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Graphical Abstract 
The Combined Heat and Mass Exchanger Network Synthesis (CHAMENS) which 
comprised a win-win strategy simultaneously diminishing the emission alongside 
maximizing the profits of the whole systems has been accomplished in this work. The 
novelty comes from the development of the original stage-wise superstructure (SWS) 
by (Grossman and Sargent, 1978) to be able to overcome CHAMENS problem. The 
Total Annual Cost (TAC), the number of units needed, some advantages and 
limitations of the other methods have been compared and analyzed. The results for 
the application of this work in CHAMENS have been achieving a significant TAC 
reduction of $ 235,306 a-1 for a year operational time compared to the other previous 
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CHAPTER 1  
INTRODUCTION 

 

 The energy and the environmental problems take the important parts in the 

industrial worldwide. Hence, a poor energy system alters environmental destruction 

such as the uncontrollable air pollution, high GHG emission of the industry, and 

global warming. Therefore, some of the main aspects in the industrial and 

manufacturing processes are how to deal efficiently with the emission standard, the 

energy used and consequently the cost of the whole systems. Based on the authority 

of International Energy Agency (IEA) annual data, the global energy demand is 

expected to grow up about 25% from 2016 to 2040. Consequently, increased global 

energy demand leads to exorbitant energy prices. In fact, one of the most energy-

intensive industries is refinery. Based on the U.S. Manufacturing Energy Use and 

Greenhouse Gas Emissions Analysis by the US department of energy, the process 

heating used about 90% of onsite fuel, 65% direct used and 23% to generate the steam 

used in process heating for a refinery. 

The issues such as the energy efficiency needs, energy crisis, costly energy 

prices, and sustainability of the process plants have enhanced the advancement of the 

optimum integration in both heat and mass exchanger network. Therefore, the 

combined heat and mass network synthesis in the same manner with the win-win 

strategy simultaneously diminishing the emission and the TAC of the whole system 

should be applied. The Total Annual Cost (TAC) involves the capital and operational 

expenses that is possible to be turned down depending on the design of the network 

such as the stream pairs, the number of the utilities required or the network areas 

needed of both Heat Exchanger Network (HEN) and Mass Exchanger Network 

(MEN) related to the heat and mass exchange, heating or cooling process streams.  

In order to meet the desired criteria as mentioned above, this thesis is focused on 

both the enrichment of the synthesis in the subsystems and the approaches which 

streams to link them from more than one subsystem in MENS, HENS, and 

CHAMENS case studies. The aim of this thesis is to solve the combined heat and 

mass exchanger network (CHAMENS) simultaneously to produce the same output 
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with the highest energy saving of the process with the lowest TAC. The result of this 

work is analyzed and compared to the other literatures depending of many factors 

such as the energy saving, the Total Annual Cost (TAC), computation time, the 

number of units needed, the advantages and the limitation of each method. The 

rigorous modeling in the real industrial application is a challenge for the former to 

develop the sustainable industrial energy systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

 
 

  
 

 

In this chapter, the reasons of the selected method for synthesizing combined 

heat and mass exchanger network used in this thesis can be found as compared to the 

characteristics of the other existing methods, the purpose and the characteristics of the 

Mass Exchanger Network Synthesis (MENS), Heat Exchanger Network Synthesis 

(HENS), and Combined Heat and Mass Exchanger Network Synthesis (CHAMENS) 

are described from many difference literatures. 

2.1. Mass Exchanger Network Synthesis (MENS) 

Mass Exchanger Network Synthesis (MENS) is defined as the optimization 

model producing the optimum network configuration with optimal flows and stream 

pairings that minimizes the amount of expensive mass cleaning agent used and the 

total annual cost using recycling scheme or direct contact mass transfer units. In the 

industrial or chemical process, the mass exchanger network is usually used to 

selectively remove the pollutants (rich streams) to meet the emission standards by 

using minimum the external mass separating agent as the lean streams. The 

construction of HENS is possible to be used as MENS with some modifications. The 

differences between MENS and HENS are shown. The processes of MENS are 

usually used in industry for examples absorption, adsorption, stripping, leaching, ion 

exchange, solvent extraction, and hybrid distillation-pervaporation.   

 

 

 

 

Figure 2.1 Mass exchange flow pattern scheme. 
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Figure 2.2 a) Mass flow pattern for a single contaminant, b) Mass flow pattern for 
multiple contaminants (Alva-Arga´ez 1999). 
 

The different between the mass flow pattern for single and multiple 

contaminants is demonstrated in figure 2.2a and 2.2b. The mass flow pattern for 

multiple contaminants contains the input of the residual mass load at the top 

concentration interval, and the output of the residual mass load in the bottom interval. 

In contrast, the mass flow pattern for a single contaminant does not have them. 

Moreover, connected to Fig. 2.3 and Fig. 2.4, the figures show the evidences the new 

stage-wise superstructure model benefits as compared to the traditional mass 

exchanger network synthesis (Short, Isafiade, Biegler, & Kravanja, 2018). Those 

figures depict that the new stage-wise superstructure has fewer mass exchangers than 

the traditional method impacting to the higher additional cost savings without 

lowering the performance of the mass exchanger duties. As it can be seen from Fig. 

2.4, it has fewer stream exchanged because of the robust MINLP optimization 

including the correction factor to become more realistic and solve the large 

differences between the fixed parameters in MINLP and NLP. The minimum TAC 

can be provided without neglecting the pressure drop, the costs of internals, packing 

sizes and diameters. 
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Figure 2.3 The example of mass exchange network using traditional method (Short, 
Isafiade et al. 2018). 
 

 

 

 

 

 

 

 

Figure 2.4 The example of mass exchange network using the new stage-wise 
superstructure (Short, Isafiade et al. 2018). 
 

2.1.1. Stage Wise Superstructure (SWS) 

The original concept SWS of heat exchanger network (Yee T. F 1990) 

has been adapted to a novel SWS method proposed (Szitkai Z. 2006) that is capable to 

synthesize mass exchanger networks using MINLP. The lean streams of MENS are 

not corresponding to the cold streams of HENS because the external lean streams in 

MENS does not always mean the leanest. On the contrary, the cold utilities in HENS 

mean that they are always the coldest.  

Each rich and lean stream are not allowed to be matched more than 

once in this method. The Big M as the logical constraint averts the numerical 

problems by providing the reasonable lower bounds for mass exchanged. Sizing the 

mass exchangers, LMCD Chen’s approximation (Chen 1987) is used. Driving forces 

are the variables. In this method, equal mixing concentration, counter-current flow, 
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splitting, mixing, no separate inlet and outlet concentrations for the exchanger are 

used for single component. Packed columns are identified as mass exchanger for a 

single component. 

If the multiple components are used, the assumption of equal mixing 

concentration is not used because of a lack the degree of freedom. The model must be 

extended analogous to multiperiod optimization. Kremser equation (Shenoy and 

Fraser 2003) is used in a case of either the multiple component using trayed column 

or the single component with staged column. To make the computational time lower 

and stabilize the numerical solution, Integer-Infeasible Path MINLP (IIP-MINLP) is 

also used in this method.  

2.1.1.1.  The Limitation Stage Wise Superstructure (SWS)  

The limitation of SWS is that it does not consider the pressure 

drop. Moreover, mass transfer coefficient in SWS for each pair is equal. In fact, the 

mass transfer coefficient for each pair in each column is not always equal. The 

assumption of SWS that only the stream with equal concentration can be mixed is 

unreliable to be applied in a case of multicomponent problems. Moreover, the overall 

efficiency of the tray, inactive height and tray spacing used in the cost function are 

unclear, and they cannot be constant. These factors impact to the result that are 

unreliable. This method can be applied to ammonia removal, sulfur dioxide (SO2) 

removal, and COG sweetening.  

 

2.1.2. The Enhancement of SWS 

Isafiade et al., (Isafiade 2018) have developed SWS method (Szitkai 

Z. 2006) into a reduced superstructure by adopting the method proposed by Isafiade et 

al., (2015) to overcome MENS with two steps solved by using MINLP. The first step 

entails solving the problems with the SWS method. Then, the selected stream matches 

and the existing matches of the original network of the first step are used to set up the 

reduced superstructure in the second step to minimize the binary variables.  

Not only reusing the existing exchangers in the original network but 

also adjusting the capital cost component are used in the objective function to add the 

new exchangers with the minimum exchanger area required. This method depends on 
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the number of stages, the equilibrium concentration difference, the driving force, the 

composition of supply and target, and the flowrate of each pair.  

2.1.2.1.  The Advantage of New Stage Wise Superstructure (SWS)  

The advantages of this method are it has less computationally 

intensive, lower payback period and fewer binary variables. This method is possible 

to be used for the case which includes continuous contact column. This reduced 

superstructure has been applied to the coke-oven gas sweetening process.  

 

2.1.3. The Hybrid Optimization 

The model (Short, Isafiade et al. 2018) transformed the HENS model 

(Short et al., 2016) to be able to solve Mass Exchange Network Synthesis (MENS) 

problems using two steps. In the first step, MINLP combined with the correction 

factors is used to produce the boundary conditions for the first and last element for the 

supply and target concentration, mass balance, and network topology accurately based 

on modified SBS (Azeez, Isafiade et al. 2013) which accommodates unequal mixing 

composition. The amount of change that a correction factor can undergo should no 

more than 5 % to prevent drastic solution space. In MINLP, the diameters, mass 

transfer coefficients, packing characteristic are assumed to be constant, and the 

pressure drops are not considered.  

In contrast with MINLP, NLP provides the solution of the 

optimization for the second step by applying detailed equation and considering the 

flooding limitations, optimum packing sizes, diameters, heights, flux changes along 

the column, variation in the overall mass transfer coefficients, actual pressure drop 

across the column etc. Orthogonal Collocation on Finite Elements (OCFE), the 

Lagrange polynomial, the big M formulation, the LMCD approximation (Chen 1987) 

are used to produce feasible solution.  

2.1.3.1.  The Limitation of New Hybrid Method 

However, this hybrid method may be difficult to be solved as high 

non-convexities and very complex. This method has been applied to hydrogen sulfide 

removal from a Claus unit, and contaminant ammonia removal. 
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2.2. Heat Exchanger Network Synthesis (HENS) 
 

 Heat Exchanger Network Synthesis (HENS) is a network of process synthesis 

that attains a maximum heat exchange of both hot and cold stream while markedly 

saving energy, improving the heat transfer area and minimizing the total annual cost 

by identifying the optimum pairs of the stream matches. In the heat exchanger 

network, the bypass is used to control the process stream target temperatures by 

overcoming the disturbances from the temperature and/ or flowrates of incoming 

streams. Moreover, the splitter is used to separate the outlet flow, and the mixer is 

usually placed prior to each exchanger.  

 Figure 5 shows the possible structural modification in HEN retrofitting proposed 

by (Pavão, Costa et al. 2019) and inspired by (Floudas 1989). The first structure in 

Fig. 2.5 shows the replaced of the original heat exchanger with another heat 

exchanger without re-piping. Number 2 is the same as number 1 but it includes re-

piping. In the number 3, one associated re-pipping is included in an original heat 

exchanger, and if one stream differs from the original stream, re-sequencing is 

applied. Based on number 4, an original heat exchanger is re-pipped.  Number 5 

shows the replacement of an original heat exchanger with a new heat exchanger 

before an original heat exchanger is moved without re-pipping. Number 6 is related to 

number 5, but it contains one of the streams re-pipped, purchasing new heat 

exchanger, and single-stream re-piping. In the end, number 7 shows a new match of a 

new heat exchanger for example the piping changes required for the two streams. 

Based on Fig. 2.6, there are two types of streams, the vertical and the nonvertical 

streams. it shows that the heat transfer coefficients which are different significantly 

from one to the other heat transfer coefficients are handled by the nonvertical stream 

to get the minimum network area. However, the minimum network can still be 

achieved by applying the mathematical programming method to heat exchanger 

network synthesis.  
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Figure 2.5 Possible structural modification in HEN retrofitting (Pavão, Costa et al. 
2019). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 the application of the non-vertical stream to minimize the network area 
(Linnhoff 1990). 

  

2.2.1. Pinch Technology 

 The pinch technology firstly introduced by (Linnhoff 1983) which use 

“feasibility criteria” to identify the restriction and “thick-off heuristic” to produce 

fewest possible units. This method is possible to be overcome by hand calculation. 

The supply of the new hot utility must be above the pinch, and the supply of the new 

cold utility must be below the pinch. The heat transfer is not allowed to across the 
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pinch. They used partitioning and cascading. To determine the pinch location, they 

used the algorithm table by (Linnhoff 1978). 

2.2.1.1.  The Limitation of Pinch Technology 

The limitations of pinch are it depend only on the pinch point 

and thermodynamically target, and it cannot be optimized simultaneously. The 

maximum heat integration is limited. They applied pinch in an individual plant.   

  

2.2.2. Stage-Wise Superstructure 

SWS was originated by (Yee T. F 1990) to abolish the limitation 

sequential method as it does not rely on pinch point, without using temperature or 

enthalpy intervals and, without partitioning into subnetworks to determine the 

different trade-offs simultaneously. This method extends the model proposed by 

(Grossman and Sargent, 1978). In this method, the heat exchange occurs between 

each hot and cold stream at each stage.  

The advantages of the original SWS are it can be applied for the 

different heat transfer coefficients, and multi-stream heat exchangers. Moreover, the 

original SWS method is also better than the spaghetti method, because it has lower 

number of the heat exchangers than the spaghetti method since the number of 

intervals does not have to be the same as the number of stages. In this method, they 

use splitting, crisscross heat exchange, non-zero heat load and iso-thermal mixing 

assumption solved by using NLP formulation. They also used LMTD from Chen 

approximation (Chen 1987). 

 

2.2.2.1.  The Limitation of SWS 

The limitations of the SWS for HENS are SWS cannot be applied 

in the large retrofit industrial cases such as the crude oil distillation unit pre-heat train 

proposed by (SMITH, JOBSON ET AL. 2010) because it cannot deal with the case 

which comprising series of heat exchangers in single stream split branches.  As 

isothermal mixing is used, the heavy computational burdens because of nonlinear 

terms such as neglecting a few structures. This method was applied to cryogenic 

plants.  
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2.2.3. The Transshipment Model 

The first transshipment model was proposed by (Papoulias 1983) using 

MILP. In transshipment model, the sources are the heating utilities and the hot 

streams, and the destinations are the cooling utilities and the cold stream. The 

intermediate nodes are the temperature intervals. The heat from the hot utilities flows 

to the temperature intervals, then flows to the cold streams. Moreover, the excess heat 

flows to the next lower temperature intervals. The partitioning methods from ((Cerda 

et al., 1981), (Grimes et al., 1980), (Linnhoff 1978)) are usually used. Transshipment 

model has the smaller size than the transportation model proposed by (Cerda et al., 

(1981)). Preventing the forbidden matches and treating the restriction separately are 

the key of this method.  

The advantages of the transshipment model are it is available to handle the 

restricted matches caused by the plant layout, safety requirements, or process control 

difficulties. Moreover, this method is available to handle the stream splitting, cyclic 

network, and multiple utilities. All the heat exchangers that were used were the 

counter-current heat exchangers. It is suitable for small scale problems.  

 

2.2.3.1.  The Limitation of The Transshipment Model 

The limitations of this method are it does not explain about how 

the flow rates or the streams are distributed because the original transshipment model 

only considers to the heat flows or the heat configurations not to the mass flows.   

 

2.2.4. The Development of the Original Superstructure. 

Conquering the large-scale industrial problem which involve the long 

pipe length is the challenge for the researchers nowadays due to the high risk, the high 

computational time and the high computational complexity. If the pipe has the large 

size, the pressure drop is difficult to be overcome. The more pump and compressor 

are needed to handle the pressure drop the higher cost will be expensed not only to 

overcome the pressure drop but also for the safety.  

Huang et al., (Huang and Karimi 2013) combined two superstructures 

in single step monolithic mathematical programming formulation. A specific utility 

cannot be used more than once by a process stream. Moreover, in the inlet exchanger 
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mixer, the different hot/cold streams of the sub-stream are not allowed to be mixed. 

The advantages are they apply the cross flows, cyclic matching, series matches on a 

sub-stream, the multiple utilities at any stage, and utility placement at any stage. They 

also eliminate the redundant permutation and use accurate LMTD. Therefore, the heat 

exchanger area based on this model is smaller.  

As the limitations, Huang et al., (Huang and Karimi 2013) did not concern on the 

computational speed to solve the large-scale problems, and they still have nonlinear 

constraints. Difficulties have been found since they have wider bounds on temperature 

variables and a lot of binary variables due to solve moderate to large scale problems. 

They also used a lot of high-pressure steam and the medium-pressure steam that make 

the TAC higher.  

 Flourishing the SWS network to be copacetic for tackling the large-

industrial problems a hybrid method which is derivative-free methods has been 

disclosed (Pavão, Costa et al. 2019). They adopted the SWS (PAVÃO, COSTA ET 

AL. 2018) and formulating the solution method based on meta-heuristics, the 

Simulated Annealing-Rocket Fireworks Optimization (SA-RFO) (Pavão, Costa et al. 

2017) adding stream splits, steams sub-splitting, cross flows, partial mixing, serial 

units in a single stream branch, and the allocation of heaters/ coolers at intermediate 

positions with Parreto efficiency concepts. After a split, cross flows are not allowed to 

appear at the first sub-stage. This model is available to handle over/ undersized heat 

exchangers that usually happen because of poor temperature estimation and 

unpractical design. They also neglect the re-pipping cost because the re-pipping cost 

is so small compared to energy related cost. If the project lifetime increases, the 

energy requirement decreases with the increasing of the investments on area.  

 The limitation of a hybrid method (Pavão et al., 2019) are high of 

complexity problem and high computation time due to overcome the real-world large-

scale industrial problems. This method was applied to industries such as industries 

based on oil refineries, crude oil distillation units, Fluid Catalytic Cracking (FCC) 

plant, and aromatic plant.  

The model  (Xu, Cui et al. 2019) has been proposed the heuristic 

method the Relaxation Strategy for Fixed Capital Cost-the Random Walk algorithm 

with Compulsive Evolution (RSFCC-RWCE) for accomplishing the industrial 
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problems from the small-scale problem to the large-scale problems. The key of this 

method is to overcome the sudden increases of fixed capital cost by randomly 

shrinking or expanding the heat load by RWCE, so it can generate and eliminate the 

heat exchanger effectively using RSFCC, and reduce the TAC using adequately 

relaxation strategy by setting the coefficient of relaxation strength that is not too high 

to produce reliable result and not too small to overcome the obstacle. The advantages 

of this method are suitable for solving the problems from the small-scale problems to 

the large-scale problems, high speed of computational time, and producing reliable 

result.  

 

2.2.5. The Development of The Transshipment Model 

Hong et al., (Hong, Liao et al. 2017) has modified the original 

transshipment model (Papoulias 1983) into the new intra-transshipment direct HEN 

type MINLP model in one step with linear constraints including the heat and mass 

flow pattern of the hot and cold streams to determine the flowrate stream in each heat 

transfer match. They applied stream splitting, stream by-pass, isothermal, non-

isothermal mixing, recycling mass flows leading to direct heat transfer, and the 

multiple utilities both in the last stage and in an intermediate stage.  

Each hot or cold utility is only allowed to be matched in one 

temperature interval in series or parallel. Each hot or cold stream is split into several 

sub streams, then each hot or cold sub stream exchanges heat with at the most one hot 

or cold sub stream in each temperature interval.  The model (Hong et al., 2017) 

considers the exchanger area cost to get the better results. The heat exchanger area of 

this method is more accurate than the model proposed by Barbaro and Bagajewicz 

(Barbaro and Bagajewicz 2005) which apply one step MILP method. However, the 

model (Huang and Karimi 2013) has more accurate LMTD than the model proposed 

by (Hong, Liao et al. 2017). To overcome the limitation of the method (Hong, Liao et 

al. 2017), they have transformed their model into the new transshipment model of 

intra- and inter- plant heat exchanger network for direct Inter- Plant Heat Integration 

(IPHI) by process stream to produce larger heat saving and fewer number of the heat 

exchangers required (Hong, Liao et al. 2019). The piping and pumping cost are 

included. Moreover, they consider the distance between each pair of the plants and 
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neglect the heat loss during the transportations. They used the heat and mass flow 

patterns, the countercurrent heat exchanger, by-pass stream, non-isothermal mixing, a 

stream branch passing through two heat exchangers in series, multiple utilities in both 

the last temperature intervals and the other temperature intervals. The heat exchange 

of each hot/cold process stream is available for any hot/ cold process stream in any 

plant.  They examined their model in splitting and no-splitting condition.  

2.2.5.1. The Advantage of The Transshipment Model  

The advantages of the method (Hong, Liao et al. 2019) are more 

structure possibilities than the SWS method (Yee T. F 1990) and the lower TAC 

resulted because the low-pressure steam and the medium-pressure steam are mainly 

used than the high-pressure steam. Moreover, this method is easy to solve because 

MINLP with all linear constraints is formulated. However, the limitation is that this 

model has large of the binary variables. For the application of this method, the method 

has been applied to three-plant problems.  

 

2.2.6. The Development of the Graphical Method 

Pouransari and Maréchal (POURANSARI AND MARÉCHAL 2014) 

has been disclosed heat exchanger network synthesis to surmount the large-scale 

industrial problem using HLD model and MILP based on sequential approach in 

indirect exchange to produce advance realistic network sketch by applying this 

method into a real chemical industry. However, HLD method is still expensive to 

overcome the large-scale problem since they use the sequential based. 

Lai et al., (LAI, WAN ALWI ET AL. 2019) has developed HEN 

retrofit by using the two combination of the graphical tools which are the 

improvement of Stream Temperature versus Enthalpy Plot (STEP) for simultaneous 

diagnosis and retrofit of existing HEN based on the Pinch rule and four retrofit 

heuristics (Lai, Wan Alwi et al. 2018), and the plot of heat exchanger area versus 

enthalpy (A vs H) to determine the capital-energy-trade-off in HEN retrofit, adopting 

the Investment vs Annual Savings (IAS) plot with the Systematic Hierarchical 

Approach for Resilient Process Screening (SHARPS) strategies to detect the 

economic performance. They used four types block and focused on the existing heat 

exchangers, and the additional units to overcome A vs H diagram. However, the total 
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payback period must be equal or smaller than desired payback period. To make the 

total payback period smaller, the SHARPS strategies are applied by intensification or 

substitution options. Moreover, multiple utilities are used. This method can provide 

the smaller heat exchanger area, and low TAC. However, the investment is mainly 

affected by the number of units required than the heat exchanger area to achieve more 

energy saving.  

The limitations of this method are it will be difficult to implement A vs H plot 

for the large-scale industries, and no exact range of exchanger area or enthalpy is 

provided. Moreover, some Pinch rule violations are found. This method has been 

applied to sunflower oil plant.  

 

2.3. Combined Heat and Mass Exchanger Network synthesis (CHAMENs) 
 

The combination of both heat and mass exchanger network plays an important 

role in the industrial process whether the industry has a good prospect or not. To 

minimize the resource consumption, the excess of effluent is reused to cool or heat the 

process. In Fig. 2.7 and Fig. 2.8, the figure shows that the heating or cooling 

temperature of each pair rich or lean streams in mass exchanger network cannot be 

neglected. Therefore, the Mass Exchanger Network (MEN) has an essential 

interaction with the Heat Exchanger Network (HEN). 

 

 

 

 

 

 

 

 

 
Figure 2.7 the Onion model proposed by (SAVULESCU, KIM ET AL. 2005). 
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Figure 2.8 The representation of CHAMENS (Isafiade and Fraser 2009). 
  

Combined heat and mass exchanger network synthesis represents the relations of 

the temperatures to the equilibrium relations. For examples in a case of absorption, 

the lower temperatures are needed to get better equilibrium, and the process of 

stripping is overcome at higher temperature to achieve better equilibrium relations 

(Seader and Henley, 1998).  

 

2.3.1.  Pinch Technology 

A graphic based method which relies on thermodynamic analysis is 

recently cultivated by linking Mass Pinch Technology for MENS with Pseudo 

Temperature Enthalpy Diagram for HENS (LIU, DU ET AL. 2013). Pinch technology 

was applied to MENS in many works ((Linnhoff 1978); (Linnhoff 1979); (El-Halwagi 

1989); (HALLALE 2000). Pinch Technology recovers the mass from the process as 

much as possible, so the quantity of the external MSA can be reduced. It means that 

Pinch Technology lowers the AOC. 

In the initial step, the plot of each rich mass stream is made to establish 

a composite of all rich streams on the concentration-load diagram by using the 

equilibrium concentration and minimum driving forces. The composite curves in 

concentration load diagram (LIU, DU ET AL. 2013) is different from the diagram 

proposed by (EL-HALWAGI 1989). They replaced the real concentration of the lean 
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streams with the equilibrium concentrations. The mass transfer pinch point in that 

method is the point in which the rich composite line touches the equilibrium 

composite line. Then, combining the small interval into a larger one to decrease the 

number of small loads unit. Decomposing the composite curves into the real stream 

by accumulating the mass load depends on the concentration of rich composites 

curves and the equilibrium composite curves. The real stream can be split into sub-

stream and formed the MEN for each interval to be formed overall MENs. 

The Pseudo Temperature Enthalpy Diagram is a heuristic method 

finding the match of the heat transfer streams based on pseudo temperature 

representing heat transfer energy level that contains the real temperature and the heat 

transfer temperature difference contribution (HTTDC) values. The procedure for 

synthesizing HENS in CHAMENS using P-H diagram entails some known mass 

flowrates, start and target temperatures, thermal capacities, film heat transfer 

coefficients for the streams to determine the pseudo temperatures. Pinch point 

depends on the hot and cold stream composite curve which are made by summing the 

heat loads at each temperature intervals. In order to reduce amount of interval, the 

small intervals are merged into the large intervals. After this step, constructing the 

small HENs according to the heat load and connecting them to yield the overall HEN 

are important to determine the TAC as counter current heat exchanger type is usually 

assumed.  

Some assumptions from the previous network (Srinivas 1994) are used 

in (LIU, DU ET AL. 2013). The operation condition of this method is isothermal for 

mass exchange network due to the small temperature change. The mass moved in a 

system is small, so it causes a small temperature change. Based on this condition, the 

mass exchange temperature depends on the lean stream temperatures. They also use 

the lean bypass stream in mass exchange network to reduce the concentration of the 

emission and to decrease associated costs.  

A paralleled genetic algorithm–simulated annealing algorithm (GA–

SA), the stochastic or meta-heuristic optimization, is also used in their works. GA-SA 

is copacetic to figure out the large-scale, non-convex, non-continuous problem 

without using gradient. GA-SA is more accurate because it has no gradient, and 

simplifying is not needed to search the optimal solution. Moreover, GA-SA has less 
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CPU time. The other benefit of GA-SA is that it has lower required memory. OCX 

operator, EC operator, and mutation operator are used to maximize GA-SA 

performance. 

2.3.1.1. The Limitation of The Pinch Technology  

The limitation of pinch technology is that it still has the flaw to 

generate the real global optimal solution for a large HENS problem, non-equivalent 

concentration and temperature. Pinch technology method is not possible to overcome 

the case with the change of concentration and pressure because pinch technology uses 

only temperature as a quality parameter of the streams.  It also has high computation 

time due to the sequential nature. Since the mass is not allowed to be transferred 

above the pinch region, it leads to the small driving force. The small driving force 

means more cost is needed to use more external MSA required to remove mass by the 

lean stream.  

Pinch technology has been applied in aromatic plant, ammonia removal 

(Hallale, 1998), dephenolization of aqueous wastes (El-Halwagi, 1997), coke-oven 

gas removal (EL-HALWAGI 1989), dephenolization of coal conversion waste 

(KATERINA 1993). 

 

2.3.2. Hyper structure  

Hyper structure is a method which broadens the “maximal” structure or 

superstructure to synthesize the heat and mass exchanger network without any 

decomposition at the minimum total annual cost. A cyclic network is not comprised 

by the pure hyper structure network in that the streams are not allowed to appear 

twice in sequence. It means that the two streams are not permitted to be matched more 

than once. All possible matches in the regenerating streams, the rich and the lean 

stream determine the hyper structure network.  

Moreover, the total mass and energy balances at the pure heat 

exchangers in which no contact between the condensate and heavy product with the 

heating or cooling streams occurs also affect the hyper structure network. 

Furthermore, the concentration and the phase defining constrains resolve the 

minimum driving force for the heat and mass transfer. The stream direction, the 

concentration and the temperature of the stream are important to set whether the 
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streams are the hot/rich streams or the cold/lean streams. The rich streams represent 

the streams that has a decreasing concentration during the process. Different from rich 

streams, the streams that has the concentration increasing during the process is 

specified as the lean stream.  

Hyper structure is also capable to deal with either conventional or 

unconventional units and processes (KATERINA 1993). They used hyper structure 

network to accomplish the case of the distillation column including the homogenous 

reaction, splitter, mixer, bypass, and the pure heat exchangers.  

The simultaneous synthesis of the heat and mass exchanger network 

using hyper structure and multiperiod MINLP approach is proposed by (KATERINA 

1993). In their method, some assumptions are used. The temperature and composition 

difference of the two streams is important to determine the maximum number of the 

heat and mass exchanger needed between the two streams. When the heat and mass 

exchange does not take place in the same exchanger, isothermal mass transfer is used. 

Furthermore, they use mixing, splitting, and bypass of inlet and outlet streams at the 

constant operating pressure which the heat capacities and heat transfer are as the 

function of the composition of the streams not as the function of temperature. To 

obtain the optimal network, an objective function, mass and energy balances of each 

heat exchanger are used in each period of operation and the logical constraint to 

connect the network. 

2.3.2.1.The Limitation of Hyper Structure 

The limitations of the hyper structure network are high 

computation time due to highly nonconvex and nonlinear. When the hyper structure is 

combined with MINLP based, it will be more difficult to be solved since including the 

numerous binary variables. As the cyclic network is excluded, the heat exchanger area 

is high. The function of the cyclic network is to decrease the heat exchanger area and 

give the number of heat exchanger unit required at the less TAC. From the literature, 

Floudas and Ciric (Floudas 1989) established the hyperstructure for non-isothermal 

mixing and cross flow based on pinch transshipment to figure out heat exchanger 

network. The pinch-transshipment uses the Temperature Interval Approach 

Temperature (TIAT) to partition the temperature range into interval that leads to a 

suboptimal network and the tradeoffs between the utility costs, the number of stream 
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matches, the number of heat exchanger requirement and the minimum investment cost 

are not taken into account appropriately.  

The hyperstructure network has been found in dephenolization, and it is 

applicable in the production of ethylene glycol. 

  

2.3.3.  Interval Based MINLP Superstructure (IBMS) 

IBMS proposed by (Jide 2007) is a mathematical method which 

consists of the superstructure interval boundaries depending on the supply and target 

temperatures/compositions of the hot/rich streams or the cold/ lean streams to 

synthesize CHAMENS simultaneously. The basis of IBMS in HENS is the highest 

supply temperature of the hot stream used as the first temperature location, and the 

lowest target temperature of the hot stream used as the last temperature location. In a 

case of MENS, when the operation condition is isothermal, IBMS method concerns 

on the different mass exchange temperature of the lean streams and the equilibrium 

relations. In addition, the regeneration of TAC is only affected by the flow and 

concentration differences of the lean streams since the function of regenerating stream 

is to remove the mass load. The intermediate temperatures are variable. 

By combining the IBMS equation of MENS and HENS, gradient based 

solver such as MINLP is usually used. IBMS can be applied for isothermal and iso-

composition. Multiperiod IBMS method use different temperatures, flowrates, heat 

duties for each time period. IBMS method is better to handle multiple utilities, and 

multiperiod operation than NLP method as IBMS does not include the non-linear heat 

and mass balance.  

2.3.3.1. The Limitation of IBMS  

The limitation of IBMS is that the heat exchange is only 

originated to all the hot streams at the supply and target temperatures. Therefore, the 

exchange heat cannot occur freely to both hot and cold streams. It contributes to less 

interval and less opportunity stream matches. Moreover, another impact of this is the 

TAC will be high. IBMS has been applied to the ammonia removal, dephenolization 

of coal conversion waste, and coke-oven gas removal. 
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2.3.4. Supply-Based Superstructure (SBS) 

SBS is a simultaneous superstructure mathematical approach which the 

superstructure interval boundaries are created by the supply temperatures of the hot 

and cold streams for HENS, and the supply compositions of the rich and lean streams 

for MENS. The variables are the temperatures that crosses the boundaries. 

The SBS method has been proposed by (Azeez, Isafiade et al. 2013) to 

solve HENS and MENS problems. The superstructure method is characterized by the 

hot and cold process streams at different initial temperature location. At the first 

temperature location, the hot process streams are started and ended at the last 

temperature location. In the other words, the hot process streams are started from left 

to the right while the temperature decreased. The opposite direction is the cold 

process streams. The structure descends from the highest supply temperature at the 

top (hot streams) to the lowest supply temperature at the bottom (cold streams).  

Prior to HENs, if the temperature intervals are higher than the supply 

temperature, the heat exchange are not possible for the hot stream. In contrast, the 

heat exchanges are also not possible for the temperature intervals which are lower 

than the supply temperature for the cold streams. In each interval, it is possible to put 

stream splitting at isothermal operation. SBS does not strictly depend on the pinch 

technology because the intermediate temperature is variable. It has more intervals 

than SWS method. The heat exchange of a hot stream is not allowed for the 

temperature intervals that are higher than the supply temperature. Conversely, the heat 

exchange of the cold streams is not allowed for the temperature interval that has lower 

temperature than the supply. The total enthalpy change must be balance. In case of 

MENs, if the compositions of the intervals are higher or equal than the supply 

composition value, the mass exchanges of the rich streams are not possible.  The lean 

stream is only possible to exchange mass if the compositions of the intervals are 

higher than the supply value.  

The advantages of SBS can deal with different heat transfer coefficient 

and the large problem. It has more heat exchange available because the heat exchange 

can freely occur on both the hot and cold streams depending on the intervals. Not only 

the opportunity of the heat exchange but also the mass exchange is high. The mass 
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exchange opportunity is high because the mass exchange can occur on both the 

process and the external lean streams.  

2.3.4.1.  The Limitation of SBS  

The limitation of SBS is not suited for the smaller problems. 

Although SBS has more interval than SWS, it does not always give the lower TAC as 

the number of the intervals increasing. The TAC depends on the intervals used. If the 

number of intervals used is fewer than the interval existed, the TAC will be higher.    

The applications of SBS network are dephenolization of coal, coke oven gas removal, 

dephenolization of aqueous waste, aromatic plant, and ammonia removal.  

 

2.3.5.  Stage Wise Superstructure (SWS) 

Stage Wise Superstructure (SWS) is a method that the stage 

temperature is not fixed, so it can handle the streams enclosing significantly different 

heat transfer coefficient. In SWS, the supply temperature at the first temperature 

location is adopted by all the hot streams. Conversely, the supply temperature at the 

last temperature location is adopted by all the cold streams. The boundaries 

temperatures/composition of all streams are variable, but the number of intervals is 

fixed. The number of enthalpy intervals are higher than the number of stages. The 

advantage of SWS is suitable to handle the high capacity of production and uncertain 

mass exchange temperature. Moreover, it accomplishes such a better result at non-

isothermal and non-equal concentration mixing. Based on the previous chapter, since 

1990s the SWS network has been popularized by Yee and Grossman, and the another 

SWS was proposed by Shenoy (Shenoy, 1995) to solve HENs problem. MENs, 

equally important, has been proposed using SWS (Chen 2005) and (Szitkai Z. 2006)). 

The Stage Wise Superstructure method is combined with Indistinct HEN 

Superstructure (IHS) proposed by (Liu, Du et al. 2015) to minimize the difficulties 

during synthesizing sub-HENs and sub-MENs. They construct the superstructure 

method in the beginning before synthesizing at non-equivalent mixing condition. 

Moreover, they also use NLP for optimization. NLP has many functions because NLP 

consists of the hybrid Genetic Algorithm-Simulated Annealing Algorithm (GA-SA) 

which can effectively determine the minimum TAC and identify the tradeoffs 
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between HEN and MEN simultaneously with capital cost and operation cost. The hot 

streams are important to calculate the heat exchange. The number of the potential heat 

exchange streams depend on the start temperature, the mass exchange temperature, 

and the target temperature of each stream. 

 

2.3.5.1. The Advantage of SWS  

The advantage of the SWS is that SWS has many stages assisting 

the more combinations of the stream matches. The more combinations lead to the 

lower TAC. The SWS network is also suitable for the small problem and the large 

problem. SWS has the structural stages which all of heat exchange possible can be 

found in different branch of splits. The application of SWS in industries can be found 

on coke oven gas removal, dephenolization of aqueous wastes, ammonia removal, and 

aromatic plant.  

 

2.4. Logarithmic Mean Composition Difference (LMCD) 
  

 LMCD can be calculated by using Chen’s approximation (Chen 1987) that is 

commonly used to avoid the problems of singularities in the LMCD calculations. The 

LMCD formulation in eq. 1 is cited by (Short, Isafiade et al. 2018). Some literature 

((Short, Isafiade et al. 2018), (Isafiade and Short 2016), (Azeez, Isafiade et al. 2013), 

(Isafiade and Fraser 2009)) also have used this approximation. The result of actual 

LMCD to the LMCD by using Chen’s first approximation has been compared, the 

result shows that if the ratio of the composition difference at an exchanger’s rich end 

to that at the lean end increases, the accuracy of the LMCD decreases (Isafiade and 

Short 2016). Based on the comparison LMCD proposed by (Shenoy and Fraser 2003), 

the error of Chen 1st approximation was the worst, 4.67%. In contrast, the Chen 2nd 

approximation performed the best than the LMCD of the Underwood (1970) and the 

Patersen (1984) in which the error of the LMCD 2 Chen 2nd approximation is 0.53%.  

Moreover, the effect of the rate absorption to the LMCD is also 

reported (Suresh 2011). As the rate of absorption at lower temperature increases, the 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

24 
 

LMCD increases because the mass transfer coefficient is lower at low inlet 

temperature.  

(1) 

 

The Chen 1st approximation for LMCD formulation (Chen 1987) 

 (2) 

 

The Chen 2nd approximation for the LMCD formulation (Chen 1987) 

(3) 

 

The LMCD approximation of Underwood (Underwood, 1970) 

 

(4) 

The LMCD proposed by Paterson (Paterson, 1984) 

 

(5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐿𝑀𝐶𝐷𝑟,𝑙,𝑘 =  [
(𝑑𝑦𝑟,𝑙,𝑘)(𝑑𝑦𝑟𝑙𝑟,𝑙,𝑘)(𝑑𝑦𝑟,𝑙,𝑘 + 𝑑𝑦𝑟𝑙𝑟,𝑙,𝑘

2
]
1/3

 

𝐿𝑀𝐶𝐷 = [
1

2
((𝑦𝑟,𝑏 − 𝑦𝑙,𝑏

∗ )
0.3275

+ (𝑦𝑟,𝑏+1 − 𝑦𝑙,𝑏+1
∗ )

1/0.3275
)] 

𝐿𝑀𝐶𝐷𝑟,𝑙,𝑏 =  [(𝑑𝑦𝑟,𝑙,𝑏). (𝑑𝑦𝑟,𝑙,𝑏+1). (𝑑𝑦𝑟,𝑙,𝑏 + 𝑑𝑦𝑟,𝑙,𝑏+1)/2]
1/3

 ; 𝑟 ∈ 𝑅 ; 𝑙 ∈ 𝑆; 𝑏 ∈ 𝐵 

𝐿𝑀𝐶𝐷𝑟,𝑏,𝑙 =
2

3
[(𝑦

𝑟,𝑏
− 𝑦

𝑙,𝑏
∗ ). (𝑦

𝑟,𝑏+1
− 𝑦

𝑙,𝑏+1
∗ )]

1/2
+
(𝑦

𝑟,𝑏
− 𝑦

𝑙,𝑏
∗ ) + (𝑦

𝑟,𝑏+1
− 𝑦

𝑙,𝑏+1
∗ )

6
 

𝐿𝑀𝐶𝐷 = [
1

2
[(𝑦𝑟,𝑏 − 𝑦𝑙,𝑏

∗ )
1/3

+ (𝑦𝑟,𝑏+1 − 𝑦𝑙,𝑏+1
∗ )

1/3
]]

3

 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

25 
 

2.5. Logarithmic Mean Temperature Difference (LMTD) 
 

 The LMTD is used to determine the temperature driving force for heat 

transfer. It is also important to determine the area cost coefficient for heat exchangers. 

Fig. 9 represents the comparison of log-mean approximation errors from many 

difference literatures proposed by (Azeez, Isafiade et al. 2013). 

 

 
Figure 2.9 The comparison of log-mean approximation errors (Azeez, Isafiade et al. 
2013). 
  

 Based on Fig. 2.9, the Chen’s 2nd approximation performed better than the 

Patterson’s approximation over the range ΔT2/ΔT1 values from 1.5 to 10, but it is 

slightly fewer accurate than Underwood’s approximation at a ratio of 1.5 and at a 

ratio below 5. Moreover, the Chen’s 1st approximation performed worse than the other 

approximations at ratio above 2. However, if the driving forces are equal, the 1st 

Chen’s approximation is better to be used than the 2nd Chen’s approximation because 

it is more accurate, as the comparison of the results for this case has been made by 

(Azeez, Isafiade et al. 2013). 

 

The Chen 1st approximation for LMTD formulation (Chen 1987) 

 (6) 

 

The Chen 2nd approximation for the LMTD formulation (Chen 1987) 

(7) 
𝐿𝑀𝑇𝐷 = [

1

2
((𝑡𝑖𝑖,𝑘 − 𝑡𝑗𝑗,𝑘

∗ )
0.3275

+ (𝑡𝑖𝑖,𝑘+1 − 𝑡𝑗𝑗,𝑘+1
∗ )

1/0.3275
)] 

𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘 =  [(𝑑𝑡𝑖,𝑗,𝑘). (𝑑𝑡𝑖,𝑗,𝑘+1). (𝑑𝑡𝑖,𝑗,𝑘 + 𝑑𝑡𝑖,𝑗,𝑘+1)/2]
1/3

 ; 𝑖 ∈ 𝐼 ; 𝑗 ∈ 𝐽; 𝑘 ∈ 𝑆𝑇 
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The LMTD approximation of Underwood (Underwood, 1970) 

 

(8) 

The LMTD proposed by Paterson (Paterson, 1984) 

 

(9) 

 
2.6. Intra- and Inter- plant Heat Exchanger Network Synthesis 
  

 For choosing the suitable method to synthesize HENs in intra- and inter- 

plant heat exchanger network, this section will detail some selected methods to ensure 

that those methods were robust with special focuses on either minimizing TAC or 

maximizing the NPV due to the exchanger location, the waste heat recovery, the 

stream transports over long distances, etc. by both inter- and intra- plant heat 

exchanger network. The plants are separated in the different locations in which each 

hot/cold process stream can exchange heat with any cold/ hot process stream in any 

plant and any enterprise due to the high degree of freedom during the transportation of 

the process stream as it has thermodynamically feasible. 

 There are three kinds of the heat integrations, direct integration, indirect 

integration, and the combination heat integration. Direct IPHI is better to be used due 

to larger heat saving, fewer number of utilities, less risk to the leakage and safety. 

High energy recovery is possible to be achieved by using both inter- and intra- plant 

heat exchanger network. The disadvantages of indirect heat integration are less energy 

efficiency and high demand of heating or cooling utilities because indirect heat 

integration uses twice heat transfers which are the intermediate fluids and the process 

streams.  

𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘 =
2

3
[(𝑡𝑖𝑖,𝑘 − 𝑡𝑗𝑗,𝑘

∗ ) . (𝑡𝑖𝑖,𝑘+1 − 𝑡𝑗𝑗,𝑘+1
∗ )]

1/2

+
(𝑡𝑖𝑖,𝑘 − 𝑡𝑗𝑗,𝑘

∗ ) + (𝑡𝑖𝑖,𝑘+1 − 𝑡𝑗𝑗,𝑘+1
∗ )

6
 

𝐿𝑀𝑇𝐷 = [
1

2
[(𝑡𝑖𝑖,𝑘 − 𝑡𝑗𝑗,𝑘

∗ )
1/3

+ (𝑡𝑖𝑖,𝑗+1 − 𝑡𝑗𝑗,𝑘+1
∗ )

1/3
]]

3
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Figure 2.10 Three schemes of inter plant heat integration proposed by Hong et al., 
2019). 
 The model (Hong, Liao et al. 2019) used the new transshipment strategy as 

the development of the transshipment model (Hong, Liao et al. 2017) considering the 

heat and mass flow pattern using IPHI direct by process streams. In Fig. 2.10, the 

scheme 1 represents the stream exchange of the hot process stream from the plant 1 to 

the plant 2. The scheme 2 is related to the scheme 1 but the stream exchange is 

transported from the plant 2 of the cold process stream into the plant 1. The scheme 3 

including the three plants that is only available to be used when the stream heat 

exchange occurs by at least one of the two existed process stream with any process 

stream in the third-party plant to obtain fewer piping and pumping cost than either the 

scheme 1 or the scheme 2. Their strategies (Hong, Liao et al. 2019) are (1) 

Minimizing the TAC consisting of the utility cost, the heat exchanger cost, the 

pipping and pumping cost (2) Considering heat and mass flow schemes (3) Using new 

constraint, big-M formulation and merging heat transfer matches into one heat 

exchanger (4) Using DICOPT/GAMS to lower the computational time. However, the 

method proposed (Hong, Liao et al. 2019) still has the limitation as they neglect the 

heat losses during the transportation. The heat losses should not be neglected because 

the heat losses are important related to the energy saving. The more heat losses are, 

the fewer energy saving is. 

 The new MINLP model (Nair, Soon et al. 2018) as the enhancement of their 

previous model (Nair et al., 2016). They used some strategies (1) Maximizing NPV 
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by computing CAPEX and OPEX considering the ambient heat losses/ gains, the 

pipping cost, the pumping cost, and the exchanger (2) Selecting the optimum HEN 

location either the centralized HEN or the distributed HEN (3) Collaborating multi-

plant multi-enterprise heat integration by using inter- and intra- plant consideration. 

(4) Using SCIP as MINLP solver in GAMS (5) The possibilities to merge two stages 

into one stage.  

 

2.6.1.  The Mass Flow Pattern of The Transshipment Method 

The model (Hong, Liao et al. 2019) used the modified transshipment 

model (Hong, Liao et al. 2017) to construct their network. They built the interval level 

according to the constant starting/ ending temperature of the process streams and 

ΔTmin to keep the minimum heat transfer difference. Each cold/ hot process stream is 

divided into sub-stream which exchanges heat with one sub-stream in each 

temperature interval. Mass flow exists between sub-streams in each interval.  

Figure 2.11 Mass flow pattern belong to the hot stream (Hong, Liao et al. 2019). 
 

(10a) 

(10b) 

(10c) 

𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘 ≤ 𝑓𝑙𝑝,𝑙 𝑥 𝑧𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘∀(𝑝, 𝑙) ∈ 𝐻𝑃, (𝑝, 𝑙, 𝑙𝑠) ∈ 𝐻𝐿𝑆, 𝑘 ∈ 𝑇𝐼, 𝑛𝑠𝑝,𝑙 ≤ 𝑘          (10d) 

From Fig. 2.11, the eq. 10a-d which represent the mass balance 

between two adjacent of each sub-stream belong to the hot process stream can be 

made (Hong, Liao et al. 2019). Based on eq. 10b, both the total of recycling mass 

flow from p,l,ls’ to p,l,ls in temperature level n and the flow rate of the sub-stream 

p,l,ls in the previous temperature interval (k-1) as the inputs must be equal to both the 

total of the recycling mass flow from p,l,ls to p,l,ls’ in temperature level n and the 

𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘 = 𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘−1 + ∑ 𝑓𝑙𝑟𝑝,𝑙,𝑙𝑠′,𝑙𝑠,𝑛 −  ∑ 𝑓𝑙𝑟𝑝,𝑙,𝑙𝑠,𝑙𝑠′,𝑛
𝑙𝑠′∈𝐿𝑆𝑙𝑠′∈𝐿𝑆

 

𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘−1 + ∑ 𝑓𝑙𝑟𝑝,𝑙,𝑙𝑠′,𝑙𝑠,𝑛 = 𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘 + ∑ 𝑓𝑙𝑟𝑝,𝑙,𝑙𝑠,𝑙𝑠′,𝑛
𝑙𝑠′∈𝐿𝑆

  

𝑙𝑠′∈𝐿𝑆

 

∀(𝑝, 𝑙) ∈ 𝐻𝑃,  (𝑝, 𝑙, 𝑙𝑠) ∈ 𝐻𝐿𝑆, 𝑘 ∈ 𝑇𝐼, 𝑛𝑠𝑝,𝑙 < 𝑘 = 𝑛 
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flow rate of the substream  p,l,ls in temperature interval k as the outputs. The eq. 10c-

d are used to ensure the mass balance of each sub-streams between two adjacent 

temperature intervals in eq. 10a-b.    

Figure 2.12  Mass flow pattern belong to the cold stream (Hong, Liao et al. 2019). 

 

Moreover, the mass balance between two adjacent of each sub-stream 

belonging to the cold process stream is represented by eq. 11.  

𝑓𝑚𝑠𝑘𝑝,𝑚,𝑚𝑠,𝑘 = 𝑓𝑚𝑠𝑘𝑝,𝑚,𝑚𝑠,𝑘+1 + ∑ 𝑓𝑚𝑟𝑝,𝑚,𝑚𝑠′,𝑚𝑠,𝑛 − ∑ 𝑓𝑚𝑟𝑝,𝑚,𝑚𝑠,𝑚𝑠′,𝑛′                              (11a)

𝑚𝑠′∈𝑀𝑆𝑚𝑠′∈𝑀𝑆

 

∀(𝑝,𝑚) ∈ 𝐶𝑃, (𝑝,𝑚,𝑚𝑠) ∈ 𝐶𝑀𝑆, 𝑘 ∈ 𝑇𝐼, 𝑘 <  𝑛𝑠𝑝,𝑚 − 1, 𝑛 = 𝑘 + 1                   (11𝑏) 

𝑓𝑚𝑠𝑘𝑝,𝑚,𝑚𝑠,𝑘 ≤ 𝑓𝑚𝑝,𝑚𝑥𝑧𝑓𝑚𝑠𝑘𝑝,𝑚,𝑚𝑠,𝑘 ∀(𝑝,𝑚) ∈ 𝐶𝑃, (𝑝,𝑚,𝑚𝑠) ∈ 𝐶𝑀𝑆, 𝑘 ∈ 𝑇𝐼, 𝑘 < 𝑛𝑠𝑝,𝑚      (11𝑐) 

According to Fig. 2.12, the eq. 11a-d which represent the mass balance 

between two adjacent of each sub-stream belong to the cold process stream can be 

made (Hong, Liao et al. 2019). Based on eq. 11a, both the total the total of recycling 

mass flow from p,m,ms’ to p,m,ms in temperature level n and the flow rate of the sub 

stream p,m,ms in the previous temperature interval (k-1) as the inputs must be equal to 

both the total of the recycling mass flow from p,m,ms to p,m,ms’ in temperature level 

n’ and the flow rate of the sub-stream  p,m,ms in temperature interval k as the outputs. 

The eq. 9b-c are used to ensure the mass balance of each sub stream between two 

adjacent temperature intervals in eq. 11a.  

The new transshipment model presented (Hong, Liao et al. 2019) used 

the big-M formulation as represented in eq. 12 and eq. 13.   

  (12) 𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘 ≤ 𝑓𝑙𝑝,𝑙  𝑥 𝑧𝑓𝑙𝑠𝑘𝑝,𝑙,𝑙𝑠,𝑘∀(𝑝, 𝑙) ∈ 𝐻𝑃, (𝑝, 𝑙, 𝑙𝑠) ∈ 𝐻𝐿𝑆, 𝑘 ∈ 𝑇𝐼, 𝑛𝑠𝑝,𝑙
≤ 𝑘 
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𝑓𝑚𝑠𝑘𝑝,𝑚,𝑚𝑠,𝑘 ≤ 𝑓𝑚𝑝,𝑚 𝑥 𝑧𝑓𝑚𝑠𝑘𝑝,𝑚,𝑚𝑠,𝑘∀ (𝑝,𝑚) ∈ 𝐶𝑃, (𝑝,𝑚,𝑚𝑠) ∈ 𝐶𝑀𝑆, 𝑘 ∈ 𝑇𝐼, 𝑘 < 𝑛𝑠𝑝,𝑚(13) 

The number of non-convexities from non-linear equation of the 

disjunction can be decreased by using the big-M formulation. Moreover, it also 

reduces the state of space search. Grossman and Lee (Grossmann 2003) cited that the 

big-M formulation is weaker than the convex hull relaxation. However, the big-M 

relaxation has fewer variables (Hooker, 2007). The value of the parameter M in big-M 

formulation must be not too small and not too large. The cut-off of the solution will 

happen when the value is too small. In contrast, the problem will be difficult to be 

solved, if the value is too large (Onishi 2015). 

 

2.6.2.  The Energy Flow Pattern of The Transshipment Method 

The energy balance for hot process stream can be stated in eq. 14.  

 

 (14) 

 

 

 

Figure 2.13 Heat flow pattern of the hot process stream (Hong, Liao et al. 2019). 
 

Fig. 2.13 represented the energy balance of the eq. 14. It shows that the 

input both the energy hot sub-stream released flskp,l,ls,k (tnn-tnn+1) in temperature 

interval (nsp,l ≤ k) and the residual energy of the hot process stream from the previous 

interval must be equal to the output, the sum of energy exchanged by heat transfer 

matches ∑ qp,l,ls,p’,m,ms,k  and the residual energy to the next temperature interval 

rqhsp,l,ls,n+1.  

 

𝑓𝑙𝑠𝑘
𝑝,𝑙,𝑙𝑠,𝑘

𝑥(𝑡𝑛𝑛 − 𝑡𝑛𝑛+1) + 𝑟𝑞ℎ𝑠𝑝,𝑙,𝑙𝑠,𝑛 = 𝑟𝑞ℎ𝑠
𝑝,𝑙,𝑙𝑠,𝑛+1

+ ∑ 𝑞
𝑝,𝑙,𝑙𝑠,𝑝′ ,𝑚,𝑚𝑠,𝑘

(𝑝′ ,𝑚,𝑚𝑠)∈𝐶𝑀𝑆,(𝑝′,𝑚)∈𝐶𝑘

 

∀(𝑝, 𝑙, 𝑙𝑠) ∈ 𝐻𝐿𝑆, (𝑝, 𝑙) ∈ 𝐻𝑃, 𝑛 ∈ 𝑇𝐿, 𝑘 ∈ 𝑇𝐼, 𝑛 = 𝑘, 𝑛𝑠𝑝,𝑙 ≤ 𝑘 
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Figure 2.14 Heat flow pattern of the cold process stream (Hong, Liao et al. 2019). 
 

Based on Fig. 2.14, the inputs are known which are the energy of the 

cold sub-stream released fmskp,m,ms,k (tnn-tnn+1) in the interval (k<nsp,m) and the 

residual energy of the cold process stream to the next temperature interval 

rqcsp,m,ms,n+1. The input must be equal to the output that are the sum of energy 

exchanged by the heat transfer of the cold process ∑qp’,l,ls,m,ms,k and the residual energy 

from the previous interval rqcsp,m,ms,n.  

 

(15) 

  

Based on the explanation above, this thesis compares novel Stage-Wise 

Superstructure to the new transshipment strategy proposed (Hong, Liao et al. 2019) 

overcoming the heat exchanger network at intra- and inter- plant. 

 

2.7. Heat exchanger locations 
 

This thesis uses the distributed heat exchanger location because the distributed 

heat exchanger location gives more benefits than the centralized heat exchanger 

location for inter- and intra- plant heat exchanger network synthesis. The heat loss, 

pressure drop, pipping and pumping cost are all affected by the heat exchanger 

locations. The types of heat exchanger locations are divided into a centralized location 

and distributed location. In centralized heat exchanger, the heat resource needs to be 

transferred to the centralized location, but the heat resource for the case of the 

distributed heat exchanger location is transferred to each exchanger located at each 

∀(𝑝,𝑚,𝑚𝑠)𝜖𝐶𝑀𝑆, (𝑝,𝑚)𝜖𝐶𝑃, 𝑛𝜖𝑇𝐿, 𝑘𝜖𝑇𝐼, 𝑛 = 𝑘, 𝑘 < 𝑛𝑠𝑝,𝑚 

𝑓𝑚𝑠𝑘
𝑝,𝑚,𝑚𝑠,𝑘

𝑥(𝑡𝑛𝑛 − 𝑡𝑛𝑛+1) + 𝑟𝑞𝑐𝑠𝑝,𝑚,𝑚𝑠,𝑛+1 =  𝑟𝑞𝑐𝑠
𝑝,𝑚,𝑚𝑠,𝑛

+  ∑ 𝑞
𝑝′,𝑙,𝑙𝑠,𝑝,𝑚,𝑚𝑠,𝑘

(𝑝′ ,𝑙,𝑙𝑠)∈𝐻𝐿𝑆(𝑝′ ,𝑙)∈𝐻𝑘
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enterprise or each plant. The distributed heat exchanger network also consists of the 

intra- and inter- plant heat integration.  

The distributed HENs location increases the NPV about 30% and IROR about 

100% by using the development of stage wise superstructure (Nair, Soon et al. 2018). 

They also showed that none of centralized heat exchanger location used in their 

examples has the best result. The distributed HENs location is also affordable to be 

used solving the large-scale problem.   

                     (16) 

          (17) 

(18) 

(19) 

(20) 

The model  (Nair, Soon et al. 2018) is set Zs(K+1)ps = Zs0ps =1 and Zs(K+1)p = Zs0p = 

0 for and p ≠ ps since the stream is transported twice, transported from its own 

plant and return to its own plant. They tracked the stream movement by using eq. 16-

20. They also minimized unnecessary transport by using eq. 20.  

 

Figure 2.15 The example of heat exchanger network synthesis using the centralized 
heat exchanger location. (Nair et al, 2016). 

 

∑ 𝑍𝑗𝑘𝑝′𝑝 =  𝑧𝑗𝑘𝑝                           
𝑝′∈𝑃𝑗

     1 ≤ 𝑗 ≤ 𝐽; 0 ≤ 𝑘 ≤ 𝐾; 𝑝

∈  𝑃𝑗 ∑ 𝑍𝑠𝑘𝑝𝑝 ≥ 1 − 𝑦𝑠𝑘                                1 ≤ 𝑠 ≤ 𝑆; 1 ≤ 𝑘 ≤ 𝐾 
𝑝∈𝑃𝑠

 

∑ 𝑍𝑖𝑘𝑝′𝑝 =  𝑧𝑖 (𝑘−1)𝑝′          
𝑝∈𝑃𝑖

     1 ≤ 𝑖 ≤ 𝐼; 1 ≤ 𝑘 ≤ 𝐾 + 1; 𝑝′ ∈  𝑃𝑖 

∑ 𝑍𝑖𝑘𝑝′𝑝 =  𝑧𝑖𝑘𝑝                       1 ≤ 𝑖 ≤ 𝐼;  1 ≤ 𝑘 ≤ 𝐾 + 1; 𝑝
𝑝′∈ 𝑃𝑖

∈ 𝑃𝑖 
∑ 𝑍𝑗𝑘𝑝′𝑝 =  𝑧𝑗 (𝑘+1)𝑝′                  

𝑝∈𝑃𝑗

     1 ≤ 𝑗 ≤ 𝐽; 0 ≤ 𝑘 ≤ 𝐾; 𝑝′

∈  𝑃𝑗 
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Figure 2.16 The example of heat exchanger network synthesis using the distributed 
heat exchanger location (Nair, Soon et al. 2018). 
 

The evidence of the distributed heat exchanger location benefit was occurred in 

Fig. 2.15 and Fig. 2.16 that the distributed heat exchanger maximized all of the stream 

exchanges. The distributed heat exchanger location is better than the centralized heat 

exchanger location due to the drawbacks of centralized heat exchanger location which 

are less stream exchanges, less NPV, less IROR, higher number of streams, and 

higher CAPEX because of the high transport needed. In contrast, the distributed 

HENs use less hot and cold utilities, so it commits to lower the pipe cost by 

prioritizing inter- heat exchange over intra- heat exchange and to maximize the stream 

exchanges.  

2.7.1. Pressure-drop 

Many literatures ((Athier 1998), (Bochenek 2006), (Jeżowski, 

Bochenek et al. 2007), (Rezaei and Shafiei 2009), etc) including the simplification 

have no pressure drop consideration or ignores the effect of the pressure drop. 

However, if the pressure drop is not considered, the result will be unrealistic because 

a false sense of energy efficiency will be appeared in HENs. As the pressure drop has 

the important part in the heat transfer and total annual cost, the pressure drop must be 

controlled to be less or equal to the maximum allowable pressure drop for each 

stream. Soltani et al (Soltani and Shafiei 2011) have controlled the pressure drop by 

using the penalty term. Nair et al (Nair, Soon et al. 2018) calculated the pressure drop 
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depending on both the pressure drop of the pipeline and the pressure drop of the heat 

exchangers. The pipeline pressure drop formulation used by (Nair, Soon et al. 2018) 

in eq. 22 is different from the formulation used (Hong, Liao et al. 2019) in eq. 24.  

    

∆𝑝𝐿 =
2𝑓𝜌𝑣2

𝐷𝑖𝑛
                       (21) 

(22) 

According to the distinction, both the pipeline and exchanger pressure 

drop proposed (Hong, Liao et al. 2019) in eq. 24 are multiplied by two because the 

process streams are carried to go from initial plant and then go back to the initial 

plant. Moreover, the transportation distance between the plants are not neglected. 

Chang et al.,  (Chang, Chen et al. 2017) also used the same formulation of the pipe 

pressure drop as Hong et al (2019) cited in eq. 24.    

Many formers ((Nair, Soon et al. 2018); (Hong, Liao et al. 2019)) used 

the formulations proposed by (Soltani and Shafiei 2011) to calculate the pressure drop 

of the heat exchanger using Genetic Algorithm (GA) combined with Linear 

Programming (LP) and Integer Linear Programming (ILP) method. The method for 

calculating the pressure drop heat exchanger in parallel is more complex than the heat 

exchanger arranged in series that can be calculated by summing the individual 

pressure drop.   

∆𝑃 =  ∆𝑃𝑝𝑖𝑝𝑒 + ∆𝑃𝑒𝑥                   (23) 

      
(24) 

However, some equations proposed by (Chang, Chen et al. 2017) are 

incorrect to calculate the exchanger pressure drop as the original equations from 

(Soltani and Shafiei 2011) are correctly presented in eq. 25-28.  

∆𝑃𝑝𝑖𝑝𝑒 = 4𝑥𝑓𝑎𝑥
𝐿𝑥𝜌𝑥𝑣2

2𝑥𝐷𝑖𝑛
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(25) 

(26) 

(27) 

(28) 

 

Moreover, the pressure drop can be controlled by designing the 

appropriate heat exchanger according to the Tubular Exchanger Manufacturers’ 

Association (TEMA) standards. For shell and tube heat exchanger that is commonly 

used in industry, the pressure drop is controlled by designing this exchanger including 

the number of shell and tube. The dead zones must be excluded to get better heat 

transfer. The number of tubes and shells determine the velocity occurred which 

impacts to the pressure drop and heat transfer area in the shell and tube heat 

exchanger. The more tubes used, the lower velocity of the fluid but higher heat 

transfer area. The number of tubes must be appropriate because if the number of tubes 

are too low, the excessive pressure drop will appear as the result of the high 

velocities. Equally important, the number of the shell has the important role to keep 

the optimal flow and prevent underestimated the size required of the heat exchanger 

by preventing non-existent either the counter flow or the counter-current flow in the 

heat exchanger.  

2.7.2. Heat losses consideration 

If the heat exchanger network is wide including more than two plants, 

more than one enterprise, and using long pipes or long-distance transportations, the 

heat losses cannot be neglected because of the reduction of energy saving or the utility 

cost saving and the reduction of exchange duties. The temperature of the intermediate 

fluid should be high enough to handle the heat sink for indirect heat integration. 

Overcoming the heat losses means that many parameters must be adjusted such as the 

𝐾𝑠 =  
67. 𝐿𝑡𝑝.  (𝐿𝑡 −𝐷𝑡). 𝐷𝑒

1.1. 𝜇𝑠
1.3

𝐷𝑡.  𝑀𝑠.  𝜌𝑠. 𝑘𝑠
3.4. 𝐶𝑝𝑠

2.7
.  [(

𝜇𝑠
𝜇𝑠𝑤

)
−0.14

]

6.2

 

𝐾𝑡 =  
1

(0.023)2.5
𝑥 𝐷1/2𝑥𝜇𝑡

11/6𝑥 
1

𝑀𝑡𝜌𝑡𝑘𝑡
7/3
𝐶𝑝𝑡

7/6
𝑥
𝐷

𝐷𝑡
𝑥 [(

𝜇𝑡
𝜇𝑡𝑤

)
−0.14

]

4.5

 

𝐾𝑡
′ =  

0.023−2.5. 𝐹𝑡 . 𝐷𝑡𝑖𝑛
1/2. 𝜇𝑡

11/6

 𝜌𝑡 .  𝜅𝑡
7/3. 𝑐𝑝𝑡

13/6
.  
𝐷𝑡𝑖𝑛
𝐷𝑡𝑜𝑢𝑡

(
𝜇𝑡
𝜇𝑟
)
−0.63

 

𝐾𝑠
′ =  

67. 𝐿𝑡.  (𝐿𝑡 − 𝐷𝑡𝑜𝑢𝑡). 𝐹𝑠. 𝐷𝑒
1.1. 𝜇𝑠

1.3

𝐷𝑡𝑜𝑢𝑡 .  𝜌𝑠.  𝜅𝑠
3.4. 𝑐𝑝𝑠

2.7
.  (
𝜇𝑠
𝜇𝑟
)
0.868

 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

36 
 

pump power, the flowrate of the heat sources, and the diameter of the pump. In a case 

of long distance, the pump power influences the annual operating cost less than the 

pipeline and the heat loss. Chang et al (Chang, Wang et al. 2015) added the heat loss 

to calculate the electric cost by using indirect heat integration as stated in eq. 29-33.  

 

(29) 

(30) 

(31) 

 

(32) 

(33) 

 

2.7.3. Pumping and pipping cost 

The pumping and piping cost are not included in heat exchanger 

network model proposed by Wang et al., (2015). However, the capital and operation 

expenses are dominated by the pumping and pipping cost. These costs also cannot be 

neglected because the pumping and piping cost has the important impact due to the 

long-distance stream transportation in the large-scale problem.   

Nair et al., (Nair, Soon et al. 2018) stated that the essential factors to 

determine the piping cost are the distances used for the stream to be travelled either 

the distances from plat p to plant p’ or no plant-to-plant distances. The HENS (Hong, 

Liao et al. 2019) has the same factors as the Nair’s statement. Based on eq. 34, not 

only is the transportation distance as the main factor but also the heat capacity 

flowrate, the specific heat capacity, and the density. 

 

 

𝑅 =  (
1

2𝜋𝑘
ln (

𝑟𝑇
𝑟𝑃
)) 

𝐷𝑖𝑛 = √
4𝑀

𝜌. 𝜋. 𝑢
 

𝐻𝑇 = 𝜆.
𝐿

𝐷𝑖𝑛
.
𝑢2

2𝑔
 

𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 =  
𝑀. 𝑔.𝐻𝑇

𝜂
. 𝑃𝑒 .  8000 

𝑄𝑙𝑜𝑠𝑠 =
𝑇𝑤 − 𝑇𝑒
𝑅

𝑥 𝐿 
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   (34) 

 

They used the piping cost formulation the same as above that is 

multiplied by two because the process stream is transported twice including to the 

centralized HEN or distributed HEN and transported back to its original plant. Total 

pumping cos proposed (Hong, Liao et al. 2019) has been represented in eq. 35. The 

pumping cost and pipping cost are more determined by inter- plant heat exchanger 

than intra- plant heat exchanger. It consists of both the capital cost and the operating 

power cost.  

 

                  (35) 

 

The power of pump and the pressure drop of pump between plants are 

important to calculate the total pumping cost due to transport the stream in long 

distance against the pressure drop. The parameter, thermal conductivity, determines 

the pressure drop. However, the high capacities of the pump are also needed due to 

transport the stream in long-distance. Another option to increase the pump capacities 

is by increasing the impeller size or rotating speed of the pump. If the new pump is 

needed, the equation proposed by (Nair, Soon et al. 2018) in eq. 36 is possible to be 

used.   

(36) 

This equation shows that if the new pump is needed, the requirement 

of the pump will be NPs=1. In contrast, if the new pump is not needed, the cost given 

by eq. 36 will be zero.  

 

𝑃𝑖𝑝𝑝𝑖𝑛𝑔 = 𝑓𝑝𝑖𝑝𝑝𝑖𝑛𝑔(𝐿, 𝑓𝑐𝑝, 𝑐𝑝, 𝜌) 

𝑃𝐼𝐶 = ∑ ∑ 2𝑥𝑝𝑙𝑝,𝑙,𝑝′𝑥𝑓𝑝𝑖𝑝𝑖𝑛𝑔(𝑑𝑑𝑝,𝑝′ , 𝑓𝑙𝑝,𝑙 , 𝑐𝑝𝑝,𝑙 , 𝜌𝑝,𝑙)

𝑝′∈𝑃,𝑝′≠𝑝(𝑃,𝐿)∈𝐻𝑃

 

+ ∑ ∑ 2𝑥𝑝𝑚𝑝′,𝑚,𝑝𝑥𝑓𝑝𝑖𝑝𝑖𝑛𝑔(𝑑𝑑𝑝,𝑝′ , 𝑓𝑚𝑝′,𝑚, 𝑐𝑝𝑝′,𝑚, 𝜌𝑝′,𝑚)

𝑝∈𝑃,𝑝≠𝑝′(𝑝′,𝑚)∈𝐶𝑃

 

𝑃𝑀𝐶 =  ∑ [𝑃𝑒𝑥𝐻𝑦𝑥
𝑓𝑙𝑝,𝑙𝑥∆𝑃𝑝,𝑙

𝑐𝑝𝑝,𝑙𝑥1000𝑥𝜌𝑝,𝑙𝑥𝜂
+ 𝐴𝑓𝑥 (𝑎 + 𝑏 𝑥 (

𝑓𝑙𝑝,𝑙𝑥𝛥𝑃𝑝,𝑙

𝑐𝑝𝑝,𝑙𝑥𝜌𝑝,𝑙
)

𝑐

)]

(𝑝,𝑙)∈𝐻𝑃

 

+ ∑ [𝑃𝑒𝑥𝐻𝑦𝑥
𝑓𝑚𝑝,𝑚𝑥𝛥𝑃𝑝,𝑚

𝑐𝑝𝑝,𝑚𝑥1000𝑥𝜌𝑝,𝑚𝑥𝜂
+ 𝐴𝑓𝑥 (𝑎 + 𝑏 𝑥 (

𝑓𝑚𝑝,𝑚𝑥𝛥𝑃𝑝,𝑚

𝑐𝑝𝑝,𝑚𝑥𝜌𝑝,𝑚
)

𝑐

)]

(𝑝,𝑚)𝜖𝐶𝑃

 

𝐶𝑃𝑠 ≥  𝐹𝐶𝑃𝑠𝑁𝑃𝑠 + 𝑉𝐶𝑃𝑠(𝐸𝑠)
𝛼𝑠 −  (𝑉𝐶𝑃𝑠 (𝐾. 𝑉𝐹𝑠.

∆𝑝𝑠
𝐻𝐸

𝜂𝑠
))

𝛼𝑠

(1 − 𝑁𝑃𝑠)  ; 1 ≤ 𝑠 ≤ 𝑆 
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CHAPTER 3  
EXPERIMENTAL 

 

 All the methodologies in this work are resolved in GAMS 24.2.1 (General 
Algebraic Modeling System), and the platform server with 1.80 GHz Intel ® Core 
TM i7-8550 and 20 GB of RAM are operated. 

 Objectives 
1. To produce the results of combined heat and mass exchanger network synthesis 

which are better than the previous literatures and reliable to be applied with the 

minimum TAC by using Stage-Wise Superstructure (SWS).  

2. To get all the minimum possible stream matches by using MENS to reduce the 

TAC and to reduce the usage of the external of MSA.  

3. To overcome inter- and intra- plants Heat Exchanger Network Synthesis 

(HENS). 

4. To compare the different methods for overcoming the case studies of MENS, 

HENS, and CHAMENS. 

5. To use more accurate LMTD formulation for the area calculations than the 

original stage-wise superstructure. 

 

 The scope of the research 
  The scope of this research will cover the following: 

1. The effectiveness of the model used to save the energy, produce the minimum 

TAC and fewer computational time of the method used to solve the problems.  

2. The effect of EMAT and EMCD to the proposed model as applied to solve 

the problems. 

3. The comparison of the proposed model to the previous formers’ results by 

obtaining the fewer TAC.  
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 Mass Exchanger Network Synthesis (MENS) 
 The step to overcome MENS is cited in Figure 5.1. The stage wise 

superstructure needs the good initialization to make the model working well. It works 

well when deviation by zero is not appeared or (LMCD ≠ 0). The set of the 

boundaries and the good initialization are needed to overcome the infeasible solution. 

The initialization that is used in MENS part comes from the previous result of the 

previous literature.  

 

 

Figure 3.1 The methodology of MENS. 
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𝐴𝑟𝑒𝑎𝑖,𝑗,𝑘 =
𝑀𝑒𝑖,𝑗,𝑘

𝐾𝑦𝑎. 𝐿𝑀𝐶𝐷
 

 

 

 

 

 

 

 

 

Figure 3.2 The continuous-contact column. 
 

The TAC is compared among the other literatures in the same 
conditions. The column is costed mainly from the shell cost in eq. 38. Based on 
(Peters and Timmerhaus, 1991), the parameters are known depending on the material 
constriction of the packed column (carbon steel). M is the mass transfer in the shell.  

𝐶𝑜𝑠𝑡 (𝑠ℎ𝑒𝑙𝑙,  𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑) =  $ 618 𝑀0.66  (𝑀 𝑖𝑛 𝑘𝑔)  (38) 

 

 

 

 

(37) 

3
8

6
9

5
1

1
8

7
1

3.3.1. The Methodology of MENS   

           3.3.1.1. The Data Usage

   The  data  used  in  the  case  study  is  adapted  from (Abdulfatah  
M. Emhameda and Fraser 2007). The detail of the stream data can be found in Chapter 
6, Table  6.1 and  Table  6.2. The  ammonia  is  removed  from  5 gaseous  rich  streams  
using 2  lean   process   streams  and  an   external   lean   stream  Mass   Separating   Agent   
(MSA)with  gas-liquid  operation. Moreover,  the  mass  exchange  happens  in  the  shell  
active section   depicted   in   Figure   5.2. A   cylindrical   shell   is   used. When   the   
mass   is transferred   vertically   inside   the   shell   active   continuous-contact   packed   
column,  it creates   the   driving   force.  This   driving   force   is affected   by  the area of   
mass   active section (Area),  the   overall   mass   transfer   coefficient   with   the   
dimension   mass transferred   per   unit   time   per   volume   (Kya)  and   the   Logarithmic   
Mean   Composition Difference  (LMCD) as  it  can  be  seen  in  eq. 37. Moreover, the  
driving force means the difference between the actual composition and the equilibrium 
composition  (Δy). The value   (Kya)  is   provided   by   the   equipment   
manufacturer  related  to  the  mass  transfer based on the surface area (Ky) and interfacial 
surface area per unit volume (a).
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3.3.1.2.  The Initial Values, Boundaries, and The Null Matches.  

The initial values of MENS depend on the target and the 

supply composition that can be placed at the stage as the initial values. MENS’s 

initialization is not harder than HENS, so it does not need the complex initialization. 

Then, the possible stream matching is generated to get the initialization of the area by 

using the area as parameter solved by using MINLP. The result of this initialization is 

used to minimize the area that is included in the objective function as the variable. 

The process lean streams (L1 and L2) are bounded to prevent the overlapped internal 

process MSA usage. The bounds of L1 and L2 can be any number, but it must no more 

than the maximum flowrates, 1.8 and 1 kg/s. The results must be feasible and satisfied 

the tolerance based on the boundaries used. The external MSA, L3, is not bounded. To 

create the feasible result which contains no division by zero or eliminate the null 

matches, the LMCD must be bounded. The lower bound of LMCD should be equal to 

Exchanger Minimum Composition Difference (EMCD). 

 

 

 

 

 

 

 

 

 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

  

 Fi
gu

re
 3

.3
 E

nh
an

ce
d 

su
pe

rs
tru

ct
ur

e 
fo

r M
EN

S 
tw

o 
ric

h 
an

d 
tw

o 
le

an
 st

re
am

s w
ith

in
 st

ag
e 

n.
 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

 
 

3.3.2. Supplementary of MENS  

Based on Figure 5.3, the detailed supplementary can be seen in the 

description below. 

Notations Subscripts 

k the flowrate interval 

Ri the flowrate of the rich stream 

i  rich stream  

Lj the flowrate of the lean stream 

j lean stream  

S supply 

T target 

xj mass fraction of the lean stream 

yi mass fraction of the rich stream 

me mass exchanger matching between the rich stream and the lean stream 

Δymin the minimum allowance composition difference 

Kw  the lumped mass transfer coefficient 

Af the annual cost coefficient 

PC the cost coefficient of the continuous packed column installed 

Height the height of the continuous packed column installed 

cj the mass fraction differences between the  target and the supply mass 
fraction  

β the working hours 

α the cost coefficient of the external MSA L3 

γ the area cost exponent for mass exchangers 

Sets 

I Rich stream, I = R1, R2, R3, R4, R5,…,Rn 

J Lean stream, J= L1, L2, L3,..,Ln 

K Stage, K= K1, K2, K3,.., Kn 
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Parameters 

YINi    the supply composition of the rich stream i, i = 1,2,3,4,5,…,n  

YOUTi the target composition of the rich stream i, i=12,3,4,5,…n 

XINj        the supply composition of the lean stream j, j= 1,2,3,4,5,..,n 

XOUTj the target composition of the lean stream j, j=1,2,3,4,5,…,n 

Fi the flowrate of the rich stream i, i=1,2,3,4,…,n 

EPS          the minimum allowance composition difference 

 

Positive Variables 

Fj The flowrate of the lean stream 

dy(i,j,k) The composition approach between the rich stream i and lean stream j at the 
stage k 

me(i,j,k) The mass exchange matching between rich stream i and lean stream j at the 
stage k 

yi(i,k) the mass fraction composition of the rich stream i at the stage k 

xj(j,k) the mass fraction composition of the lean stream j at the stage k 

 

Variables 

ddy(i,j,k)     the real composition approach temperature between the rich stream i and   
the lean stream j at the stage k; 

 

Binary variables   

z(i,j,k) the appearance of the stream matchings between the rich stream i and the 
lean stream j at the stage k. The stream matching appears when z equals to 
1, and it is not appeared when z equals to 0.  
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3.3.3. Mathematical model  

3.3.3.1.  The Stage Mass Balances for Each Rich and Lean Stream 

The stage mass balances are used to determine the 
composition at each stage for both rich and lean streams. As yi,k and xj,k are the 
continuous variables, the outlet of the streams at the stage k will be the inlet of the 
streams at the stage k+1 for each equilibrium composition of the lean and rich stream.   

  

 

 

 

3.3.3.2. The Overall Mass Balances for The Lean and Rich Streams  

In order to procure their target compositions, the overall mass 
balances demonstrate the mass flowrate of either rich or lean stream (Ri, Lj) multiplied 
by the composition difference of its stream must be equal to the total masses 
exchanged between the lean and rich stream (mei,j,k).   

 

 

 

 

3.3.3.3.  The Logical Constrains of The Rich Streams 

 By connecting the model with the logical constrains of the rich 

streams in eq. 43-45, the rich streams become cleaner from the left at the stage k to 

the right at stage k+1. In the other words, the compositions of the rich streams are 

monotonically decrease from the left at stage k to the right at stage k+1. At these 

logical constrains, the stream supply is the highest composition which is the same as 

the composition of the rich stream at the first stage. In contrast to the supply 

composition, the target composition is the lowest, and lower than the composition of 

the rich stream at the last stage.  

 

 

 

 

𝑅𝑖(𝑦𝑖𝑛𝑖 − 𝑦𝑜𝑢𝑡𝑖) = ∑ ∑𝑚𝑒𝑖,𝑗,𝑘,   𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝑆𝑇  (41) 

𝑗∈𝐿𝑘∈𝑆𝑇

 

𝐿𝑗(𝑥𝑜𝑢𝑡𝑗 − 𝑥𝑖𝑛𝑗) = ∑ ∑𝑚𝑒𝑖,𝑗,𝑘 ,   𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝑆𝑇  (42) 

𝑖∈𝑅𝑘∈𝑆𝑇

 

𝑦𝑖,𝑇 ≤ 𝑦𝑖,𝑘 ,        𝑖 ∈ 𝑅,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (44) 

𝑦𝑖,𝑘 = 𝑦𝑖,𝑆,         𝑖 ∈ 𝑅,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (45) 

𝑦𝑖,𝑘 ≥ 𝑦𝑖,𝑘+1,   𝑖 ∈ 𝑅,  𝑘 ∈ 𝑆𝑇   (43) 

𝑅𝑖(𝑦𝑖,𝑘 − 𝑦𝑖,𝑘+1) =∑𝑚𝑒𝑖,𝑗,𝑘
𝑗∈𝐿

,   𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝑆𝑇 (39) 

𝐿𝑖(𝑥𝑗,𝑘 − 𝑥𝑗,𝑘+1) =∑𝑚𝑒𝑖,𝑗,𝑘
𝑖∈𝑅

,   𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝑆𝑇 (40) 
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3.3.3.4.  The Logical Constrains for The Lean Streams 

The lean streams are either the process MSA or the external 

MSA. MSA can be absorbent or solvent to take up the pollutants. The more pollutant 

is taken up by the lean stream, the more composition of the lean stream will be. This 

condition is represented in eq. 46-48. As the reverse of the rich streams, the lean 

streams are monotonically increase from the right at stage k+1 to the left at stage k. 

The supply of the lean streams, either the fresh water or MSA, have the lowest 

compositions which are the same as the compositions at the last stages, and the target 

compositions of the lean streams are higher than the compositions at the first stages.   

  

 

 

 

3.3.3.5.  The Other Logical Constrains  

The existence of the stream matching can be obtained by using 

the binary variable (zi,j,k) and the logical constrains represented in eq. 49-51. The 

value of the binary variable (zi,j,k) is one, if the stream matching exists under other 

condition there will be no stream matching. In order to assist the existing of the 

stream matching, the upper bound Ωi,j
UP is used. Ωi,j

UP depends on the maximum flow 

rates, target and supply composition of each lean and rich streams. To prevent the 

negligible sized mass exchangers, the eq. 49, the converse of the upper bound, is 

applied.  

 

 

 

 

 

 

 

 

 

 

𝑥𝑗,𝑘 ≥ 𝑥𝑗,𝑘+1      𝑗 ∈ 𝐿,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇     (46)  

𝑚𝑒𝑖,𝑗,𝑘 − 𝛺𝑖,𝑗
𝑈𝑃𝑧𝑖,𝑗,𝑘 ≤ 0    𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝑆𝑇   (49) 

𝛺𝑖,𝑗
𝑈𝑃 = 𝑚𝑖𝑛{𝐿𝑗

𝑚𝑎𝑥(𝑥𝑗,𝑇 − 𝑥𝑗,𝑆); 𝑅𝑖(𝑦𝑖,𝑆 − 𝑦𝑖,𝑇)}       (51) 

𝑥𝑗,𝑘 ≤ 𝑥𝑗,𝑇 ,     𝑗 ∈ 𝐿 , 𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (47) 

𝑥𝑗,𝑘 = 𝑥𝑗,𝑆,    𝑗 ∈ 𝐿,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (48) 

𝑚𝑒𝑖,𝑗,𝑘 − 𝛺𝑖,𝑗
𝐿𝑂𝑊𝑧𝑖,𝑗,𝑘 ≥ 0     𝑖 ∈ 𝑅,  𝑗 ∈ 𝐿,  𝑘 ∈ 𝑆𝑇    (50)  
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3.3.3.6.  The Calculation of The Driving Forces  

The driving forces relate to the cost of the external MSA 

usage. The fewer driving force is used, it leads to the higher of the cost external MSA 

usage. The variable (Γi,j,k) is the upper bound depicted to maintain the binary variable 

(zi,j,k). This variable (Γi,j,k) will be inactive, if there is no stream matching existed.  

 

 

 

 

 

3.3.3.7.  The Logarithmic Mean Concentration Difference (LMCD)  

The LMCD used in the model is important because the 

division by zero is possible to appear due to the numerical difficulties and 

nonlinearities depending on the driving forces at each stage. Based on the 

comparisons using actual logarithmic mean among the other logarithmic mean 

concentration difference (LMCD) in (Shenoy and Fraser 2003), the second Chen’s 

approximation performed best results with the lowest error 0.53%. Then, the second 

Chen’s approximation is used to calculate LMCD in this work. The second Chen’s 

LMCD approximation is better than the first Chen’s LMCD approximation because 

the first Chen’s LMCD approximation has the overestimation of the number of the 

stages that leads to the highest deviation or error 4.67% as compared to the actual 

logarithmic mean (Shenoy and Fraser 2003). 

The second Chen’s LMCD approximation:  

 

 

  

3.3.3.8.  The area of the mass exchangers  

The area of the mass exchangers can be calculated by diving 

the existing mass exchanged with the lumped mass transfer coefficient (Kw) and 

LMCD. 

𝐴𝑟𝑒𝑎𝑖,𝑗,𝑘𝐾𝑊𝐿𝑀𝐶𝐷𝑖,𝑗,𝑘
𝛾 = 𝑚𝑒𝑖,𝑗,𝑘       𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝑆𝑇    (57) 

 

 

𝑑𝑦𝑖,𝑗,𝑘 ≤ 𝑦𝑖,𝑘 − 𝑥𝑗,𝑘 + 𝛤𝑖,𝑗,𝑘(1 − 𝑧𝑖,𝑗,𝑘)  𝑖 ∈ 𝑅,  𝑗 ∈ 𝐿,  𝑘 ∈ 𝑆𝑇  (52) 

𝑑𝑦𝑖,𝑗,𝑘 ≥ 𝑦𝑖,𝑘 − 𝑥𝑗,𝑘 − 𝛤𝑖,𝑗,𝑘(1 − 𝑧𝑖,𝑗,𝑘)  𝑖 ∈ 𝑅,  𝑗 ∈ 𝐿,  𝑘 ∈ 𝑆𝑇  (53) 

𝑑𝑦𝑖,𝑗,𝑘+1 ≤ 𝑦𝑖,𝑘+1 − 𝑥𝑗,𝑘+1 + 𝛤𝑖,𝑗,𝑘(1 − 𝑧𝑖,𝑗,𝑘), 𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (54) 

𝐿𝑀𝐶𝐷 ≈  [
1

2
(𝑑𝑦𝑖,𝑗,𝑘

0.3275 + 𝑑𝑦𝑖,𝑗,𝑘+1
0.3275)]

1
0.3275

   𝑖 ∈ 𝑅,  𝑗 ∈ 𝐿,  𝑘 ∈ 𝑆𝑇 (56) 

 𝑑𝑦𝑖,𝑗,𝑘+1 ≥ 𝑦𝑖,𝑘+1 − 𝑥𝑗,𝑘+1 − 𝛤𝑖,𝑗,𝑘(1 − 𝑧𝑖,𝑗,𝑘), 𝑖 ∈ 𝑅, 𝑗 ∈ 𝐿, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (55) 
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3.3.3.9.  The Objective Function of MENS 

The objective function in MENS part is to minimize the TAC. 

It forces the height and the unit of the mass exchangers to be minimum. Moreover, it 

also minimizes the usage of the external MSA. The steps to overcome HENS can be 

seen in Figure 5.4. 

𝑀𝑖𝑛.  𝑇𝐴𝐶 =  𝛼. 𝛽∑𝑐𝑗𝐿𝑗 + 𝐴𝑓. (∑∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐿𝑖∈𝑅

)+ 𝑃𝐶 (
𝑀𝑒𝑖,𝑗,𝑘

𝐾𝑤. 𝐿𝑀𝐶𝐷
)
𝛾

(58) 

𝑗∈𝐿
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3.4.1.  Methodology of HENS 

3.4.1.1. The Stream Data 

The case study proposed by (Hong et al., 2019) is used as the 

stream data that can be found in Chapter 6, Table 6.5 using 3 plants, intra- and inter- 

plant heat exchangers.  

3.4.1.2.  Initializations 

The initialization is used to know the values of the areas of the 

heat exchanger matchings, the cold utility, and the hot utility before minimizing them 

as the stage-wise superstructure does not work without the initializations. CPLEX as 

MIP solver is used to overcome this initialization. In MIP synthesize, the areas are 

calculated as the parameter. In the first initialization, the program calculates the area 

after minimizing the stream matching as the objective function, so they are located 

after “Solve” the same as the picture below.  

 

Figure 3.5 The initialization of the stream matching in HENS by using areas as the 
parameter to be calculated. 
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After getting the values of the areas (Area), the temperatures of 

the hot and cold streams at each stage (ti and tj), the heat load (q), the stream 

matching as the parameters (z,zcu,zhu), the hot and cold utilities (qcu, qhu), these 

values are inputted to the next step to minimize the areas as they are cited in the 

objective functions of HENS. The initial values are inputted before “solve” to make 

them as the variables to be minimized. DICOPT as MINLP solver is used in this part. 

Based on the values of the initialization placed, the program gives the minimum areas 

required that can be the same as the initial values or lower than the initial values. By 

using the same technique, the minimum areas of hot and cold utilities are possible to 

be known.   

 

Figure 3.6 The initialization placed to minimize the areas. 
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3.4.1.3. The Boundaries  

The boundaries used in HENS are to provide the results with no 

division by zero (LMTD≠0, area ≠ 0) and satisfy the tolerance. The tolerance depends 

on the boundaries used. The boundaries are described in eq. 59-62. Moreover, LMTD 

should be bounded. The lower bound of LMTD should be equal to EMAT. It means 

that the minimum values of the LMTD between the hot stream i and the cold stream j 

at the stage k must be equal to the EMAT (Exchanger Minimum Approach of 

Temperature). 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑑𝑡𝑖,𝑗,𝑘 ≥ 𝐸𝑀𝐴𝑇 (59) 

𝐿𝑀𝑇𝐷𝑙𝑜(𝑖,𝑗,𝑘) = 𝐸𝑀𝐴𝑇 (62) 

𝑑𝑡𝑐𝑢𝑖 ≥ 𝐸𝑀𝐴𝑇 (60) 

𝑑𝑡ℎ𝑢𝑗 ≥ 𝐸𝑀𝐴𝑇 (61) 
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3.4.2. Supplementary of HENS  

Based on Figure 5.7, the detailed supplementary can be seen in the 

description below. 

Notations Subscripts 

i  hot process stream  

j cold process stream  

k the flowrate interval 

S supply 

T target 

Sets 

CS Cold process stream 

CU Cold utility 

HS Hot process stream 

HU Hot utility 

ST Stage in the superstructure (1, …, k+1) 

Parameters 

a         the exponent for investment pumping cost 

A1       the parameters of schedule 80 steel pipes parameters     

A2        the parameters of schedule 80 steel pipes parameters     

A3        the parameters of schedule 80 steel pipes parameters     

A4        the parameters of schedule 80 steel pipes parameters     

AF Annual factor 

b         the exponent for investment pumping cost 

c         the exponent for investment pumping cost 

CCU the cost coefficient of the cold utility  

CHU the cost coefficient of the hot utility 

CPIi    Specific heat capacity of the hot process stream (kJ/℃. kG) 

CPJj    Specific heat capacity of the cold process stream (kJ/℃. kG)  

De    the equivalent diameter of tube (m) 
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Dini  the inner diameter of the pipeline for the hot process stream  (m) 

Dinj  the inner diameter of the pipeline for the cold process stream (m) 

Douti the outer diameter of the pipeline for the hot process stream  (m) 

Doutj  the outer diameter of the pipeline for the cold process stream (m) 

Dtin      the internal diameter of tube (m) 

Dtout     the external diameter of tube (m) 

EMAT      the minimum allowance temperature difference 

fi    the fanning friction factor of the hot stream 

Fi the flowrate of the hot stream i, i=1,2,3,4,…,n 

fj     the fanning friction factor of the cold stream 

Fj the flowrate of the cold stream j, j=1,2,3,4,…,n 

htcCold the heat transfer coefficient of the cold utility 

htcHot the heat transfer coefficient of the hot utility 

htcNH3 the heat transfer coefficient of the ammonia 

hi the heat transfer coefficient of the hot process stream i  

hj the heat transfer coefficient of the cold process stream j 

Hy        working hours per year (h)                            

Kshell  the film heat transfer coefficient of the shell side 

Ktube    the film heat transfer coefficient of the tube side 

L         the distances among three plants (m)  

Lp        the distance for one plant          (m)  

Lpp       the distances between two plants (m)  

Lt the tube pitch (m) 

Pe        the electric price ($/ kWh)                          

PIC the total of the piping cost required ($) 

PICi         the pipping cost for the hot stream ($) 

PICj         the pipping cost for the cold stream ($) 

Pli   the pipe capital cost per unit length for hot stream ($/ m) 

Plj  the pipe capital cost per unit length for cold stream ($/m)   
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PMC the total of the pumping cost ($) 

Qi         the power required to drive the pump for the hot process stream 

Qj           the power required to drive the pump for the hot process stream 

TINCUi the inlet temperature of the cold utility  

TINHUj the inlet temperature of the hot utility 

TINi    the supply temperature of the hot process stream i, i = 1,2,3,4,5,…,n  

TINj        the supply temperature of the cold stream j, j= 1,2,3,4,5,..,n 

TOUTCUi the outlet temperature of the cold utility  

TOUTHUj the outlet temperature of the hot utility 

TOUTi the target temperature of the hot stream i, i=1,2,3,4,5,…n 

TOUTj the target temperature of the cold stream j, j=1,2,3,4,5,…,n 

U(i,j) the overall heat transfer coefficient of the heat exchanger matching 

Wi     the weight per unit length of the pipeline for the hot process stream (kg/m) 

Wj    the weight per unit length of the pipeline for the cold process stream (kg/m) 

α the cost coefficient for the process heat exchangers 

β the cost coefficient of the area process heat exchangers 

γ the cost coefficient of the area process heat exchangers 

ΔPShell the pressure drop in shell side caused by the heat exchanger (Pa) 

ΔPipi  the pressure drops caused by the pipeline for the hot stream to one plant 
Lp= 83 m (Pa) 

ΔPippi    the pressure drops caused by the pipeline for the hot stream between two 
plants Lpp=167 m (Pa) 

ΔPipppi  the pressure drops caused by the pipeline for the hot stream among three 
plants L=250 m (Pa) 

ΔPTube the pressure drop in tube side caused by the heat exchanger (Pa) 

ΔPjPj    the pressure drops caused by the pipeline for the cold stream to one plant 
Lp= 83 m (Pa) 

ΔPjppj     the pressure drops caused by the pipeline for the cold stream among three 
plants Lpp=167 m (Pa) 

ΔPjpppj the pressure drops caused by the pipeline for the cold stream among three 
plants L=250 m (Pa) 
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η the efficiency of the pump                               

κi thermal conductivity of the fluid hot process stream flowing through shell 
side (W/ m.℃) 

κj thermal conductivity of the fluid cold process stream flowing through shell 
side (W/ m.℃) 

μi the viscosity of the hot process stream flowing through shell side (Pa.sec) 

μj the viscosity of the cold process stream flowing through shell side (Pa.sec) 

μr      the standard viscosity for water (Pa. sec) 

νi    the velocity of the hot stream (m/s) 

νj    the velocity of the hot stream (m/s) 

ρi  the density of the hot process stream (kg/ m3)   

ρj  the density of the cold process stream (kg/ m3)   

 

Positive Variables 

Area(i,j,k)  The area of the heat exchanger matchings between hot stream i and cold 
stream j at the stage k.  

AreaCU(i)  The area of the heat exchanger between hot stream i and the cold utility at 
the end stage k.  

AreaHU(j)  The area of the heat exchanger between cold stream j and the hot utility at 
the first stage k.  

dt(i,j,k)  The temperature approach between the hot stream i and cold stream j at 
the stage k 

dtcu(i)  The temperature approach of the cold utility matching at the end stage 
k 

dthu(j)  The temperature approach of the hot utility matching at the first stage k 

LMTD(i,j,k)  The Logarithmic Mean Temperature Difference between the hot 
stream i and the cold stream j at the stage k.  

LMTDCU(i) The Logarithmic Mean Temperature Difference between the hot 
stream i and the cold utility at the end stage k.  

LMTDHU(j) The Logarithmic Mean Temperature Difference between the cold 
stream j and the hot utility at the first stage k.  

q(i,j,k)  The heat exchange matching between hot stream i and cold stream j at 
the stage k 
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qcu(i)  The cold utility matching at the end of the stage k or at the end of the 
hot stream i.  

qhu(j)  The hot utility matching at the first stage k or at the end of the cold 
stream.  

ti(i,k)  the temperature interval of the hot stream i at the stage k 

tj(j,k)  the temperature interval of the cold stream j at the stage k 

xPE  the number of the inter-plant heat exchanger 

xPA  the number of the intra-plant heat exchanger 

 

Variables 

ddt(i,j,k)     the real approach temperature between the hot stream i and   the cold stream 
j at the stage k; 

 

Binary variables   

z(i,j,k) the appearance of the stream matchings between the hot stream i and the 
cold stream j at the stage k. The stream matching appears when z equals to 
1, and it is not appeared when z equals to 0.  

zcu(i) the appearance of the cold utility matching at the end stage k. The stream 
matching appears when zcu equals to 1, and it is not appeared when z 
equals to 0.  

zhu(j) the appearance of the hot utility matching at the first stage k. The stream 
matching appears when zhu equals to 1, and it is not appeared when z 
equals to 0.  
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3.4.3. Mathematical Model  

 
3.4.3.1. The Overall Heat Balances  

 
The target temperature can be obtained by using the overall 

heat balances. In this work, the heat capacities (Cp) used for the overall heat balance 

calculation in eq. 63-64 of each stream are constant due to make the same 

comparisons to the other literatures. However, in the reality, the heat capacity (Cp) is 

the function of the temperatures. It must not be the same at each stage as the 

temperature at each stage is not the same.  

 
  

 

𝐹𝑗. 𝐶𝑝𝑗 . (𝑇𝑜𝑢𝑡𝑗 − 𝑇𝑖𝑛𝑗)𝐹𝑗 =  ∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞ℎ𝑢𝑗,    𝑗 ∈ 𝐶𝑆,  𝑘 ∈ 𝑆𝑇 (64)

𝑖∈𝐻𝑆𝑘∈𝑆𝑇

 

 

3.4.3.2. The Heat Balance at Each Stage  

The temperatures at each stage are possible to be known by 

using the eq. 59-60. The isothermal condition adopted in eq. 65-66 means that it has 

fewer nonlinearities than the non-isothermal condition. Before entering to the next 

stage, the process streams are mixed isothermally.  

 

 

 

 

3.4.3.3.  The Feasibility of The Temperatures 

 The hot streams come from the left to the right, and the reverse 

is for the cold streams. Based on the eq. 67-68, the temperatures are monotonically 

decrease from the left at stage k to the right at stage k+1.  

 

 

 
 

(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1)𝐹𝑗 = ∑ 𝑞𝑖,𝑗,𝑘   𝑘 ∈ 𝑆𝑇,  𝑗 ∈ 𝐶𝑆   (66)

𝑖∈𝐻𝑆

 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1  𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝑆𝑇 (67) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1  𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇  (68) 

(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1)𝐹𝑖 = ∑ 𝑞𝑖,𝑗,𝑘    𝑘 ∈ 𝑆𝑇,  𝑖 ∈ 𝐻𝑆   (65)

𝑗∈𝐶𝑆

 

𝐹𝑖. 𝐶𝑝𝑖 . (𝑇𝐼𝑛𝑖 − 𝑇𝑜𝑢𝑡𝑖) = ∑ ∑ 𝑞𝑖,𝑗,𝑘 +  𝑞𝑐𝑢𝑖,   𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝑆𝑇 (63) 

𝑗∈𝐶𝑆𝑘∈𝑆𝑇
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3.4.3.4. The Temperature Feasibilities 

The inlet of the hot streams which has the highest temperature 

is its temperature at the first stage k. The cold stream that has the lowest temperature 

enter the HENS superstructure at the last stage. As the cold stream enter the 

superstructure from the left to the right, its temperature will increase.   

 

 

 

𝑇𝑜𝑢𝑡𝑗 ≥ 𝑡𝑗,𝑘  𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇   (72)  

3.4.3.5.  The Logical Constrains 

The binary variable (zi,j,k) depicts the stream matching existence 

as its integer value equals to “1”. The cold utility matching appears as the binary 

variables (zcui) equals to “1”. The same rule is applied for the hot utility matching 

using (zhuj). The binary variables (zi,j,k , zcui , zhuj) mean their values can be zero or 

one, the superstructure model forces the binary variables to be zero to get the 

minimum heat exchanger matchings. The variables (Ωi,j , Ωi, Ωj) are the upper bound 

of the heat loads to ensure the values of (zi,j,k , zcui , zhuj).  

 

 

 

 

3.4.3.6.  The Hot and Cold Utility Loads 

In the HENS superstructure, the cold utilities are only possible 

to be located at the end of the stage depending on the temperature difference between 

the temperatures at the last stage and the target temperature. Moreover, the hot 

utilities are only possible to be placed at the first stage depending on the temperature 

difference between the temperature at the first stage and the target temperature.   

 

  

 

𝑇𝑖𝑛𝑖 =  𝑡𝑖,𝑘   𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇   (69) 

𝑇𝑜𝑢𝑡𝑖 ≤ 𝑡𝑖,𝑘 𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇    (70)  

𝑇𝑖𝑛𝑗 = 𝑡𝑗,𝑘 𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇       (71)  

𝑞𝑖,𝑗,𝑘 −𝛺𝑖,𝑗. 𝑧𝑖,𝑗,𝑘 ≤ 0   𝑖 ∈ 𝐻𝑆, 𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇 (73) 

𝑞ℎ𝑢𝑗 − [𝐹𝑗(𝑇𝑜𝑢𝑡𝑗 − 𝑇𝑖𝑛𝑗)].  𝑧ℎ𝑢𝑗 ≤ 0    𝑗 ∈ 𝐶𝑆 (74) 

𝑞𝑐𝑢𝑖 − [𝐹𝑖(𝑇𝑖𝑛𝑖 − 𝑇𝑜𝑢𝑡𝑖)]. 𝑧𝑐𝑢𝑖 ≤ 0   𝑖 ∈ 𝐻𝑆   (75) 

(𝑡𝑖,𝑘 − 𝑇𝑜𝑢𝑡𝑖).  𝐹𝑖 = 𝑞𝑐𝑢𝑖   𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇   (76) 

(𝑇𝑜𝑢𝑡𝑗 − 𝑡𝑗,𝑘).  𝐹𝑗 = 𝑞ℎ𝑢𝑗   𝑗 ∈ 𝐶𝑆 ,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (77) 
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3.4.3.7.  The Driving Forces 

The driving forces can be calculated based on the eq. 78-81. In 

this part, the heat exchanger matching exists as the equation inside the bracket is 

forced to be zero because the integer value of (zi,j,k) is one. The variables (Γi,j,k , Γi , Γj) 

will activate the equations as the heat exchanger matching appears. If a match does 

not exist, they will inactivate the equations. These variables help to avoid numerical 

errors due to negative temperature difference because of no matching existed.  

 

 

𝑖 ∈ 𝐻𝑃,  𝑗 ∈ 𝐶𝑃,  𝑘 ∈  𝑆𝑇  (79) 

 

 

 

3.4.3.8.  The Logarithmic Mean Temperature Difference (LMTD)  

The second LMTD’s Chen approximation is used. Based on 

the comparison of the second LMTD Chen’s approximation used in  (Azeez, Isafiade 

et al. 2013), the second LMTD Chen’s approximation has the fewest error. Moreover, 

it is better than the first Chen’s LMTD approximation. Based on the comparison, the 

first Chen’s LMTD approximation gave the underestimate the real values of LMTD 

(Krishna & Murty, 2007; Shenoy & Fraser, 2013).  This second Chen’s LMTD 

approximation is also useful to avoid the infinite and overestimate of heat exchanger 

area calculation.  

The second Chen’s Logarithmic Mean Temperature Difference (LMTD): 

 

  

 

3.4.3.9.  The Area at Each Heat Exchanger Matching 

The area is as the function of the heat load, LMTD and the 

heat transfer coefficient (Ui,j). The area calculation is important because it is 

minimized and included in the objective function.  

𝑑𝑡𝑖,𝑗,𝑘 ≤ 𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 + 𝛤𝑖,𝑗(1 − 𝑧𝑖,𝑗,𝑘)  𝑖 ∈ 𝐻𝑃,  𝑗 ∈ 𝐶𝑃,  𝑘 ∈ 𝑆𝑇  (78) 

𝑑𝑡𝑖,𝑗,𝑘+1 ≤ 𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 + 𝛤𝑖,𝑗(1 − 𝑧𝑖,𝑗,𝑘) 

𝐿𝑀𝑇𝐷 ≈  [
1

2
(𝑑𝑡𝑖,𝑗,𝑘

0.3275 + 𝑑𝑡𝑖,𝑗,𝑘+1
0.3275)]

1
0.3275

   𝑖 ∈ 𝐻𝑃,  𝑗 ∈ 𝐶𝑃,  𝑘 ∈ 𝑆𝑇 (82) 

𝑑𝑡𝑐𝑢𝑖 ≤ 𝑡𝑖,𝑘+1 − 𝑇𝑜𝑢𝑡𝑐𝑢 + 𝛤𝑖(1 − 𝑧𝑖,𝑗,𝑘),   𝑖 ∈ 𝐻𝑆,  𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇 (80) 

𝑑𝑡ℎ𝑢𝑗 ≤ 𝑇𝑜𝑢𝑡ℎ𝑢 − 𝑡𝑗,𝑘 + 𝛤𝑗(1 − 𝑧𝑖,𝑗,𝑘),   𝑖 ∈ 𝐻𝑆,  𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇 (81) 
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3.4.3.10. The Piping Cost  

The piping cost relates to the pressure drop, and it cannot be 

neglected because we need to control the pressure drop for delivering the fluid 

especially to the long distances in the inter-plant heat exchanger network. Moreover, 

the inter-plant HENS has longer distance than the intra- plant HENS, so the pressure 

drop in the inter-plant HENS is high. Based on the eq. 79-91, the higher the area of 

the heat exchanger network is, the higher the pressure drop will be. Additionally, the 

shell and tube heat exchanger and the schedule 80 pipe are used in this work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.3.11. The Pumping Cost  

The pumping cost takes the same crucial part the same as the 

piping cost in the total investment cost. Mostly, the processing plants are located 

separately in different locations. The pressure drop in the pipeline can be calculated 

based on eq. 104-109 depending the distances of the heat exchange matchings. 

Moreover, the pressure drop of the heat exchangers can be calculated by summing up 

eq. 98 and eq. 99. 

𝐷𝑖𝑛𝑖 = 0.363. 𝐹𝑖
0.45. 𝐶𝑝𝑖

−0.45. 𝜌𝑖
−0.32,  𝑖 ∈ 𝐻𝑆  (85) 

𝐷𝑖𝑛𝑗 = 0.363. 𝐹𝑗
0.45. 𝐶𝑝𝑗

−0.45. 𝜌𝑗
−0.32,  𝑗 ∈ 𝐶𝑆  (84) 

𝐴𝑟𝑒𝑎𝑖,𝑗,𝑘 =  
𝑞𝑖,𝑗,𝑘

(𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘  .  𝑈𝑖,𝑗)
  𝑖 ∈ 𝐶𝑆,  𝑗 ∈ 𝐻𝑆,  𝑘 ∈ 𝑆𝑇   (83) 

𝐷𝑜𝑢𝑡𝑖 = 1.101.  𝐷𝑖𝑛𝑖 + 0.006349,  𝑖 ∈ 𝐻𝑆  (86) 

𝐷𝑜𝑢𝑡𝑗 = 1.101.  𝐷𝑖𝑛𝑗 + 0.006349,  𝑗 ∈ 𝐶𝑆  (87) 

𝑊𝑖 = 1,330 .  𝐷𝑖𝑛𝑖
2 + 75.18.  𝐷𝑖𝑛𝑖 + 0.9268 ,  𝑖 ∈ 𝐻𝑆  (88) 

𝑊𝑗 = 1,330 .  𝐷𝑖𝑛𝑗
2 + 75.18.  𝐷𝑖𝑛𝑗 + 0.9268 ,  𝑗 ∈ 𝐶𝑆  (89) 

𝑃𝑙𝑖 = 𝐴1.𝑊𝑖 + 𝐴2. 𝐷𝑜𝑢𝑡𝑖
0.48 + 𝐴3 + 𝐴4. 𝐷𝑜𝑢𝑡𝑖,  𝑖 ∈ 𝐻𝑆  (90) 

𝑃𝑙𝑗 = 𝐴1.𝑊𝑗 + 𝐴2. 𝐷𝑜𝑢𝑡𝑗
0.48 + 𝐴3 + 𝐴4. 𝐷𝑜𝑢𝑡𝑗,  𝑗 ∈ 𝐶𝑆  (91) 

𝑃𝑖𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 =  ∑ 𝑃𝐼𝐶𝑖
𝑖∈𝐻𝑃

+ ∑ 𝑃𝐼𝐶𝑗 

𝑗∈𝐶𝑃

(94) 

𝑃𝐼𝐶𝑖 = 𝐴𝐹 𝑥 [(𝑥𝑃𝐸  . 𝐿 . 𝑃𝑙𝑖) + (𝑥𝑃𝐸 . 𝐿𝑝𝑝. 𝑃𝑙𝑖) + (𝑥𝑃𝐴. 𝐿𝑝. 𝑃𝑙𝑖)] (92) 

𝑃𝐼𝐶𝑗 = 𝐴𝐹 𝑥 [(𝑥𝑃𝐸  . 𝐿 . 𝑃𝑙𝑗) + (𝑥𝑃𝐸 . 𝐿𝑝𝑝. 𝑃𝑙𝑗) + (𝑥𝑃𝐴. 𝐿𝑝. 𝑃𝑙𝑗)] (93) 
3
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∆𝑃𝑡𝑢𝑏𝑒 = 𝐾𝑇𝑢𝑏𝑒 . 𝐴. ℎ𝑡
5.109 (99) 

 

 

 

 

 

 

 

 

 

 

 

 

∆𝑃𝑗𝑝𝑗 = 4. 𝑓𝑗.
𝐿𝑝. 𝜌𝑗. (𝑣𝑗)

2

2. 𝐷𝑖𝑛𝑗
,   𝑗 ∈ 𝐶𝑆  (105)  

 

 

∆𝑃𝑗𝑝𝑝𝑗 = 4. 𝑓𝑗.
𝐿𝑝𝑝. 𝜌𝑗 . (𝑣𝑗)

2

2. 𝐷𝑖𝑛𝑗
,   𝑗 ∈ 𝐶𝑆  (107) 

 

 

𝑅𝑒𝑖 =
𝜌𝑖. 𝐷𝑖𝑛𝑖. 𝑣𝑖

𝜇𝑖
,  𝑖 ∈ 𝐻𝑆  (100)  

𝑅𝑒𝑗 =
𝜌𝑗. 𝐷𝑖𝑛𝑗. 𝑣𝑗

𝜇𝑗
,  𝑗 ∈ 𝐶𝑆  (101)  

𝑓𝑖 =
0.046

(𝑅𝑒𝑖)
0.2
,   𝑖 ∈ 𝐻𝑆  (102)  

𝑓𝑗 =
0.046

(𝑅𝑒𝑗)
0.2 ,   𝑗 ∈ 𝐶𝑆  (103) 

∆𝑃𝑖𝑝𝑖 = 4. 𝑓𝑖.
𝐿𝑝. 𝜌𝑖. (𝑣𝑖)

2

2. 𝐷𝑖𝑛𝑖
,   𝑖 ∈ 𝐻𝑆  (104)  

𝑣𝑖 =
4. 𝐹𝑖

𝐶𝑝𝑖. 𝜋. 𝜌𝑖. (𝐷𝑖𝑛𝑖)
2
,   𝑖 ∈ 𝐻𝑆  (98) 

𝑣𝑗 =
4. 𝐹𝑗

𝐶𝑝𝑗 . 𝜋. 𝜌𝑗 . (𝐷𝑖𝑛𝑗)
2 ,   𝑗 ∈ 𝐶𝑆  (99) 

𝐾𝑡𝑢𝑏𝑒 =
0.023−2.5. 𝐹𝑡. 𝐷𝑡𝑖𝑛

1/2. 𝜇𝑡
11/6

𝜌𝑡. 𝜅𝑡
7/3. 𝐶𝑝𝑡

13/6
.
𝐷𝑡𝑖𝑛

𝐷𝑡𝑜𝑢𝑡
. (
𝜇𝑡
𝜇𝑟
)
−0.63

  (96) 

𝐷𝑒 =
4. 𝐿𝑡2 − 𝜋.𝐷𝑡𝑜𝑢𝑡2

𝜋. 𝐷𝑡𝑜𝑢𝑡
  (97) 

∆𝑃𝑠ℎ𝑒𝑙𝑙 = 𝐾𝑆ℎ𝑒𝑙𝑙. 𝐴. ℎ𝑠
3.5    (98) 

𝐾𝑆ℎ𝑒𝑙𝑙 =
67. 𝐿𝑡. (𝐿𝑡 −𝐷𝑡𝑜𝑢𝑡). 𝐹𝑠 . 𝐷𝑒

1.1. 𝜇𝑠
1.3

𝐷𝑡𝑜𝑢𝑡. 𝜌𝑠. 𝜅𝑠
3.4. 𝐶𝑝𝑠

2.7 . (
𝜇𝑠
𝜇𝑟
)
0.868

  (95) 

∆𝑃𝑖𝑝𝑝𝑖 = 4. 𝑓𝑖.
𝐿𝑝𝑝. 𝜌𝑖. (𝑣𝑖)

2

2.𝐷𝑖𝑛𝑖
,   𝑖 ∈ 𝐻𝑆  (106)  

∆𝑃𝑖𝑝𝑝𝑝𝑖 = 4. 𝑓𝑖.
𝐿 . 𝜌𝑖 . (𝑣𝑖)

2

2. 𝐷𝑖𝑛𝑖
,   𝑖 ∈ 𝐻𝑆  (108)  
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∆𝑃𝑗𝑝𝑝𝑝𝑗 = 4. 𝑓𝑗.
𝐿 . 𝜌𝑗 . (𝑣𝑗)

2

2. 𝐷𝑖𝑛𝑗
,   𝑗 ∈ 𝐶𝑆  (109) 

𝑄𝑖 =
0.001.𝐹𝑖.𝐶𝑝𝑖.∆𝑃

𝐶𝑝𝑖.𝜌𝑖.𝜂
 ,  𝑖 ∈ 𝐻𝑆   (110) 

𝑄𝑗 =
0.001.𝐹𝑗.𝐶𝑝𝑗.∆𝑃

𝐶𝑝𝑗.𝜌𝑗.𝜂
,  𝑗 ∈ 𝐶𝑆 (111) 

∆𝑃 =  ∆𝑃𝑝𝑖𝑝𝑒 + ∆𝑃𝐻𝐸 (112)  

 

 

 

 

3.4.3.12. The Objective Function of HENS  

The objective function forces the TAC to be minimum which 

includes minimizing the hot and cold utilities, the area cost for all matches, and the 

heat exchanger matchings.  The TAC will decrease, as the value of γ is less than one. 

At the same heat loads,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∑𝑇𝐴𝐶 = 𝑀𝑖𝑛.  𝑇𝐴𝐶 + 𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 + 𝑃𝑖𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡   (115) 

 

 

 

𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 =  ∑ [𝑃𝑒 . 𝐻𝑦. 𝑄𝑖 + 𝐴𝑓. (𝑎 + 𝑏. (
𝐹𝑖. ∆𝑃

𝐶𝑝𝑖. 𝜌𝑖
)
𝑐

)]

𝑖∈𝐻𝑆

 +  ∑ [𝑃𝑒 . 𝐻𝑦. 𝑄𝑗
𝑗∈𝐶𝑆

+ 𝐴𝑓. (𝑎 + 𝑏. (
𝐹𝑖. ∆𝑃

𝐶𝑝𝑗 . 𝜌𝑗
)

𝑐

)]     (113) 

𝐴𝑓.

{
 
 
 
 

 
 
 
 
𝛼.  (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘 + ∑ 𝑧𝑐𝑢𝑖 + ∑ 𝑧ℎ𝑢𝑗

𝑗∈𝐶𝑆𝑖∈𝐻𝑆𝑘∈𝑆𝑇𝑗∈𝐶𝑆𝑖∈𝐻𝑆

)+

𝛽. ∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛾
+  

𝑘∈𝑆𝑇𝑗∈𝐶𝑆𝑖∈𝐻𝑆

𝛽. ∑(𝐴𝑐𝑢𝑖)
𝛾

𝑖∈𝐻𝑆

+  𝛽. ∑(𝐴ℎ𝑢𝑗)
𝛾

𝑗∈𝐶𝑆 }
 
 
 
 

 
 
 
 

     (114) 

𝑀𝑖𝑛.  𝑇𝐴𝐶 =  ∑ 𝐶𝐶𝑢𝑖𝑞𝑐𝑢𝑖 + ∑ 𝐶𝐻𝑢𝑗𝑞ℎ𝑢𝑗
𝑗∈𝐶𝑆𝑖∈𝐻𝑆
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 Combined Heat and Mass Exchanger Network Synthesize (CHAMENS) 
The steps to overcome CHAMENS is cited in Figure 5.8. 

 

Figure 3.8 The methodology of CHAMENS. 
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3.5.1. Methodology of CHAMENS  

The CHAMENS method is a sequential method that contains two steps 

based on Figure 5.8. The first step is the mass allocation network to construct the 

network from source to the sink with the minimum fresh ammonia and the waste. The 

HENS is generated sequentially at the last step which is the same as the previous 

HENS methodology in this work.  

3.5.1.1.  Step 1: Mass Allocation Network  

a.  Data  

The data used in CHAMENS can be found in (Ghazouani 

2018).   The purpose of this case study is to minimize the fresh ammonia used and 

determine the amount of unwanted ammonia that is the waste to be sent to the waste 

treatment plant.  They must satisfy the concentration and temperature requirements at 

each sink. In this step 1, the mass balance has the important role to decide whether the 

program successfully producing a good result or not.   

 

b. The boundaries  

Some of the existence matchings are used to be the upper 

and lower bounds in this part to get the feasible solution. The concentration of the 

fluid that goes to the sinks must not higher than the upper bound used.  

 

 

 

 

 

 

Figure 3.9 The boundaries for CHAMENS. 
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3.5.1.2.  Step 2: Heat Exchanger Network in CHAMENS 

a. Data 

In this case study based on Table 6.7 (Chapter 6), the fresh 

ammonia is supplied at the temperature 30℃. The waste transported must satisfy the 

temperature required 40℃ to be accepted in the waste treatment plant.  EMAT is set 

35℃.  The results of the flowrates sources and sinks from the step 1 are used to 

overcome HENS in Step 2. The supply temperatures are the temperature of the 

sources and the target temperatures are the temperatures of the sinks. The sources can 

be either hot or cold process streams. 

b. The boundaries and the initial values 

The initial values and boundaries used in step 2 are done in 

the same way in Figure 5.5. After the results of the Step 1 and Step 2 are produced, 

the results are combined and analyzed.  
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3.5.2. Supplementary of CHAMENS  

Based on Figure 5.10, the detailed supplementary can be seen in the 

description below. 

i. Step 1: Ammonia mono-contaminant recovery 

Notation Subscripts 

k the interval 

i  source stream  

j sink stream  

Sets 

SC The source stream  

SK The sink stream  

ST Stage in the superstructure (1, …, k+1) 

Parameters 

FINi    the inlet flowrate of the source i, i = 1,2,3,4,5,…,n  

FOUTi the outlet flowrate of the source i, i=1,2,3,4,5,…n 

CINi        the inlet concentration of the source i, i= 1,2,3,4,5,..,n 

COUTi the target temperature of the source i, i=1,2,3,4,5,…,n 

FINj    the inlet flowrate of the sink j, j = 1,2,3,4,5,…,n  

FOUTj the outlet flowrate of the sink j, j =1,2,3,4,5,…n 

CINj        the inlet concentration of the sink j, j= 1,2,3,4,5,..,n 

COUTj the target temperature of the sink j, j=1,2,3,4,5,…,n 

Cfresh(j) the cost coefficient for the flowrate of the fresh ammonia required 

Cwaste(i) the cost coefficient for the waste  

 

Positive Variables 

Fi(i,k)  the flowrate interval of the source stream i at the stage k 

Fj(j,k)  the flowrate interval of the sink stream j at the stage k 

Ffresh(i)  the flowrate of the fresh ammonia i at the end stage k 

Fwaste(j)  the flowrate of the waste j at the first stage k 
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CIK(i,k)  the concentration interval of the source stream i at the stage k 

CJK(j,k)  the concentration interval of the sink stream j at the stage k 

Me(i,j,k)  the stream matching between the source and the sink at the stage k 

CAVG(i,j,k)  the average concentration between the source i and the sink j at the 
stage k. 

 

ii. Step 2: HENS of CHAMENS 

Notations Subscripts 

k the flowrate interval 

i  hot process stream  

j cold process stream  

S supply 

T target 

Sets 

CS Cold process stream 

CU Cold utility 

HS Hot process stream 

HU Hot utility 

ST Stage in the superstructure (1, …, k+1) 

Parameters 

AF Annualization factor 

CCU the cost coefficient of the cold utility  

CHE
Cap the Nominal fixed cost for a heat exchanger ($) 

CHU the cost coefficient of the hot utility 

CS
Cap the nominal cost for heat exchanger area ($) 

EMAT      the minimum allowance temperature difference 

Fi the flowrate of the hot stream i, i=1,2,3,4,…,n 

Fj the flowrate of the cold stream j, j=1,2,3,4,…,n 

hCU the heat transfer coefficient of the cold utility 

3
8

6
9

5
1

1
8

7
1



C
U
 
i
T
h
e
s
i
s
 
6
1
7
3
0
0
4
0
6
3
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
2
8
0
7
2
5
6
3
 
0
1
:
4
9
:
2
8
 
/
 
s
e
q
:
 
1
8

71 
 

hHU the heat transfer coefficient of the hot utility 

hi the heat transfer coefficient of the hot process stream i  

hj the heat transfer coefficient of the cold process stream j 

hop the operating hours 

n the exponent of the actualization ratio 

NH1,H2 the number of the heat exchanger matchings (units) 

ra the actualization ratio (%) 

SH1,H2 the heat exchanger area (m2) 

TINCUi the inlet temperature of the cold utility  

TINHUj the inlet temperature of the hot utility 

TINi    the supply temperature of the hot process stream i, i = 1,2,3,4,5,…,n  

TINj        the supply temperature of the cold stream j, j= 1,2,3,4,5,..,n 

TOUTCUi the outlet temperature of the cold utility  

TOUTHUj the outlet temperature of the hot utility 

TOUTi the target temperature of the hot stream i, i=1,2,3,4,5,…n 

TOUTj the target temperature of the cold stream j, j=1,2,3,4,5,…,n 

U(i,j) the overall heat transfer coefficient of the heat exchanger matching 

 

Positive Variables 

dt(i,j,k)  The temperature approach between the hot stream i and cold stream j at 
the stage k 

dtcu(i)  The temperature approach of the cold utility matching at the end stage 
k 

dthu(j)  The temperature approach of the hot utility matching at the first stage k 

q(i,j,k)  The heat exchange matching between hot stream i and cold stream j at 
the stage k 

qcu(i)  The cold utility matching at the end of the stage k or at the end of the 
hot stream i.  

qhu(j)  The hot utility matching at the first stage k or at the end of the cold 
stream.  

ti(i,k)  the temperature interval of the hot stream i at the stage k 
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tj(j,k)  the temperature interval of the cold stream j at the stage k 

LMTD(i,j,k)  The Logarithmic Mean Temperature Difference between the hot 
stream i and the cold stream j at the stage k.  

LMTDCU(i) The Logarithmic Mean Temperature Difference between the hot 
stream i and the cold utility at the end stage k.  

LMTDHU(j) The Logarithmic Mean Temperature Difference between the cold 
stream j and the hot utility at the first stage k.  

Area(i,j,k)  The area of the heat exchanger matchings between hot stream i and cold 
stream j at the stage k.  

AreaCU(i)  The area of the heat exchanger between hot stream i and the cold utility at 
the end stage k.  

AreaHU(j)  The area of the heat exchanger between cold stream j and the hot utility at 
the first stage k.  

 

Variables 

ddt(i,j,k)     the real approach temperature between the hot stream i and   the cold stream 
j at the stage k; 

 

Binary variables   

z(i,j,k) the appearance of the stream matchings between the hot stream i and the 
cold stream j at the stage k. The stream matching appears when z equals to 
1, and it is not appeared when z equals to 0.  

zcu(i) the appearance of the cold utility matching at the end stage k. The stream 
matching appears when zcu equals to 1, and it is not appeared when z 
equals to 0.  

zhu(j) the appearance of the hot utility matching at the first stage k. The stream 
matching appears when zhu equals to 1, and it is not appeared when z 
equals to 0.  
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3.5.3. Step 1 (CHAMENS): Mass recovery network. 

 

3.5.3.1.  The Mass Balances for Each Flowrate and Concentration.  

In this part, the mass is allocated from the sources to the sinks 

depending on the flowrate and the concentration of each source and sink correlated 

with the fresh water source and waste sink. In Step 1, the driving forces of each mass 

exchangers are not used.  The total flowrate that comes from the sources must be the 

same as the total flowrate of each sink.  

 

 

 

 

 

 

 

 

 

3.5.3.2.  The Mass Balances at Each Stage 

The stage balances are used to resolve either the flowrate or 

the concentration at each stage from stage k to stage k+1.  The variables (Fi,k , Fj,k , 

CIKi,k, CJKj,k) are the continuous variables corresponding to the flowrate and the 

concentration of the source i and the sink j at stage k. The flowrate/concentration of 

the source i at the stage k is the inlet for the flowrate/concentration of the source i at 

the stage k+1. Moreover, the flowrate/concentration of the sink j at the stage k+1 is 

the inlet for the flowrate/concentration of the sink j at the stage k. 

 

 

 

 

 

 

 

(𝐹𝑖,𝑘 − 𝐹𝑖,𝑘+1) =  ∑ 𝑀𝑒𝑖,𝑗,𝑘
𝑗∈𝑆𝐾

 , 𝑖 ∈ 𝑆𝐶,  𝑗 ∈ 𝑆𝐾,  𝑘 ∈ 𝑆𝑇  (120) 

(𝐹𝑗,𝑘 − 𝐹𝑗,𝑘+1) =  ∑ 𝑀𝑒𝑖,𝑗,𝑘
𝑖∈𝐻𝑆

 , 𝑖 ∈ 𝑆𝐶,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (121) 

(𝐶𝐼𝐾𝑖,𝑘 − 𝐶𝐼𝐾𝑖,𝑘+1) =  ∑ 𝐶𝑎𝑣𝑔𝑖,𝑗,𝑘
𝑗∈𝑆𝐾

  ,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (122) 

(𝐶𝐽𝐾𝑗,𝑘 − 𝐶𝐽𝐾𝑗,𝑘+1) =  ∑ 𝐶𝑎𝑣𝑔𝑖,𝑗,𝑘
𝑖∈𝑆𝐶

, 𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇  (123) 

(𝐹𝑜𝑢𝑡𝑗 − 𝐹𝑖𝑛𝑗) =  ∑ ∑ 𝑀𝑒𝑖,𝑗,𝑘
𝑘∈𝑆𝑇

+  𝐹𝑤𝑎𝑠𝑡𝑒𝑗 ,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾,  𝑘 ∈ 𝑆𝑇  (117)

𝑖∈𝑆𝐶

 

(𝐶𝑖𝑛𝑖 − 𝐶𝑜𝑢𝑡𝑖) =  ∑ ∑ 𝐶𝑎𝑣𝑔𝑖,𝑗,𝑘
𝑘∈𝑆𝑇

+  𝐶𝑓𝑟𝑒𝑠ℎ𝑖  ,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾,  𝑘 ∈ 𝑆𝑇 (118)

𝑗∈𝑆𝐾

 

(𝐶𝑜𝑢𝑡𝑗 − 𝐶𝑖𝑛𝑗) =  ∑ ∑ 𝐶𝑎𝑣𝑔𝑖,𝑗,𝑘
𝑘∈𝑆𝑇

+ 𝐶𝑤𝑎𝑠𝑡𝑒𝑗  ,  𝑖 ∈ 𝑆𝐶,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (119)

𝑖∈𝑆𝐶

 

(𝐹𝑖𝑛𝑖 − 𝐹𝑜𝑢𝑡𝑖) =  ∑ ∑ 𝑀𝑒𝑖,𝑗,𝑘
𝑘∈𝑆𝑇

+  𝐹𝑓𝑟𝑒𝑠ℎ𝑖   , 𝑖 ∈ 𝑆𝐶,  𝑗 ∈ 𝑆𝐾,  𝑘 ∈ 𝑆𝑇 (116)

𝑗∈𝑆𝐾
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3.5.3.3.  The Superstructure Feasibilities  

Based on the superstructure model, the higher 

flowrate/concentration runs from the left side to the right side which has lower 

flowrate/ concentration. As the flowrate/ concentration goes from the left-side, its 

flowrate/concentration will decrease for each source i. Moreover, the reverse is for the 

sink j. 

 

 

 

 

 

3.5.3.4. The Constrains for Each Inlet and Outlet Flowrate/ Concentration 

Based on eq. 114-121, The flowrate/ concentration at the first 

stage is the inlet for the source i, and the sink j has the inlet which is the flowrate/ 

concentration at the last stage. As the source i goes to the sink j, there are no target 

flowrate of the outlet source i. Moreover, the inlet of the sink j only comes from the 

source i. The characteristics of the superstructure is that it depends on both the source 

and the sink streams. Therefore, the flowrate of the source i at the first stage is the 

same as the inlet stream for the source i, and the flowrate of the sink j at the last stage 

k is the same as the inlet stream for the sink j. 

 

 

 

 

 

 

 

 

 

 

 

 

𝐹𝑖𝑛𝑖 = 𝐹𝑖,𝑘 ,  𝑖 ∈ 𝑆𝐶, 𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (128) 

𝐹𝑖𝑛𝑗 = 𝐹𝑗,𝑘 ,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (129) 

𝐹𝑜𝑢𝑡𝑖 ≤ 𝐹𝑗,𝑘 ,  𝑖 ∈ 𝑆𝐶, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (130) 

𝐹𝑜𝑢𝑡𝑗 ≥ 𝐹𝑗,𝑘 ,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (131) 

𝐶𝑖𝑛𝑖 = 𝐶𝐼𝐾𝑖,𝑘 ,  𝑖 ∈ 𝑆𝐶, 𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (132) 

𝐶𝑖𝑛𝑗 = 𝐶𝐽𝐾𝑗,𝑘 ,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (133) 

𝐶𝑜𝑢𝑡𝑖 ≤ 𝐶𝐼𝐾𝑖,𝑘,  𝑖 ∈ 𝑆𝐶, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (134) 

𝐶𝑜𝑢𝑡𝑗 ≥ 𝐶𝐽𝐾𝑗,𝑘 ,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (135) 

𝐹𝑖,𝑘 ≥  𝐹𝑖,𝑘+1  ,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (124) 

𝐹𝑗,𝑘 ≥  𝐹𝑗,𝑘+1,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (125) 

𝐶𝐼𝐾𝑖,𝑘 ≥  𝐶𝐼𝐾𝑖,𝑘+1,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (126) 

𝐶𝐽𝐾𝑗,𝑘 ≥  𝐶𝐽𝐾𝑗,𝑘+1, 𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝑆𝑇 (127) 
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3.5.3.5.  The Fresh Water and The Waste Load 

The waste is the excess of the source i that can be calculated 

by using the difference between the flowrate at the last stage and the target flowrate of 

the source. To get the target flowrate/ concentration of the sink, the fresh water need 

to be calculated by using the difference between the outlet flowrate of the sink j and 

the flowrate/concentration at the first stage. 

 

 

 

𝐶𝑜𝑢𝑡𝑗 −  𝐶𝐽𝐾𝑗,𝑘 =  𝐶𝐹𝑟𝑒𝑠ℎ,   𝑗 ∈ 𝑆𝐾,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (139)  

 

3.5.3.6.  Concentration Average  

The concentration average is the concentration when the 

concentration of the source i and the sink j are mixed. It depends on the flowrate of 

the sink j at the stage k+1 and the mass exchanged between the source i and the sink j. 

Moreover, the concentration of each source i and sink j at each stage also affects this 

eq. 140.   

 

 

3.5.3.7.   The Objective Function of Step 1: Mass Recovery. 

In Step 1, the fresh water required, and the waste produced 

are minimized. Cfresh and Cwaste are the cost coefficient of the fresh water and the 

waste.   

 

 

3.5.4. Step 2 (CHAMENS): Heat Exchanger Network Synthesis. 
 

3.5.4.1.  The Overall Heat Balances  
 

 The target temperature can be obtained by using the overall 

heat balances. In this work, the heat capacities (Cp) used for the overall heat balance 

calculation in eq. 142-143 of each stream are constant due to make the same 

comparisons to the other literatures. However, in the reality, the heat capacity (Cp) is 

𝐶𝐼𝐾𝑖,𝑘 −  𝐶𝑜𝑢𝑡𝑖 =  𝐶𝑊𝑎𝑠𝑡𝑒 ,   𝑖 ∈ 𝑆𝐶,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (138)  

𝐶𝑎𝑣𝑔𝑖,𝑗,𝑘 =
[(𝐶𝐼𝐾𝑖,𝑘 .𝑀𝑒𝑖,𝑗,𝑘) + (𝐶𝐽𝐾𝑗,𝑘. 𝐹𝑗,𝑘+1)]

𝑀𝑒𝑖,𝑗,𝑘 + 𝐹𝑗,𝑘+1
,  𝑖 ∈ 𝑆𝐶,  𝑗 ∈ 𝑆𝐾,  𝑘 ∈ 𝑆𝑇 (140)  

𝑇𝐴𝐶 = 𝐶𝐹𝑟𝑒𝑠ℎ. ∑ 𝐹𝐹𝑟𝑒𝑠ℎ + 𝐶𝑤𝑎𝑠𝑡𝑒 . ∑ 𝐹𝑊𝑎𝑠𝑡𝑒
𝑖∈𝑆𝐶

,  𝑖 ∈ 𝑆𝐶, 𝑗 ∈ 𝑆𝐾

𝑗∈𝑆𝐾

 (141) 

𝐹𝑖,𝑘 −  𝐹𝑜𝑢𝑡𝑖 = 𝐹𝑊𝑎𝑠𝑡𝑒 ,  𝑖 ∈ 𝑆𝐶, 𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇 (136) 

𝐹𝑜𝑢𝑡𝑗 −  𝐹𝑗,𝑘 = 𝐹𝐹𝑟𝑒𝑠ℎ ,  𝑗 ∈ 𝑆𝐾, 𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (137) 
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the function of the temperatures. It must not be the same at each stage as the 

temperature at each stage is not the same.  

 
 

𝐹𝑗. 𝐶𝑝𝑗. (𝑇𝑜𝑢𝑡𝑗 − 𝑇𝑖𝑛𝑗)𝐹𝑗 =  ∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞ℎ𝑢𝑗,    𝑗 ∈ 𝐶𝑆,  𝑘 ∈ 𝑆𝑇 (143)

𝑖∈𝐻𝑆𝑘∈𝑆𝑇

 

 

3.5.4.2. The Heat Balance at Each Stage  

The temperatures at each stage are possible to be known by 

using the eq. 144-145. The isothermal condition adopted in eq. 144-145 means that it 

has fewer nonlinearities than the non-isothermal condition. Before entering to the next 

stage, the process streams are mixed isothermally.  

 

 

 

 

3.5.4.3. The Feasibility of The Temperatures 

The hot streams come from the left to the right, and the reverse 

is for the cold streams. Based on the eq. 146-147, the temperatures are monotonically 

decrease from the left at stage k to the right at stage k+1.  

 

 

 

3.5.4.4.  The Temperature Feasibilities 

The inlet of the hot streams which has the highest temperature 

is its temperature at the first stage k. The cold stream that has the lowest temperature 

enter the HENS superstructure at the last stage. As the cold stream enter the 

superstructure from the left to the right, its temperature will increase.   

 

 

 

(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1)𝐹𝑖 = ∑ 𝑞𝑖,𝑗,𝑘    𝑘 ∈ 𝑆𝑇,  𝑖 ∈ 𝐻𝑆   (144)

𝑗∈𝐶𝑆

 

(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1)𝐹𝑗 = ∑ 𝑞𝑖,𝑗,𝑘    𝑘 ∈ 𝑆𝑇,  𝑗 ∈ 𝐶𝑆   (145)

𝑖∈𝐻𝑆

 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1  𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝑆𝑇 (146) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1  𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇  (147) 

𝑇𝑖𝑛𝑖 =  𝑡𝑖,𝑘   𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇   (148) 

𝑇𝑜𝑢𝑡𝑖 ≤ 𝑡𝑖,𝑘  𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇    (149)  

𝑇𝑖𝑛𝑗 = 𝑡𝑗,𝑘  𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇       (150)  

𝐹𝑖 . 𝐶𝑝𝑖. (𝑇𝐼𝑛𝑖 − 𝑇𝑜𝑢𝑡𝑖) = ∑ ∑ 𝑞𝑖,𝑗,𝑘 +  𝑞𝑐𝑢𝑖,   𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝑆𝑇 (142) 

𝑗∈𝐶𝑆𝑘∈𝑆𝑇
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𝑇𝑜𝑢𝑡𝑗 ≥ 𝑡𝑗,𝑘 𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇   (151)  

3.5.4.5.  The Logical Constrains 

 The binary variable (zi,j,k) depicts the stream matching 

existence as its integer value equals to “1”. The cold utility matching appears as the 

binary variables (zcui) equals to “1”. The same rule is applied for the hot utility 

matching using (zhuj). The binary variables (zi,j,k , zcui , zhuj) mean their values can be 

zero or one, the superstructure model forces the binary variables to be zero to get the 

minimum heat exchanger matchings. The variables (Ωi,j , Ωi, Ωj) are the upper bound 

of the heat loads to ensure the values of (zi,j,k , zcui , zhuj).  

 

 

 

 

3.5.4.6. The Hot and Cold Utility Loads 

 In the HENS superstructure, the cold utilities are only possible 

to be located at the end of the stage depending on the temperature difference between 

the temperatures at the last stage and the target temperature. Moreover, the hot 

utilities are only possible to be placed at the first stage depending on the temperature 

difference between the temperature at the first stage and the target temperature.   

 

  

 

3.5.4.7.  The Driving Forces 

 The driving forces can be calculated based on the eq. 157-158. 

In this part, the heat exchanger matching exists as the equation inside the bracket is 

forced to be zero because the integer value of (zi,j,k) is one. The variables (Γi,j,k , Γi , Γj) 

will activate the equations as the heat exchanger matching appears. If a match does 

not exist, they will inactivate the equations. These variables help to avoid numerical 

errors due to negative temperature difference because of no matching existed. 

 

𝑞𝑖,𝑗,𝑘 − 𝛺𝑖,𝑗. 𝑧𝑖,𝑗,𝑘 ≤ 0   𝑖 ∈ 𝐻𝑆, 𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇 (152) 

𝑞ℎ𝑢𝑗 − [𝐹𝑗(𝑇𝑜𝑢𝑡𝑗 − 𝑇𝑖𝑛𝑗)].  𝑧ℎ𝑢𝑗 ≤ 0    𝑗 ∈ 𝐶𝑆 (153) 

(𝑡𝑖,𝑘 − 𝑇𝑜𝑢𝑡𝑖).  𝐹𝑖 = 𝑞𝑐𝑢𝑖   𝑖 ∈ 𝐻𝑆,  𝑘 ∈ 𝐿𝑎𝑠𝑡 𝑆𝑇   (155) 

(𝑇𝑜𝑢𝑡𝑗 − 𝑡𝑗,𝑘).  𝐹𝑗 = 𝑞ℎ𝑢𝑗   𝑗 ∈ 𝐶𝑆 ,  𝑘 ∈ 𝐹𝑖𝑟𝑠𝑡 𝑆𝑇 (156) 

𝑞𝑐𝑢𝑖 − [𝐹𝑖(𝑇𝑖𝑛𝑖 − 𝑇𝑜𝑢𝑡𝑖)]. 𝑧𝑐𝑢𝑖 ≤ 0   𝑖 ∈ 𝐻𝑆   (154) 
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𝑖 ∈ 𝐻𝑃,  𝑗 ∈ 𝐶𝑃,  𝑘 ∈  𝑆𝑇  (158) 

 

 

 

3.5.4.8.  The Logarithmic Mean Temperature Difference (LMTD)  

 The second LMTD’s Chen approximation is used. Based on 

the comparison of the second LMTD Chen’s approximation used in  (Azeez, Isafiade 

et al. 2013), the second LMTD Chen’s approximation has the fewest error. Moreover, 

it is better than the first Chen’s LMTD approximation. Based on the comparison, the 

first Chen’s LMTD approximation gave the underestimate the real values of LMTD 

(Krishna & Murty, 2007; Shenoy & Fraser, 2013).  This second Chen’s LMTD 

approximation is also useful to avoid the infinite and overestimate of heat exchanger 

area calculation.  

The second Chen’s Logarithmic Mean Temperature Difference (LMTD): 

 

  

 

3.5.4.9.  The Area at Each Heat Exchanger Matching 

 The area is as the function of the heat load, LMTD and the 

heat transfer coefficient (Ui,j). The area calculation is important because it is 

minimized and included in the objective function.  

 

 

3.5.4.10. The Objective Function of HENS  

The objective function forces the TAC to be minimum which 

includes minimizing the hot and cold utilities, the area cost for all matches, and the 

heat exchanger matchings.  The TAC will decrease, as the value of γ is less than one. 

At the same heat loads. 

𝑑𝑡𝑖,𝑗,𝑘 ≤ 𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 + 𝛤𝑖,𝑗(1 − 𝑧𝑖,𝑗,𝑘)  𝑖 ∈ 𝐻𝑃,  𝑗 ∈ 𝐶𝑃,  𝑘 ∈ 𝑆𝑇  (157) 

𝑑𝑡𝑖,𝑗,𝑘+1 ≤ 𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 + 𝛤𝑖,𝑗(1 − 𝑧𝑖,𝑗,𝑘) 

  

𝑑𝑡𝑐𝑢𝑖 ≤ 𝑡𝑖,𝑘+1 − 𝑇𝑜𝑢𝑡𝑐𝑢 + 𝛤𝑖(1 − 𝑧𝑖,𝑗,𝑘),   𝑖 ∈ 𝐻𝑆,  𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇 (159) 

𝑑𝑡ℎ𝑢𝑗 ≤ 𝑇𝑜𝑢𝑡ℎ𝑢 − 𝑡𝑗,𝑘 + 𝛤𝑗(1 − 𝑧𝑖,𝑗,𝑘),   𝑖 ∈ 𝐻𝑆,  𝑗 ∈ 𝐶𝑆, 𝑘 ∈ 𝑆𝑇 (160) 

𝐿𝑀𝑇𝐷 ≈  [
1

2
(𝑑𝑡𝑖,𝑗,𝑘

0.3275 + 𝑑𝑡𝑖,𝑗,𝑘+1
0.3275)]

1
0.3275

   𝑖 ∈ 𝐻𝑃,  𝑗 ∈ 𝐶𝑃,  𝑘 ∈ 𝑆𝑇 (161) 

𝐴𝑟𝑒𝑎𝑖,𝑗,𝑘 =  
𝑞𝑖,𝑗,𝑘

(𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘  .  𝑈𝑖,𝑗)
  𝑖 ∈ 𝐶𝑆,  𝑗 ∈ 𝐻𝑆,  𝑘 ∈ 𝑆𝑇   (162) 
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𝐶𝐴𝑃𝐸𝑋 = ∑ ∑ [𝐶𝐻𝐸
𝐶𝑎𝑝
𝑥𝑁𝐻1,𝐻2 +  𝐶𝑠

𝐶𝑎𝑝
𝑥𝑆𝐻1,𝐻2]

𝑗∈𝐶𝑜𝑙𝑑𝑖∈𝐻𝑜𝑡

 (164) 

𝑀𝑖𝑛.  𝑇𝐴𝐶 =
1

𝑁𝑜𝑝
𝑥 [𝐶𝐴𝑃𝐸𝑋 +  ∑

𝑂𝑃𝐸𝑋

(1 + 𝑟𝑎)𝑛

𝑁𝑜𝑝

𝑛=1

] (165) 

𝑂𝑃𝐸𝑋 =  ℎ𝑜𝑝 [ ∑ 𝐶𝐻𝑈𝑥𝑄𝐻𝑈 + ∑ 𝐶𝐶𝑈𝑥𝑄𝑐𝑢
𝑐𝑢∈𝐶𝑈ℎ𝑢∈𝐻𝑈

] (163) 
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CHAPTER 4  
RESULT AND DISCUSSION 

 

 To test the model working well, it is tested by using some case studies 
(MENS, HENS, CHAMENS).   

 

4.1. Mass Exchanger Network Synthesis (MENS) 
 

Based on the case study (Jide 2007), the process lean streams, L1 and L2, are 

used to remove ammonia from 5 gaseous rich streams. One external high-priced MSA 

(L3) is also allocated when using only two free process lean streams is not adequate. 

Our task minimizes TAC by providing the minimum external MSA usage, unit of the 

mass exchanger required, and area of the continuous-contact packed column 

exchanger as it can be seen in Figure 6.5-6.9. In this thesis, Exchanger Minimum 

Composition Difference (EMCD) are varied from 0.0001, 0.0003, 0.0005, 0.0007 and 

0.0009. All the results are based on the estimation that the external MSA used to get 

the L3 target composition 0.017 is 10 times lower than the external MSA used in 

Figure 6.5-6.9 using L3 target composition 0.0017. The stream data are depicted in 

Table 6.1 and Table 6.2. Based on Table 6.3 and Figure 6.1, the minimum TAC is 

found in point EMCD 0.0009 resulting in TAC $ 65,481 a-1. Based on each case, z for 

the existence of the stream matching equals to 1 and equals to 0 if the stream 

matching does not exist. The mass exchanger network design at EMCD 0.0009 is 

chosen because it has the minimum TAC with the minimum total area 1,169 m2 and 

the external MSA (L3) needed 2.487 kg.s-1. 
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Figure 4.1 The effect of EMCD to the TAC for Case Study 1: MENS.  
Table 4.1 The rich streams data for Case Study 1: MENS 
 

Rich stream  R(kg/s) Supply (ys) Target (yt) 
R1 2 0.0050 0.0010 
R2 4 0.0050 0.0025 
R3 3.5 0.0110 0.0025 
R4 1.5 0.0100 0.0050 
R5 0.5 0.0080 0.0025 

 
Table 4.2 The lean streams data for Case Study 1: MENS 
 

Lean stream  Lmax (kg/s) Supply (xs) Target (xt) 
L1 1.8 0.0017 0.0071 
L2 1 0.0025 0.0085 
L3 ∞ 0 0.017 

 

Table 4.3 The effect of EMCD to the TAC for Case Study 1: MENS 
 

EMCD Me LMCD N  F('L3')  Areai,j,k TCC TAC 
   (kg. s-1)   (units) (kg. s-1)   ($.a-1) ($. a-1) 

0.0001 0.0581 0.0022 7 2.4871 1328 151,745 71,249 
0.0003 0.0570 0.0017 7 2.4871 1637 174,187 81,776 
0.0005 0.0570 0.0019 7 2.4871 1475 162,608 76,345 
0.0007 0.0570 0.0020 7 2.4871 1446 160,513 75,362 
0.0009 0.0580 0.0025 7 2.4871 1169 139,450 65,481 

*Based on the estimation of the results using target L3= 0.0017, the MSA used to get target L3=0.017 
is 10 times lower than the MSA usage for target L3=0.0017. 
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Table 4.4 The comparison of Case Study 1: MENS using this work (SWS) among the 
other literatures 
 

Methods/ Parameter 
New hybrid method  FLM-SWS IBMS SWS 

(Emhameda et al., 2007) (Szitkai., 2006) (Jide, 2007)   

Me (kg.s-1) - 0.0579 0.0580 0.0570 
LMCD - 0.0015 0.0015 0.0020 
N (Units) 10 8 7 7 
F('L3') (kg.s-1) 2.543 2.9040 2.8090 2.4871 
Areai,j,k - 1,940 1,963 1,446 
TCC ($.a-1) - 203,879 196,358 160,513 

TACa($.a-1) 134,399 134,000 133,323 111,785 

TACb ($.a-1) - 91,471 92,185 75,362 
aWithout Cj bwith Cj *ME= The Mass Exchangers, *Based on the estimation of the results using 
target L3= 0.0017, the MSA used to get target L3=0.017 is 10 times lower than the MSA used in 
target L3=0.0017.  

 Acquiring the same comparison of this work among the other literatures using 

the same EMCD 0.0007, The IBMS method (Jide 2007) in Figure 6.3 provides the 

external MSA required 2.809 kg.s-1 impacting to their TAC $ 133,323 a-1. This TAC 

was affected by the cost coefficient that they used was $ 14,670 a-1 provided by the 

operational time (β) 8,150 working hours per year and $ 0.0005 a-1 for the cost 

coefficient of the external MSA L3 (α). The FLM-SWS, also cited in (Jide 2007) for 

the cost coefficient of the external MSA also should be corrected to $ 0.0005 a-1.  

Based on Table 6.4 using the same parameter without including Cj and with 

including Cj to make equitable comparison, the results of the TAC using SWS in this 

thesis are $ 111,785 a-1 and $ 75,362 a-1 with the external MSA required 2.487 kg.s-1 

and our result has the lowest TAC compared to the IBMS method, FLM-SWS and the 

hybrid method in (Jide 2007).  

Moreover, the target concentration of L3 should be counted in their work to 

determine their TAC. Their TAC should be corrected to $ 92,185 a-1 in IBMS method. 

The TAC of FLM-SWS method should be corrected to $ 91,471 a-1 for 2.904 kg. s-1 

of the flowrate external MSA. According to the mass balance in Figure 6.3, the target 

concentration of the external MSA L3 in IBMS method should be corrected from 

0.0017 to be 0.017.  
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𝑇𝐶𝐶 = 1.1𝑁𝑢𝑛𝑖𝑡𝑠 𝑥 $618(
∑ 𝐴𝑟𝑒𝑎𝑖,𝑗,𝑘𝑖,𝑗,𝑘

𝑁𝑢𝑛𝑖𝑡𝑠
)

0.66

  (165) 

𝑀𝑖𝑛.  𝑇𝐴𝐶 =  𝛼. 𝛽∑𝑐𝑗𝐿𝑗 + 𝐴𝑓. (∑∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐿𝑖∈𝑅

) + 𝑃𝐶 (
𝑀𝑒𝑖,𝑗,𝑘

𝐾𝑦𝑎. 𝐿𝑀𝐶𝐷
)

𝛾

(166) 

𝑗∈𝐿

 

The annual cost per area for continuous contact columns installed (PC= $618) 

influences the Total Capital Cost (TCC) and TAC based on eq. 165-166. Moreover, 

annualization factor (Af) for the mass exchanger used is 0.225, and cj is the target 

composition subtracted by the inlet composition of the lean stream. Area cost 

exponent of the mass exchanger (γ) is 0.66. To calculate the area of the mass 

exchangers, the lumped mass transfer coefficient for this case (Kya), the sizing 

coefficient for, is 0.02 kg of NH3/ s.kg using the continuous contact packed column 

mass exchangers. The TAC using IBMS method is $ 133,323 a-1. Concerning the 

same comparisons, this thesis still has the lowest TAC $ 111,785 a-1 in comparison 

among the other literatures using IBMS method, FLM-SWS, and New-hybrid method 

because the number of the mass exchanger needed 7 and the total area of our model 

are still the lowest. The flowrates of MSA1 and MSA2 usage are maximized 1.8 kg. s-

1, and 1 kg. s-1. By maximizing the usage of the process MSA L1 and MSA L2, the 

high-priced external MSA L3 can be minimized. Futhermore, after checking the mass 

balance in Figure 6.2, the supply of the lean streams L1 and L2 should be corrected to 

0.0017 and 0.0025 for further used.   
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Table 4.5 The comparison of the SWS to the other methods for the case study 1: 

MENS 

 

 

 

 

 

No. Method Dominance Vice Versa 

1. New hybrid 

method 

(Emhameda et 

al., 2007). 

• The solution is close to global 

optimum. 

• Clear step to overcome the 

infeasibilities 

• Using driving force plot analysis  

• Using SWS and including detailed 

exchanger design. 

• Producing more than one local 

optima solution 

• High solving time. 

• Partially using hand 

calculation 

• Non-simultaneous 

• Unsuitable for large-scale 

problem 

• Using Pinch technology 

• Not guaranteed optimum 

solution. 

2. Interval Based 

MINLP 

Superstructure

, IBMS (Jide, 

2007) 

• A straightforward method using 

MINLP 

• A slight initialization involved 

• Expeditious computational time  

• All hot and cold utilities being the 

process streams  

• Compatible for a small-scale 

problem 

• Less freedom of the heat/ 

mass exchange. 

• Fixed temperature/ 

composition location. 

• Less number of the 

intervals. 

• Improper to be applied in 

the large-scale problem. 

• Only depends on the rich 

stream.  

3. SWS • Uncomplicated to figure out the 

small-scale, moderate-scale, and 

large-scale problem using MILP, 

MINLP, NLP  

• High degree of freedom 

• Depends on both rich and lean 

streams. 

• Considerable for small EMAT 

• Desire proficient 

initializations. 

• Hot and cold utilities are 

only available at the end of 

the stage. 

• Difficult to handle a lot of 

data or equation due to the 

nonlinearities 
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Table 4.6 The comparison of the SWS to the other methods (Continued) 
No. Method Dominance Vice Versa 
4 SWS in this work • The interval temperatures are 

variables. 

• Applicable to handle different 

heat transfer coefficient, and 

different heat capacities at 

each interval temperature. 

• Difficult to disallow stream 

splitting.  

• Heavy computational times 

• A few structures are 

commonly neglected, such as 

stream by-pass, a stream 

branch passing through two 

heat exchangers in series, and 

non-isothermal mixing 
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Figure 4.2 The final structure of FLM-SWS for Case Study 1 at EMCD 0.0007 
(Szitkai et al., 2006). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 IBMS network for case study 1 featuring seven units with a 2-way split for 

a rich stream and a 3-way split for a lean stream for Case Study 1 at EMCD 0.0007 

(Jide., 2007). 
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Figure 4.4 The final structure of the new hybrid method for Case Study 1 at EMCD 
0.0007 (Emhameda et al., 2007). 
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4.2. Heat Exchanger Network Synthesis (HENS) 
In this case study (Hong, Liao et al. 2019), the three plants are possible for 

exchanging heat across the plant. The distance among the plants is constant 0.25 km. 

The 7 stages are used to get the high degree of freedom with the faster computation 

times. In this thesis, EMAT is varied, 2, 4, 6, 8, 10, and 14. As the result of this work, 

EMAT 2 is preferred because it has the lowest TAC $ 1,471,914. By using SWS, the 

computation time required to solve the HENS are deferred at the extensive EMAT.  

 

Table 4.7 The streams data for HENS case study 
 

Stream  
Number 

F.Cp 
 (kW/℃) 

Tin 
 (℃)  

Tout  
(℃) 

h  
(kW/℃.m2) 

Cp 
 (kJ/℃.kg) 

Ρ 
 (kg/m3) 

μ.10-3  
(Pa.s) 

Κ 
 (W/m.℃) 

H1 (P1) 300 250 120 1.0 10 621 0.2363 0.6 
H2 (P2) 250 500 120 1.2 10 802 0.2721 0.6 
H3 (P3) 2500 125 119 1.1 50 830 0.2875 0.6 
H4 (P3) 200 200 30 1.3 10 725 0.2421 0.6 
C1 (P1) 500 185 220 1.4 8 640 0.2734 0.6 
C2 (P2) 150 139 500 1.2 3 680 0.2632 0.6 
C3 (P2) 100 20 250 1.1 4 760 0.2722 0.6 
C4 (P3) 250 110 160 1.1 5 780 0.2831 0.6 
C5 (P3) 2500 195 205 1.3 50 810 0.2755 0.6 
Water - 15 20 1.0 - - - - 

LP - 150 149 1.2 - - - - 
MP - 220 219 1.5 - - - - 
HP - 280 279 1.8 - - - - 

Fuel - 800 750 2.5 - - - - 
CCUWater = $ 10/kW.y, CHULP= $ 40/kW.y, CHUMP= $ 100/ kW.y, CHUHP= $ 160/ 
kW.y, CHUFuel= $ 200/ kW.y.  
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Table 4.9 The result comparisons of the case study 2 among the other literatures at 
EMAT = 10℃. 

Parameters/ 
Methods 

Modified SWS  
(Chang et al., 2017) 

Modified SWS 
(Chang et al., 2017) 

New Transhipment 
(Hong et al., 2019) 

This Work 
(SWS) 

Unit HE (Units) 20 14 14 9 
Inter-plant (Units) 0 4 5 3 
PIC ($.a-1) 0 51789 65,188 183,121 
PMC ($.a-1) 48,837 54238 106,099 213,703 
HU/CU (kW) 15,500/35,000 6,250/57,100 2,776/ 53,626 2,500/53,350 
HUC/CUC (kW.$-1)  2,752,399/350,000 1,090,000/571,000 427,620/ 536,262 500,000/ 533,500 
EXC ($.a-1) 705,624 460,404 535,855 417,262 

TAC, $.a-1 3,856,860 2,227,431 1,671,024 1,847,594 
*EXC= Exchanger Cost PMC= Pumping Cost, PIC=Piping Cost, HUC= Hot Utility Cost, CUC=Cost 

Utility Cost 

Table 4.10 The comparison of SWS to the other methods. 
No. Method Dominance Vice Versa 
1 The Enhancement 

of the 
transshipment 
model (Hong et. 
al. 2019) 

• Capable to resolve no splits. 
• Profitable for detail cost included.  
• Multiple utilities comprised because 

the high temperature difference for 
the hater.  

• A stream by-pass, a stream branch 
passing through two heat exchangers 
in series, and non-isothermal mixing 
involved. 

• The small, moderate, large scale 
problem overcome. 

• Simultaneous method. 
• Minimizing the piping and pumping 

cost.  
• All constraints keep linear while 

allowing non-isothermal mixing. 
• Provide the lowest TAC. 
• DICOPT for MINLP.  CONOPT for 

NLP solver. CPLEX for MILP. 

• Fixed temperature 
intervals at the first 
and the last 
temperature interval. 

• Incompatible for 
small EMAT. 

• More binary variables 
required.  

• More complexities. 
• Indirect heat 

integration.  
 

2 The enhancement 
of the SWS model 
(Chang et al., 
2017)  

• Direct heat integration  
• Less inter-plant heat exchangers  
• Minimizing the piping and pumping 

cost on the objective function 
• Simultaneous method 
• Using the multiple intervals  
• Simultaneous  
• KNITRO for NLP. DICOPT for 

MINLP. 

• Isothermal  
• Low chance to get the 

varieties of the hot 
utility usage 

• Without overall 
energy heat balance 
 

3 This Work (SWS) • Low exchanger cost 
• More accurate on the area calculation  
• Low complexities (it does not 

contain many binary variables and 
equations) 

• Direct heat integration 
• DICOPT for MINLP. 

• The piping and 
pumping costs are not 
minimized 

• Isothermal  
• Non-simultaneous  
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The optimal solution provided (at EMAT=10) in this work is compared to 

the other literatures which used advancement of the SWS (Chang, Chen et al. 2017) 

and Transshipment model (Hong, Liao et al. 2019) in the Table 6.7 at the same 

conditions.  

The result of the process heat exchanger cost by using SWS is the second 

lowest as compared to the current results. The results by using this work salvages the 

process heat exchanger cost 17% lower than the current best of the advancement 

transshipment model in (Chang, Chen et al. 2017). When TAC of this thesis using 

SWS is compared, it is 9.6% higher than the current best result of the new 

transshipment model  (Hong, Liao et al. 2019).   

This work achieves the process heat exchanger cost which is cheaper than 

the transshipment model (Hong, Liao et al. 2019) because by doing the initialization 

in SWS the nonlinearities will be decreased for the next step. When the inter-plant 

heat exchangers are not used in (Chang et al., 2017), the process heat exchanger cost 

will be higher. As shown in Figure 6.14, the three perceived inter-plants heat 

exchangers facilitate the network to diminish the energy demand by utilizing the 

excess of energy in the plant to become the additional heating/cooling source for the 

other plant in this thesis. However, if the number of the inter-plant heat exchangers 

are too much, the piping and pumping cost will be higher as the pressure drop 

increases and the further of the distance used to deliver the fluid. The numbers of the 

heat exchangers in this work are the fewest in contrast to the other literatures, and the 

heat exchanger cost of this work is still the second lowest.  

The second fewest TAC can be obtained because based on the step in Figure 

5.4 of this model. The minimum area heat exchanger matchings from Step 1 are 

minimized again in Step 2 with the minimum area required. In this work, the 

temperature intervals are not fixed that can make the model has more possibilities to 

get the heat exchanger matchings. Based on this result, the number of the heat 

exchangers which are the lowest with the small area can cause the TAC reduction. 

The piping and pumping cost are calculated separately as the parameters. They are not 

minimized in this thesis. However, the competitive TAC still can be obtained.  
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4.3. Combined Mass and Heat Network Synthesis (CHAMENS) 
 

4.3.1. CHAMENS: Ammonia Recovery 

This case study is obtained in (Ghazouani 2018). The ammonia waste 

produced in the calcium chloride production is allocated. Noticing the distinctive of 

this work among the other previous works, by using SWS the objective functions are 

minimizing the cost of the fresh ammonia and waste due to reduce the duty of the 

waste treatment plant and to recover ammonia as much as possible. The process 

source means the process source that can be considered for reuse/ recycle, or waste 

discharged. The process sinks mean the process unit to accept the process source. 

Moreover, it also minimizes the hot and cold utilities considering HENS and the 

configurations of each heat exchanger afterwards. EMAT is precise at 35 ℃. The 

TAC produced by this method is compared to the other literature at the same 

conditions. Based on Table 6.10, the results of this work successfully defeat the 

results of the other literatures using the same equations for OPEX, CAPEX, and TAC 

in eq. 167-169.  

 

 

 

 

 

 

The method in (Ghazouani 2018) has the fixed the temperature scale 

by using ΔTmin step or shifting the temperature scale. Their method impacts to the 

computation time that increases when the ΔTmin decreases. They locate the supply of 

the hot process stream at the interval where it is after the end on the cold process 

stream side. Different from their method, this work gives the fewest area because the 

supply of the hot streams is located at the first stage, and the target of the cold process 

streams are located at the first stage at the same interval with the supply hot process 

stream. Therefore, since EMAT decreased, the fewer the complexity is, the faster the 

computation time will be.  

𝑶𝑷𝑬𝑿 =  𝒉𝒐𝒑 [ ∑ 𝑪𝒇𝒓𝒆𝒔𝒉𝒙 𝑭𝑭𝒓𝒆𝒔𝒉 +  ∑ 𝑪𝒘𝒂𝒔𝒕𝒆 𝒙 𝑭𝑾𝒂𝒔𝒕𝒆
𝒊∈𝑾𝒂𝒔𝒕𝒆

) +  ∑ 𝑪𝑯𝑼𝒙𝑸𝑯𝑼
𝒉𝒖∈𝑯𝑼

+  ∑ 𝑪𝑪𝑼𝒙𝑸𝑪𝑼
𝒄𝒖∈𝑪𝑼

 

𝒋∈𝑭𝒓𝒆𝒔𝒉

 ] (𝟏𝟔𝟕) 

𝑪𝑨𝑷𝑬𝑿 = ∑ ∑ [𝑪𝑯𝑬
𝑪𝒂𝒑

𝒙𝑵𝑯𝟏,𝑯𝟐 +  𝑪𝒔
𝑪𝒂𝒑

𝒙𝑺𝑯𝟏,𝑯𝟐]

𝒋∈𝑪𝒐𝒍𝒅𝒊∈𝑯𝒐𝒕

 (𝟏𝟔𝟖) 

𝑴𝒊𝒏.  𝑻𝑨𝑪 =
𝟏

𝑵𝒐𝒑
𝒙 [𝑪𝑨𝑷𝑬𝑿+  ∑

𝑶𝑷𝑬𝑿

(𝟏 + 𝒓𝒂)𝒏

𝑵𝒐𝒑

𝒏=𝟏

] (𝟏𝟔𝟗) 
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At a year operational time (Nop=1) for EMAT 35℃, the total area 9 

process heat exchangers, 7 hot utilities, and 2 cold utilities provided by this work are 

123,603 m2, 35,126 m2, and 33,460 m2. Using SWS method, this thesis affords the 

TAC $ 29,457,090 a-1 which is 6 % higher than the current best result using 

Transshipment model. The total area is high impacting to higher CAPEX than their 

result. However, in this thesis the hot and cold utilities can be minimized so, it has 

lower OPEX than the current best result. Different from the other literature 

(Ghazouani 2018), the hot and the cold utilities are fixed at (Nop=1 year), and not able 

to have the results fewer than their fixed number in Fig. 6.22. For further used, the 

units of each flowrate should be corrected to kg.h-1, and the fresh water which has the 

flowrate 350 kg.h-1 should go to Sink 1. In the other words, Source 1, 350 kg.h-1, 

should be replaced to the fresh water.  

Table 4.11 The stream data for CHAMENS’s case study 
Streams Flowrates 

(kg. h-1) 

Composition in impurities 

 (ppm) 

Temperatures 

(℃) 

Sink 1 350 0 30 

Sink 2 677 0-40 187 

Sink 3 126 0-75 55 

Sink 4 202 0-100 98 

Waste  0-500 40 

Source 1 530 30 21 

Source 2 68 150 43 

Source 3 1130 300 130 

Source 4 36 500 35 

Fresh Ammonia  0 30 

Table 4.12 The economic data for CHAMENS case study 
Parameter 

Cfresh 0.5 $.kg-1 hop 8000 H 

Cwaste 0 $.ton-1 Nop 1 Year 

Chot 0.01 $.kWh-1 Ra 0.05   

Ccold 0.0025 $.kWh-1 EMAT 35 ℃ 

Che
Cap 5291.9 $ htcNH3 50 W.K-1m-2 

CS
Cap 77.79 $.m-2 htchot 1000 W.K-1m-2 

      htccold 1000 W.K-1m-2 
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HENS is provided by (Ghazouani 2018) in CHAMENS at (Nop= 2 

years) based on Figure 6.25. Even though their work provides HENS, they still 

calculate TAC based on eq. 167-169. To make the same comparison, the TAC is 

provided in the same way as them since HENS is also provided by them. Moreover, 

based on the Table 6.10, this work (SWS) produces 4 % higher TAC than the new 

transshipment method at (Nop= 2 years) as the result of the heat exchanger matchings 

minimized in the initialization part Step 1 in Figure 6.25. Then, the heat exchanger 

matchings and the area of the heat exchangers are decreased twice in the next step. 

The minimum heat exchanger matchings from the initialization step are minimized 

again in the next step to get the minimum area. The nonlinearities are avoided by 

using the initialization in Step 1, so the computation time is faster. Using many heat 

exchangers that have low area is preferred than using fewer heat exchangers with high 

area required.  

Based on the comparison to the current best literature in Table 6.10 

and Table 6.11, At the Nop= 2 years, the TAC ($ 29,337,982) decreases about 0.40 % 

compared to the result at Nop= 1 year ($ 29,457,090) using SWS. When the current 

best literature (Ghazouani 2018) is used, TAC is increased about 1.07% from their 

result at Nop=1 year ($ 27,861,601) compared to the TAC at Nop= 2 years ($ 

28,164,394). Based on Figure 6.20, EMAT 35℃ is the optimum TAC among the 

other results at different EMAT. It shows that SWS is applicable for the long-term 

TAC. The results of the TAC in this thesis using SWS are higher than the current best 

result of the literatures because the concentrations of the Sink 3 (41.9 ppm for Nop 1 

year and 43 ppm for Nop 2 years) are lower than the maximum requirement of the 

Sink 3 (75 ppm). The higher the freshwater usage is, the lower the concentration of 

Sink 3.  

The TAC reduction of using SWS in this thesis compared to the 

floating pinch concept (Tan et al, 2014) is $ 235,306 a-1 for 1-year operational time. 

The TAC in SWS is lower than the floating pinch technology because the floating 

pinch technology only depends on the targeting and optimizing OPEX while the SWS 

uses the mathematical approach that can optimize both OPEX and CAPEX with the 

minimization the area of the heat exchanger.   
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Table 4.13 The optimum result at EMAT 35℃ using SWS in CHAMENS: Case 3 
(Nop= 1 year) 
 

Nop 1 year 

Parameters/  
Methods 

Energy recovery 
algorithm  

(Sahu et al. 2012) 

The Floating Pinch 
Technology 

(Tan et. al, 2014) 
New Transshipment 
(Ghazouani, 2018) 

This Work 
(SWS) 

LFresh (kg.h-1) 655 655 655                      
675  

QH (kW) 132,925 132,927 145,594               
135,136  

QC (kW) 79,224 79,228 91,896                 
80,991  

Q(kW) - - -               
130,993  

NHE (Units) 12 12 10                        
18  

Area HU (m2) - - -                 
35,126  

Area CU (m2) - - -                 
33,460  

Area Process Heat 
exchangers (m2) 

- - -               
123,603  

Total Area (m2) 187,662 199,213 160,311               
192,189  

OPEX ($) 14,838,480 14,838,720 16,104,994          
15,132,039  

CAPEX ($) 14,661,730 15,560,282 12,523,512          
15,045,625  

TAC ($) 28,793,615 29,692,396 27,861,601          
29,457,090  

*OPEX, CAPEX and TAC are recalculated based on the same equations in eq. 163-165. 

Table 4.14 the comparisons of the SWS in this work among the other methods in the 
previous literatures 
No. Method Dominance Vice Versa 

1 The Floating Pinch 

Technology (Tan et. 

al, 2014) 

• Mostly gives the impact to the 

annual operating cost (Hot and 

Cold utility usages, and the 

fresh ammonia usage).  

• Solved using Extended 

LINGO v11.0 with Global 

Solver, MINLP formulation 

based.  

• Direct recycle/ reuse system.  

• Non-simultaneous. 

(Minimizing the fresh 

ammonia, waste, hot and 

cold utility at the first step. 

Then, minimizing the 

HENS sequentially by 

applying the Pinch 

Technology at the second 

step). 

• the shifted hot and cold 

composite curves. 

• The sequential method for 

HENS using pinch 

technology.  

• Isothermal.  
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Table 4.15 The comparisons of the SWS in this work among the other methods in the 
previous literatures (Continued) 
No. Method Dominance Vice Versa 

2 The New 

Transshipment 

(Ghazouani et. al, 

2018) 

• Consider the temperature of 

the fresh ammonia to reduce 

the TAC in HENS. 

• Applicable for reducing the 

hot and cold utility demands.  

• Non-isothermal condition for 

HENS structure.   

• Using Lfresh to satisfy the 

utility demand. 

• Using both  

• Simultaneous 

• Non-isothermal condition 

• Difficult to find the search 

space at low EMAT. They 

locate the supply of the hot 

process stream at the 

interval where it is after the 

end on the cold process 

stream side. 

• Isothermal condition for 

MENS including the hot 

and cold utility demand.  

• Not applicable for long-

term responsible use 

because it tends to decrease 

the OPEX more than the 

CAPEX. 

• Using fixed temperatures 

limits 

• Sometimes, it has less 

degree of freedom because 

it depends to a discrete set 

of temperatures.  

• High computational time 

• Minimizing the units of the 

heat exchangers more than 

the heat exchanger areas.  

3 SWS in this work • Applicable for long-term 

responsible use because it 

tends to decrease the CAPEX 

more than the OPEX.  

• Suitable for both the low 

EMAT and high EMAT. 

• The low area of the heat 

exchanger because the 

intermediate stream 

temperature is the variable.  

• Non-simultaneous.  

• It satisfies all the constrains 

but, it cannot maximize the 

maximum concentration 

requirement for Sink 3 in 

MENS impacting to the 

HENS configuration.  

• Isothermal condition. 
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Table 4.16 The comparisons of the SWS in this work among the other methods in the 
previous literatures (Continued) 
No. Method Dominance Vice Versa 
3 SWS in this work 

(Continued) 
• It tends to minimize the heat 

exchanger area more than the 
units of the heat exchangers. 

• More accurate formulation for 
the area calculation.  

 

 

SWS is favorable to be used at the low EMAT due to the low computational 

time at low EMAT. The transshipment method has high computational time at low 

EMAT due to the complexity of transshipment model at low EMAT for finding the 

free space of the heat exchanger. In completion, the model is robust due to high TAC 

reduction at low EMAT, the low complexities and nonlinearities at the last step. Table 

6.11 implies that SWS method is efficient to be applied for the long-term application. 

As the operational time increases, the TAC decreases. The longer the operational time 

is, the cheaper the CAPEX will be.  
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Table 4.17 The comparison of the TAC among the other literatures for Nop=1 and 2 
years at EMAT 35℃ 
 

Nop 1 year 2 years 

Parameters/ Methods The Floating Pinch 
Technology 

(Tan et. al, 2014) 

This Work  
(SWS) 

New 
Transhipment 
(Ghazouani, 

2018) 

This 
Work 
(SWS) 

LFresh (kg.h-1) 655  675  654.9  675  

QH (kW) 132,927 135,136 131,883 135,420 

QC (kW) 79,228 80,991 78,185 81,290 

QHE(kW) - 130,993 124,022 130,671 

NHE (Units) 12  18  10 18 

Area HU - 35,126 34,570  35,157  

Area CU - 33,460 32,238  33,506  
Area process  
Heat exchangers (m2) - 123,603 114,182  121,644  

Total Area (m2) 199,213 192,189 180,989 190,307 

OPEX ($) 14,838,720 15,132,039 14,733,940 15,160,709 

CAPEX ($) 15,560,282 15,045,625 14,132,070 14,899,212 

TAC ($) 29,692,396 29,457,090 28,164,394 29,337,982 

*TAC is calculated in the same way as the literatures based on eq. 163-165. 

* Heat capacity = 2.19 kJ. kg−1.K−1; Temperature of cold utility = 5–5.1 °C; Temperature of 

hot utility = 230–229.9 °C. 
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CHAPTER 5  
CONCLUSION AND RECOMMENDATION 

 

The three case studies MENS, HENS, and CHAMENS have been 

accomplished by adapting Stage-Wise Superstructure method using the LMCD and 

LMTD 2nd Chen’s approximation which is different from the original SWS to prevent 

the underestimation areas of the heat exchangers giving the lowest error 0.53% 

(Shenoy and Fraser 2003) among the other approximations. The MENS case study 

decreases the TAC about $ 21,538 a-1 compared to the current best literature using 

IBMS method. The SWS has higher degree of freedom than IBMS method. The 

IBMS method only depends on the rich stream to solve the MENS. By using SWS, 

the process internal MSA usages can be maximized so, the external MSA usage is 

lower than IBMS method. In this thesis, the inter- and intra- plant HENS is solved. 

The TAC of HENS case study is 9.6% higher than the current best result using the 

new transshipment model. It has high TAC due to the piping and pumping costs not 

minimized in HENS. By applying the SWS in CHAMENS case study, the TAC 

reduction is achieved about $ 235,306 a-1 compared to the floating pinch method for a 

year operational time. The results for the literature case studies solved in this work 

demonstrate the applicability of SWS solving the MENS, HENS, and CHAMENS. 

The obtained solutions are capable in some cases better than those reported in recent 

publications. The SWS has high degree of freedom, less complexity, and efficient to 

reduce the TAC by lowering the heat exchanger process areas. Moreover, the 

minimization of the piping and pumping costs in HENS is needed to produce the low 

TAC.  
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APPENDICES 

 

Appendix A  Case Study 1: MENS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1  The result of case study 1 Mass Exchanger Network Synthesis (MENS).  
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Figure A2  The result of case study 1 Mass Exchanger Network Synthesis (MENS) 

(continued).  
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Figure A3  The result of case study 1 Mass Exchanger Network Synthesis (MENS) 

(continued).  
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Appendix B  The Result of The Case study 1 MENS (Searching for F(‘L3’)) 

 
Figure B1 The result of case study 1 MENS (searching for F(‘L3’)). 
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Figure B2 The result of case study 1 Mass Exchanger Network Synthesis (MENS) 

(searching for F(‘L3’)) (continued). 
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Figure B3 The result case study 1 Mass Exchanger Network Synthesis (MENS) 

(searching for F(‘L3’)) (continued). 
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Figure B4 The result of the case study 1 Mass Exchanger Network Synthesis 

(MENS) (searching for F(‘L3’)) (continued). 
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Appendix C  Result: Case Study 1 MENS (Searching for yi and xj to Calculate 

The Area by Using The Value of The F(‘L3’) from Step 1) 

 

 
Figure C1 The result of the case study 1 MENS (searching for yi and xj to calculate 

the area by using the value of the F(‘L3’) from Step 1).  
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Figure C2 The result of the case study 1 MENS (searching for yi and xj to calculate 

the area by using the value of the F(‘L3’) from Step 1) (continued). 
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Figure C3 The result of the case study 1 MENS (searching for yi and xj to calculate 

the area by using the value of the F(‘L3’) from step 1) (continued). 
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Appendix D  The Result of The Case study 1 MENS (Calculating The Exact Area 

of The Mass Exchangers) 

 

Table D1 The result of the case study 1 MENS (calculating the exact area of the mass 

exchangers)  
MENS Case study 2 

EMCD Stream matching yik yik+1 xjk xjk+1 LMCD Me Kya Area 

0.0001 R3.L1.K1 0.011 0.0073 0.0071 0.0017 0.005 0.0097 0.020 103.226 

  R3.L2.K1 0.011 0.0073 0.0085 0.0053 0.002 0.0033 0.020 73.640 

  R4.L3.K1 0.01 0.005 0.0017 0.0014 0.006 0.0075 0.020 66.677 

  R2.L3.K2 0.005 0.0025 0.0014 0.0003 0.003 0.01 0.020 175.914 

  R3.L3.K2 0.0073 0.0025 0.0014 0.0003 0.004 0.0168 0.020 224.086 

  R5.L2.K2 0.008 0.0025 0.0053 0.0025 0.000 0.0028 0.020 430.467 

  R1.L3.K5 0.005 0.001 0.0003 0 0.002 0.008 0.020 167.448 

EMCD Stream matching yik yik+1 xjk xjk+1 LMCD Me Kya Area 

0.0003 H3.C1.K1 0.011 0.009 0.007 0.003 0.005 0.005 0.020 50.689 

  H4.C1.K1 0.01 0.009 0.007 0.003 0.004 0.001 0.020 11.556 

  H2.C3.K4 0.005 0.002 0.002 0.001 0.002 0.01 0.020 274.831 

  H3.C3.K5 0.009 0.002 0.001 0.00032 0.004 0.024 0.020 296.690 

  H4.C2.K6 0.009 0.005 0.009 0.003 0.000 0.006 0.020 1245.279 

  H1.C3.K7 0.005 0.001 0.003 0 0.001 0.008 0.020 277.346 

  H5.C1.K7 0.008 0.002 0.003 0.002 0.001 0.003 0.020 249.056 

EMCD Stream matching yik yik+1 xjk xjk+1 LMCD Me Kya Area 

0.0005 H3.C1.K1 0.011 0.009 0.007 0.002 0.005 0.005 0.02 46.645 

  H4.C1.K1 0.01 0.005 0.007 0.002 0.003 0.001 0.02 16.667 

  H4.C2.K1 0.01 0.005 0.009 0.003 0.001 0.006 0.02 208.009 

  H5.C1.K1 0.008 0.003 0.007 0.002 0.001 0.003 0.02 150.000 

  H3.C3.K2 0.009 0.002 0.002 0.00072 0.003 0.024 0.02 357.121 

  H2.C3.K3 0.005 0.002 0.00072 0.00032 0.003 0.01 0.02 180.097 

  H1.C3.K4 0.005 0.001 0.00032 0 0.002 0.008 0.02 167.931 
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Table D2 The result of the case study 1 MENS (calculating the exact area of the mass 

exchangers) (continued)  

 

EMCD Stream matching yik yik+1 xjk xjk+1 LMCD Me Kya Area 

0.0007 H3.C1.K2 0.011 0.009 0.007 0.003 0.005 0.005 0.02 50.689 

  H4.C1.K2 0.01 0.005 0.007 0.003 0.002 0.001 0.02 20.276 

  H4.C2.K2 0.01 0.005 0.009 0.003 0.001 0.006 0.02 208.009 

  H2.C3.K3 0.005 0.002 0.002 0.00032 0.002 0.01 0.02 219.777 

  H3.C3.K3 0.009 0.002 0.002 0.00032 0.004 0.024 0.02 322.299 

  H5.C1.K4 0.008 0.003 0.003 0.002 0.002 0.003 0.02 60.406 

  H1.C3.K7 0.005 0.001 0.00032 0 0.002 0.008 0.02 167.931 

 
EMCD Stream matching yik yik+1 xjk xjk+1 LMCD Me Kya Area 

0.0009 H2.C3.K1 0.005 0.0025 0.0017 0.00113 0.002 0.01 0.02 227.644 

  H4.C2.K1 0.01 0.005 0.0085 0.0025 0.002 0.006 0.02 153.275 

  H4.C3.K1 0.01 0.005 0.0017 0.00113 0.006 0.0015 0.02 12.918 

  H5.C3.K1 0.008 0.0025 0.0017 0.00113 0.003 0.00275 0.02 42.555 

  H3.C1.K6 0.011 0.0082 0.0071 0.0017 0.005 0.00972 0.02 95.321 

  H1.C3.K7 0.005 0.001 0.00113 0 0.002 0.008 0.02 188.671 

  H3.C3.K7 0.00822 0.0025 0.00113 0 0.004 0.02003 0.02 227.470 
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Appendix E  Case Study 2: HENS (Step 2)  

 
Figure E1  Case study 2 HENS (step 2).  
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Figure E2  Case study 2 HENS (step 2) (continued).  
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Figure E3  Case study 2 HENS (step 2) (Continued).  
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Figure E4  Case study 2 HENS (step 2) (continued).  



144 
 

 

 
Figure E5  Case study 2 HENS (step 2) (continued).  
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Appendix F  Case Study HENS: The Piping and Pumping Cost as The Parameter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F1 The piping and pumping cost as the parameter of case study 2 HENS. 
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Figure F2 The piping and pumping cost as the parameter of case study 2 HENS 

(continued). 
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Figure F3 The piping and pumping cost as the parameter of case study 2 HENS 

(continued). 
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Figure F4 The piping and pumping cost as the parameter of case study 2 HENS 

(continued).  
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Figure F5 The piping and pumping cost as the parameter of case study 2 HENS 

(continued). 
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Appendix G  Case Study 2 (HENS) 

 
Figure G1 The result of case study 2 HENS for the step 2. 
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Figure G2 The result of case study 2 HENS for the step 2 (continued). 
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Figure G3 The result of case study 2 HENS for the step 2 (continued). 
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Figure G4 The result of case study 2 HENS for the step 2 (continued). 
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Appendix H  Result Case Study 2: HENS (The Piping and Pumping Cost) 

 
Figure H1 The result case study 2 HENS for the piping and pumping cost in step 2. 
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Figure H2 The result case study 2 HENS for the piping and pumping cost in step 2 

(continued).  
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Figure H3 The result case study 2 HENS for the piping and pumping cost in step 2 

(continued). 
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Appendix I  Result Case Study 2: HENS (The Exact Area Calculation) 

 

Table I1  The exact area calculation of case study 2 HENS  
HENS Case study 2 

EMAT  Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area 

10 H2.C2.K1 500 360 483.333 250 49.426 35000 0.600 1180.224 

  H1.C1.K3 250 200 220 190 18.193 15000 0.583 1414.225 

  H2.C5.K4 360 260 205 195 103.515 25000 0.624 387.036 

  H1.C1.K5 200 195 190 185 10.000 1500 0.583 257.290 

  H2.C2.K5 260 149 250 139 10.000 16650 0.600 2775.000 

  H2.C3.K5 260 149 250 139 10.000 11100 0.574 1933.798 

  H4.C1.K5 200 195 190 185 10.000 1000 0.674 148.368 

  H4.C4.K6 195 132.5 160 110 28.287 12500 0.596 741.431 

  H1.C3.K7 195 155.333 139 20 89.865 11900 0.524 252.711 

Hot Utilities Fuel.C2.K7 800 750 500 483.333 283.004 2500 0.811 10.893 

Cold Utilities H1.Water.K3 155.333 120 20 18.327 117.695 10600 0.500 180.125 

  H2.Water.K3 149 120 20 18.327 114.790 7250 0.545 115.887 

  H3.Water.K8 125 119 16.406 15 106.280 15000 0.524 269.344 

  H4.Water.K6 132.5 30 18.327 16.406 47.249 20500 0.565 767.914 

EMAT  Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area 

2 H1.C1.K1 250 191.667 220 185 15.500 17500 0.583 1936.538 

  H2.C2.K1 500 297 498 195 25.855 45450 0.600 2929.822 

  H2.C3.K1 500 297 250 197 163.622 5300 0.574 56.432 

  H1.C4.K5 191.667 150 160 110 35.670 12500 0.524 668.768 

  H2.C5.K6 297 197 205 195 23.853 25000 0.624 1679.603 

  H2.C2.K7 197 163.4 195 139 8.963 8400 0.600 1561.890 

  H4.C3.K7 200 111.5 197 20 26.117 17700 0.596 1137.094 

Hot Utilities  Fuel.C2.K6 800 750 500 498 275.297 300 0.811 1.344 

Cold Utilities H1.Water.K6 150 120 20 15 117.052 9000 0.500 153.778 

  H2.Water.K6 163.4 119 20 15 122.638 10850 0.545 162.333 

  H3.Water.K6 125 119 20 15 104.499 15000 0.524 273.935 

  H4.Water.K6 111.5 30 20 15 42.273 16300 0.565 682.461 
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Table I2  The exact area calculation of case study 2 HENS (Continued) 

EMAT  Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area 

4 H1.C5.K1 250 247.333 205 204.68 43.816 800 0.565 32.315 

  H1.C1.K2 247.333 189 220 185 12.133 17500 0.583 2473.937 

  H2.C2.K4 500 199.008 496 195.008 4.000 45148.8 0.6 18811.989 

  H2.C3.K4 500 199.008 250 190.804 71.375 5919.63 0.574 144.490 

  H2.C5.K4 500 199.008 204.68 195.008 69.359 24179.6 0.624 558.677 

  H4.C5.K5 200 199.898 195.008 195 4.945 20.449 0.65 6.362 

  H4.C2.K6 199.898 157.892 195.008 139 10.352 8401.23 0.624 1300.619 

  H1.C4.K7 189 147.333 160 110 32.990 12500 0.524 723.102 

  H2.C3.K7 199.008 130.687 190.804 20 39.442 17080.4 0.574 754.434 

Hot Utilities Fuel.C2.K6 800 750 500 496 276.357 600 0.811 2.677 

Cold Utilities H1.Water.K2 147.333 120 20 18.943 113.685 8199.9 0.500 144.257 

  H2.Water.K2 130.687 120 20 18.943 105.798 2671.75 0.545 46.336 

  H3.Water.K5 125 119 18.943 17.486 103.769 15000 0.524 275.863 

  H4.Water.K6 157.892 30 17.486 15 56.072 25578.4 0.565 807.380 

EMAT  Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area 

6 H1.C5.K1 250 247.5 205 195 48.653 750 0.565 27.284 

  H2.C2.K1 500 201 494 194 6.487 45000 0.6 11561.50 

  H2.C3.K1 500 201 250 195 66.277 5500 0.574 144.573 

  H2.C5.K1 500 201 205 195 75.373 24250 0.624 515.596 

  H4.C2.K2 200 193.25 194 185 7.065 1350 0.624 306.228 

  H1.C1.K3 247.5 193.75 220 187.75 14.110 16125 0.583 1960.205 

  H4.C4.K3 193.25 130.75 160 110 26.507 12500 0.596 791.244 

  H1.C1.K5 193.75 191 187.75 185 6.000 825 0.583 235.849 

  H2.C1.K5 201 191 187.75 185 9.148 550 0.646 93.072 

  H2.C3.K5 201 191 195 175.5 10.004 1950 0.574 339.571 

  H2.C2.K6 191 182.2 185 170.3 8.600 2200 0.6 426.357 

  H1.C2.K7 191 175.3 170.3 139 27.761 4700 0.545 310.642 

  H2.C3.K7 182.2 120 175.5 20 34.587 15550 0.574 783.269 

Hot Utilities Fuel.C2.K6 800 750 500 494 277.41 900 0.811 4.000 

Cold Utilities H1.Water.K1 175.33 120 20 18.396 126.55 16599 0.500 262.330 

  H3.Water.K6 125 119 18.396 15 105.29 15000 0.524 271.860 

  H4.Water.K6 130.75 30 18.396 15 48.323 20150 0.565 738.023 
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Table I3  The exact area calculation of case study 2 HENS (continued) 
EMAT  Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area 

8 H1.C5.K1 250 247.4 205 195 48.626 766.667 0.565 27.905 

  H2.C2.K1 500 203 491.77 195 8.110 44516.7 0.6 9147.962 

  H2.C3.K1 500 203 250 195 70.935 5500 0.574 135.080 

  H2.C5.K1 500 203 205 195 80.447 24233.3 0.624 482.744 

  H1.C1.K3 247.4 198.83 220 190.833 15.762 14583.3 0.583 1587.029 

  H2.C2.K3 203 198.83 195 190.833 8.000 625 0.6 130.208 

  H2.C3.K3 203 198.83 195 190.833 8.000 416.667 0.574 90.738 

  H1.C2.K4 198.8 194.94 190.83 186.167 8.382 700 0.545 153.225 

  H1.C3.K4 198.8 194.94 190.83 186.167 8.382 466.667 0.524 106.244 

  H2.C1.K4 198.8 194.16 190.83 186.167 8.000 1166.67 0.646 225.748 

  H4.C1.K4 200 194.16 190.83 186.167 8.570 1166.67 0.674 201.976 

  H1.C1.K5 194.9 193 186.16 185 8.382 583.333 0.583 119.365 

  H2.C2.K5 194.1 193 186.16 185 8.000 175 0.6 36.458 

  H2.C3.K5 194.1 193 186.16 185 8.000 116.667 0.574 25.407 

  H4.C4.K5 194.1 131.66 160 110 27.440 12500 0.596 764.321 

  H1.C2.K6 193 170 185 139 16.966 6900 0.545 746.226 

  H2.C3.K6 193 127 185 20 38.228 16500 0.574 751.952 

Hot Utilities Fuel.C2.K6 800 750 500 491.778 278.585 1233.3 0.811 5.459 

Cold Utilities H1.Water.K6 170 120 20 15 126.154 15000 0.5 237.805 

  H2.Water.K6 127 120 20 15 105.997 1750 0.545 30.293 

  H3.Water.K6 125 119 20 15 104.499 15000 0.524 273.935 

  H4.Water.K6 131.66 30 20 15 48.128 20333.4 0.565 747.756 

EMAT  Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area 

14 H1.C1.K2 250 204 217.6 190 21.919 13800 0.583 1079.929 

  H2.C2.K3 500 333 468.333 190 73.786 41750 0.6 943.040 

  H2.C3.K4 333 309 250 190 99.912 6000 0.574 104.621 

  H1.C2.K5 204 201.333 190 187.333 14.000 400 0.545 52.425 

  H1.C3.K5 204 201.333 190 186 14.656 400 0.524 52.084 

  H1.C2.K6 201.33 177.167 187.333 139 24.083 7250 0.545 552.371 

  H2.C5.K6 309 209 205 195 44.857 25000 0.624 893.158 

  H4.C3.K6 200 117 186 20 42.853 16600 0.596 649.958 

  H1.C4.K7 177.16 135.5 160 110 21.057 12500 0.524 1132.869 

  H2.C1.K7 209 199 190 185 16.372 2500 0.646 236.379 
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Table I4  The exact area calculation of case study 2 HENS (continued) 
Hot Utilities HP.C1.K2 280 279 220 217.6 60.697 1200 0.787 25.121 

  Fuel.C2.K1 800 750 500 468.333 290.736 4750.05 0.811 20.145 

Cold Utilities H1.Water.K6 135.5 120 20 15 110.166 4650 0.5 84.418 

  H2.Water.K6 199 120 20 15 138.699 19750 0.545 261.274 

  H3.Water.K6 125 119 20 15 104.499 15000 0.524 273.935 

  H4.Water.K6 117 30 20 15 43.897 17400 0.565 701.554 
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Appendix J  Case Study 3: CHAMENS (Step 1) 

 
Figure J1 Case study 3 CHAMENS for step 1. 
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Figure J2 Case study 3 CHAMENS for step 1 (continued). 
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Figure J3 Case study 3 CHAMENS for step 1 (continued). 
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Figure J4 Case study 3 CHAMENS for step 1 (continued). 
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Appendix K  Result: Case study 3 CHAMENS (Step 1) 

 
Figure K1 The result of case study 3 CHAMENS for step 1. 
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Appendix L  Case study 3: CHAMENS (Step 2: Process Heat Exchanger at 

EMAT 35 ℃ for Nop=1 year) 

 
Figure L1 Step 2 the process heat exchanger network at EMAT 35 ℃ for Nop= 1-

year case study 3 CHAMENS. 
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Figure L2 Step 2 the process heat exchanger network at EMAT 35 ℃ for Nop= 1-

year case study 3 CHAMENS (continued).  
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Figure L3 Step 2 the process heat exchanger network at EMAT 35 ℃ for Nop= 1-

year case study 3 CHAMENS (continued).  
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Figure L4 Step 2 the process heat exchanger network at EMAT 35 ℃ for Nop= 1-

year case study 3 CHAMENS (continued).  
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Figure L5 Step 2 the process heat exchanger network at EMAT 35 ℃ for Nop= 1-

year case study 3 CHAMENS (continued).  

 

 

 

 

 

 

 

 

 

 



171 
 

Appendix M  Case Study 3: CHAMENS (Step 2: Process Heat Exchanger) 

 
Figure M1 The result case study 3 CHAMENS of the process heat exchanger for the 

step 2.  
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Figure M2 The result case study 3 CHAMENS of the process heat exchanger for the 

step 2 (continued).  
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Figure M3 The result case study 3 CHAMENS of the process heat exchanger for the 

step 2 (continued).  
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Figure M4 The result case study 3 CHAMENS of the process heat exchanger for the 

step 2 (continued).  
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Figure M5 The result case study 3 CHAMENS of the process heat exchanger for the 

step 2 (continued).  
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Appendix N  Case study 3: CHAMENS (Cold Utility Without Minimizing Area 

at EMAT 35 ℃ for Nop=1 year) 

 
Figure N1 The cold utility without minimizing area at EMAT 35 ℃ for Nop=1 year 

Case study 3 CHAMENS. 
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Figure N2 The cold utility without minimizing area at EMAT 35 ℃ for Nop=1 year 

Case study 3 CHAMENS (continued).  
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Figure N3 The cold utility without minimizing area at EMAT 35 ℃ for Nop=1 year 

Case study 3 CHAMENS (continued).  



179 
 

 

 
Figure N4 The cold utility without minimizing area at EMAT 35 ℃ for Nop=1 year 

Case study 3 CHAMENS (continued).  
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Appendix O  Result Case Study 3: CHAMENS (Cold Utility Without Minimizing 

Area at EMAT 35 ℃ for Nop=1 year) 

 
Figure O1 The result cold utility without minimizing area at EMAT 35 ℃ for Nop= 

1 year Case Study 3 CHAMENS. 
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Figure O2 The result cold utility without minimizing area at EMAT 35 ℃ for Nop= 

1-year Case Study 3 CHAMENS (continued). 
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Appendix P  Case Study 3: CHAMENS (Hot Utility Without Minimizing Area at 

EMAT 35 ℃ for Nop=1 year) 

 
Figure P1 The hot utility without minimizing area at EMAT 35 ℃ for Nop=1-year 

of the case study 3 CHAMENS.  
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Figure P2 The hot utility without minimizing area at EMAT 35 ℃ for Nop=1-year 

of the case study 3 CHAMENS (continued).   
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Figure P3 The hot utility without minimizing area at EMAT 35 ℃ for Nop=1-year 

of the case study 3 CHAMENS (continued).   
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Figure P4 The hot utility without minimizing area at EMAT 35 ℃ for Nop=1-year 

of the case study 3 CHAMENS (continued).   
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Appendix Q  Result Case Study 3: CHAMENS (Hot Utility Without Minimizing 

Area at EMAT 35 ℃ for Nop=1 year) 

 
Figure Q1 The result the hot utility without minimizing area at EMAT 35 ℃ for 

Nop=1 year of case study 3 CHAMENS. 



187 
 

 
Figure Q2 The result the hot utility without minimizing area at EMAT 35 ℃ for 

Nop=1 year of case study 3 CHAMENS (continued). 



188 
 

Appendix R  Result Case Study 3: CHAMENS (The Exact Area Calculation) 

 

Table R1 The result of the exact area calculation for the case study 3 CHAMENS  
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Table R2 The result of the exact area calculation for the case study 3 CHAMENS 

(continued). 
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Table R3 The result of the exact area calculation for the case study 3 CHAMENS 

(continued). 
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