler efficiencies and 
fuel type) they cannot improve their efficiency by making exchanges. 
Another aspect to highlight is that there may be a point for each com-
pany in which the DF cannot be fulfilled, thus leading to the decision not 
to collaborate. An example of this is company 15, which due to its larger 
benefits compared to the rest of companies, is more difficult to increase 
its benefits by 20% and, therefore, does not collaborate (Table 9). 

However, even if the overall benefit and costs of the complex are 
worsened in the non-cooperative scenarios, none of the plants in the EIP 
are harmed as they do not obtain less than their SA benefits. Further-
more, the complex as a whole consumes less fuel regarding the SA case 
and the environmental impact is reduced in all the NCOOP cases. Hence, 
economic, energetic and environmental improvements are achieved by 
all NCOOP solutions, thus obtaining individual and global improve-
ments. Therefore, the proposed method allows identifying situations 
with better efficiencies for both individual companies and the whole 
industrial complex, thus becoming a useful tool to improve the condi-
tions of any interested company. 

7. Conclusions 

A new methodology for designing and retrofitting energy based 
utility networks in different conflicting scenarios has been developed. 
The proposed procedure, which is based on the industrial symbiosis 
principles, allows determining the most favorable exchanges and steam 
production planning to improve the energetic, economic and environ-
mental efficiency of multi-site utility networks. The study of the Yeosu 
Industrial complex has demonstrated the usefulness of the procedure, 
inspired on game theory, to address common situations in the industry: 
one based on considering the entire complex as a single organization 
(cooperative) and another one considering that each plant is operated by 
a different company (non-cooperative). Additionally, the proposed 
method has improved the results reported in the literature for the same 
case study. 

The cooperative approach achieves greater total energy/fuel savings, 
cost reductions (4.7%) and higher overall benefits (+4.3%) with respect 

to the standalone case, by forcing some of the plants to accept some 
losses. However, due to the lower weight of the environmental consid-
erations in the objective function compared to the raw materials cost, 
the overall environmental impact is not reduced in this scenario. This 
solution is feasible if an authority can impose it or can establish a 
compensation mechanism, but it is unfeasible otherwise. In the absence 
of an authority, the non-cooperative scenario has ensured that all par-
ticipants do not lose from the eventual agreements (avoiding some 
companies to lose 22.2 M$/yr as in the cooperative solution) with 
overall energy savings of about 3% in terms of fuel consumption (3.7% 
of cost reduction) compared to the standalone scenario. Additionally, 
the individual consideration of each plant has allowed to reduce the 
overall environmental impact of the complex (− 1.8%). Such agree-
ments, which result in win-win situations, may be the base of further 
negotiations between neighbors to achieve a better sustainable devel-
opment in the industry. This tool may be used by any company to 
identify and assess potential agreements without the intervention of any 
authority. Also, it can help companies to identify the barriers for 
participating, that is, the maximum benefit they can achieve/expect 
from making new agreements. Hence, the proposed model may improve 
decision-making support in the field of utility networks, thus becoming a 
practical tool for the industry. 
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Appendix. - Additional results 

See Tables 10-17 

Table 10 
Benefits of source plants with reference to the standalone case (k$/yr).  

Scenario P2 P6 P7 P9 P10 P11 P12 P13 P14 P15 

SA 6 903 0 434 3 983 23 608 34 252 1 441 2 565 33 113 19 799 
COOP +1 017 0 − 551 +3 924 +14 728 − 5 139 − 1 997 − 29 − 14 493 +7 961 
NCOOP +690 0 0 0 0 0 +144 0 0 +2 942  

Table 11 
Expenses of sink plants with reference to the standalone case (k$/yr).  

Scenario P1 P3 P4 P5 P8 

SA 1 763 6 192 1 864 331 6 999 
COOP 0 +15 − 8 − 1 − 1 979 
NCOOP 0 0 0 0 − 1 933  

Table 12 
Fuel consumption of standalone case (kton/season).   

f1 f2 f3 f4 

t1 0 144 34 296 
t2 0 115 30 281 
t3 0 135 34 294 
t4 0 165 30 341  

TOTAL 0 560 128 1 212  
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Table 15 
Steam production of cooperative scenario (kton/season).   

VHS HS MS LS 

t1 7 033 1 341 0 0 
t2 6 674 602 0 0 
t3 7 011 1 110 0 0 
t4 7 357 2 258 0 0  

TOTAL 28 075 5 310 0 0  

Table 16 
Fuel consumption of non-cooperative scenario with DF = 10% (kton/season).   

f1 f2 f3 f4 

t1 0 152 0 310 
t2 0 124 0 281 
t3 0 143 0 307 
t4 0 174 0 353  

TOTAL 0 593 0 1 251  

Table 17 
Steam production of non-cooperative scenario with DF = 10% (kton/season).   

VHS HS MS LS 

t1 6 312 1 913 0 250 
t2 5 784 1 545 0 40 
t3 6 101 1 887 0 252 
t4 6 875 2 461 0 370  

TOTAL 25 072 7 806 0 912  

Table 13 
Steam production of standalone case (kton/season).   

VHS HS MS LS 

t1 6 098 2 228 267 50 
t2 5 593 1 860 210 40 
t3 5 907 2 202 267 50 
t4 6 581 2 776 210 259  

TOTAL 24 179 9 066 953 399  

Table 14 
Fuel consumption of cooperative scenario (kton/season).   

f1 f2 f3 f4 

t1 0 223 0 214 
t2 0 182 0 202 
t3 0 213 0 213 
t4 0 250 0 253  

TOTAL 0 869 0 882  
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