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ABSTRACT

Production systems must interact with other systems for a better performance. The
interaction among production systems is usually established when these systems exchange
materials. Integrated analysis of different production systems can provide valuable insight
and identify improvements in the financial and environmental performance of industrial
supply chain systems. The optimal integration of production systems at an industrial zone for
multi-period operation has been addressed in this thesis. A systematic approach to identify
the synergy among different companies at the strategic level has been developed. The
proposed approach uses three steps; the generation of standardized models for process
equipment in the production systems, integration of these models that make up the supply
chain system, and solution of the model and analysis of the results. The approach includes
detailed MILP models for each production system to realize collaboration in a multi-period
setting. The approach is illustrated with an example that is a simplified version of a real
problem and tested on an industrial problem. It is shown that important improvements in the
cost and release of environmentally harmful emissions can be accomplished by collaboration

in supply chain systems.
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NOMENCLATURE

amount of material & in unitj of company i in state / at period ¢

boiler efficiency

indicator of input material to a process

indicator of output material from a process

indicator of consumed material in process

indicator of generated material in process

coefficient of HP steam consumption

constant that represents the amount of electricity or MP steam consumption
independent from the HP steam generation

coefficient of input material to a turbine

coefficient of output material from a turbine

electricity generation constant

lower bound for the amount of material k in unit j of company i in state 1
upper bound for the amount of material k in unit j of company i in state 1
initial fuel inventory of tank j of company i

amount of fuel in tank j of company i at period t

binary variable whichis 1 if fuel k is purchased for tank j of company i in
period t

fixed cost of purchase order that incurs whenever a purchase order is given
total purchase cost of fuel £ that is purchased for the tank j of company i in
period ¢

cost of carrying one unit of fuel & for one period in tank j of company i

amount of fuel inventory in tank j of company i at the end of period ¢



amount of material exchanged from unit j of company i to unitj’ of company
i’ at time ¢

amount of material demanded by unit j of company i at time ¢

upper limit for emission of fuel k

cost of fuel used in the boilers

maximum amount of material that will be exchanged between unit j of
company i and unit j’ of company i’ over the total time horizon

cost coefficient for the variable cost of investment from unit j to unit j
fixed cost of investment from unit j to unit

calorie content of fuel k

sulfur content of fuel k

cost of fuel k

upper limit for the purchase amount of fuel k for fuel tank j of company i
lower limit for the purchase amount of fuel k for fuel tank j of company i
capacity of tank j of company I

unit cost of harmful substance k (e.g. SOy) release

safety stock parameter

high pressure steam

medium pressure steam

low pressure steam
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Chapter 1

INTRODUCTION

Supply chain management (SCM) is the management of material and information flows
both in and between facilities such as vendors, manufacturing process and assembly plants,
distribution centers and retailers. The supply chain management decisions incorporate the
behavior of the systems that use deterministic or stochastic models. The development of
realistic models and excersizing the decisions that are derived from these models is an
important challenge in supply chain management. Conceptual studies on supply chain
management emphasized the importance of the strategic relationships between companies in
order to increase financial and operational performance of these companies by reductions in
the total cost and inventories throughout the supply chain, and increased levels of shared
information.

One of the most significant paradigm shifts of modern business management is that
individual organizations no longer compete as solely autonomous entities, but rather as
supply chains. Supply chain management has entered the era of internetwork competition. In
this emerging competitive environment, the ultimate success of the single organization will
depend on its ability to integrate the intricate network of supply chain relationships.
Increasingly, the management of multiple relationships across the supply chain is being
referred to as supply chain management (SCM). Strictly speaking, the supply chain is not a
chain of businesses with one-to-one, business-to-business relationships, but a network of
multiple businesses and relationships. SCM offers the opportunity to capture the synergy of
intra- and intercompany integration and management. In that sense, SCM deals with total
business process excellence and represents a new way of managing the business and

relationships with other members of the supply chain.
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Most of the organizations have focused their attention to the effectiveness and efficiency
of their functions separately. As a new way of managing their functions, a growing number
of organizations have begun to realize the strategic importance of planning, controlling, and
designing a supply chain as a whole. It is important for the organizations to capture the
synergy of inter-functional and inter-organizational integration and coordination across the
supply chain and to subsequently make better supply chain decisions. Decision makers are
becoming aware that the successful coordination, integration and management of key
decision processes across members of the supply chain will determine the ultimate success of
the single organization.

In the last decade, the increase in energy demand, the technological advances in the
supply devices, the financial cost evolution and the current concern to mitigate the
environmental impact of the energy consumption have changed and, probably will continue
changing the methods to supply and spread energy in order to fully satisfy the energy
demand[1]. Models can be developed for the energy supply systems, which generally have
complex structures, in order to make analysis and optimization on these systems. Modeling
and optimization of the energy supply systems helps to reduce the energy consumption and
the harmful effects of these energy systems to the environment, while satisfying the energy
demands of the production facilities. The generated models are the tools for the analysis of
energy systems that allow the decision makers to make an efficient use of energy in the
production facilities.

Financially and environmentally performance improvement is a must for survival and
growth of industrial organizations. In every industrial sector, companies compete to produce
their products at lower costs, with high quality and without harming the environment.
Industrial organizations carry out their industrial activities usually at designated areas called
industrial zones. An industrial zone is a collection of production systems belonging to
different companies with distinct characteristics in the same area. Some of the production

systems in the industrial zone have close interaction among each other due to supplier-
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producer relationships. The industrial zone is classified as the overall system while the
individual production systems (organizations) can be considered as subsystems that are
integral part of the overall system in this study. There is a high level of supply chain
integration among these production systems. A strong interaction among production systems
can be observed in the supply chain integration of the energy at an industrial zone. Since all
production systems use energy for production, energy is an important candidate for supply
chain integration. There are some other reasons for energy to be considered as an important
material for integration: Since all of the subsystems require energy for production, there is
almost always a central power production facility in the industrial zone, and also a number of
subsystems may produce their own energy in their own utility plants. Production rate is
proportional to the supply amount of energy; therefore, capacity and efficiency of a
production facility is closely related to the supply amount of energy. A distinct feature of
energy that differentiates it from the other materials is the inventory management: energy
cannot be inventoried in its most effective form, as electricity or steam. For this reason
careful attention must be paid for the production, storage, and transfer of all materials in
energy systems. Another important characteristic of energy is the fact that energy generation
systems release a large quantity of environmentally harmful substances such as SOx, NOx,
and COx.

The objective of this thesis is to develop a quantitative assessment to the question: “Does
the multi-organization collaborative SCM create a synergy to overcome financial and
environmental obstacles and difficulties for survival and growth?”. In this thesis, it is shown
that a systematic approach can be very useful in identifying the synergy among a number of
supply chain systems and detect improvements in the financial and environmental
performance of these systems. The problem of integrating the energy production systems in
an industrial zone by making necessary investments is formulated as a multi-period, mixed-
integer linear programming problem. The model is formulated as a multi-period and multi-

scenario model, so that energy generation planning and scenario analysis can be studied using
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the same model. The model simultaneously takes into account operation conditions, utility
demands and material prices of all planning periods in the optimization process. The model is
also used for budget planning, investment decision-making, electricity contract optimization
and unit shutdown scheduling.

Linear programming and non-linear programming methods are generally used for such
industrial optimization problems. But these methods can only handle the current operating
conditions of the system. Therefore minimum operating or investment costs for longer
periods cannot be guaranteed by these methods. Such problems usually require major
computational effort with nonlinear models. Furthermore, solutions of nonlinear models can
result in local optimum or may be unable to provide solution. Such unfavorable conditions,
however, can be eliminated by using linear models. The linear models can be used to solve
large scale industrial problems efficiently and accurately.

There are also some discrete decisions such as turning on and off some equipment or
decisions about making an investment in the energy generation systems. Linear programming
and non-linear programming methods cannot handle such discrete decision problems. For
these reasons integer variables are employed in the model for determining equipment on/off,
and investment decisions. The problem includes the solution of systems of disjunctions.
Using a convex hull representation of each of the disjunctions, these equations are converted
into an MILP problem. Detailed information about disjunctive programming is presented in
Chapter 2.

The proposed approach has three main steps. The first step is the development of process
models. The process units are modeled using fundamentals of thermodynamics, conservation
of mass and energy, and by statistical analysis of existing process data. The process models
for the most common equipment in the energy systems are given in Chapter 3. The second
step is the development of a multi-period, mixed-integer linear programming model for each
process system that is a collection of process equipment. The optimization model integrates

the production systems in the industrial zone that involves systems of disjunctions. The last
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step is the analysis of the solution to identify financial and environmental improvements if
the production systems are integrated through exchange of material and energy. The
mathematical models and the formulation used to solve the integration problem are given in
Chapter 3. In this chapter, all the components of the energy generation systems are modeled
one by one and the formulations are presented explicitly. The application of this approach is
illustrated through an example that is a simplified version of a real problem in Chapter 4. It is
shown that important improvements in the cost and release of environmentally harmful
substances can be accomplished by integration of different process systems at an industrial
zone. In addition, application to an industrial problem is presented at the end of Chapter 4.

Main conclusions and recommendations for future work are summarized in Chapter 5.
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Chapter 2

LITERATURE REVIEW

Supply chain management has attracted a lot of attention recently due to its role involving
all of the activities in industrial organizations ranging from raw material procurement to final
product delivery to customers. Conceptual studies on supply chain management emphasized
the importance of the strategic relationships between organizations in order to improve
financial and operational performance of these organizations by reducing the total cost and
inventories throughout the supply chain, and increased levels of shared information. The
essence of this relationship is concerned with coordination between the participants:
Reyniers[2], Whang[3], Sox et al.[4]. Partnering between industrial organizations is an
increasingly common avenue for these organizations to find and maintain competitive
advantage as mentioned by Mentzer[5] and Mohr and Spekman[6]. The nature of inter-firm
partnering in supply chain management has been studied by Mentzer et al.[7]. These authors
suggest a continuum of strategic and operational partnering based upon the orientation of the
partners and the degree of implementation of partnering between two independent industrial
organizations. This work also argued that implementation of strategic partnering leads to
sustainable competitive advantage. Maloni and Benton[8] mentioned that extensive literature
exists about concepts of supply chain management, but there are very few reports describing
more rigorous quantitative approaches to address issues related to supply chain management.
Lee and Kim[9] proposed a hybrid approach combining analytical and simulation models for-
planning production and distribution operations of supply chain systems considering capacity

constraints and operation times.
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A growing number of industrial organizations started to realize the strategic importance
of planning, controlling, and designing supply chain networks as a whole rather than a
collection of disconnected subsystems. Min and Zhou[10] reviewed the efforts in modeling
supply chain operations, and identified key challenges and opportunities in modeling the
operations in supply chain systems. They mentioned that synergy among industrial
organizations is needed to overcome challenging issues about supply chain systems and this
synergy is created by inter-functional and inter-organizational integration. Integrated process
management was discussed by Scheifer[11] to deal with economic, quality and
environmental aspects of supply chain systems and link its subsystems to make better
decisions in the organization and control of the processes.

Energy systems have also attracted a lot of attention due to its role and importance in the
performance of all industrial systems. Marechal and Kalitventzeff{12] mentioned the
importance of the integration of multi-period utility systems for site scale process integration.
In one of their previous studies in 1998 they determined the optimal configuration of utility
systems for minimization of energy requirements. Rogers and Rowse[13] analyzed the gains
from system integration using a multi-period multi-regional linear programming model of
Canadian electric power supply. Tari and Soderstrom[14] developed a method for creating
optimization models for industrial energy systems including material stores. The authors also
determined the influence of the existence of material stores in an industrial energy system on
the total system cost. Saeed et al.[15] addressed fuel consumption reduction by applying a
pinch-point implementation. These approaches targeted minimization of the total cost of
supplying energy to process systems.

Gonzales-Monroy and Cordoba[l] mentioned the importance of financial costs and
environmental impact of energy generation. They considered a single energy production
system that satisfies electricity demand in a city and recommended a solution to this problem

using simulated annealing. Zhou et al.[16] integrated two multi-objective decision making
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methods, goal programming and analytic hierarchy process, to address sustainable supply
chain optimization of continuous process industries.

Environmental impact is another important issue for energy production systems. An
important issue in the industrial supply chain management is the satisfaction of all production
requirements to achieve high profits while observing environmental regulations.
Performance improvement, both financially and environmentally, is a must for survival and
growth of industrial organizations. There is a high level of competition in all industrial
sectors that are composed of several companies competing to produce the same or similar
products at lower costs while trying to achieve higher levels of quality. There are also some
environmental protection laws and protocols, like Kyoto Protocol that organizations have to
follow that could impose significant restrictions on individual organizations’ ability to sustain
production levels. Bullinger, Steinaecker and Weller[17] mentioned that environmentally
clean products and processes will represent a competitive factor of strategic impact to
producing companies. They worked on modeling environmental aspects of products and
processes. Liu and Sahinidis[18] modeled the problem of selecting processes and capacity
expansion policies for a chemical complex as a multi-period, mixed integer linear
programming problem. They developed a polyhedral approach to avoid addition of
unnecessary variables and constraints.

Generalized disjunctive programming has been used as the modeling framework by
Turkay and Grossmann{19] in the optimization of discrete continuous systems. Generalized
disjunctive programming (GDP) is a natural modeling framework in which discrete decisions
and discrete behaviors of units in a process network are represented. Another important
characteristic of GDP is the ability to represent units as separate modules that allows
flexibility in model generation, model analysis and custom solution algorithm development.

The mathematical model in this study includes a set of conditional constraints that are
expressed as disjunctions. These disjunctions are given by equations and inequalities where

the inequalities define the domain of validity for the constraints. The solution of such a
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system is defined by variable values satisfying the constraints, and exactly one set of
constraints for each of the disjunctions. Using a convex hull representation of each of the
disjunctions these constraints are converted into an MILP problem. Using the convex hull
formulation for the systems of linear disjunctive constraints gives rise to a tight MILP model
which has the important feature that it does not involve big-M constraints.

Several engineering design, synthesis and operation problems involving discrete choices
and continuous variables can be modeled with the following generalized disjunctive

programming model.
minZ = Y ¥ ¢, + f(x)
jeD keX
s.t.
g(x) <0, 2.1)
Y,
By (x)=0
Dy Py (x) <0
Cia =7
xe X,c, 20,Y=0,1

ke K,

The above problem involves both continuous variables X, ci and boolean variables Y;,
that are to be selected so as to optimize an objective function Z that satisfies global
constraints, g(x)<0, and a set of disjunctions k€ K. The global constraints are independent

of the discrete choices. Each disjunction involves several terms ie D, and the OR

operator, v, requires that at least one of these terms to be true. This means that the
corresponding equations and inequalities must be satisfied for that term. For the terms that
are false, neither the equations nor the inequalities need to hold.

The mathematical model is handled with a similar approach as explained above, and the

problem is converted into an MILP problem, which is explained in detail in Appendix A.
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Chapter 3

ENERGY GENERATION SYSTEMS

3.1 Introduction

Energy generation systems utilize fuel, air and some other materials to produce steam and
electricity demanded by other process equipments in industrial systems. An example of an
energy generation system is given in Figure 4.1. In such a system there are some common
units such as fuel tanks, boilers, turbines, and mixers. Materials such as fuel, steam, and
electricity are transferred between these processing units. The flow of materials in the system
is modeled with variables x;;, representing the amount of material & in unit j of company i in
state / at period ¢. The index /, which represents the state of the material £ is included to
model the mass and energy conservation equations effectively and takes one of the values IN,
OUT, CON, or GEN according to the state of the material which can be an input to a process
or output from a process, or consumed, or generated in a process equipment. Specific
materials and states of a material are indicated with subscripts in constraints for easy
understanding.

As a whole, the energy generation systems are constrained to verify a number of
conditions associated with technical characteristics of the devices or to the way chosen to
supply the energy. Therefore, a set of constraints must be taken into account in the
optimization problem. Some of the common conditions are as follows:

¢ Demand must be fulfilled.
o Units have limited capacities. Thus, for a given unit, the capacity must range from
a maximum to a minimum.

e The amount of material transfers should be greater than or equal to zero.
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e Material balances around the units should be satisfied.

¢ Environmental regulations should be obeyed.

e Inventory levels should be monitored at each period.

There are also some other conditions and constraints that are specific to the process

equipments in the systems.

As previously mentioned, there exist some common units in an energy generation system,
some of which will be explained in the following subsections. These models use the
templates that are developed for common processing equipment in production planning and
scheduling[20]. In this thesis, these models are modified for multi-period operation and also
on/off decisions for the energy system equipment are introduced. The multi-period MILP

models are presented and explained in these subsections.

3.2 Boiler Models

A steam generating unit is one of the most important components of a fossil-fuel power
plant, in which chemical energy of fossil fuels are utilized to obtain electrical work.
Components in a steam generating unit are so arranged that they absorb heat efficiently from
the products of combustion, i.e. hot gases that comes out of burning of coal or fuel oil. One
of the important components in a steam generating unit is the burner which provides
complete burning of coal or fuel oil with sufficient amount of pre-heated air. The purpose of
pre-heating the input air is to increase the overall efficiency of the unit. The hot gases of
combustion first meet the water tubes in the furnace where water undergoes the boiling
phenomena. What leaves the furnace wall and screen tubes is usually a water-steam mixture
and they lead to the main section of the boiler. The term “boiler” may sometimes refer to the
whole steam generating unit. It is actually the part of the unit where water is boiled and steam

is separated. Steam leaving the unit should have as high a thermal energy as possible so that
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it can be transferred to mechanical work in the turbines. Also the steam in turbines should be
free from water droplets since they may cause corrosion. Hence a superheater is a necessary
integral part of a steam generating unit. From heat transfer point of view, they should be in
such a location where the combustion gases are quite hot. So they are placed right after the
boiler screen tubes. Reheaters are essentially the same as superheaters in that they both heat
up steam to economize and provide better turbine performance. Only the steam flow is from
the high pressure turbine to the low pressure turbine. They are usually placed right after the
superheater in the flow passage of hot gases. The hot gases of combustion after passing
through the superheater, reheater, and boiler, still contain high thermal energy; so, if they are
thrown out of the stack it would be a waste of energy. There are two ways employed to use
the excess thermal energy: one is to heat up the feed water close to the saturation temperature
in the so called economizer and the second one is to heat up the air in an air heater for
combustion which also helps efficient burning of the fossil fuel. Although a steam generating
unit can be considered to have a complex structure, in this study it is handled as a simplified
unit because the details of what goes on in the steam generating unit is not the principal
concern of this study.

In brief, boilers generate high pressure steam by burning fuel. As a consequence of
burning fossil fuels, boilers generate environmentally harmful substances such as SOx, NOx,
and COyx. Boilers require electricity for operating the mechanical equipment and lower
pressure steam for heating the boiler feed water. In general, two types of lower pressure
steam are considered. These are LP (low pressure) and MP (medium pressure) steam. In the
equations lower pressure steam will be represented by MP. Material flow around a typical

boiler is illustrated in Figure 3.1.
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Water IS Ox

Fuel '
2 5 Boiler

Electricity I 4

MP Steam

HP Steam
bor————>

Figure 3.1 Schematic diagram of a boiler.

Boiler models include the following equations:

Litsplgont = ‘_I‘—CCkm.m Kk et lent Vi G.1)
K fuetm

Xitgetont = ik Fitpl gt T BCiiy Vi (3.2)
ittt = iy Fitpl gt T BCicgy Vi (3.3)
Xiikso Lgent — Sfraa VK pgtloont Vijt (3.4)
Xt T Xt ot = Xttt T Xight 0 Vi (3.5)
X =0 Vijld't 3.6)
Cijkﬁm‘ = cffua Xijk Suetbeont Vijt (37)
Xikmlgm S Xt S x};mlw Vi (3.8)

The amount of HP steam generation as a function of the fuel consumption is modeled in
equation (3.1) which shows that the amount of steam generation is proportional to the

consumption of the particular fuel used in the boiler. In addition, boiler efficiency, 1, is a
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function of the fuel type. The parameter cc, represents the calory content of fuel m.

Equations (3.2) and (3.3) model the electricity and MP steam consumption in the boiler as a

function of the amount of HP steam generated. In these equations, a; is the coefficient of
produced and consumed entities depending on the particular boiler and BCy, is a constant

representing the amount of material consumed regardless of the production quantity. These
~ constants and coefficients are obtained by statistical analysis of the existing process data. The
generation of SOx as function of sulfur content of the particular fuel and the amount of fuel
consumption in the boilers is given in equation (3.4). Equation (3.5) relates the states of
materials in the boiler considering conservation of mass. In order to maintain consistency in
the material balances, equation (3.6) fixes some of the states of materials to zero (e.g., since
there is no HP steam consumption and HP steam input to the boilers, corresponding states of
HP, CON and IN, are fixed to 0 in the boilers). Equation (3.7) models the total cost of fuel as
function of the unit cost of fuel and fuel consumption in the boilers. Finally equation (3.8)

enforces the upper and lower bounds for HP steam generation.
3.3 Turbine Models

The function of a steam turbine is to convert heat energy contained in high pressure
steam into mechanical energy. The source of the high pressure steam is a boiler, in an energy
production system. Fossil fuel (i.e. coal), or nuclear energy is consumed to provide the
thermal energy in the boiler.

In a typical turbine, steam at higher pressures is expanded to steam at lower pressure and
electricity is generated by the conversion of the mechanical energy, released during
expansion, into electricity. A typical multi-stage turbine receives HP steam and produces

electricity. The expanded steam which loses its energy leaves the turbine as lower pressure
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steam at different levels such as MP and LP steams. A typical turbine, and its inputs and

outputs are illustrated in Figure 3.2.

Electricity
MP Steam

LP Steam Condensate

Figure 3.2 Schematic diagram for a turbine.

The operation of a turbine can be modeled using the following constraints.

Xttt Xttt = Xttt Kottt V ke (3.9)
Xods = 0 Vo  (3.10)
Xkl gent = bijkm, Kttt Bikygp Xiploent ~ Sk Xihyplopnt TC, Vijt (3.11)
Xkt = Xibplgot T Fihyplyt Ve o (G12)
X! <x° v,  (3.13)

<x. X
ikELlgen kgrdgent et lgen

Equation (3.9) relates the states of materials in the turbines considering conservation of
mass. In order to maintain consistency in the material balances, equation (3.10) fixes some of
the states of materials to zero (e.g., since there is no electricity consumption and electricity

input to the turbines, corresponding states of electricity, CON and IN, are fixed to 0 in
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turbines). Electricity generation in a turbine is a function of the amount of HP steam feed and
the amounts of MP and LP steam generation as shown in equation (3.11). The coefficients

b and gji, and the constant TC, in equation (3.11) are obtained by statistical analysis of the

existing process data. The material balance around turbines is expressed in equation (3.12).
The upper and lower bounds on the amount of electricity generated in turbines are given in

——equation (3.13).

3.4 Fuel Tank Models

Boilers receive fuel from fuel tanks which contain different kinds of fuel for generation
of steam. The fuel tanks have finite capacity and contain an initial inventory, Nj. The
amount of fuel in tank j of company i at period t is represented by variable /;;. Tank models

include the following equations:

Xioiot = DXkt v, (3.14)
JjeBoilers

Xt it S P * Y Y (3.15)

Tttt 2 P * U Y, (3.16)

Cpy,. =CPOy, *Tfy, Y (3.17)

Ly + Xyt =Ty = D Xy =0 v, (3.18)

jeBoilers
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1, 2 CPT,, *SSF \ (3.19)
I, <CPT,, > (3.20)

I, =N, v, (3.21)
Hey , =Hy*1, v, (3.22)

The total amount of fuel that leaves a fuel tank must be equal to the total amount of fuel
that is received by the boilers that are connected to that particular fuel tank. Equation (3.14)
models the material balance between a fuel tank and the boilers that use the particular fuel in
the fuel tank. The amount of a particular fuel used at every period may vary from period to
period due to multi-period nature of the problem. For this reason the amount of fuel that
remains in the tank must be updated at every period. Material balance around a fuel tank is
modeled by equation (3.18), which updates the amount of inventory in a fuel tank. There is a
safety stock that is the minimum level of fuel that must be available in a fuel tank. Equation
(3.19) enforces the inventory at any period to be less than or equal to the total storage
capacity of the fuel tank multiplied by the safety stock level as a fraction of the total storage
capacity. The safety stock parameter, SSF, defines the fraction of the storage capacity. The
amount of fuel in a fuel tank can not exceed the capacity of the tank, as illustrated in equation
(3.20). The amount of fuel inventory in a tank at the beginning of the first period is equal to
the initial inventory of that fuel given by N; as shown in equation (3.21). It is also possible

to purchase fuel from other sources when there is insufficient inventory in the fuel tanks.

Binary variable Y, is 1 if fuel k is purchased for tank j of company i in period ¢. There is an

upper and a lower limit for the fuel purchase amount as shown in equations (3.15) and (3.16)

respectively. The parameter CPO,, is fixed cost of purchase order that incurs whenever a
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purchase order is given. The variable prkﬁd; represents the fixed cost for purchasing fuel £

that is purchased for the tank j of company i in period ¢. Equation (3.17) models the fixed
cost of purchase in terms of the fixed cost of purchase and the binary variable Yf;,, . Finally,

equation (3.22) models the holding cost of fuel inventory in terms of Hy, , which is the cost
of holding one unit of fuel & for one period in tank j of company i and [, which is the

amount of fuel inventory in tank j of company i at the end of period ¢

3.5 Mixer/Splitter Models

Mixers/splitters are the units that receive and send the same type of material from and to
different units. There is a mixer/splitter for each material in the system (e.g., HP steam
mixer, LP steam mixer, MP steam mixer, electricity mixer). Material flow around a typical

steam mixer is shown in Figure 3.3.

boilers  turbines other mixers

Vb

other - . other
W Mixer/Splitter (—cgm

v

boilers  turbines other mixers

Figure 3.3 Schematic diagram for a mixer.
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A mixer/splitter receiving material from the units that produces this particular material, from
other mixers and from other companies, sends it to certain units that use this material to other
mixers and to other companies. The flow of materials around a mixer/splitter is modeled by

equation (3.23).

PRI DY MDY (3.23)
J J 1 ]

The variable xe;;;, represents the amount of material exchanged from unit j of company i
to unit j* of company i’ at time . The amount of particular material demanded by unit j of
company i at time ¢ is represented by parameter di. The demand for any material is satisfied

from mixers.

3.6 Fuel Selection

There are different types of fuels used in energy production systems. These fuels differ in
price, availability or their content of environmentally harmful substances. Boilers can utilize
different fuels with minimal adjustments in the settings of boiler equipment. There are many
reasons for considering alternative fuels; one of the most important reasons is the insufficient
amounts of fuel available in the inventory forcing the system to use an alternative fuel. Other
reasons include the selection of economically and/or environmentélly attractive fuel among
the available alternatives. The use of alternative fuels in boilers is modeled using disjunctions

as shown by Turkay and Grossmann[19].
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iikﬁ‘elm !

xiiknplgent = cC Keuely, Xk ety boont
T

xijkﬂrﬂ’lwnt = aljkMP xkaPlgent

v X sploont — ik Xihplgent (3.24)

meDy
xijksoxlgent - Skﬁmlm xijkﬁ;elmlcont
Cifk ikt ckﬁwlm x"fkﬁelmlmf
L U

<x

<x.
I

The above disjunction is included in the optimization model after the convex hull
formulation as shown by Turkay and Grossmann[19]. The derivation of the convex hull
formulation for equation (3.24) is given in Appendix A. The boilers can use only one type of
fuel at a time for generating HP steam as indicated by equation (A.28). In addition, the HP
steam generation (and fuel consumption as consequence of equation (A.20)) in the boilers is
restricted to between an upper bound and lower bound with equations (A.25) and (A.26).

As a result of some environmental protection laws, there are some restrictions on the total
emission of harmful chemicals for industrial organizations. At each period of time, there is an

upper limit for the emission of SOx, which is expressed in equation (3.25).

U
Z Z xliksoxlgent S § kso, (3 ‘25)
i
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3.7 Objective Function

The objective function of the problem is the minimization of the total cost, which is
composed of operating cost and investment costs. The following subsections give detailed

information about the formulation of the operating costs and the investment costs.

3.7.1 Operating Costs

Operating costs consist of the cost of fuel that is used in the boilers, fixed cost of
purchasing fuel, holding cost of fuel inventory, cost of purchasing electricity from the utility
company and penalty cost of harmful gas release. The first term in the objective function is
the cost of fuel used in the boilers which is represented by the variable C, . The second and

the third terms of the objective function which is the total fuel purchase cost and the fuel
inventory holding costs were mentioned in equations (3.17) and (3.22) respectively. The
fourth term is the cost of electricity purchase from the utility company which is a function of
the amount of electricity purchased and the price of the electricity. Finally, the fifth term is
the penalty cost of SOy release.

3.7.2 Investment Costs

Investment has to be made for inter-company material exchanges, in order to integrate
the system. For example, pipelines with certain capacities must be constructed to transfer
material (e.g., steam) from one company to another. Similarly, investment has to be made to
exchange electricity between companies. The capacity of the investment is determined by the
following inequality.
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XEC,..2 XE

iji'y gi'j't (3 26)

The variable XEC,;., represents the maximum amount of material that will be exchanged

between unit j of company i and unit j’ of company i’ over the total time horizon. Therefore,

the investment cost should be proportional to the variable XEC,,, .. Equation (3.27) gives the

total cost of investment which is the second term in the objective function.
C oy ,B ta; 3.27)

In equation (3.27), the first term is the variable cost of investment where B, is the cost
coefficient, and the second term is the fixed cost of investment where o 18 a constant.

Therefore, the objective function is defined as the minimization of the summation of all

cost terms explained above, and is defined as follows:
-3 336w
3538
D308
+ 22222()(’-%": *CEyy)
+ 222 Hhoglaot ~ Cltay
+ iz;;;()azqﬂ o * By +ay)

(3.28)

The optimization model and the analysis of the results are illustrated in the following chapter

with an example that is derived from an industrial system.
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Chapter 4

EXAMPLES AND RESULTS

4.1 Ilustrative Example

The illustrative example considers two energy systems with each system having two fuel
tanks with different fuels, two boilers, two turbines, and one mixer for each type of material
as shown in Figure 4.1.

e T o | T g, o

I Boiler 1 | BoilerZJ Boiler 1J Boiler 2 I

v v eman
mmem Y — e Do |

o tefg o Glo,

MP Demand

«— MP > MP '
LP Demand A4 A 4 v Y __ LP Demand

<€ —_——I LH ]6 = 9' LH I—-—— -~
Electricity Demand YV h A 4  Electricity Demand

| sy | [ moctriciy |
H
L—| Cogeneration Facility I——I

Figure 4.1 Flow sheet of the illustrative example.

The energy systems must fulfill the electricity and steam requirement of production systems
they serve. The demand for steam (HP, MP, and LP) and electricity is a function of

production rate and energy requirement characteristics of the processes that the energy
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systems are serving. The parameters about the operating characteristics of the utility system
and the investment costs to integrate the system are given in Table 4.1 and 4.2 respectively.

Energy requirements for the processes at each period in the example are given in Table 4.3.

Table 4.1 Operating characteristics for the utility system in the illustrative example.

Company 1 Company 2

Fuel 1 Fuel 2 Fuel 1 Fuel 2

Ex 10.5 9.65 6.65 10.2
Nijx 100 40 120 100
Sk 7.8 1.42 1.2 5.13
Ck 200 135 83 95
Pij‘:( 25 40 40 30
Piij 0 0 0 0
CPQ, 100 100 100 100
CPT, 120 50 130 110
Hy, 10 15 10 15

Boiler 1  Boiler 2  Boiler 1  Boiler 2
Mijkguen 0.6 0.58 0.58 0.57
Nifkgep 0.6 0.58 0.58 0.57
iy 0.11 0.12 0.11 0.12
ik 0.002 0.003 0.0025 0.0028
x?ﬂmlm 550 550 600 600
Turb. 1 Turb. 2 Turb. 1 Turb. 2

b, 0.150 0.175 0.160 0.170
ks 0.070 0.080 0.070 0.075
ik 0.009 0.010 0.012 0.010
X 70 60 70 65
xgkmlm 300 300 400 400
300 300 300 300

u
Xk, roleen
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Table 4.2 Fixed and variable cost of investment.

Source Destination Fixed Variable

Mixer Mixer Cost Cost
HP1 HP2 0 0.4

HP2 HP1 0 0.4
LP1 LP2 0 0.2
LP2 LP1 0 0.2
MP1 MP2 0 0.3
MP2 MP1 0 0.3
LP1 LPU 0 0.4
LP2 LPU 0 0.4
LPU LP1 0 0.4
LPU LP2 0 04

Table 4.3 Energy demand in the example problem.

Demand Period Companv1l Companv

. 1 150 140
Electricity 9 200 180
3 180 160

1 10 10

HP Steam 2 13 15
3 8 12

1 620 300

MP Steam 5 423 345
3 510 385

1 300 680

LP Steam 5 260 500
3 350 570
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The problem is modeled in OPL Studio and solved using ILOG CPLEX][21]. The number
of constraints and variables included in the problem are given in Table 4.4. The multi-period
mixed integer linear programming problem is solved in 421 nodes with 2007 iterations in 5.1
CPU seconds on a computer with Pentium 4 processor at 1.4 GHz speed and 512 MB of
RAM memory.

Table 4.4 Statistics of problem size and solution for illustrative example.

Number of constraints 912
Number of variables 16,919

Number of nodes 421
Number of iterations 2,007
CPU time (sec) 5.1

The same problem is also solved after eliminating the exchange of materials between
companies. In the non-integrated problem, the amounts of materials exchanged between
companies are set to zero. The comparison of the results of the integrated problem and the
non-integrated problem clearly shows the synergy generated by integration of the companies
through exchange of materials. It is observed that steam expansion that means lost energy
decreased and exchange of steam and electricity exists as shown in Tables 4.5 and 4.6. For
example, in the optimal solution for non-integrated system there is a large quantity of steam
flow from the higher pressure steam mixers to the lower pressure steam mixers of the same
company. The flow of steam between two steam mixers is called steam expansion, when
steam that is at a higher energy level loses its energy and becomes steam at a lower energy
level without its energy being extracted in the steam turbines. The expansion of steam from a
higher pressure mixer to a lower pressure mixer means that the energy is lost between two

mixers. Since exchange of materials is not allowed in the non-integrated problem, it is
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observed that boilers produce more HP steam than the required amount for fulfilling the MP
and LP steam requirement through expansion. On the other hand, since there is material
exchange between the equivalent mixers of different companies, the energy integrated
solution fulfills the energy requirement of both of the companies at a lower cost. In other
words, as a result of the integration, the amount of lost energy decreases and the system

meets the demand more efficiently.

Table 4.5 Material exchange in the nonintegrated solution

Companyi Unitj Companyi’ Unitj’ Period Amount

Companyl HP1 Companyl MPI1 1 141
Companyl HP1 Companyl MP1 3 23.5
Company2 HP2 Company2 MP2 1 73
Company2 MP2 Company2 LP2 1 80
CompanyU ElecU Companyl Elecl 1 55.5
CompanyU ElecU Companyl Elecl 2 117.4
CompanyU ElecU Companyl Elecl 3 78
CompanyU ElecU Company2 Elec2 1 7.9
CompanyU ElecU Company2 Elec2 2 66
CompanyU ElecU Company2 Elec2 3 31
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Table 4.6 Material exchange in the integrated solution.

Companyi Unitj Companyi’ Unitj’> Period Amount

Companyl LP1 Company2 LP2 1 98.9
Companyl LP1 Company2 LP2 3 62.67
Company2 HP2  Companyl HPI1 1 38.7
Company2 HP2  Companyl HPI1 2 38.7
Company2 HP2  Companyl HPI1 3 254
Company2 HP2  Company2 MP2 1 13.3
Company2 LP2  Companyl LP1 2 31

Company2 MP2  Companyl MPI1 1 132.2
Company2 MP2  Companyl MP1 2 1322
Company2 MP2  Companyl MPI1 3 132.2
Company2 MP2  Company2 LP2 1 37.8
CompanyU ElecU Companyl Elecl 1 414
CompanyU ElecU Companyl Elecl 2 135
CompanyU ElecU Companyl Elecl 3 78

CompanyU ElecU Company2 Elec2 1 8.1

CompanyU ElecU Company2 Elec2 2 48

CompanyU ElecU Company2 Elec2 3 28

Financial and environmental improvements as a result of the integration are illustrated in
Table 4.7. The integration of the system leads to 2.42% reduction in the total cost at the
optimal solution. It is also important to notice that 7.23% reduction in the SOx emission is
obtained through supply chain integration.
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Table 4.7 Comparison of the results.

Nonintegrated Integrated Change (%)

Total Cost 57,438.54 56,047.89 242
SOy Release 1,146.65 1,063.72 7.23
4.2 Industrial Example

The approach proposed in the paper is applied to an industrial problem which is a
significantly larger problem compared to the illustrative example. There are three companies
and a cogeneration facility in the system which can be described as the energy production
systems in an industrial zone. There are different tanks, boilers, turbines, mixers, and splitters
in the energy systems of each of these companies: 3 boilers, 6 turbines, 5 types of steam in
Company 1; 7 boilers, 6 turbines, 6 types of steam in Company 2; 6 boilers, 5 turbines, 3
types of steam in Company 3; 6 types of steam in the Cogeneration facility. There are 11
types of steam that have different pressures generated and used in the overall system. The
boilers are fed with different types of fuels with different characteristics such as calorific
value, cost, and SOx emission. There are 10 different types of fuel feeding the boilers which
has different characteristics such as cost, calorific value, and SO emission. Each company
has 5 different fuel tanks which contain the alternative fuels for the boilers in that company.
The details of operating and design data for the industrial problem cannot be disclosed due to
confidentiality. The statistics about the model size and the two-period solution are given in
Table 4.8.
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Table 4.8 Statistics about the problem size and the solution for the example.

Number of constraints 3,198
Number of variables 309,464
Number of nodes 0
Number of iterations 274
CPU time (sec) 143

As for the illustrative example, the industrial problem is solved to optimality for both the
integrated and the non-integrated system, and the solutions are compared in order to
emphasize the synergy by the systems integration. When the optimal solutions for the
integrated and nonintegrated systems are compared, it is observed that the nonintegrated
solution fulfills the energy requirement of the companies at a higher cost than the integrated
solution. The difference in the cost between the optimal solutions for the integrated and
nonintegrated cases is very large. In addition it is also observed that there is a substantial
reduction in the SOx emission levels. Therefore, energy-integrated solution fulfills the energy
requirement of the companies at a lower cost while reducing SOx emission to satisfactory
levels.

The amounts of reductions in the total cost and the total SOx emission are shown in Table
4.9.

Table 4.9 Comparison of the results of the industrial problem.

Nonintegrated | Integrated | Change (%)
Total Cost 39,272,673 | 26,381,600 32.8

SOx Release 11,457 7,909 30.9
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Chapter 5

DATABASE INTEGRATION & GRAPHICAL USER INTERFACE

The decision makers may have major difficulties in modeling their problems and
analyzing the solution effectively. Therefore, the model and the solutions derived from the
model described in this thesis are communicated to decision makers through self sufficient
software. The developed software has modules for entering data, creating a topology of the
supply chain systems, interface to database and CPLEX solver, and display and reporting of
the results.

5.1 Main Features of the Graphical User Interface

The software integrates a graphical user interface developed using Visual Basic, a
relational database developed using ACCESS, and a mathematical programming solver
(ILOG CPLEX) providing a flexible and user friendly environment for solving large-scale
problems. The GUI employs a structure that allows users to define their model in different
levels of detail. The problem is structured using the graphical user interface which is user
friendly and the data is stored in tables in Visual Basic environment. These data tables are
then linked from the GUI to a relational database (ACCESS). The data handling ability of the
database is efficiently used by the model environment users. By this environment, the users
don’t have to deal with difficult database structures. Special constraints and the objective
function are input in a standard optimization model (ILOG OPLStudio) file. The standard
model can be modified according to requirements of different problems. After the data is
completely entered into the data tables, GUI executes the solver to optimize the problem and
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capture the optimized results. A summary of the modeling environment is shown in Figure
5.1.

Model Input: Material iModel Output:
flow information, : Dperating and
aquations, bounds, ceost investment cost,
and deran data, ale. material flows, eto.
ldvdel
Graphical

Userintertface

Madel objedts in-
Visual Basic

Database (MS Access)
Store allthe data about the problem.

7S
Optimization Model(ILOG CPLEX)
Model data fram database, model constraints and objactive function (minimize total cost)

Figure 5.1 Modeling environment data flow diagram.
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5.2 Main Menu and Topology Builder

o
L
.

e

e
. G
-
.

.
o

G 2 : nita
i e X : : _ ! 2 o o
G

i

Figure 5.2 Main menu and the material flow diagram
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The topology builder form appears when the software as shown in Figure 5.2. The toolbar
at the top of the form contains some commands which are used for storing the system
information in the database. These commands are “Company”, “Material”, “Other
Parameters”, “Investment”, “Other Units”, “Trade”. The forms behind these command
buttons are given below. Below this toolbar there are 4 groups of buttons which represent
boilers, turbines, mixers and tanks respectively. The user drags and drops these buttons
wherever he wants on the form and designs the energy system by creating the units and the
material flows between these units as shown on the figure above. When the user clicks on
any of the buttons representing a different unit on the form, the respective form about the unit
opens and the data about the unit is entered and stored in the database via this form. After
designing the system, the user clicks the “Solve” button which triggers the solver engine.
ILOG CPLEX solves the model and gives the results. The objective value appears in the
textbox at the bottom of the form. The resulting values of the variables are stored in tables in
the database which can be viewed by clicking on the results button on the form.

5.3 Data Entry Forms

M HURBLA
. YluseXDERETIN i
! POKUMANTASYON B
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Figure 5.3 Company Form

The data entry form given in Figure 5.3 is used to store the company information. New
companies can be added or existing companies can be deleted via “Add Company” and

“Delete Company” buttons.

Figure 5.4 Material Form

By the above form in Figure 5.4, the specifications of the materials such as cost, calory
content and sulfur content can be stored in the database.
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Figure 5.5 Constants form

The form given in Figure 5.4 is used for entering values of some constants such as the
upper limit for harmful gas emission and the safety stock fraction for the fuel storage tanks.
Also, by using the calendar at the right hand side of the form, the user can determine the
number of periods (days) that the problem is solved for.
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Figure 5.6 Investment form

The form in Figure 5.6 is used for entering the investment information, specifically fixed

cost and variable cost of investment between the units in the system.
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Figure 5.7 Other units form

“Other Units” form which is shown in Figure 5.7 is used for storing the material

requirements of the other plants in the system.
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i

Figure 5.8 Trade form

By the “Trade” form, shown in Figure 5.8, the electricity selling and buying prices
between the utility company and the other companies are stored in the database.
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S

Figure 5.9 Tank form

In the “Tank’®
and lower limits, the initial inventory, the cost of giving a purchase order, the capacity and
the cost of holding a unit of fuel for a period of time are stored in the database as shown in
Figure 5.9. In the lower sub-table, the material flow data between the fuel tanks and the
boilers are stored in the database.

form, some specifications of the fuel storage tanks such as purchase upper
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Figure 5.10 Boiler form

By the above “Boiler” form, the specifications such as maximum steam generation bound
and the steam generation efficiency of the boilers are stored in the database, as shown in
Figure 5.10. In the sub-table on the upper right of the form, some predetermined constants
about the boilers that are specific to the materials are stored. In the lower sub-table, material
flow data between the boilers and the other units in the system are stored.
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Figure 5.11 Mixer form

The “Mixer” form stored the demand data of the mixers at each period and the material

flow data of these mixers as shown in Figure 5.11.
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Figure 5.12 Turbine form

Data about the turbines are stored via the “Turbine” form as given in Figure 5.12. In the
upper sub-table, material related constants about turbines are stored. In the lower table,
material flows around the turbines and upper bounds for material generation of turbines are
stored.
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5.4 Database Structure

o
oy
N
SRR

Figure 5.13 Relational database management system design

Figure 5.13 illustrates the structure of the relational database management system
developed for handling the problem data. The data of the problem are stored in the tables
shown in Figure 5.13, which are linked together through relationships. The database system
design is so robust and so effective that it doesn’t let any inconsistency or replication of data,

and lets the queries run efficiently on the problem data.
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5.5 Reporting Results
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Figure 5.14 Results table showing the flow of material

The table in Figure 5.14 gives information about the material flow within a company. For

example the first row of data indicates that boiler Bl that belongs to Companyl consumes

0.84 units of electricity in the first period. Similarly, other rows show the flow of material

around the units of the production systems.
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Figure 5.15 Results table for displaying exchange of material

The table in Figure 5.15 gives information about the material flow between the
companies in the system. For example the first row of data indicates that about 98.9 units of
low pressure steam flows from LP1 of Companyl to LP2 of Company?2 in the first period.
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Figure 5.16 Results table showing the fuel cost

The table in Figure 5.16 gives information about the cost of fuel used in the boilers at
each period. For example the first row gives the cost of Fuell used in Bl of Company1 in the

second period.
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Figure 5.17 Results table showing the fixed cost of purchasing fuel

The table in Figure 5.17 gives information about the fuel purchase and the corresponding
cost. For example the first row says that Fuel2 is purchased for Tank2 of Company] in the
first period and a fixed cost incurred for this purchasing operation.

conrerit N,

B
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Figure 5.18 Results table for monitoring inventory levels in storage tanks

The table in Figure 5.18 gives information about the fuel inventory levels in the fuel
storage tanks. For example the third row says that about 93.7 units of fuel exist in Tank1 of
Company]1 at the end of the second period.
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Chapter 6

CONCLUSIONS & RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions

The multi-company collaborative supply chain management and a method for the optimal
integration of the energy production systems of an industrial zone for multi-period operation
have been addressed in this thesis. A systematic approach which helps to identify the synergy
among different companies at the strategic level has been developed and illustrated in the
energy integration of companies in the same industrial zone. The proposed approach consists
of modeling process units using fundamentals of thermodynamics, conservation of mass and
energy and process data; development of an MILP model for the supply chain integration of
different process systems; and comparative analysis of the results.

The proposed approach has been illustrated with an example that is a simplified version
of a real problem. First, the problem is solved for the integrated system and the results are
saved in a database. The same problem is also solved after eliminating the exchange of
materials between companies. In the non-integrated problem, the amounts of materials
exchanged between companies are set to zero. The comparison of the results of the integrated
problem and the non-integrated problem clearly shows the synergy generated by integration
of the companies through exchange of materials. It is observed that steam expansion that
means lost energy decreased and exchange of steam and electricity exists. In other words, as
a result of the integration, the amount of lost energy decreases and the system meets the
demand more efficiently. It is shown that important improvements in the financial and
environmental performance of the industrial organizations can be accomplished by

integration of different process systems at an industrial zone. The proposed approach
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includes MILP models for each company to realize collaboration in a multi-period horizon.
The same approach is applied to a complex real world problem. The results and the
improvements upon integration are also illustrated for this real problem. Significant
reductions in the amount of energy wasted due to strong constraints in the industrial systems
are eliminated.

A quantitative approach can be valuable in analyzing the synergy among multiple
organizations in improving their financial and environmental performance. The application
of the proposed approach that aims to asses the synergy among a number of companies in an
illustrative example and an industrial problem showed that significant improvements in the

financial and environmental performances of the organizations can be realized.
6.2 Contributions of the Thesis

The model is formulated as a multi-period and multi-scenario model, so that planning and
scenario analysis can be studied using the same model for energy production. The model
takes into account operation conditions, utility demands and material prices of all planning
periods in the optimization process simultaneously. The investment costs, operating costs and
the amount of environmentally harmful substance release are included in the objective
function and they are minimized simultaneously in the problem.

There are some discrete decisions such as turning on and off some equipment or
investment decisions for the production systems considered in this thesis. Linear
programming and non-linear programming methods cannot handle such discrete decision
problems. For these reasons integer variables are employed in the model for determining
equipment on/off, and investment decisions. The problem includes the solution of systems of
disjunctions. Generalized disjunctive programming has been used as the modeling framework
in the optimization of this system. Using a convex hull representation of each of the

disjunctions, the constrraints are converted into an MILP problem. Using the convex hull

. ML
. mﬁ{‘; T wenid



Chapter 6: Conclusions and Recommendations for Future Work 52

formulation for the systems of linear disjunctive constraints, gives rise to a tight MILP model
which has the important feature that it does not involve big-M constraints and therefore
enables the optimal solution to be found in a short time and efficiently even if the problem
size is very large.

The decision makers may have major difficulties in modeling their problems and
analyzing the solution effectively in general. Therefore, the model and the solutions derived
from the model described in this thesis are communicated to decision makers through a self-
sufficient software. The developed software has modules for entering data, creating a
topology of the supply chain systems, interface to database and CPLEX solver, and display
and reporting of the results. The module for creating the topology of the system helps the
model developer and the other people understand the interactions within the system in a
better an easier way. The module for entering the data helps the user to define or modify the
problem data easily without modifying the model code written in OPL Studio. By the
interface to the database and the CPLEX solver, the users don’t need to directly work on the
database system and the model itself. This feature is especially important for real life
problems which usually contain a large number of variables and constraints. After running
the model, CPLEX solves the problem and thousands of rows of data are generated. These
bulks of data are meaningless without converting them to meaningful information reports.
The reporting module of the software takes all the output data and converts them into
meaningful reports that are easy to understand by the users of the software.

6.3 Recommendations

The amount of SO; release only is considered as the environmental impact measure in
this study. But there may be other substances that must be controlled for the performance of
the system. As an extension of this study, other harmful substances can be considered as
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additional measures of environmental impact. Furthermore, transition from fossil fuels to
greener fuels is another important issue that may be handled as an extension of this study.

Another important issue is the scope of the problem considered so far. Instead of the
integration of only the energy systems, total material integration can be performed as an
extension of this study. This further study requires more effort to design the system and to
define the interactions between and within the systems in the modeling phase. Nevertheless,
the concept and the definitions remains the same, only some new unit types, new variables
and new structures must be involved for the extension of this thesis.

Although the software developed for this thesis meets the demands of a standard user and
performs most of the required functions, the graphical user interface may be improved by
information technology specialists. The aim in developing this software was to illustrate the
concept and initialize some efforts in this field.
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APPENDIX A:

Convex hull formulation of Equation (3.24)

A.l Disaggregating the continuous variables for each term of the disjunction and
expressing the original continuous variables as the sum of disaggregated variables.

Fikploant ~ Zxdi;'l'rmlw (A.1)
meDy
xijkﬁal,,,lconf = Zxdii"’“ﬁulmlconf (A'Z)
meDy
xijkurlcouf = zx ;;‘m”con’ (A°3)
meDy
Xiikerloont = Zx U”;‘ELICON‘ (A'4)
meDy
x"ﬂ‘lwxo,,’amr'r y zxdi;’;‘so,’cm' (A°5)
meDy
Cipps = 2,Cli s (A.6)
meDy
A.2  Replication of constraints with the disaggregated variables.
Replication of the constraint 3.1 with the disaggregated variables:
xd” =;cck xd™ Vme D, (A7)
HPlgen nijkwm finelm Y& ety leont
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Replication of the constraint 3.2 with the disaggregated variables:
X ptcont = By ¥yt 1.0 + BCiy Vme D; (A.8)
Replication of the constraint 3.3 with the disaggregated variables:
XAyttt = ukﬂxd,}',“ tput T BCiey, Vme D (A.9)
Replication of the constraint 3.4 with the disaggregated variables:
xa'i;',‘cmx It = St xd,j"},m Lot Vme Dy (A.10)
Replication of the constraint 3.7 with the disaggregated variables:
Cd;l,cfm,t =Cq,, xd,;';Mm 1t Vme Dy (A.11)
Replication of the constraint 3.8 with the disaggregated variables:
xijkm,m Yijkfwm, <x i}';ﬂ ot Vme Dy (A.12)
XA oot S Kiiknlcon Vit Vme D; (A.13)
Summation of all binary variables is equal to 1.
2 oarlgut = (A.14)
A3  Elimination of unnecessary variables and constraints:
Fitploavt = Z X it (A.15)

meDy
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x”kﬁwlm leont = 2 xdi]k  fuetmlCON?

— m
xykSO,IGENt - Zx bkso, Joant

meDy
m —
xdijkﬂplgw,t - ccfﬁm‘m xiikﬁwlmlmt Vme Dij
K a1
xijkuplconf = aijkmxﬂk yplgent + BCijkMP
Kok slcont = aijkmxiik ap lgent + Bcljkm_
m
xdykso Lpent = S, X ity eont Vme D;
Cgkﬁ“?’t —0me xykfuelm’cont
L m
J"’tykmlngtjka < xdyk L gent Vme Dij
m U,
xdijkm.lgmt S X ikplgn Y oy Vme D;
2 inPlﬁtel t
m
\)
A &
o wﬁﬁi‘“‘s\%\
< haa * A
L e

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A21)

(A.22)

(A23)

(A.24)

(A.25)



