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ABSTRACT

Recent technological advancements have increased the demand for electricity in
industries. Additionally, considering the depletion of fossil fuels and their negative
impacts on the environment, energy recovery and energy efficiency studies have been
gaining momentum. It is possible to obtain useful energy by recovering waste heat in
industries, and various methods are employed for waste heat recovery. One of these
methods is power cycles.

In this thesis study, the aim is to design an integrated heat exchanger network and
power cycle with the minimum total annual cost. Five different power cycles,
including the Organic Rankine Cycle, Rankine Cycle, Supercritical Carbon Dioxide
Cycle, Trilateral Flash Cycle, and Kalina Cycle, are compared. In the proposed
method, sequential optimization is performed: first, the heat exchanger network is
optimized and designed using the SYNHEAT model to achieve minimum total annual
cost and maximum energy recovery. Subsequently, the constraints from the optimized
heat exchanger network are used to model the power cycle in UNISIM DESIGN,
which is then optimized in Python. Based on the optimization performed in Python,
the total annual costs of the power cycles integrated into the heat exchanger network
are analyzed.

The proposed method offers an alternative perspective to the methods used in the
literature. Incorporating a program with a robust thermodynamic data set into the
optimization process strengthens the method. The proposed method has been
compared with an example studied in the literature, and its strengths and weaknesses
have been evaluated. Additionally, the findings obtained from the analyzed examples
indicate that, although more power is generated in Rankine Cycle among the compared
power cycles, Organic Rankine Cycle is a more economical option due to the
thermophysical properties of its working fluid.

Keywords: Optimization, Heat Exchanger Network, Power Cycles, Energy
Recovery
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OZET

Son yillarda teknolojideki yasanan gelismeler sanayinin elektri§e olan talebini
artirmaktadir. Ayrica fosil yakitlarin 6mriiniin sonuna gelmesi ve ¢evreye olan negatif
etkileri goz Oniine alindiginda enerji geri kazanimi ve enerji verimliligi calismalart hiz
kazanmaktadir. Endiistrilerdeki atik 1s1, geri kazanilarak faydali enerji elde edilmesi
miimkiindiir ve atik 1s1y1 geri kazanmak ig¢in bir¢ok yontem kullanilmaktadir.
Bunlardan biri de gii¢ ¢evrimleridir.

Bu tez ¢alismasinda, 1s1 degistirici ag1 ile gii¢ ¢evrimi entegre edilerek minimum
toplam yillik maliyetle tasarlanmasi amaglanmaktadir. Organik Rankine Cevrimi,
Rankine Cevrimi, Siiperkritik Karbon Dioksit Cevrimi, Uclii Flas Cevrimi ve Kalina
Cevrimi gibi bes farkli gii¢ ¢evrimi karsilastiriimaktadir. Onerilen yontemde sirali
optimizasyon yapilarak, 6nce 1s1 degistirici agt SYNHEAT model ile minimum toplam
yillik maliyet ve maksimum enerji geri kazanimi saglanarak optimize edilip
tasarlanmaktadir. Sonrasinda optimize edilen 1s1 degistirici agindan gelen kisitlar ile
giic cevrimi UNISIM DESIGN'da modellenip Python'da optimize edilmektedir.
Python'da yapilan optimizasyon sonucunda, 1s1 degistirici agina entegre edilen gii¢
cevrimlerinin toplam yillik maliyetleri analiz edilmektedir.

Onerilen yontem, literatiirde kullanilan yontemlere alternatif bir bakis agist
sunmaktadir. Termodinamik veri seti gii¢lii olan bir programin optimizasyona dahil
edilmesi, yontemi giiglendirmektedir. Onerilen yontem, literatiirde ¢alisilmis Srnekle
karsilagtirllmis ve giliglii ve zayif yonleri degerlendirilmistir. Ayrica, galisilan
orneklerden elde edilen bulgular, karsilastirilan gii¢ ¢evrimleri arasinda, Rankine
Cevrimi’nde daha fazla gii¢ elde edilmesine ragmen, Organik Rankine Cevrimi’nin
calisma akiskaninin termofiziksel 6zelliklerinden dolay1 daha ekonomik bir segcenek
oldugunu gostermektedir.

Anahtar Kelimeler: Optimizasyon, Is1 Degistirici Ag1, Gii¢ Cevrimleri, Enerji
Geri Kazanimi
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1. INTRODUCTION

In today's world, industrial and technological developments are at the peak levels, both
the increasing demand for electricity and the increase in fuel prices, the end of the life
of fossil fuels, as well as increasing concerns about global warming are increasing
people's interest in renewable energy technologies. In this scope, industries have
accelerated their efforts to recover waste heat from processes, reduce environmental
pollutionand minimize fuel consumption. Waste heat is thermal energy that is released
into the environment and wasted. It is possible to recover waste heat and the efficiency

of the process increases when waste heat is recovered [Jouhara et al., (2018)].

The second law of thermodynamics states that work cannot be done without waste
heat. Waste heat is available in every sector where there is production. The heat flows
sent to the environment here are considered waste heat and have significant exergy.
With the help of waste heat recovery technologies, it is possible to obtain work from

these heat flows.

The temperature of the waste heat is the key criterion for determining whether the heat
flows from the process to the environment can be utilized. In order for waste heat
recovery technologies to work efficiently, waste heat is categorized into three different
categories according to temperature. Waste heat with a temperature higher than 400°C
is considered high temperature, those with a temperature between 100-400°C are
considered medium temperature, and those with a temperature lower than 100°C are

considered low temperature waste heat.

The technologies applied to recover waste heat can be classified as shown in Figure
1.1 below. There are many technologies available to recover waste heat. Technologies
that can generate power from waste heat by heat and power integration are very
popular. There are many studies on waste heat utilization using thermodynamic power

cycles [Briickner et al., (2015)].
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Figure 1.1: Classification of waste heat recovery technologies [Briickner et al.,

(2015)].

Thermodynamic power cycles are the most well-known method for generating power
using waste heat. Power cycles operate by converting the thermal energy, which is
required for their operation, into power using waste heat. Different power cycles can
be used depending on the temperature of the waste heat. The temperature ranges in

which the cycles work appropriately are shown in Figure 1.2 below.
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Figure 1.2: Thermodynamic cycles used at different waste heat temperatures [Liu ef
al., (2020)].



Steam Rankine Cycle (RC) operates more efficiently at waste heat in the medium and
high temperature range. Stirling Cycle is used to utilize waste heat at high
temperatures. In the Organic Rankine Cycle (ORC), organic fluids with low boiling
points are used, while in the Kalina Cycle (KC), a mixture of ammonia and water is
utilized to efficiently operate with low-grade waste heat. The Supercritical Carbon
Dioxide Cycle (s-CO,C) is suitable for operation over a wide range of waste heat
temperatures. s-CO,C is overshadowed by ORC because of environmental concerns
as the cycle operates under high pressures. ORC, which is used for low-grade waste

heat, is the most studied cycle in recent years [Liu et al., (2020)].

The aim of this thesis is to design the heat recovery network integrated with the power
cycle with minimum cost by optimization. First, the heat recovery network is
optimized and designed with minimum cost. According to the results of the
optimization, itis expected to reach the minimum cost by optimizing within the cycle
by integrating the waste heat into five different power cycles. Heat Exchanger Network
(HEN) optimization is performed by hand calculation with the pinch method or with
the help of GAMS with the SYNHEAT model. The power cycle is modeled in UNISIM
DESIGN with the identified constraints and integrated with Python for a parametric
study. Unlike the literature, the model developed in UNISIM DESIGN can be
integrated and optimized in Python. In addition, the comparative evaluation of five
different cycles in terms of cost also contributes to the literature. A schematic of HEN

integrated with the power cycle is shown in Figure 1.3 below.

THE SYSTEM

Heat Exchanger Network Power Cycles

—P\CLling,——b Power Integration

v

Heat Recovery

e o

A

Figure 1.3: Schematic of HEN integrated with the power cycle.



Some studies that contribute to the literature are mentioned in Chapter 2. In Chapter
3, heatrecovery technologies are explained in detail. Pinch analysis and MINLP model
solution are explained and the characteristics of power cycles and the equipmentused
are introduced. In the next section, the method proposed for this study is mentioned
and in section 5, the method is evaluated through two case studies. In the last section,

the findings of the study are presented and discussed.



2. LITERATURE REVIEW

In the last fifty years, a lot of research has been focused on the design of HEN. The
development of the concept is still being investigated up to the present day. Hohmann's
PhD thesis Hohmann, (1971) is an important work that forms the basis for the
optimizationof HEN. It is considered to be the first work to introduce the ideas of the

Pinch Analysis methodology.

The aim is to optimize HEN to ensure economical operation of chemical processes.
The assumption of a minimum temperature approximation (ATmin), the so-called pinch
temperature, is emphasized to impact on optimization. By analyzing how the
temperature difference changes the heat exchanger area and equipment cost, the

minimum temperature difference is used as an optimization parameter in the design.

By minimizing the heating and cooling requirements, the optimum energy transfer
paths are analyzed. It is aimed to reduce unnecessary energy use by maximizing the
energy transfer between hot and cold streams. During the synthesis of HEN, a
perspective for the evaluation of alternative HEN is put forward. Among the designs
created, the regions close to the economic solution are mentioned. The importance of

optimizing energy integration in regions close to the pinch point is emphasized.

Linnhoff and Flower, (1978), a new technique for optimization of HEN is introduced
by developing the method of temperature ranges, adhering to the laws of
thermodynamics. Based on Hohmann, (1971) doctoral thesis, the method used to
determine energy quantities with enthalpy-temperature diagrams was developed. A
HEN is systematically constructed to ensure maximum energy recovery. By creating
sub-networks, design possibilities are reduced and the process is simplified. The
method proposed in this study is a frequently used method for achieving maximum

energy recovery by predicting minimum energy requirements.

Umeda et al., (1979) analyzed and systematically improved the quality of energy
(available energy) based on the second law of thermodynamics. By introducing the
heat availability diagram and T-Q diagrams, it provides visualization for optimization
and provides the basis for the development of the composite curves method.



Linnhoff and Hindmarsh, (1983) introduced the pinch design method. With this
method, it is aimed to reduce the total costs of HEN that satisfy the minimum energy
requirements. The minimum number and area of heat exchangers and minimum utility
consumption are calculated. The economic relationship between energy recovery and
capital costs is analyzed. The relationship between the decrease in the number of units
and energy consumption is examined. A simplified method is developed to solve

complex problems by hand calculation.

Gundersen and Naess, (1988) emphasizes that during the design of HEN, the
matching of streams, material selection of equipment, physical properties changing
with temperature and pressure, and pressure drops should also be taken into account
during design. Among the constraints, the difficulties of the research such as some
temperatures being constant and optimizing at some temperatures are discussed. In
case of different energy prices, regional factors such as cooling water temperature and
cost should be considered in the design. An important work has been done for the
integration of thermodynamic concepts with mathematical optimization to make the
HEN design more effective. The importance of mathematical programs in solving the

problem together with the knowledge and abilities of engineers is expressed.

Papoulias and Grossmann, (1983) makes an important contribution to the literature
by developing the transshipment model to optimize the heat exchanger network. In the
developed model, heat streams are organized and thermal constraints are taken into
account. A structure is introduced that allows for the splitting of streams and cyclic
matching of streams. A mixed integer linear programming (MILP) method is

developed to optimize the number of units used and the minimum energy requirement.

Yee and Grossmann, (1990), a mathematical model that simultaneously solves the
cost factors of energy, number of units and area with mixed integer non-linear
programming (MINLP) is created. With the superstructure model that creates all
possible matchings in the HEN, optimum networks with lower total cost are designed
compared to the old methods. Although a Pinch method based solution is created,
unlike the old method, the energy recovery is optimized simultaneously instead of
being determined in prior. Better results than the Pinch method are obtained and
solutions are achieved in more complex problems. Flexible network structures are

designed with heuristic rules.



In the study by March, (1998), AT values are experienced according to different
industrial sectors. As shown in Table 2.1 below, the variation of AT, values
according to sectors is given. Inoil refineries, the ATmin value is chosen higher because
of the high fouling in heat exchangers and relatively lower heat transfer coefficients.
In chemical industries, it is seen that re-boiling and condensing result in good heat
transfer coefficients and lower fouling. In the chemical and petrochemical industrial
sectors, ATmin 1s considered to be between 10°C and 20°C. The power required for
cooling in low temperature processes is expensive. ATmin value reduces in the lower

cooling temperature range.

Table 2.1: ATmin values for several types processes [March, (1998)].

Industrial Sector Experience ATnyin Values
Oil Refining 20-40°C
Petrochemical 10-20°C
Chemical 10-20°C

Low Temperature Processes 3-5°C

In the study by Ononogbo et al., (2023), the classification, development, advantages
and disadvantages of waste heat recovery applications are evaluated. The
environmental and economic impacts of different applications are examined and
improvements such as reducing CO, emissions and increasing energy efficiency are
highlighted. The advantages of ORC include its simplicity of design and its ability to
recover low temperature waste heat, which makes it more popular than other cycles.
Since it operates at lower pressures than KC, it is emphasized that the materials and
seals of the equipment used are more economical. The negative aspect of the cycle is
that the organic fluids used pose a risk of flammability in some cases. In KC, it is
mentioned that it shows performance that can compete with ORC at waste heat
temperatures above 200°C and that it is used efficiently in low temperature heat
sources during the non-isothermal phase change process in the evaporator thanks to
the ammonia-water mixture. The disadvantage of KC is emphasized that the cycle is
favorable to corrosion. It is emphasized that the Trilateral Flash Cycle (TFC) can be
used as a competitor to ORCs with its high performance in waste heat temperatures

between 70 and 200°C and power generation per unit waste heat. However, it is



evaluated that the low isentropic efficiency of the dual-phase expanders used causes
TFC to remain in the background. It is stated that s-CO,C can generate more power
and operate at higher efficiency than ORC in waste heat recovery. It is emphasized that
the absence of a dual-phase process in the evaporator of the cycle provides a better
thermal coupling and low irreversibility. Since CO; has a low critical temperature
(31.1°C), lower temperatures are needed for its condensation. Cooling the fluid at low
temperatures causes the design complexity of the cooling process. Working at high

pressures creates safety problems. This is seen among the disadvantages of the cycle.

In the study by Tchanche et al., (2011), the properties of organic fluids used in ORC
and water are compared. The critical temperature and pressure values, boiling point
and specific heats of organic fluids are lower than water, while their viscosity is
relatively high. It is shown that organic fluids have acceptable condensation pressure
values against the low condensation pressure of water. Environmental impacts such as
flammability and toxicity, which are not the case for water, are fluid-dependent
conditions in organic fluids and require attention. Organic fluids are more difficult to

access and somewhat more expensive than water.

In the study by Herath ez al., (2020), the effects of seven different fluids used in ORC
such as Benzene, Propane, Ethanol, R-245fa, R-134a, Methanol and Acetone on the
performance of the cycle are compared. Instead of fluids such as chlorofluorocarbon
and hydrochlorofluorocarbon, which have high negative environmental impacts,
different environmentally beneficial fluids are evaluated as alternatives. It is observed
that thermal efficiency increases with increasing evaporator pressure, while efficiency
decreases with increasing temperature in the condenser. In the selection of the fluid,
different temperature and pressure levels, generated power ratio, specific mass flow
rates for each fluid are evaluated and these criteria are taken into consideration in the
selection of the fluid. It is stated that Benzene and Methanol, which provide high

performance of ORC, can be used as alternative fluids.

In the study by Chen et al., (2010), 35 different fluids to be used in ORC are examined.
In addition to thermodynamic and physical properties such as density and enthalpy of
vaporization, environmental impacts, safety and costs are also evaluated among the
selection criteria. Fluids are analyzed in three groups as dry, wet and isentropic. Dry

fluids are preferred in ORC since they do not form liquid droplets during expansion.



It is emphasized that wet fluids reduce turbine efficiency as superheating is required.
Isentropic fluids are used in both ORC and Supercritical Rankine Cycle (SRC).
Benzene and Toluene are emphasized to be suitable for use in ORC due to their high
critical temperature and high stability properties. CO; is considered to be suitable for
SRC. Althoughitis preferred due to its environmental impactsand low cost, it is stated

that the low critical temperature creates some difficulties.

Chen et al., (2006) in a study, The Transcritical Carbon Dioxide Cycle (T-CO,C) for
power generation from low temperature waste heat is compared with ORC using R123
as the working fluid. The thermodynamic analysis of these two cycles is performed to
analyze which cycle is more efficient, as well as the environmental impacts and design
advantages. The heat transfer in the heat exchanger between the heat source and the
working fluid in the T-CO,C is analyzed. It is shown that due to the “temperature
glide” of T-CO,C above the critical temperature, a better match is achieved because
the evaporator of the cycle does not have the pinch constraint that occurs in the
evaporator in the ORC. It is observed that the T-CO.C provides slightly higher power
output than the ORC due to the higher operating pressure and a better heat transfer
coupling in the evaporator of the cycle. It is emphasized that the total power output
should also be taken into account, as interpretation based on thermodynamic efficiency

may give misleading results.

In the study Liu et al., (2020), the place of s-CO,C in the literature and its
thermodynamic advantages in converting waste heat into energy are examined. It is
shown that s-CO,C is used in waste heat sources at low, medium and high
temperatures. It is indicated that s-CO,C performs efficiently over a wide temperature
range and has a low carbon footprint. It provides a more compact and flexible design
than the conventional RC in generating power from waste heat. The performances of
different s-CO,C such as simple, regenerative, two-stage are analyzed at different
temperature levels. It is evaluated that two-stage or cascade combined cycles are
advantageous for medium and high temperature waste heat. It is stated that transcritical
cycle gives better performance for low temperature waste heat and supercritical cycle
gives better performance for medium and high temperature waste heat. The difficulties
in the development and maintenance of equipment such as heat exchangers and
turbines in commercial applications of s-CO,C are evaluated. Disadvantages such as

pressure drops in heat exchangers are also evaluated.



Li et al., (2018) in their study, an experimental analysis of ORC and T-CO,C for
electricity generation from low-temperature waste heat and comparison of the two
cycles is performed. The experimental data of these cycles mentioned in previous
theoretical studies are compared and calculated under similar operating conditions.
The advantages of the CO, cycle are evaluated by thermodynamic and exergy
calculations. Important data for the design and control of heat exchangers, turbines and
other equipment are shared. ORC using organic fluids such as R245fa as the working
fluid has been extensively researched for generating electricity from low temperature
waste heat. Although ORC is widely used, its disadvantage compared to CO,C is that
the constant temperature evaporation in the evaporator causes pinch restriction and
losses in heat transfer. CO,C bypasses the two-phase region, resulting in less losses
and better thermal coupling. It requires special equipment due to the high critical
pressure. In this study, the importance of data such as temperature, pressure and mass
flow rate affecting turbine efficiency is emphasized. Recommendations are made for

turbine and heat exchanger designs.

In the study by Igbal et al., (2020), TFC is preferred for low temperature waste heat
recovery, highlighting its advantages over the widely used ORC. The study reports that
TFC provides high efficiency from heat sources below 80°C. TFC, which is usually
investigated theoretically, has been studied experimentally using an organic working
fluid and a fixed converging-diverging nozzle. In this study, the applicability of TFC
for the recovery of low temperature industrial waste heat is demonstrated. The
economic case of the TFC integrated system is analyzed and the payback period of the
investment cost is less than ten years. Due to the phase change of the working fluid of
the ORC, losses are experienced in the evaporator, while these losses can be minimized
in TFC. Since the expansion in TFC takes place in two phases, there is a better match
in the heat transfer curves, which increases energy efficiency. The efficiency of TFC
depends on the isentropic efficiency of the nozzle and the turbine. It is shown that the
performance is improved for nozzles with larger geometry. It is emphasized that when
TFC is integrated into an existing ORC, the total energy capacity can increase to

around 130%.

In the study by Lai et al., (2019), the performances of TFC and ORC are compared
based on the pinch point concept. Since the heat input process in TFC is non-isothermal

and there is no phase change, it provides higher exergy efficiency in the pinch point

10



problem. ORC and TFC are analyzed using different working fluids (R245fa, R134a,
R236fa, R1233zd). It is shown that the net power generation increases when R245fa
is used in TFC. The minimum temperature difference in both cycles is taken as 5°C
and it is shown that TFC provides higher heat transfer values than ORC. According to
the results of the study, 30% more power generation is achieved in TFC under the same
conditions. However, due to the high pump power of TFC, itis explained that the costs

and reduction of the pump power should be investigated.

In the study by Rohde et al., (2018), the performance of RC and TFC is compared. It
is aimed to determine the potential of TFC by optimizing power generation from low
temperature heat sources. The study analyzes the efficient use of heat sources,
especially at low temperatures such as 100°C, 150°C and 200°C, and provides
recommendations. The effects of system dimensions such as heat exchanger area on
performance are examined. The effects of working fluids with low environmental
impacts on the cycle are also examined. The challenges of dual-phase expansion in
TFC and the selection of suitable equipment such as screw expanders are highlighted.
It is argued that RC has higher expander isentropic efficiency and TFC performs better

at low temperatures and under certain conditions.

In Smith, (1993) research, the power potential for heat sources between 100°C-200°C
is analyzed and its advantages over RC are discussed. It is stated that the dual -phase
expansionin TFC improves energy efficiency. It isemphasized that hydrocarbons such
as n-pentane are the most suitable working fluid in TFC due to thermal stability and
cost reduction. The working principles for designing dual-phase expanders and their
effectsin TFC compared to RC are analyzed. The design, applicability and efficiency
of the expander are evaluated. Based on the net power generated per unit mass and
cost per unit power generated between TFC and RC, it is calculated that the expander
used in TFC isapproximately 20-60% more costly than RC. The fact that the expander
has an adiabatic efficiency of more than 75% means that TFC's theoretical superiority
can be translated into practice is shown. It is shown that TFC can be constructed at
similar costs to RC and its thermodynamic advantages. A modeling approach for

optimizing the heat exchangers, expander and costs of TFC is presented.

In the study by Wang et al., (2024), a new system is proposed to improve the

performance of KC for power generation from a low temperature heat source. By
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integrating the KC with an ammonia-water absorption refrigeration cycle, the thermal
efficiency can reach 100% by utilizing the entire waste heat. The area of the heat
exchangers, the power of the turbine and other equipment in a combined heating and
power generation plant based on KC are analyzed from a thermodynamic and
economic point of view. A system is presented in which both power and hot water are
obtained from low temperature waste heat with ammonia-water solution. It is stated
that increasing the ammonia concentration and turbine inlet temperature and
decreasing the turbine inlet pressure enhance the exergy efficiency of the cycle. The
proposed system is shown to be economically viable with a payback period of 2.31

years.

In the study by Zhu etal., (2022), integration of ORC and KC with the s-CO, Brayton
Cycle is analyzed. It is aimed to determine the advantages of ORC and KC under
different conditions. Comparisons are made between the working fluids used in ORC
and KC, such as R32 and ammonia, in terms of cycle efficiency, environmental
impacts and safety. It is emphasized that the heat exchanger in KC operates in
accordance with the temperature changes in the heat source due to the temperature
glide property, but this feature cannot be used due to the slope close to the critical point
of s-CO,C. In the design of the evaporator, the effects of superheatingand ammonia-
water mixture on reducing heat transfer losses are analyzed. Although ORC is popular
for the recovery of low temperature waste heat due to the high preference of the
working fluid used, it is stated that the working fluid causes exergy losses by
increasing the temperature differences in the evaporator until it reaches the saturated
vapor phase. ORC has better cycle efficiency and compactness while KC is better in

terms of better matching with the temperature of the heat source is indicated.

In the study by Hu et al., (2020), a new ammonia water power cycle based on the KC
isintroduced. A new method for power generation from low and medium temperature
geothermal energy sources is presented. The power generation rate is optimized by
analyzing the performance of ammonia and water mixture under different operating
conditions. According to the theoretical results obtained, the optimum circulation ratio
of ammonia water solution in the model is stated as 4 times. It is shown that the
concentration difference of ammonia water mixture is 12-13%. It is stated that the
amount of power generated increases at higher ammonia water concentration.

Different ammonia-water concentrations are examined and it is observed that 35%
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concentration is at the lowest levels in the efficiency of the cycle and the efficiency of
the power produced. It is stated that the efficiency of the cycle depends on many factors
such as circulation rate, ammonia concentration, temperatures of the sources from

which the cycle receives and gives heat, temperature differences in heat exchangers.

In the study by Modi et al., (2015), the economic optimization of KC is performed to
minimize the investment cost and KC is compared with RC. The efficiency and cost
of the cycle are examined by including turbine outlet pressure, separator inlet
temperature and ammonia water concentration parameters in the optimization.
Ammonia water concentration is evaluated between 0.5 and 0.8 and total investment
cost per unit power produced is calculated. According to the results, although KC and
RC have almost the same investment costs, KC is slightly more economical. The
maximum investment cost is calculated when the ratio of ammonia water mixture is
0.7.

In the study by Elsayed et al., (2013), instead of ammonia water mixtures in KC,
zeotropic mixtures are studied. KC is compared with ORC at low temperature heat
sources. KC using ammonia water mixture with 0.55 concentration is reported to be
20-40% more efficient than ORC using pure ammonia and pure R134a at the same
operating conditions. 19 different zeotropic fluids are tested and it is shown that
mixtures containing propane and propylene can be used as an alternative to ammonia
water mixture. Despite the environmental impacts of the ammonia water mixture, such
as low global warming and zero ozone depletion potential, it is emphasized that care

should be taken in safety measures as it is a toxic mixture.

In the work of Beck and Hofmann, (2018), optimization of HEN in three different
cases. In the first HEN example, the total area and annual cost of the structure analyzed
by pinch solution as a linear model are calculated. The same HEN is then analyzed for
total area and cost using the MINLP formulation. In the MINLP model solution, total
heat exchanger area and utility increases while total annual cost and number of units
decreases. It is presented as a mixed integer linear programming (MILP) method by
simplifying the complexity of classical MINLP methods. It is emphasized that the
optimization process is accelerated by expressing nonlinear equations together with

linear inequalities.
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In the study by Watanapanich et al.,, (2022), a mathematical model that
simultaneously optimize HEN and ORC is presented. It is mentioned that the
thermodynamic properties of the cycle are taken by REFPROP and modeled with
linear regression equations using microsoft excel, which simplifies the solution of the
mathematical problem. With GAMS, wide temperature ranges are obtained in the
simultaneous optimization of the ORC and HEN. Four different ORC configurations
are analyzed as well as the total cost based on the unit price of electricity. It is also

mentioned that the total cost decreases as the unit price of electricity increases.

In the study by Hipdélite-Valencia et al., (2014), ORC and HEN are optimized
simultaneously for electricity generation and electricity revenue by using low-
temperature waste heat. In configurations where ORC is considered, operating costs,
investment costs and energy integration are optimized together. In addition to the
stages with heat exchangers between the hot and cold streams, an additional stage is
used, where heat exchangers connected to the ORC are installed. The model aims to

generate the maximum amount of electricity while ensuring minimum cost.
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3. HEAT RECOVERY TECHNOLOGY

In this section, the steps and details of the pinch analysis and MINLP model
optimization used in the design of the heat exchanger network are described. Then,

the power cycles integrated into the heat exchanger network are introduced.

3.1. Pinch Analysis

The fundamentals of Pinch analysis date back to the 1970s. In 1978, it was developed
by Linnhoff et al. The pinch method is continuously being improved and modified by
experts. This is a reasonwhy, in order to arrive at an optimal design, some insights are
needed that are not intuitively clear or recognised by common sense. The first step of
the pinch analysis is to identify the energy target. The pinch method is used to
maximise heat recovery and minimise external heating and cooling, so-called utilities.
In the Pinch method, manual calculations are made using ATmin. The minimum
temperature approach refers to the temperature difference between the hot and cold
streams in the heat exchangers [Kemp, (2007)].

In the Pinch method, the first law of thermodynamicsis first analyzed from Equation
(3.1) below. In other words, hot streams transfer their heat to cold streams and reach
the target temperature, while cold streams reach the target temperature values with the
heat they receive. In order for heat transfer to occur, there must be a positive
temperature driving force between the hot and cold streams. In also, the outlet
temperature of the cold stream cannot exceed the inlet temperature of the hot stream.
This means in addition to the first law, the second law must be satisfied [Douglas,
(1988)].

Q = FepAT (3.1)

The Pinch method provides maximum energy recovery (MER) between streams in
heat exchangers and minimum energy requirement (MER) to minimize the heating and

cooling load used in utilities. It determines the investment and operating costs via MER

[Dimian, (2003)].
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3.1.1. Temperature Intervals and Cascade Diagram

In the Pinch method, the first law analysis is first checked. In the first law analysis, it
is calculated how much heat the hot streams can transfer and how much heat the cold
streams can receive. Then ATmin 10°C (minimum driving force) is assumed between
the hot and cold streams. Two separate temperature scales are created for hot and cold
streams depending on ATmin. The data given in the problem description are transferred
to this graph. The inletand outlet temperatures of the streams are shown on the graph

by means of an arrow.

Heat transfer takes place from the stream with high temperature to the stream with low
temperature. How much heat the streams transfer to each other in each temperature
range is read on the graph. According to the first law, the point where the heat flow
stops refers to the pinch point. In order to ensure the operation of HEN, it is necessary
to use enough hot utilities to pass heat through the pinch point. It is determined that
the excess waste heat is supplied by the cold utility and the deficient heat is supplied
by the hot utility. The hot and cold utilities used can be easily read from the Cascade
Diagram. Representative Temperature Interval and Cascade Diagrams are shown in
Figure 3.1 and Figure 3.2 below [Douglas, (1988)].

Hot Stream | Hot Stream 2 Cold Stream 1~ Cold Stream 2

Fep Fep Fep IT, + ATmin T, | Fep Fep Q
! |
| |
| T, + ATmin T, &
| | A
} ! Q
| Ts + ATmin T, :

: '3

| T,+ ATmin T, | Qs
| |
| T, + ATmin T, | Q
| | Q
| T+ ATmin T, | 5
f f

Figure 3.1: Temperature intervals diagram [Douglas, (1988)].
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Figure 3.2: Cascade diagram [Douglas, (1988)].

3.1.2. Composite and Grand Composite Curves

The key point in the pinch method is the Grand Composite Curve (GCC). Composite
Curve provides minimum energy requirement from stream data. A representative
Composite Curve and GCC is shown in Figure 3.3 below. It is expressed as the
minimum hot utility Qnot and minimum cold utility Qcois required for the operation of
HEN. The heat recovery between hot and cold streams is expressed as Qrecovery and the

minimum temperature approach is expressed as ATmin.

The composite curve is obtained when the hot and cold streams are integrated
separately into the Temperature-Enthalpy Diagram. Then, when these two curves are
combined, GCC is obtained. GCC shows the amount of hot and cold utilities, heat
recovery and pinch point. It plays an important role in determining the location of the

power cycle in heat and power integration [Dimian, (2003)].

4 Quot T 4

Hot Stream
ATmin /

3
/ Cold Stream

Qcold

Heat Recovery

Qcold

Qrecovery

Enthalpy Enthalpy

Figure 3.3: Composite and grand composite curve [Dimian, (2003)].
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3.1.3. Golden Rules of Pinch Method

To design HEN, the problem is divided into two parts: below pinch and above pinch.
This is necessary to simplify the problem. In the pinch method, there are some golden

rules to ensure maximum energy recovery and minimum utility consumption. These;

e Heat transfer through the pinch is not allowed.
e Only hot utility is used on above the pinch, no cold utility is used.

e Only cold utility is used below the pinch, no hot utility is used.

When designing HEN, which is divided into two as above pinch and below pinch, the
design is made by starting from the pinch point. Hot utilities are only used above the
pinch and cold utilities are only used below the pinch. Above the pinch, all hot streams
must reach the pinch temperature, giving up their heat to the cold streams. On the
contrary, below the pinch all cold streams must reach the pinch temperature by

receiving heat from the hot streams [Kemp, (2007)].

Since no cold utilities are used above the pinch, the number of cold streams and their
heat capacity must be greater than or equal to the hot streams. Below pinch, the number
of hot streams and their heat capacitance must be greater than or equal to the number
of cold streams since no hot utilities are used. For possibilities that do not correspond
to this situation, splitting the streams means that the design problem has to be started
from the beginning. The general algorithm is schematized in Figure 3.4 shown below

[Linnhoff and Hindmarsh, (1983)].

®  Nhot Stream < Ncold stream and CPot < CPcoia (for above the pinch) all the streams.

®  Ncoldstream < NHot Stream and CPco1a < CPhot (for below the pinch) all the streams.

where NHot stream aNd Ncoid stream denote the number of hot and cold streams. Also CPHot

and CPcoiq represent the heat capacity of the hot and cold streams [Kemp, (2007)].
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Figure 3.4: Stream splitting algorithms [Linnhoff and Hindmarsh, (1983)].

3.1.4. Minimum Temperature Approximation (ATmin)

19

In order to design HEN, a minimum temperature driving force must be selected. The
minimum level of utility usage and at the same time the minimum number of heat
exchangers used depends on this temperature approach. As ATmin decreases, the
utilities used decrease and the energy cost decreases accordingly. The opposite is the
case for the area. As ATnin decreases, the utility decreases and the area increases, thus
the capital cost increases [Biegler et al., (1997)]. Figure 3.5 below shows the
relationship between ATnmin, area and utilities consumption [Linnhoff and Ahmad,
(1990)].
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Figure 3.5: The relationship between ATmin and area [Linnhoff and Ahmad, (1990)].

In Figure 3.6, the relationship between investment, operating and total cost depending
on ATmin is shown on the graph. Increasing the cost of the utilities leads to an increase
in the operation cost. An increase in the area leads to an increase in the investment
cost. The sum of the Operating and Investment Costs is called the Total Annual Cost
(TAC) and as can be seen from Figure 3.6, the point where TAC is minimum is the

optimum value of AT, [Ahmad et al., (1990)].

Annual Cost

1 \/

Opt

Capital Cost

B
>

ATmin

Figure 3.6: The relationship between TAC and ATmin [Ahmad et al., (1990)].

3.1.5. Loop and Paths

In order to minimize the number of heat exchangers, the concept of paths and loops

needs to be analyzed. Loops and paths show the possibilities of shifting loads in HEN.
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A loop refersto the way starting from a heat exchanger and returning back to the same
heat exchanger. The loop can consist of heat exchangers as well as utilities. If there is
a loop in the network, it means that there is an extra heat exchanger being used. Hence,
breaking the loop implies a reduction in the number of heat exchangers. The

representation in Figure 3.7 below is called a Grid Diagram and shows a loop.
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Figure 3.7: A loop representation [Douglas, (1988)].

A path represents the way between the hot utilities and the cold utilities in the heat
recovery network. The loads of heat exchangers on one path can be shifted along the
same path. The load shift on the utilities can be covered by another heat exchanger on
the same path without changing the total heat load. Figure 3.8 below shows a

representative path via a Grid Diagram.
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Figure 3.8: A path representation [Douglas, (1988)].

Loop breaking has three steps as a heuristic method. First, the loop with the heat
exchanger with the lowest heat load is broken. The heat exchanger with the lowest heat

load is always eliminated from the loop. If a loop is broken passing the pinch point,
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ATmin 1s violated. If ATwin 1s violated, a restoration is necessary. The path concept is

used for this [Douglas, (1988)].

3.1.6. Number of Unit and Area

Achieving maximum heat recovery and minimum consumption of external resources,
i.e. utilities, will reduce operating costs. However, to design the optimum heat
recovery network, it is not enough to reduce only operating costs. Since TAC depends
on both operating and investment costs, investment costs should also be considered.
Two important factors that make up the investment cost are the number and area of
heat exchangers. The more heat exchangers used in the heat recovery network, the
higher the investment cost will be. Because each heat exchanger has a certain fixed
price for installation in the plant. Also, like the number of heat exchangers, the area
also affects the costs. As the area of the heat exchanger increases, the investment cost

will naturally increase [Towler and Sinnott, (2008)].

Hohmann, (1971) calculated the minimum number of heat exchangers as follows;

Emin =N —1 (3.2)

where Enin 1s minimum number of heat exchangers ( including heaters and coolers), N

is number of streams (including utilities).

While the relationship used by Hohmann, (1971) is applicable for simple networks,
Linnhoff et al., (1979) derived the following equation for complicated heat exchanger

networks;

Epn=N—-L-S (3.3)

where L is number of loops in the networks, S is number of separate components

available in the network.

For optimum design, extra heat exchangers are avoided, so the network is designed
with L = 0. Usually the separate components are calculated with S = 1 and the general

Equation (3.2) above is obtained. [Towler and Sinnott, (2008)], [Kemp, (2007)]
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The number of heat exchangers is also expressed as follows, as calculated by Douglas,

(1988);

Number Number Number Number Number
_ of (3.4)
of = of + of + of -
oo Independent
Exchangers Streams Utilities Loops
Problems

The other factor affecting the design and also the cost is the heat exchanger area. The
area calculation should be taken into account to reach the minimum cost in the targeted
design. Nishida etal., (1981) reviewed studies for the calculation of the minimum heat
transfer area. The following Equation (3.5) is presented for equal heat transfer

coefficients of all streams and countercurrent heat transfer conditions;

_ 1200
" U’1 AT (3-3)
_1y 9
Amin =G 2) 37 (3.6)

If the overall heat transfer coefficient (U) is not given, it can be calculated from

Equation (3.7) below using the individual heat transfer coefficients of the hot and cold

streams [Douglas, (1988)];

1 1 1
v m T (3.7)

Townsend and Linnhoff, (1984) proposed Equation (3.8) by considering the
individual heat transfer coefficient for streams. Designing with the individual heat
transfer coefficient instead of the overall heat transfer coefficient provides a significant
contribution to area and cost estimates.
R I Aﬂ]
Amin = 2j 57w, Dk [hk (3.8)
where U is the overall heat transfer coefficient, 4;, 4; is individual transfer coefficients

for stream, Q is the heat transfer, AT is the difference between two streams, A

represents the area, ATpv 1s log-mean temperature difference for streams. [Gundersen
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and Naess, (1988)] The heat exchanger area is calculated using AT v formula given

in Equation (3.9) below.

ATy = m (3.9)
where AT = (Thi— Teo), ATz =(Tho— Te;), the sub-index h represents the hot stream
and the sub-index c represents the cold stream. The sub-index i represents the inlet

location and the sub-index o represents the outlet location. [Seider ef al., (2009)]

3.1.7. Cost of Heat Exchanger Networks

Part of the investment costs in a heat network are caused by the heat exchangers.
Therefore, the calculation of the investment cost of a network depends on the area. In
order to calculate the investment cost of a heat network, it is necessary to know the
heat exchanger areas. The cost of a heat exchanger with surface area A is evaluated

according to Equation (3.10) below;

Installed Capital Cost of Heat Exchanger = a + b(A)*¢ (3.10)

where a, b, ¢ coefficients are cost constants that vary depending on many factors such
as heat exchanger type, pressure value, construction material. After calculating the cost
of a heat exchanger using Equation (3.10) above, this equation is applied to all heat

exchangers in the network [Smith, (2005)].

Investment cost consists of the fixed installation cost of components such as heat
exchangers and the costs of heat exchangers due to the area. Operating costs are the
costs related to the utilities consumed. In the calculation of TAC, there is a triple
relationship between the number of heat exchangers, area and utilities consumption as
shown in Figure 3.9 below. Optimizations in costs should be made simultaneously for

the utilities, number of heat exchangers and area [Yee and Grossmann, (1990)].
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Figure 3.9: Trade-off between costs in design [Yee and Grossmann, (1990)].

3.2. Superstructure MINLP Model

Optimizations involving continuous and integer variables are called Mixed Integer
Problems. The presence of integer variables in the problem allows complex decisions
to be modeled through graphical representation called superstructures. These
superstructures allow simultaneous determination of the optimal structure and
parameters of a heat network. MINLP are applied in engineering applications such as
HEN synthesis.

In the MINLP model solution, it is determined which streams in HEN should be
matched with which streams or which utilities, and the annual cost of HEN is
optimized by determining how much load will be on the heat exchangers. An
expression that results in (0 and 1) is called a binary variable. And they represent
whether a heat exchanger is present or not at any location in the heat network [Floudas
etal., (1999)].

HEN optimizationaimsto determine the structure of the process and design variables
such as inlet/outlet temperatures of the streams, heat exchanger areas, utility
consumption. In HEN optimization, integer variables are used to select heat
exchangers from all possible matches between hot and cold streams. The heat
exchanger network (HEN+utility) problem is a MINLP and is difficult to solve. The
MINLP model problem is solved by defining the initial parameters and boundary

conditions given in the problem definition in GAMS.
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Yee and Grossmann, (1990) have developed a MINLP model problem as a
SYNHEAT superstructure. HEN superstructure is shown in Figure 3.10 below. The
SYNHEAT solution by Yee and Grossmann, (1990) is basically based on the pinch
method. The techniques of synthesizing HEN with SYNHEAT simultaneously have
some limitations. These are; In the optimization, the utilities are not included in the
superstructure or model. Instead, the utilities were positioned at the hot and cold ends
of the superstructure. The inclusion of the mass flow rates of the utilities is not included
in the optimization since it would complicate the solution of MINLP. Possible
matching of utilities can only be in parallel, because an utility is considered as a sub-

stream for a possible matching with process streams [Martelli et al., (2017)].
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Figure 3.10: Heat exchanger network superstructure [Yee and Grossmann, (1990)].

A simple optimization problem without many variables and constraints, for example a
problem with two hot and two cold streams, can be solved by hand using the pinch
method. However, as the number of variables and constraints increases, i.e. when the
problem becomes more complex, such as a problem with four hot and three cold
streams, manual solution with the pinch method will make the solution difficult, so
MINLP model solution with SYNHEAT is preferred. As shown in Figure 3.10 above,
the superstructure is divided into stages and the possible matches at each stage are
identified. Where k indicates the number of steps. The SYNHEAT solution determines
the possible matches and temperatures at each of the k stages, as well as the heat

exchanger loads and areas, and the utility loads [Yee and Grossmann, (1990)].
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In the SYNHEAT model designed by Yee and Grossmann, (1990), Chen
Approximation developed by Chen, (1987) is used for area calculation instead of
ATim. ATim and Chen Approximation are quite similar. When using the ATy method,
uncertainty occurs in the denominator in case AT; = AT, as seen in Equation (3.9).
With the Chen Approximation shown in Equation (3.11) below, this uncertainty is
eliminated [ Yerramsetty and Murty, (2008)].

1

Chen Approximation = {ATlAT2 (ATlJZrATZ)}E (3.11)

In the SYNHEAT model solution, the following Equation (3.12) represents the
mathematical modeling of the objective function, Equation (3.13) the constraints and
Equation (3.14) the variable bounds. In the objective function that minimizes TAC of
HEN, the first expression includes the used utilities costs, then the fixed installation
costs for each heat exchanger. The last expression shows the costs of the heat
exchangers due to the area. The constraints shown in Equation (3.13) represent heat
loads of process streams, utility amounts and temperature constraints at each stage in
the superstructure model. The variable bounds shown in Equation (3.14) represent the
limits of heat loads that process streams can supply or absorb and the temperature

limits at each stage in the superstructure model [Floudas et al., (1999)].

OBJECTIVE FUNCTION (3.12)
min
T,Q,AT, z Z CcyQcu, + Z ChyQuu,j + Z Z Z CFjziji + Z CFcuzcy,i + Z CFinuznu,j
rerTy jecp {€HP jECP kEST LEHP jecp
C::0;:
+ Z leljk 5
IEHP JECP keST U [ATijkATijk+1(ATijk +ATL‘jk+1)]3
ij 2
B
C )
+ I.,CUQCU,I. .
i€HP U [ATCU,i(Tout,i - in,CU)(ATCU,i + Tout,i — Tin,cu)r
CU,i 2
B
C )
+ iHU QHU,j ;
jece U [ATHU](Tm HU ™ lout 1)(ATHU1 + TmHU Tout j)r
HU,j 2
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where Ccu, Cru are the cost coefficients of hot and cold utilities; Qcu, and Qnu; are
the heat transfer between process streams and utilities and Qjjx is the heat transfer
between the process streams at stage k. CFij, CFicu, CFjnu are the fixed cost of heat
exchangers between process streams, hot stream and cold utilities and cold stream and
hot utilities, respectively, according to their sub-indices also zjjx , zcu,; and znu; are
binary variables to determine the presence of a heat exchanger between the hot and
cold streams at stage k, between the hot stream and the cold utility and between the
cold stream and the hot utility, respectively. Cjj, Cicu and C;jnu are the area-dependent
cost coefficients of the heat exchangers between the process streams and between the
process streams and utilities. Ujj, Ucu,i, Unuj are the overall heat transfer coefficient in
the heat exchangers between the process streams and between the process streams and
utilities. ATij, 4Tcu,i, 4Twuj express the temperature approach in the heat exchangers
between the process streams at stage k, between the hot streams in the process and the

cold utility, and between the cold streams and the hot utility, respectively.

CONSTRAINTS (3.13)
z Qijk +Qcu,i = (Tin,i F— Tout,i)FCpi, Vi € HP (3.13a)
KEST jeCP
Z Qijk + Quu,j = (Tour,j — Tinj)Fecp;,  Vj €CP (3.13b)
keST i€eHP
Z Qijk = (Tix — Tik+1)Fep;,  Vk €ST,Vi€ HP (3.13¢)
jeCP
z Qijic = (Tjk - Tj,k+1)FCPj, Vk € ST,Vj € CP (3.13d)
ieHP
Ti,l = Tin,i' Vie HP (3136)
Tinos+1 = Tinj»  VjECP (3.13f)
Tix — Tixs1 =0,  Vk €ST,Vi€ HP (3.13g)
Tix — Tjxsr 20,  Vk €ST,Vj€CP (3.13h)
Tinos+1 = Touti» Vi€ HP (3.13i)
Ti1 = Tourjy  VjECP (3.13)
Fep, Tinos+1 — Qcu,i = Fep; Toutiy ~ Vi€ HP (3.13k)
Fop,Tia+ Quuj = Fep;Tourj, Vi € CP (3.131)
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Qijk — Q%23 <0,  Vk €ST,Vi€ HP,Vj € CP (3.13m)

QCU,i —_ Qi":’é‘ll]xZCU,i S 0, VI. € HP (31311)

QHU,j - QItInl%])'CZHU,j < O, V] € CP (3130)

ATy jp — Top + Ty + AT 2, < AT/, vk €ST,vie HP,vjecp  (3.13p)

ATyjisr = Tigeor + Tjpsn + ATz, < AT, vk e ST,vie HP,vjecp  (3.139)

max max :

ATcyi = Tinos+1 + ATicy Zevi < ATjcy” — Tout,cus  VIEHP (3.13r)
ATyyj +Tj1 + AT,Q",ffZHU,j < ATZ,”U‘ff + Tout.nu Vj € CP (3.13s)
Z Zije <1, Vi € HP,Vk € ST ; Arithmetic Mean Temperature Dif ference (3'130
jecp

{Z Zijr <1, Vj € CP,Vk € ST}Arithmetic Mean Temperature Dif ference (3.1311)
iEHP

max —
where ATij - max{o' Tj,in - Ti,in'Tj,in - Ti,out* Tj,out - Ti,in' Tj,out - Ti,out}*

for all i € HP U{HU}and j € CP U {CU};and QI}** = min {(Ti (3.13v)

ni

Tout)Eepy (Toutj — Tin,j)Fcpj}, for alli € HP U{HU} and j € CP U {CU}.

where T;, is the inlet temperature of the stream and 7, is the outlet temperature of the
stream. Fcp 1s the heat capacity of the streams. 7 and 7j; denote the temperature of
the hot and cold streams at stage k. 0" means the upper limit of heat transfer and

AT means the upper limit of temperature difference [Floudas et al., (1999)].

VARIABLE BOUNDS (3.14)

0 <Qix <Q'*, VkeSTVieHP,VjeCP (3.14a)
0<Qcy; <Q%, VieHP (3.14b)

0 <Quu; <Quu,»  Vj€CP (3.14c)

Tiout < T <Tiin,  Vk € ST, Vi€ HP (3.14d)
Tiin<Tix <Tjouy  VkE€ST,VjECP (3.14¢)

AT < AT;j < AT, Vk € ST,Vi € HP,Vj € CP (3.14f)
ATpmin < ATey; < AT{¢y, Vi € HP (3.14g)

ATpin < ATyy,; < ATyyj,  Vj€CP (3.14h)

Zijio Zev i Znu,j € 10,1}, vk € ST,Vi € HP,Vj € CP (3.141)
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3.3. Power Cycles

Waste heat has a certain thermal energy, even at low temperatures, and can be used to
generate power to reduce fossil fuel consumption. Thermodynamic cycles are widely
used to convert thermal energy into electricity and to recover industrial waste heat.
The thermodynamic cycles used include various power cycles such as RC, ORC, KC,
etc. [Pethurajan et al., (2018)].

A thermodynamic cycle is the process by which a system undergoes some changes
from its initial state and then returns to its initial conditions in the final state. Ina cycle
with water as the working fluid, an example of thermodynamic change is that when
heat is added to the working fluid, it changes phase to vapor and then expands in the
turbine. A system that takes heat from a high-temperature source and transfers it to a
lower-temperature sink while simultaneously producing work is called a heat engine
[Rackley, (2017)].

According to Kelvin-Planck expression in the second law of thermodynamics; it is
impossible for a system that receives heat from a source to produce net work, it must
necessarily reject some of the heat. In other words, a heat engine has to reject some of
the heat it receives. Because of Kelvin-Planck expression, the efficiency of the heat

engine can not be one hundred percent [Cengel and Boles, (2015)].

3.3.1. Rankine Cycle

RC is a process that efficiently converts thermal energy from an external source into
mechanical work, i.e. electricity. In the traditional RC, water is used as the working
fluid due to its low cost and environmental benefits. As shown in Figure 3.11 below,
a simple RC consists of four components: evaporator, condenser, pump and turbine.
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Figure 3.11: Schematic of Rankine Cycle [Wu et al., (2021)].

The working fluid enters the pump at low temperature and pressure. By the pump, the
temperature and pressure of the water increases. Then in the evaporator, with heat input
at constant pressure, the temperature of the working fluid rises and it changes from
liquid phase to vapor phase. As can be seen from the Temperature-Entropy Diagram
given in Figure 3.12 below, the working fluid is in the vapor state at high temperature
and pressure at the turbine inlet. Afterwards, the temperature and pressure of the
working fluid, which expands in the turbine, decreases. As can be seen from the T-S
Diagram shown in Figure 3.12, in ideal conditions, the compression and expansion
processes take place isentropically. The fluid, whose temperature and pressure drop,
enters the condenser, releases some heat and returns to its initial state. Where Qi, and
Qout are the heat input/output to the cycle. W pump,in indicates the power consumed by

the pump and W out indicates the power generated by the turbine [Wu et al., (2021)].
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Figure 3.12: T-s diagram of Rankine Cycle [Wu et al., (2021)].

The following Equations (3.15) - (3.18) are used to calculate the heat input/output and
the power of the turbine and pump in the cycle. In Equation (3.19), the net power of
the cycle is calculated as the generated power minus the consumed power. Equation

(3.20) is used to calculate the efficiency of the cycle.

Qun = 1ihs — hy) (3.15)

Qout = 1’i1(h4 - hl) (3.16)

Wturb,out = m(h3 - h4)nturb (3.17)
R (hy—hy)

Wpump,in = mﬂpimpl (318)

Wnet = Wturb,out - Wpump,in (319)

_ Whet
Neycle = Qin (3.20)

where ncycle 1S the thermal efficiency of the power cycle. Wi 1s the net power produced

also m is the mass flow rate of the working fluid, h is the enthalpy of water at that

point and n is the efficiency of the turbine or pump [Victor et al., (2013)].

In the studies, increasing the efficiency of the RC is related to the vaporization
temperature, i.e. turbine inlet temperature and pressure. If the turbine inlet temperature

increases, the energy efficiency of the cycle also increases. The conventional RC is an
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accepted process for generating power from waste heat and the water used as the
working fluidis a very logical application in terms of cost, reliability and availability.
Condensation temperatures in RC are usually between 298-303K. The condenser
pressure is also lower than atmospheric pressure, so operation and maintenance costs

increase slightly when air infiltration occurs [Wu et al., (2021)].

3.3.2. Organic Rankine Cycle

ORC isthe most advanced of the thermodynamic cycles in recovering low-level waste
heat and converting it into power. ORC is considered to be ahead of KC, RC as well
as waste heat recovery technologies due to its simplicity of design and ability to
recover waste heat at low temperatures. ORC and RC operating principles are the
same. As shown in Figure 3.11 above, a simple ORC consists of an evaporator,
condenser, pump and turbine. The only difference from the RC is that an organic fluid
isused as the working fluid instead of water. Due to the low boiling point of the organic
working fluid, it is preferredto recover heat from a low-grade heat source [Ononogbo
et al., (2023)].

The overall thermal efficiency of ORC varies between 2-19%. The efficiency of ORC
depends on different factors such as heat source, sink and operating conditions. The
most important factor affecting the efficiency is the thermodynamic properties of the

working fluid. Therefore, it is necessary to be careful when selecting the working fluid.

The organic fluids used in ORC have low boiling temperatures and pressures and high
molecular weights. Their high molecular weight reduces the number of steps in the
expansion process, affecting complexity and cost. Since ORC receives heat from a
low-grade waste heat source, organic fluids with lower latent heat of vaporization have
better thermal performance. The low specific volume of the organic fluid reduces the
size of the expander and heat exchanger, which affects the cost. The critical
temperature values of the organic fluid close to the maximum temperature of the heat
source of the ORC increase the efficiency of the cycle and the freezing point should
be less than the minimum temperature in the cycle [Mahmoudi et al., (2018)].

Organic fluids (Hydrocarbons) have explosive and flammable properties, despite their

low cost, environmental compatibility and high performance in waste heat recovery.
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Therefore, they need to be thoroughly investigated to ensure compliance with

environmental control and regulations [Ononogbo et al., (2023)].

3.3.3. Kalina Cycle

KC is a cycle designed by Kalina, (1982) in the early 1980s. KC, like the ORC and
RC, is a cycle used to generate electricity from waste heat and operates according to
the operating principles of the RC. In addition to the components of the RC, a
recuperator, separator and mixer are used as shown in Figure 3.13 below. The working
fluid is a water-ammonia mixture instead of steam in RC or organic fluid in ORC.
Since KC does not use a single fluid, the temperature does not remain constant during

boiling and condensation, which increases the efficiency of the cycle.

In single-fluid cycles, the working fluid is uniformly heated to the vaporization
temperature at which superheated steam begins to form. As KC has two different
mixtures of working fluids, the temperature of each fluid is raised separately during
vaporization because water and ammonia have different boiling points [Jouhara et
al., (2018)].
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Figure 3.13: Configuration of Kalina Cycle [Wang et al., (2024)].

The temperature and pressure of the ammonia and water mixture is increased with the
help of a pump (1-2). Then the temperature of the mixture is increased a little more in
the recuperator (2-3). The temperature of the mixture is increased to the maximum
amount by taking waste heat from the evaporator (3-4). Then, in the separator, the fluid

is divided into ammonia rich and ammonia poor (4-5,4-6). The temperature of the
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ammonia-poor mixture is still high as can be seen from the T-s diagram shown in
Figure 3.14 below and it transfers its heat to the mixture with lower temperature at the
pump outlet (6-7). The ammonia-rich fluid goes to the turbine where it expands and its
temperature and pressure are reduced (5-9). With the help of the mixer, the fluid whose
flow rates are combined again enters the condenser (8,9-10). In the condenser, with
the help of cooling water, the fluid, which completely passes into the liquid phase,
completes the cycle (10-1) [Wang et al., (2024)].

Ammonia-poor fluid saturation line
Ammonia-water basic fluid saturation line
Ammonia-rich fluid saturation line

Temperature, T

v

Entropy, S

Figure 3.14: T-s diagram of Kalina Cycle [Wang et al., (2024)].

When selecting the working fluid, it is desirable to have high thermal conductivity and
enthalpy of vaporization and low condensation pressure. Although the boiling point of
water is high, since ammonia can be dissolved homogeneously in water, the boiling
point of the mixture decreases if the amount of ammonia in the water increases. The
enthalpy of vaporization of ammonia is lower than water, but the heat absorption
ability of the mixture is higher than ammonia. The fact that the ammonia-water mixture
has varying bubbles and dew point causes it to behave like different fluids in the cycle,
and the high condensation pressure of the mixture is one of the disadvantages of the

ammonia-water mixture.
The advantages of ammonia water mixture can be summarized as follows;

e Because ammonia is a fluid produced from nature, it is less threatening to the
environment than other organic fluids, and it is easily accessible, cheap and

reduces acidic pollution in the atmosphere.
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e Its enthalpy of vaporization is higher than other organic fluids.

e Since the freezing temperature of water in atmospheric conditions is 0°C and
that of pure ammoniais -78°C, the freezing temperature of the ammonia water
mixture is very low and its boiling at low temperatures allows the utilization
of low level waste heat.

e Since the ammonia water mixture has a non-constant boiling temperature, it
ensures that heat transfer losses are low.

e A conventional steam turbine can be used for ammonia because the vapor
behavior of ammonia is almost similar to that of water vapor due to the close
molar weights of ammonia and water (17.03 g/Mol, 18.015 g/Mol). [Kose et
al., (2022)]

3.3.4. Supercritical-CO; Cycle

s-CO,C is a power cycle operatingaccording to RC principles. Carbon dioxide (CO,),
which is used as the working fluid in the s-CO,C, has the desired characteristics of low
cost, medium critical point value, low environmental impact and abundant availability
in nature. The disadvantages of the cycle are that the condensation process can take
place at low temperatures due to the low critical temperature of CO, and the cycle

operates at high pressures so safety precautions must be taken.

The heat addition process of the s-CO,C does not consist of a two-phase region as in
a conventional RC or ORC. The CO; goes directly from the liquid phase to the vapor
phase by exceeding the critical point and is heated to supercritical states before the
expansion process. This results in a better thermal coupling in the evaporator [Chen
et al., (2010)].

s-CO,C withregenerator and T-s diagram is shown in Figure 3.15 below. Since carbon
dioxide has an intermediate critical pressure (73.8 bar) and low critical temperature
(31.1°C), as seen in the T-s diagram in Figure 3.15 below part of the cycle occurs in
supercritical regions, meaning that the s-CO,C can be called atranscritical cycle [Chen
et al., (2006)].
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Figure 3.15: Schematic of s-CO.C and T-s diagram [Chen et al., (2006)].

The “temperature shift” in the evaporator of s-CO,C allows a better matching of the
working fluid than in other cycles where the working fluid evaporates below the
critical point. In this case, the pinch problem in a countercurrent heat exchanger can

be avoided with s-CO,C. This is represented in Figure 3.16 below [Chen et al.,
(2006)].

Tin Ty
Heat Source Heat Source
Pinch Point T
T To‘nt e
out Te
Working fluid //
T, Working fluid
T,
0 Relative heat energy 100% 0 Relative heat energy 100%

Figure 3.16: Heat transfer in the evaporator ORC and s-CO,C [Chen et al., (2006)].

3.3.5. Trilateral Flash Cycle

TFC works with the same working principle and the same equipment as RC. The only
difference with RC is in the heating process. In TFC, it is sufficient to use only liquid
heater. The heating process consists of a single phase. In RC, since the heating process
consists of two phases, it is the vaporizer on the liquid heater. As shown in Figure

3.17 below, the start of expansion in TFC starts from the saturated liquid phase, not
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from the saturated vapor phase. 3 is the turbine inlet state in RC, 3* is the turbine inlet
state in TFC. Cases 1 and 2 have the same characteristics as RC. 4* represents the

condenser inlet state of TFC. Inthe turbine of TFC, two-phase expansion is performed.

» Turbine
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Figure 3.17: Schematic diagram of TFC and T-s diagram [Imre and Ahmed, (2023)].

In TFC, just like ORC, many organic working fluids with high molar weight and low
boiling point temperature can be used to replace water. In the selection of the working
fluid, the critical temperature values, specific heat, mole weights and other properties
of the fluid play an importantrole in TFC as in ORC. When a dry fluid is used as the
working fluid, the expansion in the ORC may stop in the dry vapor state due to
overheating and the same happens in the TFC. Therefore, a suitable fluid should be
selected and at the same time some waste heat should be removed before the condenser

[Imre and Ahmed, (2023)].

The turbine used in TFC is more expensive than the one used in ORC, which makes
ORC more preferred. ORC requires the use of a heat exchanger with more area than
in TFC due to the large amount of waste heat when using super dry working fluid.
However, the heat exchanger costs less than the turbine and ORC is cheaper than TFC
for dry working fluids [Ahmed, (2024)].
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4. METHOD

It is proposed to optimize a heat recovery network with hot and cold streams with
constant inlet and outlet temperatures to achieve maximum energy recovery and
minimum energy requirement, and to integrate a power cycle into this heat recovery
network to obtain power. The streams that enter the heat recovery network at low
temperature and need to be heated are called cold streams and the streams that enter at
high temperature and need to be cooled are called hot streams.

In the proposed method, HEN is first analyzed manually by pinch solution. The
minimum amount of utility consumption is calculated. Then TAC of HEN is calculated
according to the given economic parameters. After the pinch method, HEN is solved
as MINLP with SYNHEAT model by including the economic parameters in the
optimization. In SYNHEAT solution, more economical results can be obtained
compared to pinch solution or the same results can be obtained.

After the cost of HEN is minimized with the MINLP model solution, power integration
is performed. In the MINLP model solution, the superstructure is divided into stages.
The first two stages include the heat exchangers between the process streams. The
amount of heat that needs to be cooled from the hot streams is considered as waste
heat. All streams using cold utility are integrated into the power cycle. In the proposed
method, another stage is added next to the last stage and waste heat is sent to the power
cycle. This is called the power stage. The proposed new superstructure model is shown

in Figure 4.1 below.

According to the temperature constraints, the maximum and minimum temperatures
of the power cycle are determined from the optimization of HEN when ATnin iS
included. In the optimization within the power cycle, temperatures are not decision

variables but fixed parameters.
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Figure 4.1: Proposed new superstructure model.

The optimization of the HEN without a power cycle is completed once the TAC is
minimized while satisfying the constraints in the optimization using Pinch Analysis or
the SYNHEAT model with GAMS. After minimizing the cost of the HEN, the
potential locations for the power cycles are identified. Inthe HEN, the heat exchanger
used for cold utilities is removed, and the available heat is transferred to the power
cycle. The inlet temperatures for the turbine and pump in the cycle are determined by
the HEN. The simulation of the power cycles is carried out using UNISIM DESIGN.
The results from UNISIM DESIGN simulations can be integrated with Python for
optimizing the power cycle. Once the potential locations for the power cycles are
determined, the next step involves developing a thermodynamic model and optimizing

it iteratively.

A thermodynamic model is developed in UNISIM DESIGN based on the temperature
constraints inthe HEN. The simulation results are then optimized iteratively in Python
by performing a parametric study on various parameters that affect the power output
and indirectly the costs, such as pressures, mass flow rates, fluid vapor quality, and
heat rejection due to temperature constraints. [fthe constraints are satisfied during the
iterations in Python, the heat recovery network integrated with the power cycle is
designed. If the constraints are violated, the iteration process is repeated. The flow
diagram of the optimization strategy for the overall system, integrating UNISIM and
Python, is presented in Figure 4.2 below.
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Figure 4.2: Flow diagram of the optimization strategy.

Most of the studies in the literature are optimized simultaneously. Thermodynamic
data such as the enthalpy of working fluid at the cycle is sent into GAMS using
REFPROP. Thus, the power cycle integrated with HEN is optimized simultaneously.
The difference of this thesis from the literature is that the thermodynamic properties
are calculated in UNISIM DESIGN. After HEN is optimized using GAMS, UNISIM
DESIGN is integrated with Python and HEN integrated with the power cycle is

optimized sequentially.
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5. RESULT AND DISCUSSION

In this section, two case studies from the literature are examined under subheadings
5.1 and 5.2. The results obtained using the proposed method, along with a comparison
with the literature, are presented. The strengths and weaknesses of the method,

compared to those in the literature are discussed.

5.1. Case Study 1

The stream data for Case Study 1 Beck and Hofmann, (2018) is shown in Table 5.1
below. In a system with two hot and two cold streams (H1, H2, C1, C2) as well as
steam and cooling water (HU, CU) used as hot and cold utilities, the inlet and outlet
temperatures, heat capacities and individual film heat transfer coefficients of the

streams have been determined. ATnmin is Set to 10°C as used in the reference.

Table 5.1: Case study 1 stream data [Beck and Hofmann, (2018)].
Stream  Tin (°C)  Tow (°C)  Fep (kW/K)  h (kW/m?K)

HI 270 160 18 0.5
H2 220 60 22 0.5
Cl 50 210 20 0.5
C2 160 210 50 0.5
HU 250 250 1
CuU 15 20 1

When the first law analysis is conducted using Equation (3.1), HI can supply 1980
kW, H2 can supply 3520 kW, C1 can absorb 3200 kW and C2 can absorb 2500 kW.
According to the first law, there is a 200 kW heat deficit for the cold streams to reach
to the targeted temperature values by absorbing heat from the hot streams. This heat
deficit is eliminated by using utility. In Figure 5.1 shown below, the streams are
plotted according to the temperatures in Temperature Interval Diagram and Cascade

Diagram.
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Figure 5.1: Temperature interval and cascade diagram for case study 1.

In the first interval there is a 900 kW heat surplus; in the second interval, there is a
1500 kW heat deficit; and in the third and fourth intervals, there is a 200 kW heat
surplus. According to the second law, heat flow naturally occurs from high to low
temperatures. Heat flow is also represented in the Cascade Diagram. A minimum of
600 kW hot utility is required to ensure heat flow. The heat flow stops at the end of
the second interval. The temperature range between 170°C and 160°C corresponds to
the pinch temperature. Below the pinch point, excess heat is transferred to lower

temperatures, and 400 kW of cold utility are required.

Firstly, Composite Curves of the hot and cold streams are drawn, as shown in Figure
5.2 below. These Composite Curves represent the heat loads that the streams will
receive or release according to their temperatures. Subsequently, GCC derived from
the Composite Curves is illustrated in Figure 5.3. Interpreting GCC is crucial for the
pinch method, as it reveals the pinch temperature, the amount of utilities required, and
the potential locations for a power cycle or heat pump. As can be understood from
Figure 5.3, the pinch point is the location where the heat flow stops, specifically the
point that touches the y-axis. The distance between the starting point of the curve and
the y-axis indicates the hot utility, while the distance between the endpoint and the y-
axis represents the cold utility. The 400 kW heat surplus below the pinch point,

addressed by the cold utility, denotes the possible location for a power cycle.
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Figure 5.2: Composite curves for case study 1.
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Figure 5.3: Grand composite curves for case study 1.

According to the pinch rules described in Chapter 3, Grid Diagram shown in Figure
5.4 below is obtained. A total of seven heat exchangers are used: four between the
process streams and three for the utility. This design refers to maximum energy
recovery (MER) and minimum energy requirement (MER). A heat transfer of 5100
kW occurs between the process streams. A 400 kW cold utility and a 600 kW hot

utility are required.
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Figure 5.4: Pinch solution for Case Study 1.

Using the individual heat transfer coefficients of the streams, the overall heat transfer
coefficient for each heat exchanger is calculated from Equation (3.7). ATvwm is then
calculated from Equation (3.9), and the areas of each heat exchanger are determined

from Equation (3.6). The areas of the heat exchangers are shown in Table 5.2 below.

Table 5.2: Case study 1 heat exchanger areas for pinch solution.
Heat Exchanger Area (m?)

1 56.55
2 318.14
3 210.60
4 610.16
HU 39.36
CUl 3.66
Cu2 13.91

Total Area = 1252.37 m?

The Pinch Solution shows the required minimum utility. However, it does not account
for the fixed installation costs, and area-dependent costs of heat exchangers, and the
cost of utilities. Investment and operating cost coefficients are shown in Table 5.3
below [Beck and Hofmann, (2018)] [Dong et al., (2020)] [Wang et al., (2024)]
[Watanapanich et al., (2022)].

When the investment costs of heat exchangers and operating costs for utilities are
calculated, Annual Investment Cost is € 263360.8, Annual Operating Cost is € 128000,
and Total Annual Cost, which represents the sum of operating and investment costs in

the pinch solution, is € 391360.8.
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Table 5.3: Economic parameters for case study 1 [Beck and Hofmann, (2018)],
[Dong et al., (2020)], [Wang et al., (2024)], [Watanapanich et al.,

(2022)].
Investment Cost Economic Parameters
Heat Exchanger 4000 + 500 [Area (m?)]°83 € (y)!
Pump [MFE/PByear] [3540 (Wpump) *7'] €(y)!
Turbine [ME/PByear] [6000 (W) ©7 + 60 (Wiyr) %3] €(y)!
Separator (for KC) [MF/PByear] [280.3 (mhin) *%7] € (y)!
Valve (for KC) [MF/PByear] [114.5 1] € (y)!
Mixer (for KC) [MF/PByear] [100] €(y)!
Operating Cost Economic Parameters
Hot Utility 200 € (y)! (kw)!
Cold Utility 20 € (y)! (kw)!
H, 7000 hr (y)!
Cel 0.14 € (kWh)!

The area shown in Table 5.3 represents the area of each heat exchanger. W pump is the
power consumed by the pump, and Wy, is the power generated by the turbine. The
separator, valve and mixer are used only for the KC, and m is the mass flow rate of
the working fluid. Multiplication factor (MF) accounts for unexpected losses in
investment costs, installation, and maintenance costs, and its value is 1.5. PBycar refers
to the investment plan of the plant, representing the payback period or the number of
years over which the plant is built, and its value is taken as 15. Hy refers to the annual

operating hours of the plant. C¢ represents the electricity sales price per unit kWh.

In the SYNHEAT model solution derived by Grossmann, HEN is solved in GAMS as
a MINLP. In addition to the stream data, when economic parameters are determined
and included in the calculation, it is possible to obtain a more economical HEN
compared to the pinch solution. This is because the SYNHEAT model solution
performs triple optimization for the number and area of heat exchangers, as well as the

utility used. The MINLP model solution is shown in Figure 5.5 below.
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Figure 5.5: SYNHEAT solution for case study 1.

Compared to the Pinch Solution, the number of heat exchangers used decreases from

seven to five in the SYNHEAT model, and the loops from the Pinch Solution are

broken. The number of heat exchangers is reduced. At the same time, since the area of

the heat exchangers is reduced, the costs caused by the area are reduced. The areas of

the heat exchangers in the SYNHEAT model solution are shown in Table 5.4 below.

The total area of heat exchangers obtained from the Pinch Solution decreases from
1252.37 m? to 1087.89 m? in the MINLP model solution. However, the amount of
utility used increases from 400 kW to 500 kW for cold utility, and from 600 kW to

700 kW for hot utility. Despite the increase in the amount of utility, both the heat

exchanger area and the number of heat exchangers decrease.

Table 5.4: Case study 1 heat exchanger areas for SYNHEAT solution.

Heat Exchanger  Area (m?)

1 229

2 790.86
HU 45.02
CU1 3.66
Cu2 19.35

Total Area = 1087.89 m?2

If cost calculations are evaluated, Annual Investment Cost is € 211731.02, Annual

Operating Cost is € 150000, and Total Annual Cost is calculated as € 361731.02.

Annual operating costs are obtained by multiplying the quantity of utility consumed

by the annual cost per kW. The annual investment cost is calculated according to the
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investment cost coefficients of heat exchangers according to Equation (3.10). TAC is
expressed as the sum of annual operating and annual investment costs. Compared to
the Pinch Solution, the SYNHEAT model solution shows a slight increase in the
operating cost due to the increase in utility consumption, while the investment cost
decreases. In the total cost calculation, the HEN cost is minimized with a decrease of

€ 29629.78 compared to the Pinch Solution.

For the purpose of this study, sequential optimization is performed for the integration
of heat exchanger network and power cycle to be designed with minimum cost. Firstly,
the HEN cost is minimized with SYNHEAT model. In the cost-minimized HEN, some
waste heat remains in the hot streams that use cold utility. The waste heat is planned
to be sent to the power cycle to generate power. As shown in Figure 5.5 above, there
1s 500 kW of waste heat. The performances of five different power cycles, namely
ORC, RC, s-CO,C, TFC and KC, are compared, and the most cost-optimal one is
evaluated. One of the points that differentiates this study from the literature is that
these five cycles are integrated with a heat exchanger network and compared both in
terms of power generated and cost. The integration of the five different power cycles
ORC, RC, s-CO,C, TFC and KC with HEN is shown in Figures 5.6-10 below,

respectively.

There are many different organic working fluids used in ORC; however, some fluids
frequently studied in the literature show good economic results. Among these working
fluids, methanol shows the best results for this case study. Therefore, methanol is used
as the working fluid in both ORC and TFC. Water is used as working fluid in RC, CO,
in s-CO,C, and ammonia water mixture in KC at 75-25% concentration. The heat
transfer coefficients of the organic fluid used in ORC and TFC are shown in Table 5.5
below. [Dong et al., (2020)]

Table 5.5: Heat transfer coefficients for ORC and TFC [Dong et al., (2020)].
Heat transfer coefficients for ORC/TFC h (kW/m?K)

Liquid phase 1

Evaporating 3.6
Superheated vapor 0.06

Condensing 1.6
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Figure 5.6: ORC and HEN integration for case study 1.
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Figure 5.7: RC and HEN integration for case study 1.
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Figure 5.8: s-CO,C and HEN integration for case study 1.
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Figure 5.9: TFC and HEN integration for case study 1.
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Figure 5.10: KC and HEN integration for case study 1.

The outlet temperatures of the hot streams using cold utility are 160°C and 60°C, as
shown in Figure 5.5 above. The stream with the higher outlet temperature is used in
the evaporator of the power cycle, while the other hot stream is used to heat the
working fluid in the power cycle. Taking ATmin into account, the maximum
temperature that the cycle can reach is 150°C. Similarly, since the outlet temperature
of the cooling water is 20°C, the inlet temperature of the pump in the power cycle

becomes 30°C.

All of the 180 kW of heat that the H1 hot stream can supply is transferred to the power
cycle. The amount of heat that the H2 stream can transfer is sufficient to raise the

temperature in the cycle to 64.55°C, adhering to the temperature constraint. The heat
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that can be transferred from HEN to the power cycle varies depending on the power
cycle. The amount of heat the working fluid in the cycle can absorb in the liquid or
vaporization phase can be calculated by analyzing the mass flow rates in Python. In
s-CO,C, the minimum total cost target is achieved by performing parametric studies
in Python based on the pressures, and in KC, it is achieved based on the vapor quality

of the working fluid.

The heat used in the cold utility is transferred to the power cycle. Optimization within
the power cycle is performed by integrating Python with UNISIM. After defining the
power cycle constraints, such as maximum and minimum temperatures and heat input,
parametric studies are conducted in Python using other variables, such as pressures,
mass flow rates, fluid quality, and intermediate temperatures. The results obtained
from UNISIM are then evaluated in Python. As a result of the optimization, the net
powers produced, total heat exchanger areas, TAC of all cycles are shown

comparatively in Table 5.6 below.

Table 5.6: TAC results for all cycles for case study 1.

ORC RC 5-CO,C TFC KC
T"tal[g% Area | sy 64 | 114401 | 112347 | 112856 | 1109.28
Net Power Output
o] 40.72 41.94 1434 33.61 2427

Investment Cost
[€ ()]
Operating Cost
[€ ()]

Electricity
Revenue [€ (y)!]

245499.57 | 248161.80 | 245163.53 | 242073.49 | 233441.19

149185.80 | 149160.80 | 149712.80 | 149327.40 | 149514.60

39905.11 | 41099.46 | 14053.20 | 32937.80 | 23781.66

Total Annual Cost

€ ()] 354780.26 | 356223.14 | 380823.13 | 358463.09 | 359174.13

As seen in Table 5.6, ORC shows the most economic result in terms of TAC. Annual
electricity revenue is calculated based on the net power generated by the power cycle,
annual operating hours, and the unit cost per kWh. In terms of power generation,
although RC is the cycle that produces the most power and hence provides electricity

revenue, its annual cost is higher than ORC. In RC, heat exchanger areas increase due
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to the different thermophysical properties of water used as the working fluid compared
to organic fluids, which leads to higher investment costs. TFC achieves good results
after ORC in terms of cost. However, since the working fluid enters the turbine in the
saturated liquid phase in TFC, the turbine used is different from other cycles. This
increases the turbine cost in TFC. Although there is no clear cost coefficient for the
turbine used, the coefficients in the turbine cost calculation for TFC are estimated by
increasing by 30% compared to other turbines, based on literature values. Since the
pump inlet temperature is 30°C in s-CO,C, the condenser pressure increases according
to the critical temperature values of the fluid. This results in a reduction of the power

generated. In KC, good results are obtained at low temperatures, but it is not as popular
as ORC.

The impact on the total cost of working fluids used in ORC, which are frequently tested
in the literature, is analyzed. Methanol, n-pentane, n-hexane, benzene, toluene, and
R245fa are tested. The cost impact of different working fluids used in ORC is shown
in Figure 5.11 below.

Impact of different working fluids used in ORC
on Total Annual Cost [€ (y)!]
390000
380000
370000
360000
350000
Total Annual Cost
En-pentane ®methanol ®=n-hexane ©benzene ®toluene ®=R245fa

Figure 5.11: Impact of different working fluids used in ORC on TAC.

TAC of HEN without integrating the power cycle is € 361731.02. After the integration
of the power cycles, the profits obtained by power cycle are shown in Figure 5.12
below. The power cycle that provides the most profit is ORC. In s-CO,C, there is a

loss, not a profit.
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Figure 5.12: Profit rates according to cycles of case study 1.

5.2. Case Study 2

The stream data for Case Study 2 Watanapanich et al., (2022) is given in Table 5.7
below. As in Case Study 1, a plant with two hot and two cold streams is optimized,
and ATnin IS set to 10°C. The first law analysis shows that hot streams can transfer a
total of 83000 kW, while cold streams can absorb 56000 kW of heat. In this case, there
is an excess heat of 27000 kW.

Table 5.7: Case study 2 stream data [Watanapanich et al., (2022)].
Stream  Tin (°C)  Tou (°C)  Fcp (kW/K) h (kW/m?K)

HI 187 77 300 1
H2 127 27 500 1
Cl1 147 217 600 1
C2 47 117 200 1
HU 300 250 5
CU 15 30 1

The same steps as in Case Study 1 are applied in this case. Temperature Interval and
Cascade Diagrams of the streams are shown in Figure 5.13 below. Pinch temperature

is between 147°C and 157°C. Hot utility is 33000 kW, and cold utility is 60000 kW.
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Figure 5.13: Temperature interval and cascade diagram for case study 2.

Investment and operating cost economic parameters for Case Study 2 are shown in
Table 5.8 below [Watanapanich et al., (2022)], [Dong et al., (2020)], [Wang et al.,
(2024)].

Table 5.8: Economic parameters for case study 2 [Watanapanich et al., (2022)],
[Dong et al., (2020)], [Wang et al., (2024)].
Investment Cost Economic Parameters

Heat Exchanger [MF/PByear] [16620 + 575 [Area (m?)]] $ (y)!
Pump [MFE/PByear] [3540 (Wpump) *7'] $(y)!
Turbine [MF/PByear] [6000 (Wiyr) %7+ 60 (W) 7] $(y)!
Separator (for KC) [MF/PByear] [280.3 (171i) %] $(y)!
Valve (for KC) [MF/PByea] [114.5 1] $ (y)!
Mixer (for KC) [MF/PByea] [3000] $(y)!
Operating Cost Economic Parameters
Hot Utility 100 $ (y)! (kW)
Cold Utility 20 $(y)" (kW)
Hy 7000 hr (y)!
Cel 0.14 $ (kWh)!
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In this case, which is frequently studied in the literature, both the hand calculation with
the pinch method and the SYNHEAT model solution give the same result. First, the
cost of HEN is minimized. HEN design is shown in Figure 5.14 below.

9000 kW 14000 kW 10000 KW

187°C (1)157°C_ (7)) 11033°C @ _77°C
J - @ '

50000 kW
127°C v 27°C
cu2
33000 kKW
217°C . 162°C__ 147°C
0/
117°C (N 47°C
) h—

Figure 5.14: HEN for case study 2 without power cycle.

HEN is designed with minimum cost using a total of five heat exchangers: two between
the process streams and three in the utility. The 60000 kW of waste heat delivered to
the utility from the hot streams is transferred to the power cycle in the maximum
amount allowed by the temperature constraints. The areas of heat exchangers in the

HEN without power cycle integration are provided in Table 5.9 below.

Table 5.9: Case study 2 heat exchanger areas.
Heat Exchanger Area (m?)

1 1100.56
2 551.47
HU 463.29
CU1 282.60
Cu2 2507.37

Total Area =4905.30 m?

As stated in the reference where economic parameters are given, MF is 1.5, PBycar is 5
is assumed. When the cost calculations are analyzed in this HEN designed with five
heat exchangers and using 93000 kW of utility in total, Annual Investment Cost is $
871094.51, Annual Operating Cost is $ 4500000 and Total Annual Cost is $
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5371094.51. According to the economic references given in the compared paper, the

total annual cost without power cycle is calculated at $ 5462240.

In this study, a more economical HEN is designed according to the compared paper.
The first step is completed by optimising only HEN without the power cycle. Then,
the power cycle is integrated with the temperature constraints from HEN and the
second optimization is performed within the cycle. The integration of the five different

power cycles and the compared study is shown in Figures 5.15-20 below.

T 9000 kW ] 13000 KW 1 10000 kw |
187°C 1 (1) 157°C | () : 110.33°C ) ! 77°C
T L/ T\ :
1
] : 1 ]
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127°C 1 1 ! 115.47°C H 27°C
1 T
1 1 1 ]
1 1 I 1
1 1 : ]
' ' 140.11°C ' 67°C
1 1 I 1
1 1 I 1
: : : : 2178 kW
1 1 1 1
I 1 I I 32860 kW
: I | 40°C H 50.86°C
I $
1 1 1 1
33000 kW | I [ [
217°C 1162°C /) 1 : : 147°C
) . T ( J ]
1 1 1 1
I 1 I |
117°C _ 1 1 /2\ 1 1 47°C
h ] 1 T T
1 1 U : 1
1 1 1
I STAGE1 |STAGE2 | POWER STAGE [
Figure 5.15: ORC and HEN integration for case study 2.
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Figure 5.16: RC and HEN integration for case study 2.
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Figure 5.17: s-CO,C and HEN integration for case study 2.
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Figure 5.18: TFC and HEN integration for case study 2.
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Figure 5.19: KC and HEN integration for case study 2.
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Figure 5.20: Integration of the ORC and HEN [Watanapanich et al., (2022)].

Power cycles are integrated with temperature constraints coming from the
optimization of HEN. The output temperature drops to 77°C as the hot stream send
waste heat to the utilities. Accordingly, the maximum temperature the power cycle can
reach is 67°C with ATmin of 10°C. Since the outlet temperature of the cooling water is
also 30°C, the pump inlet temperature are designed as 40°C. Also, unlike Case Study
1, this case study uses n-pentane as the working fluid in ORC and TFC.

HEN is divided into stages as the method of this thesis. As shown in Figure 5.15, the
first two stages include heat exchangers used for energy recovery between process
streams. In addition to the last stage, another stage is added and this is called the power
stage. In the power stage, the waste heat sent to the cold utility is recovered and the

heat exchanger is eliminated and integrated into the power cycles.

In the power stage, all waste heat in H1 is transferred to the cycle. The waste heat that
H2 can transfer is the heat that the H2 stream can send up to the temperature constraint.
Therefore, it can send heat until the temperature of H2 is 77°C. The waste heat that the
cycle can take after the applied temperature constraints is determined by the mass flow
rate of the working fluid. After the thermodynamic model designed in UNISIM
DESIGN, appropriate mass flow rates are found by parametric operation in Python.
Thus, the maximum amount of waste heat that the cycle can take and the maximum

power it can generate are found.

The economic results of the cycles are presented in Table 5.10 below. Although RC

1s more prominent in terms of electricity revenue, when annual investment costs are
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considered, ORC is the most economical cycle as in Case Study 1. It is becoming
popular in the RC in the event of a significant increase in the unit price of kWh of

electricity.

When compared with the example from the literature in Case study 2, even if the
annual investment and operating costs seem more economical, it falls behind the
referenced article in TAC since the electricity income is low in direct proportion to the
net power generated. In the referenced study, the heat transferred from the heat
exchanger network to the cycle is 49742.52 kW and the turbine inlet temperature is

97.84°C. This is because the study employs simultaneous optimization.

In the method proposed in this thesis, energy transfer in the first two stages occurs
between the processes, while the heat in the power stage is directed to the power cycle.
In simultaneous optimization, the heat sent to the cycle can also be in the first stages
according to the optimization result. Therefore, the power produced increases as the
amount of heat received by the cycle increases and also as the maximum temperature
that the cycle can reach increases. The economic results of all cycles and the compared

reference study are also shown in Figure 5.21 below.

Table 5.10: TAC results for all cycles for case study 2.

ORC
(Article) ORC RC s-CO:C TFC KC

Total HE

9930.84 8888.91 10050.20 7947.40 8813.46 8521.37
Area [m?]

Net Power
Output 5098.74 2145.79 2307.56 46.80 1246.40 1108.73
(kW]

Investment
Cost 2568834.21 | 200317947 | 2209288.87 | 1749715.02 | 201077442 | 1811573.61
[$ ']
Operating
Cost 5937809 4457200 4453800 4499004 4475000 4477780
[$ (']

Electricity
Revenue | 499676520 | 210287420 | 226141321 45864 1221472 108655540
[$ (']
Total
Annual
Cost

[$ W]

3509878.01 | 435750527 | 4401675.66 | 6202855.02 | 526430242 | 520279821
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Figure 5.21: Cost of all cycles.

TAC of HEN without power cycle is $ 5371094.51. The comparative annual profits
after the integration of the power cycles is visualized in Figure 5.22 below. The annual
profit of the reference study is the highest as shown in Figure 5.22 below. Then the
profit of the heat exchanger network of this study with ORC integration is the highest.
In s-CO,C, on the other hand, there is not profit but loss.

Profits [$ (y)!]

2000000
1500000
1000000

500000

-500000

-1000000

EArticle (ORC) BORC BRC Os-CO2C mTFC BKC

Figure 5.22: Profit rates according to cycles of case study 2.
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6. CONCLUSIONS

In this study, total annual cost of power cycles integrated with heat exchanger networks
were optimized. Five different power cycles were compared. Heat exchanger network
cost was minimized with the SYNHEAT model. Power cycles were modeled with the
constraints formed according to the results of heat exchanger network optimization.

The modeled power cycles were then optimized in Python.

The best results in terms of total annual cost were in ORC as shown in Case Study 1
and 2. The thermophysical properties of the organic fluids used in ORC provide
advantages over the fluids used in other cycles such as water, CO, and ammonia-water
mixtures. RC seems to be the best cycle in terms of power generated. However, due to
the thermophysical properties of the working fluid water used, the total annual cost
was higher than ORC as the heat exchangers integrated with heat exchanger network
were costly. If there is a significant increase in the unit price of electricity, RC may be

more economically viable than ORC.

Even if the same organic fluid is used in TFC, it cannot perform as well as ORC
because turbine inlet phase is saturated liquid. In addition, since more costly turbines
are used, it is seenthat it is not preferred in terms of total annual cost. Although KC is
a cycle used like ORC to generate power at low temperatures, it was insufficient in
terms of the power produced. This affects total annual cost. s-CO,C was the most cost
inefficient cycle. Also, one of the other reasons why this cycle is not preferred is the
safety issues. Because the cycle operates under high pressures and this situation both

creates a safety problem and requires more costly equipment selection.

The proposed method was compared with the literature. Since sequential optimization
was performed instead of simultaneous optimization, this study was weak when
comparing ORC results with the literature. Simultaneous optimization results in a
wider range of temperature constraints. In addition, the amount of heat transferred to
the power cycle is higher than the proposed method, which is advantageous in terms
of power generated. On the other hand, the advantage of this study compared to the
literature is the software used, UNISIM DESIGN. Realistic results were achieved

using a program with a powerful thermodynamic data base, and integration was
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achieved using Python. In addition, in power cycle optimization, multiple parameters
can be included in the optimization at the same time to access the enthalpy data of the
working fluid in the cycle. Selection of decision variablesare more various. In spite of
the disadvantages of the method, the use of a program with a strong thermodynamic

background and the practicality of the method give this study an advantage.

62



REFERENCES

Ahmad, S., Linnhoff, B., Smith, R. (1990). Cost optimum heat exchanger networks—
2. Targets and design for detailed capital cost models. Computers & Chemical
Engineering, 14(7), 751-767. https://doi.org/10.1016/0098-1354(90)87084-3

Ahmed, A. M. (2024). Thermal efficiency investigation for organic Rankine cycle and
trilateral flash cycle using hydrofluoroether working fluids. Results in Engineering,
21, 101648. https://doi.org/10.1016/j.rineng.2023.101648

Beck, A., Hofmann, R. (2018). A Novel Approach for Linearization of a MINLP
Stage-Wise Superstructure Formulation. Computers & Chemical Engineering, 112,
17-26. https://doi.org/10.1016/j.compchemeng.2018.01.010

Biegler, L. T., Grossmann, I. E., Westerberg, A. W. (1997). Systematic methods of
chemical process design. Prentice Hall PTR.

Briickner, S., Liu, S., Miro, L., Radspieler, M., Cabeza, L. F., Ladvemann, E. (2015).
Industrial waste heat recovery technologies: An economic analysis of heat
transformation technologies. Applied Energy, 151, 157-167.
https://doi.org/10.1016/j.apenergy.2015.01.147

Chen, H., Goswami, D. Y., Stefanakos, E. K. (2010). A review of thermodynamic
cycles and working fluids for the conversion of low-grade heat. Renewable and
Sustainable Energy Reviews, 14(9), 3059-3067.
https://doi.org/10.1016/j.rser.2010.07.006

Chen, J. J. J. (1987). Comments on improvements on a replacement for the logarithmic
mean. Chemical Engineering Science, 42(10), 2488-2489.
https://doi.org/10.1016/0009-2509(87)80128-8

Chen, Y., Lundqvist, P., Johansson, A., Platell, P. (2006). A comparative study of the
carbon dioxide transcritical power cycle compared with an organic rankine cycle with

R123 as working fluid in waste heat recovery. Applied Thermal Engineering, 26(17—
18), 2142-2147. https://doi.org/10.1016/j.applthermaleng.2006.04.009

Cengel, Y. A., Boles, M. A. (2015). Thermodynamics: An engineering approach
(Eighth edition). McGraw-Hill Education.

Dimian, A. C. (2003). Integrated design and simulation of chemical processes (1sted).
Elsevier.

Dong, X., Liao, Z., Sun, J., Huang, Z., Jiang, B., Wang, J., Yang, Y. (2020).
Simultaneous Optimization for Organic Rankine Cycle Design and Heat Integration.
Industrial &  Engineering Chemistry  Research, 59(46), 20455-20471.
https://doi.org/10.1021/acs.iecr.0c04598

Dong, X., Liao, Z., Sun, J., Huang, Z., Jiang, B., Wang, J., Yang, Y. (2020).
Simultaneous Optimization of a Heat Exchanger Network and Operating Conditions

63



of Organic Rankine Cycle. Industrial & Engineering Chemistry Research, 59(25),
11596-11609. https://doi.org/10.1021/acs.iecr.0c01708

Douglas, J. M. (1988). Conceptual Design of Chemical Processes, McGraw-Hill

Elsayed, A., Embaye, M., AL-Dadah, R., Mahmoud, S., Rezk, A. (2013).
Thermodynamic performance of Kalina cycle system 11 (KCS11): Feasibility of using
alternative zeotropic mixtures. International Journal of Low-Carbon Technologies,
8(suppl 1), 169—178. https://doi.org/10.1093/ijlct/ctt020

Floudas, C. A., Pardalos, P. M., Adjiman, C. S., Esposito, W. R., Glimiis, Z. H.,
Harding, S. T., Klepeis, J. L., Meyer, C. A., Schweiger, C. A. (1999). Handbook of
Test Problems in Local and Global Optimization (Vol. 33). Springer US.
https://doi.org/10.1007/978-1-4757-3040-1

Gundersen, T., Naess, L. (1988). The Synthesis of Cost Optimal Heat Exchanger
Networks An Industrial Review of the State of the Art, Compt. Chem. Engng, 12(6),
503-530

Herath, H. M. D. P., Wijewardane, M. A., Ranasinghe, R. A. C. P., Jayasekera, J. G.
A. S. (2020). Working fluid selection of Organic Rankine Cycles. Energy Reports, 6,
680—-686. https://doi.org/10.1016/j.egyr.2020.11.150

Hipolito-Valencia, B. J., Rubio-Castro, E., Ponce-Ortega, J. M., Serna-Gonzalez, M.,
Napoles-Rivera, F., El-Halwagi, M. M. (2014). Optimal design of inter-plant waste
energy integration. Applied  Thermal  Engineering, 62(2), 633-652.
https://doi.org/10.1016/j.applthermaleng.2013.10.015

Hohmann E. C., (1971), "Optimum networks for heat exchangers", PhD Thesis,
University of South California.

Hu, B., Huang, S., Shao, Y., Chen, J. (2020). Thermodynamic analysis of a new
ammonia-water power cycle. Energy Reports, 6, 567-573.
https://doi.org/10.1016/j.egyr.2019.09.027

Imre, A. R., Ahmed, A. M. (2023). Effect of the working fluids critical temperature on
thermal performance for trilateral flash cycle and organic Rankine cycle. International
Journal of Thermofluids, 20, 100417. https://doi.org/10.1016/;.1j{t.2023.100417

Igbal, M. A., Rana, S., Ahmadi, M., Date, A., Akbarzadeh, A. (2020). Experimental
study on the prospect of low-temperature heat to power generation using Trilateral
Flash  Cycle (TFC). Applied  Thermal  Engineering, 172, 115139.
https://doi.org/10.1016/j.applthermaleng.2020.115139

Jouhara, H., Khordehgah, N., Almahmoud, S., Delpech, B., Chauhan, A., Tassou, S.
A. (2018). Waste heat recovery technologies and applications. Thermal Science and

Engineering Progress, 6, 268—289. https://doi.org/10.1016/j.tsep.2018.04.017

Kalina, A. L., (1982), “Generation of energy by means of a working fluid, and
regeneration of a working fluid”, United States Patent EDB-83-049097.

64



Kemp, I. C. (2007). Pinch analysis and process integration: A user guide on process
integration for the efficient use of energy (2nd ed). Butterworth-Heinemann.

Kose, O., Kog, Y., Yagli, H. (2022). Is Kalina cycle or organic Rankine cycle for
industrial waste heat recovery applications? A detailed performance, economic and
environment based comprehensive analysis. Process Safety and Environmental
Protection, 163, 421-437. https://doi.org/10.1016/j.psep.2022.05.041

Lai, K.-Y., Lee, Y.-T., Chen, M.-R., Liu, Y.-H. (2019). Comparison of the Trilateral
Flash Cycle and Rankine Cycle with Organic Fluid Using the Pinch Point
Temperature. Entropy, 21(12), 1197. https://doi.org/10.3390/e21121197

Li,L.,Ge, Y. T., Luo, X., Tassou, S. A. (2018). Experimental analysis and comparison
between CO2 transcritical power cycles and R245fa organic Rankine cycles for low-
grade heat power generations. Applied Thermal Engineering, 136, 708-717.
https://doi.org/10.1016/j.applthermaleng.2018.03.058

Linnhoff, B., Ahmad, S. (1990). Cost optimum heat exchanger networks-1 Minimum
energy and capital using simple models for capital cost, Computers chem. Engng,
14(7), 729-750

Linnhoff, B., Flower, J. R. (1978). Synthesis of heat exchanger networks: I. Systematic
generation of energy optimal networks. AIChE Journal, 24(4), 633-642.
https://doi.org/10.1002/aic.690240411

Linnhoff, B., Hindmarsh, E. (1983). The Pinch design method of heat exchanger
networks, Chem. Engng. Sci., 38, 745

Linnhoff, B., Mason, D. R. Wardle, 1. (1979). Understanding heat exchanger
networks, Comp Chem Eng, 3: 295.

Liu, L., Yang, Q., Cui, G. (2020). Supercritical Carbon Dioxide(s-CO2) Power Cycle
for Waste Heat Recovery: A Review from Thermodynamic Perspective. Processes,
8(11), 1461. https://doi.org/10.3390/pr8111461

Mahmoudi, A., Fazli, M., Morad, M. R. (2018). A recent review of waste heat recovery
by Organic Rankine Cycle. Applied Thermal Engineering, 143, 660—675.
https://doi.org/10.1016/j.applthermaleng.2018.07.136

March, L., “Introduction to Pinch Technology”, https://www.ou.edu/class/che-
design/a-design/Introduction%20t0%20Pinch%20Technology-LinhoffMarch.pdf
(Accessed: Dec 06, 2024)

Martelli, E., Elsido, C., Mian, A., Marechal, F. (2017). MINLP model and two-stage
algorithm for the simultaneous synthesis of heat exchanger networks, utility systems
and heat recovery cycles. Computers & Chemical Engineering, 106, 663—689.
https://doi.org/10.1016/j.compchemeng.2017.01.043

Modi, A., Kaern, M. R., Andreasen, J. G., Haglind, F., (2015), “Economic optimization
of a Kalina cycle for a parabolic trough solar thermal power plant”, Proceedings of

65



ECOS 2015: 28th International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, PAU, FRANCE, 30 June -
3 July.

Nishida, N., Stephanopoulos, G., Westerberg, A. W. (1981). A review of process
synthesis. AIChE Journal, 27(3), 321-351. https://doi.org/10.1002/aic.690270302

Ononogbo, C., Nwosu, E. C., Nwakuba, N. R., Nwaji, G. N., Nwufo, O. C,
Chukwuezie, O. C., Chukwu, M. M., Anyanwu, E. E. (2023). Opportunities of waste
heat recovery from various sources: Review of technologies and implementation.
Heliyon, 9(2), e13590. https://doi.org/10.1016/j.heliyon.2023.e13590

Papoulias, S. A., Grossmann, I. E. (1983). A structural optimization approach in
process synthesis—II. Computers & Chemical Engineering, 7(6), 707-721.
https://doi.org/10.1016/0098-1354(83)85023-6

Pethurajan, V., Sivan, S., Joy, G. C. (2018). Issues, comparisons, turbine selections
and applications — An overview in organic Rankine cycle. Energy Conversion and
Management, 166, 474—488. https://doi.org/10.1016/j.enconman.2018.04.058

Rackley, S. A. (2017). Carbon capture and storage (Second edition). Butterworth-
Heinemann.

Rohde, D., Hagen, B. A.L., Traedal, S., Andresen, T., (2018), “Comparison of Rankine
Cycle and Trilateral Flash Cycle for Power Production From Low Temperature Heat

Sources”, 13th IIR Gustav Lorentzen Conference, Valencia,
https://doi.org/10.18462/1TIR.GL.2018.1286

Seider, W. D., Seader, J. D., Lewin, D. R., Widagdo, S. (2009). Product and Process
Design Principles, John Wiley & Sons, Inc.

Smith, I. K. (1993). Development of the Trilateral Flash Cycle System: Part 1:
Fundamental Considerations. Proceedings of the Institution of Mechanical Engineers,
Part  A:  Journal  of Power  and  Energy, 207(3), 179-194.
https://doi.org/10.1243/PIME_PROC 1993 207 032 02

Smith, R. (2005), Chemical Process Design and Integration, John Wiley Sons, Ltd

Tchanche, B. F., Lambrinos, Gr., Frangoudakis, A., Papadakis, G. (2011). Low-grade
heat conversion into power using organic Rankine cycles — A review of various
applications. Renewable and Sustainable Energy Reviews, 15(8), 3963-3979.
https://doi.org/10.1016/j.rser.2011.07.024

Towler, G. P., Sinnott, R. K. (2008). Chemical engineering design: Principles,
practice and economics of plant and process design. Elsevier/Butterworth-

Heinemann.

Townsend D.W., and Linnhoff, B., (1984). Surface Area Targets for Heat Exchanger
Networks, I[ChemE Annual Research Meeting, Bath, UK.

66



Umeda, T., Harada, T., Shiroko, K. (1979). A thermodynamic approach to the
synthesis of heat integration systems in chemical processes. Computers & Chemical
Engineering, 3(1-4), 273-282. https://doi.org/10.1016/0098-1354(79)80046-0

Victor, R. A., Kim, J.-K., Smith, R. (2013). Composition optimisation of working
fluids for Organic Rankine Cycles and Kalina cycles. Energy, 55, 114-126.
https://doi.org/10.1016/j.energy.2013.03.069

Wang, J., Wu, Y., Liu, X. (2024). Thermodynamic and economic analysis of a Kalina
cycle-based combined heating and power system for low-temperature heat source
utilization. Thermal Science and Engineering Progress, 55, 102904.
https://doi.org/10.1016/j.tsep.2024.102904

Watanapanich, S., Li, S.-T., Lee, J.-Y. (2022). Optimal integration of organic Rankine
cycles into process heat exchanger networks: A simultaneous approach. Energy
Conversion and Management, 260, 115604.
https://doi.org/10.1016/j.enconman.2022.115604

Wu, Z., Wu, J., Kang, Z., Deng, J., Hu, Z., Li, L. (2021). A review of water-steam-
assist technology in modern internal combustion engines. Energy Reports, 7, 5100—
5118. https://doi.org/10.1016/j.egyr.2021.08.104

Yee, T. F., Grossmann, I. E. (1990). Simultaneous optimization models for heat
integration—II. Heat exchanger network synthesis. Computers & Chemical
Engineering, 14(10), 1165—1184. https://doi.org/10.1016/0098-1354(90)85010-8

Yerramsetty, K. M., Murty, C. V. S. (2008). Synthesis of cost-optimal heat exchanger
networks using differential evolution. Computers & Chemical Engineering, 32(8),
1861-1876. https://doi.org/10.1016/j.compchemeng.2007.10.005

Zhu, H., Xie, G., Yuan, H., Nizetic, S. (2022). Thermodynamic assessment of
combined supercritical CO2 cycle power systems with organic Rankine cycle or

Kalina cycle. Sustainable Energy Technologies and Assessments, 52, 102166.
https://doi.org/10.1016/j.seta.2022.102166

67



BIOGRAPHY

Erdem BAYDIR is a research assistant at Gebze Technical University, Department of
Mechanical Engineering. In 2020, he graduated from Ege University, Department of
Mechanical Engineering. He is now studying for his master's degree at Gebze
Technical University.

68



PUBLICATIONS AND PRESENTATIONS FROM THE THESIS

Baydir, E., Isik, B., Konukman, A. S. (2024). Optimization of Energy Recovery in
Heat Exchanger Networks Integrated with Organic Rankine Cycle. Presented at the
7th International Marmara Scientific Research and Innovation Congress, ISTANBUL

69



