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GRAPHICAL ABSTRACT

The Mixed Integer Non-Linear Programming for Combined Heat and
Mass Exchanger Network Synthesis with The Effect of EMCD and EMAT
on Economic Analysis

Amelia E.*
“The Petroleum and Petrochemical College, Chulalongkorn University, Bangkok, Thailand

Combined Heat and Mass Exchanger Network Synthesis (CHAMENS)

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”’ for a year operational time compared to the other previous
literature.
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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.
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CHAPTER 2
THEORETICAL BACKGROUND AND LITERATURE REVIEW

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.

Inlet lean streams l l l l
Outlet rich streams
Inlet rich streams = MASS EXCHANGE NETWORK | corresponding to the
> S
— (Columns, Stripping, Adsorbers, >
> s

Absorbers, etc)

bl

Outlet lean streams containing the emissions (Mass Separating Agents)

> e

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).

R1
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R2 ‘
E2
b F

L2

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 (ITP-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 (SO»)

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 (Pavao, 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 (Pavao, 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 (Linnhoftf 1978).
2.2.1.1. TheLimitation 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. TheLimitation 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 (Pavio, Costa et al. 2019). They adopted the SWS (PAVAO, COSTA ET
AL. 2018) and formulating the solution method based on meta-heuristics, the
Simulated Annealing-Rocket Fireworks Optimization (SA-RFO) (Pavao, 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 (Pavao 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 MARECHAL 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 (CHAMEN:S)

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-HALWAGTI 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 1is 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
MEN:s, 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 1% approximation was the worst, 4.67%. In contrast, the Chen 2™
approximation performed the best than the LMCD of the Underwood (1970) and the
Patersen (1984) in which the error of the LMCD 2 Chen 2™ 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
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LMCD increases because the mass transfer coefficient is lower at low inlet

temperature.

(dyr,l,k)(dyrlr,l,k)(dyr,l,k + dyrlr,l,k]1/3 (1)

LMCDT,l,k = [ 2

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

LMCDyy, = [(dyrup)- (dYrip+1)- (dyrip + dyr,l,b+1)/2]1/3 ;reR;les;ben ()

The Chen 2™ approximation for the LMCD formulation (Chen 1987)
1/0.3275)] 3)

0.3275

1
LMCD = [E((yr,b - }’I*,b) + (yr,b+1 - J’z*,b+1)

The LMCD approximation of Underwood (Underwood, 1970)
1 1/3 1/3 s
LMCD = [5 (G = 9i0)" + o = Yiber) ]]

)
The LMCD proposed by Paterson (Paterson, 1984)

yzbﬂ)]l/z " (yr,b - yZb) + (yr,b+1 - y2b+1)

6 )

2
LMCD,.,, = 3 [(yr,b - yZb)' (yr,b+l -



T/8TTS698€

bas | 8z 6 ‘10 £952,082 1931 / s1sau1 g90v00e2T9 s 1saur t ro (I[NNI

8T

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 2™ approximation performed better than the
Patterson’s approximation over the range AT2/AT; 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 1* approximation performed worse than the other
approximations at ratio above 2. However, if the driving forces are equal, the '
Chen’s approximation is better to be used than the 2" 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 1% approximation for LMTD formulation (Chen 1987)

LMTDl'_j‘k = [(dti,j,k)' (dti,j,k+1)' (dti,j,k + dti,j,k+1)/2]1/3 ;i el ;j € ]; keST (6)

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

1
LMTD = [ ((etese = 770" + (tienn = ) ") @)
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The LMTD approximation of Underwood (Underwood, 1970)

1 3
LMTD = [E [(tii,k — tj;’k)l/?) + (tii,j+1 - tjj*,k+1)1/3]]

®)
The LMTD proposed by Paterson (Paterson, 1984)
210 o Y 7 ) # (e — )
LMTD, ) = 3 [(tli’k - t]].‘k) . (tll-,kJr1 - t]].‘kﬂ)] + P 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.
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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
ATmin 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).

flSkp,l,ls,k—l + Z flrp,l,ls',ls,n = flSkp,l,ls,k + Z flrp,l,ls,ls',n (10&)
Is’'eLs Is'eLs

flskpiisk = flskpisk—1 + z flrpiis ism — Z flrpiisis' » (10b)
Is'eLs Is'eLs

v(p,1) € HP, (p,1,1s) € HLS,k € Tl,ns,; <k =n (10c¢)

flsky sk < flpy x zflsky, sV (0, 1) € HP,(p,1,1s) € HLS,k € Tl,ns),; < 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,/Is’ to p,LIs in temperature level n and the flow rate of the sub-stream
p.LIls in the previous temperature interval (k-1) as the inputs must be equal to both the

total of the recycling mass flow from p,/Is to p,/,ls’ in temperature level n and the
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flow rate of the substream p,/ [s 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).

) mrp,m,ms,ms ‘n

fmSkp,m,ms,k fmSkp,m,ms, k+1

,fmrp,m,ms "ms,n

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 + Z fmrp,m,ms',ms,n - Z fmrp,m,ms,ms',n' (11a)
ms’'eMs ms'eMs
V(p,m) € CP,(p,m,ms) € CMS,k € T,k < ns,m—Ln=k+1 (11b)

msk < fmy,mxzfmsk, mmse V(p,m) € CP,(p,m,ms) € CMS,k €Tl k <ns,,, (11lc
pmms.k pm pm,ms, D,

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.

flskp sk < flpy x zflsky 15k Y (0, 1) € HP, (p,1,ls) € HLS, k € TI,nsy, (12)

< L
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fmsky mmsk < fMpm X 2fmsky mms ¥V (0, m) € CP,(p,m,ms) € CMS, k € Tl,k < nsp, p(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.

flsk . x(tn, — tn,.,) + rqhs, ., = rqhs +

pLisn+1 qp,l,ls.p',m,ms,k
(py,m,ms)ECMS,(p’,m)ECk

V(p,l,ls) € HLS,(p,1) E HP,n € TL,k € TI,n = k,ns,; < k (14)

pLlsk

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 fIskp ik (tna.-tn,+;) in temperature
interval (nsp; <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 > gpiisp mmsk and the residual energy to the next temperature interval

rthp,l,ls,rH»].
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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 finskymmsk (tha-tnn+1) in the interval (k<nspn,) and the
residual energy of the cold process stream to the next temperature interval
rqcSpmmsn+1. The input must be equal to the output that are the sum of energy
exchanged by the heat transfer of the cold process > gy’ 1is,mmsk and the residual energy

from the previous interval rgcsp,mmsn.

fmSk x(tnn - tnn+1) + rqcsp,m,ms,n+l = rqcsp,m,ms.n + Z qpl,l,ls,p,m,ms,k (15)

(' LIs)EHLS(p )EH),

V(p,m, ms)eCMS, (p, m)eCP,neTL, keTl,n = k,k < ns,

p,mms,k

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
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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.

Z . Zikn's = ZiGe-1p’ 1<i<L1<k<K+Lp €Pp (16)
Z, Zikp'p = Zikp 1<i<L1<k<K+1p (17)
p'EP;
c D.
- 1. : 18
ZEP'ijp’p_ i (k+1)p’ 1<j<J;0<k<K;p (18)
]
Z o Zikp'o = Zjkp 1<j<;0<k<K;p (19)
pEP]'
z _ Zotop 2 1= Y 1<s<S;1<k<K (20)

The model (Nair, Soon et al. 2018) is set Zsx+1)ps = Zsops =1 and Zsx+1)p = Zsop =
0 for P € Fs and p # p; 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.

mies e i"m | k) MK ELhL K,
. - |00 kW | : .
Tz 42K J”‘“"""irn & | sas k| MEK T3 P T
= | | | 1SR
Tr) Rk I | 840 K 1;*"" | 88K H“.l“ ALK JABK UK
Ha | RK | g [ 313k | sk ! MK JEIETS NIK
il
A3 K | w07 gl A MAK [
- 1 MK g 007 ankl MK MK [ci]
| ..
463K | HIK £ | 463K PO 1] JETTE 3N K {{.,l
1. LT | s LARIK lmonl g 30K [y
| 0 kW
WK | SIK | 4sAK| 463K ELY Y K ey
i | ATENW
K | ( [ ; MK [
.5 | A K | sk | AU K [s0K| o o5
| l LELT
Seagr 0 Stage 1 Sdmpr Stage 3 Stage 4

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

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.

aph = 227 1)

Lxpxv? (22)
szin
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.

AP = APy, + AP,y (23)

d, d,
AP = fpige (L,fCP,CP.P:#) + E prlp,l,p’ xfpige(ddp,p“fzp,luCpp,lupp,hﬂp,{)
p'EPp'Fp

dp dp
+ fshe!t(ﬂp,I*Cp;u,l'pp,lnup,llK;u,lihp,I*AreapJ) + Z Zmep,m,p'xfpipe(ddp,p"ﬂP’m’Cpp,m' pP,m“uP,m)
pEP p=p’
@ fl .. A
+ feube S lpm: CPpims Py Bpmo K, op s AT )

(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.
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67. Lt' (Lt - DtOut)' P;. De]"]'.'us]"3 (MS)0868

Dtoye. ps. Ks3'4-CP52'7 Uy

(25)
Kl = 0.023725%. F,. Dy /2. 1Y% Dty <& )—0.63
t pe. K¢7/3.cp, 13/6 Dtyur \Uy 26)
1 1 D Ut -0.14 4.5
K= —————x DYV /oy — [(_) .
© (00232 t Mtptkz/3CpZ/6 Dy [\urw 27
2

w = 87 Lop- (Le = D).De™ps™ [( Hs )‘0-“‘]6 (28)

s D,. M. ps-ks3'4-CP52'7 Lo

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
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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.

T, — T
Qross = WR £xL
(29)
_ (L (r (30)
R= <2ﬂk1n(rp)>
(31)
D — 4M
in p.T.U
L u?
—_ ) 32
=40 2g .
M.g.Hy (33)

Pumping cost = .P,. 8000

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.
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Pipping = fpipping (L, fcp, D, p)

PIC = z Z 2xplp,l,p’xfpiping (ddp,p’rflp,l’ Cpp,lrpp,l)
(P,L)EHP p'eP,pr#p

+ Z prmp',m,prpiping(ddp,p"fmp',mr CPp' m» pp',m)
(p',m)ECP peP,p#p!

(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.
L, ;xAP, L..xAP 4
PMC = z [Pexny [y xAFy, + Afx <a thx (f .l p,L> )]
(PDEHP Ppx1000xpp, .21 CPp,1XPp,1
| (35)
fmymxAB,

fmp,mxAPp,m>C>]

CPp,mXPp,m

+ Z [Pexny +Afx<a+bx<

o iicr CPp,mx1000xp, 1 x7

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.
As

> (1-NP);1<s<S (36)

APSHE

Ms

CP, > FCP.NP, + VCP,(E)% — | vcP, (K. VF,.

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.
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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 17-8550 and 20 GB of RAM are operated.

3.1. 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).

. 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.

. To overcome inter- and intra- plants Heat Exchanger Network Synthesis
(HENS).

. To compare the different methods for overcoming the case studies of MENS,
HENS, and CHAMENS.

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

original stage-wise superstructure.

3.2. 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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3.3. 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.

Input all known data
imcluding EMCD
T
Set up the parameters and
the variables
L]
Generate the initial value
based on the known data

i

Synthesize the MINLP
model based on SWS

Set the boundaries
+

Eliminate the null matches

Evaluate the economic ) Construct the design
performances of MENS

feasible?

Figure 3.1 The methodology of MENS.
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3.3.1. The Methodology of MENS
3.3.1.1. The DataUsage

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? lean process streams and an external lean stream Mass Separating Agent
(MSA)with gas-liquid operation. Moreover, the mass exchange happens in the shell
activesection depicted in Figure 5.2. A cylindrical shell is used. When the
mass istransferred vertically inside the shell active continuous-contact packed
column, itcreates the driving force. This driving force is affected by the area of
mass activesection (Area), the overall mass transfer coefficient with the
dimension masstransferred per unit time per volume (K,a) and the Logarithmic
Mean CompositionDifference (LMCD) as it can be seen in eq. 37. Moreover, the
driving force means the difference between the actual composition and the equilibrium
composition  (4y). Thevalue (Kya) is provided by the equipment
manufacturer related to the mass transferbased on the surface area (Ky) and interfacial
surface area per unit volume (a).

Mej

Area . = Kya. LMCD

(37)

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 M%°® (M inkg) (38)
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3.3.1.2. Thelnitial 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 L) are bounded to prevent the overlapped internal
process MSA usage. The bounds of L and L 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).
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3.3.2. Supplementary of MENS

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

description below.

Notations Subscripts

k
Ri

Xj

Vi

me
AYmin
Kw

Af
PC
Height

the flowrate interval

the flowrate of the rich stream

rich stream

the flowrate of the lean stream

lean stream

supply

target

mass fraction of the lean stream

mass fraction of the rich stream

mass exchanger matching between the rich stream and the lean stream
the minimum allowance composition difference

the lumped mass transfer coefficient

the annual cost coefficient

the cost coefficient of the continuous packed column installed
the height of the continuous packed column installed

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

the working hours
the cost coefficient of the external MSA Ls

the area cost exponent for mass exchangers

Rich stream, I = R1, R2, R3, R4, R5,...,Rn
Lean stream, J=L1, L2, L3,..,.Ln
Stage, K= K1, K2, K3,.., Kn
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Parameters

YIN; the supply composition of the rich stream i, 1= 1,2,3,4,5,...,n
YOUT; the target composition of the rich stream 1, 1=12,3,4,5,...n
XIN; the supply composition of the lean stream j, j= 1,2,3,4,5,..,n
XOUT; the target composition of the lean stream j, j=1,2,3,4,5,...,n
F; the flowrate of the rich stream i, i=1,2,3,4,...,n

EPS the minimum allowance composition difference

Positive Variables
F; The flowrate of the lean stream

dyijry  The composition approach between the rich stream i and lean stream j at the

stage k

megjr  The mass exchange matching between rich stream 7 and lean stream j at the
stage k

Vi k) the mass fraction composition of the rich stream i at the stage £

Xj k) the mass fraction composition of the lean stream j at the stage k&

Variables

ddyijrn  the real composition approach temperature between the rich stream i and
the lean stream j at the stage k;

Binary variables

Z(ijk) 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 yix and Xjx 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.

Ri(Yik — Yigs1) = Zmei,j,k; {ER,jELKkEST (39
el

Li(x]',k — xj,k+1) = Zmei,j'k , LE R,] € L,k € ST (40)
i€ER
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 (R;, L;) multiplied
by the composition difference of its stream must be equal to the total masses
exchanged between the lean and rich stream (me; k).

R;(yin; — yout;) = Z Z me;jx, LER,jELKEST (41)
KEST JEL

Li(xout; — xin;) = Z Z me;jx, i €R,j €Lk € ST (42)
KEST ieR
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 & 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 & to the right at stage k+/. 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.

Yik = Yik+1, LER, k€ST (43)
Yir <Yk, 1 ER, k€ Last ST (44)

Yik =Yigs, i €ER, k € First ST (45)
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3.3.3.4. The Logical Constrains for The Lean Sreams
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.
Xjk = Xjk+1 J EL, k €LastST (46)
Xjx < %1, J €L,k EFirst ST (47)
Xjk = Xjs, J €L, k €LastST (48)

3.3.3.5. The Other Logical Constrains

The existence of the stream matching can be obtained by using
the binary variable (zi;x) and the logical constrains represented in eq. 49-51. The
value of the binary variable (z;;«) 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 Q;;"" is used. Q;;’F 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.

me;jx—0;;" 2,k <0 i€R,jELKkEST (49)
me; i —0;"°" 2, =0 i€R,jEL kST (50)

;%% =min{L;™ (x;7 — x;5); Rivis —vir)}  (51)
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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 (I'i;x) is the upper bound depicted to maintain the binary variable
(zijk). This variable (I'ij k) will be inactive, if there is no stream matching existed.
dyije < Vik — X+ Lj(1—2j) i€R, jEL, k €ST (52)
dyijwe = Vik — X —lijx(1—2jx) i€ER, jEL, k €ST (53)
AYi g1 < Vikrr — Nigrr + ik (1 —2zijx), i €R,j € L k € Last ST (54)
AYijjert = Yikar = Xje+1 — Tje(1 = 20k ), i € R,j € Lk € Last ST (55)

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:

1
1 0.3275
LMCD =~ [E (dy; i >%77° + dyi,j,k+1°-3275)] i €R,jEL, k€ST (56)

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.
Area; j Ky LMCD; ;Y =me;j, i €R,jELkEST (57)
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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.

Me i,j,k
Min. TAC = aﬁZc]L + Af. zzz Zijr | +PC (K LMCD) (58)

JEL i€ER jEL keST
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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 (4rea), the temperatures of
the hot and cold streams at each stage (#i and #), the heat load (g), the stream
matching as the parameters (z,zcu,zhu), the hot and cold utilities (gcu, ghu), 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 & must be equal to the EMAT (Exchanger Minimum Approach of

Temperature).

dt; ;x = EMAT (59)
dtcu; > EMAT (60)
dthu; > EMAT (61)

LMTDlo(i,j,k) = EMAT (62)
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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

CcS 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

Al 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

CPI; Specific heat capacity of the hot process stream (kJ/°C. kG)
CPJ; Specific heat capacity of the cold process stream (kJ/°C. kG)
De the equivalent diameter of tube (m)
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Din;
Din;
Dout;
Dout;
Dtin
Dtout
EMAT
fi

Fi

/i

Fj
htccola
htcrior

htcnms

hi

PIC
PICi
PICj
Pl
Plj

the inner diameter of the pipeline for the hot process stream (m)
the inner diameter of the pipeline for the cold process stream (m)
the outer diameter of the pipeline for the hot process stream (m)
the outer diameter of the pipeline for the cold process stream (m)
the internal diameter of tube (m)

the external diameter of tube (m)

the minimum allowance temperature difference

the fanning friction factor of the hot stream

the flowrate of the hot stream 1, i=1,2,3,4,...,n

the fanning friction factor of the cold stream

the flowrate of the cold stream j, j=1,2,3,4,....,n

the heat transfer coefficient of the cold utility

the heat transfer coefficient of the hot utility

the heat transfer coefficient of the ammonia

the heat transfer coefficient of the hot process stream i

the heat transfer coefficient of the cold process stream j
working hours per year (h)

the film heat transfer coefficient of the shell side

the film heat transfer coefficient of the tube side

the distances among three plants (m)

the distance for one plant (m)

the distances between two plants (m)

the tube pitch (m)

the electric price ($/ kWh)

the total of the piping cost required ($)

the pipping cost for the hot stream ($)

the pipping cost for the cold stream ($)

the pipe capital cost per unit length for hot stream ($/ m)

the pipe capital cost per unit length for cold stream ($/m)

55
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TINCU;
TINHU;
TIN;
TIN;
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the total of the pumping cost ($)

the power required to drive the pump for the hot process stream

the power required to drive the pump for the hot process stream

the inlet temperature of the cold utility

the inlet temperature of the hot utility

the supply temperature of the hot process stream i,1=1,2,3,4,5,....,n

the supply temperature of the cold stream j, j= 1,2,3,4,5,..,n

TOUTCU, the outlet temperature of the cold utility

TOUTHU; the outlet temperature of the hot utility

TOUT;
T0UT;
Uij)
Wi

W;

a

B

4
APspen

APip;

APippi

APipppi

APTube
APjP;

APjpp;

APjppp;

the target temperature of the hot stream i, i=1,2,3,4,5,...n

the target temperature of the cold stream j, j=1,2,3.4,5,...,n

the overall heat transfer coefficient of the heat exchanger matching

the weight per unit length of the pipeline for the hot process stream (kg/m)
the weight per unit length of the pipeline for the cold process stream (kg/m)
the cost coefficient for the process heat exchangers

the cost coefficient of the area process heat exchangers

the cost coefficient of the area process heat exchangers

the pressure drop in shell side caused by the heat exchanger (Pa)

the pressure drops caused by the pipeline for the hot stream to one plant
Lp=83 m (Pa)

the pressure drops caused by the pipeline for the hot stream between two
plants Lpp=167 m (Pa)

the pressure drops caused by the pipeline for the hot stream among three
plants L=250 m (Pa)

the pressure drop in tube side caused by the heat exchanger (Pa)

the pressure drops caused by the pipeline for the cold stream to one plant
Lp=83 m (Pa)

the pressure drops caused by the pipeline for the cold stream among three
plants Lpp=167 m (Pa)

the pressure drops caused by the pipeline for the cold stream among three
plants L=250 m (Pa)
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Ui
K
Hr

Vi

pi
Pj
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the efficiency of the pump

thermal conductivity of the fluid hot process stream flowing through shell
side (W/ m.°C)

thermal conductivity of the fluid cold process stream flowing through shell
side (W/ m.°C)

the viscosity of the hot process stream flowing through shell side (Pa.sec)
the viscosity of the cold process stream flowing through shell side (Pa.sec)
the standard viscosity for water (Pa. sec)

the velocity of the hot stream (m/s)

the velocity of the hot stream (m/s)

the density of the hot process stream (kg/ m?)

the density of the cold process stream (kg/ m?)

Positive Variables

Areagjr The area of the heat exchanger matchings between hot stream i and cold

stream j at the stage £.

Areacus The area of the heat exchanger between hot stream i and the cold utility at

the end stage k.

Areanug) The area of the heat exchanger between cold stream j and the hot utility at

dtijk

dtcug)

dthug)

the first stage k.

The temperature approach between the hot stream i and cold stream ; at
the stage k

The temperature approach of the cold utility matching at the end stage
k

The temperature approach of the hot utility matching at the first stage &

LMTDijk The Logarithmic Mean Temperature Difference between the hot

stream 7 and the cold stream j at the stage .

LMTDcuq) The Logarithmic Mean Temperature Difference between the hot

stream 7 and the cold utility at the end stage &.

LMTDnyg  The Logarithmic Mean Temperature Difference between the cold

qijk)

stream j and the hot utility at the first stage .

The heat exchange matching between hot stream i and cold stream j at
the stage k
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qcug) The cold utility matching at the end of the stage k or at the end of the
hot stream i.

qhug) The hot utility matching at the first stage k or at the end of the cold
stream.

tiGik the temperature interval of the hot stream i at the stage 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

ddtijr  the real approach temperature between the hot stream i and the cold stream
Jj at the stage £;

Binary variables

Z(ij 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(g) 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.

zhug) the appearance of the hot utility matching at the first stage k. The stream
matching appears when zAu 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.

F;.Cp;.(TIn; — Tout;) = Z Z qijx + qcu;, i € HS, k € ST (63)
KEST jeCs

F;.Cp;.(Tout; — Tin;)F; = Z Z qijx +qhu;, j€CS, k€ ST (64)
keST ieHS

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.

(ti,k - ti,k+1)Fi = z qi,j,k k € ST, i €EHS (65)
JECS

(k= a1 )F, = Z qijx k €ST, j€CS (66)
{€HS
3.4.3.3. The Feasihility 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.

tir = tixs1 | € HS, k € ST (67)
tix = tiesr J € CS,k € ST (68)
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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.

Tin; = t;) i € HS, k € First ST (69)

Tout; < t;, i € HS, k € Last ST (70)

Tinj = t;; i € HS, k € Last ST~ (71)

Tout; = tj) i € HS, k € First ST (72)

3.4.3.5. The Logical Constrains

The binary variable (z;; ) depicts the stream matching existence
as its integer value equals to “1”. The cold utility matching appears as the binary
variables (zcu;) equals to “1”. The same rule is applied for the hot utility matching
using (zhu;). The binary variables (zij« , zcu; , zhu;) 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 (Q;; , Qi, ;) are the upper bound

of the heat loads to ensure the values of (zij, zcui, zhuy).

qi,j,k _'Qi,j'zi,j,k < 0 i€ HS,] S CS,k € ST (73)
ghu; — [Fi(Tout; — Tin;)]. zhu; <0 j € CS (74)
qcu; — [Fi(Tin; — Tout;)].zcu; <0 i € HS (75)

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.

(tix — Tout;). F; = qcu; i € HS, k € Last ST (76)
(Tout; —tj). F; = qhu; 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 (z;;x) is one. The variables (I'ijx, I'i, I)
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.

dtje <tix—tix+1;j(1—2,) i € HP, j ECP, k € ST (78)
dt;jrer < tigsr — Ggerr + 15(1 — 2y j k)
i € HP, j € CP, k € ST (79)
dtcu; < tjp4q — Toutyy, + (1 — 2z jx), i € HS, j € CS,k € ST (80)
dthu; < Toutp, —tjx + (1 —z; ), i € HS, j € CS,k € ST (81)

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):

1
]0.3275

1
LMTD =~ [E (dty ;7% + dty j i, 0%%7) i € HP, j € CP, k € ST (82)

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 (Ujj). The area calculation is important because it is

minimized and included in the objective function.
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qijx
(LMTD;j . U;)

Areaj, = i €CS, j € HS, k€ ST (83)
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.

Din; = 0.363.F;%*>.Cp; %*.p;7032, j € CS (84)
Din; = 0.363.F;%*5.Cp,7%*.p;7%32, i € HS (85)
Dout; = 1.101. Din; + 0.006349, i € HS (86)

Dout; = 1.101. Din; + 0.006349, j € CS (87)

W; = 1,330. Din;* + 75.18. Din; + 0.9268, i € HS (88)
W; = 1,330. Din;* + 75.18. Din; + 0.9268, j € CS (89)
Pl; = A;.W; + A,.Dout;**® + A3 + A,.Dout;, i € HS (90)
Pl; = A;.W; + A,. Dout;**® + A3 + A,. Dout;, j € CS (91)
PIC; = AF x [(xpg .L . PL;) + (xpg. Lpp. P1;) + (xpa.Lp. PL))] (92)
PIC; = AF x [(xpg .L . PL;) + (xpg. Lpp- PL;) + (xpa.Lp. PL;)] (93)
Piping Cost = Z PIC; + z PIC; (94)
i€eHP jECP
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.
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67.L,.(L, — Dtout).F,. De'. 0.868
t: ( t ) .lls (&) (95)
T

Shell = Dtout. ps. ks34 Cps2 7
_ 0.023725 F,.Dtin'/?.u, 'Y/ Dtin (&>—0.63 ©6)
fube pe.tee /3. Cp, 370 ‘Dtout "\,

De = 4.Lt* — . Dtout? 97
€= . Dtout ©7)

APgpers = Kone- A-hs™>  (98)

APl,“ube = KTube-A- ht5'109 (99)

4.F,
v = ., i € HS (98)
Cpi.T[. Pi- (Dlni)z
v = Sl i € CS (99)
] ] 2 ]
. Din;. v;
Re; = %, i € HS (100)
3
Din
Rej = p’T’, j €CS (101)
0.046
fi = —5—37, | €HS (102)
(Re;)0?
0.046
fi=—=53  J €CS (103)
(Re;)
. Lp-pi-(vi)z ,
APip; = 4EW' i € HS (104)

- p-(v)"
APjp; = 4.f;. ”ZJD %) iecs (105)

Lpp-pi- (vi)z

| € HS (106
2.Din; " (106)

APipp; = 4. f;.

: pi(v)
APjpp; = 4. f;. ”’”2;) %) iecs (107)

, L .p-.(v-)2
APippp; = 4. f;. 5 Lot

—————, LEHS (108
.Dini ' ( )
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2
L.pj-(v)
APjppp; = 4. f.—=2=T2 | j e ¢S (109)
2.ij
0; = —O-OOC}I;iif-)Cizi'AP i € HS (110)
Q] _ 0.001.Fj.ij.AP’ ] € CS (111)

Cpj.pjn

AP = APpiye + APyg (112)

P,.H,.Q; + Af. <a+b.<5;i.A;)c>] + Z [Pe.Hy.Qj

jecs

Pumping Cost = Z

iEHS
+Af.[a+b. Fi. AP (113)

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 y is less than one.

At the same heat loads,

Min. TAC = Z CCu;qcu; + Z CHu;jqhu;
i€HS JECS

( )

a. Z Z Z Zijk T Z zcu; + Z zhu; | +

{€EHS JECS kEST i€EHS jecs

Af .5 g,z z Z(Ai,j'k)y-{- - (114)

iEHS jECS KEST

B. Z (Acwy))Y + B. Z (Ahuj)y

i{€HS jecs

z TAC = Min. TAC + Pumping Cost + Piping Cost (115)
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3.5. 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. Sep 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°C. The waste transported must satisfy the
temperature required 40°C to be accepted in the waste treatment plant. EMAT is set
35°C. 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

Jj sink stream

Sets

SC The source stream

SK The sink stream

ST Stage in the superstructure (1, ..., k+1)
Parameters

FIN; the inlet flowrate of the source 1,1=1,2,3,4,5,....n

FOUT; the outlet flowrate of the sourcei, i=1,2,3,4,5,...n

CIN; the inlet concentration of the source i, i= 1,2,3,4,5,...n

COUT; the target temperature of the source i, 1=1,2,3,4,5,...,n

FIN; the inlet flowrate of the sink j, j = 1,2,3,4,5,...,n

FOUT; the outlet flowrate of the sink j, j =1,2,3,4,5,...n

CIN; the inlet concentration of the sink j, j=1,2,3,4,5,..,n

COUT; the target temperature of the sink j, j=1,2,3,4,5,...,n

Cresng)  the cost coefficient for the flowrate of the fresh ammonia required

Cwaste)  the cost coefficient for the waste

Positive Variables

Figk the flowrate interval of the source stream i at the stage
Fign the flowrate interval of the sink stream j at the stage k
Flresn the flowrate of the fresh ammonia i at the end stage k&

Fuaste(p) the flowrate of the waste j at the first stage k
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the concentration interval of the source stream i at the stage k&
the concentration interval of the sink stream j at the stage k&
the stream matching between the source and the sink at the stage 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

() 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

Cue®  the Nominal fixed cost for a heat exchanger ($)
CHU the cost coefficient of the hot utility

Cs“p the nominal cost for heat exchanger area ($)
EMAT  the minimum allowance temperature difference
F; the flowrate of the hot stream 1, i=1,2,3,4,...,n
F; the flowrate of the cold stream j, j=1,2,3,4,...,n
hcu the heat transfer coefficient of the cold utility
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huu

hi

hy

hop

n

NHi, 12
ra
SH1,2
TINCU;
TINHU;
TIN;
TIN;

the heat transfer coefficient of the hot utility

the heat transfer coefficient of the hot process stream i
the heat transfer coefficient of the cold process stream j
the operating hours

the exponent of the actualization ratio

the number of the heat exchanger matchings (units)

the actualization ratio (%)

the heat exchanger area (m?)

the inlet temperature of the cold utility

the inlet temperature of the hot utility

the supply temperature of the hot process stream i, 1= 1,2,3,4,5,..

the supply temperature of the cold stream j, j=1,2,3.4,5,..,n

TOUTCU, the outlet temperature of the cold utility

TOUTHU; the outlet temperature of the hot utility

TOUT;
TOUT;
Ui

the target temperature of the hot stream 1, i=1,2,3,4,5,...n

the target temperature of the cold stream j, j=1,2,3,4,5,...,n

N

the overall heat transfer coefficient of the heat exchanger matching

Positive Variables

dtij k)

dtcug)

dthug)

4qijk)

qeug

qhug)

ik
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The temperature approach between the hot stream i and cold stream ; at

the stage k

The temperature approach of the cold utility matching at the end stage

k

The temperature approach of the hot utility matching at the first stage &

The heat exchange matching between hot stream i and cold stream j at

the stage k

The cold utility matching at the end of the stage k or at the end of the

hot stream 1.

The hot utility matching at the first stage k or at the end of the cold

stream.

the temperature interval of the hot stream i at the stage &
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) the temperature interval of the cold stream j at the stage k&

LMTDyijk The Logarithmic Mean Temperature Difference between the hot
stream 7 and the cold stream j at the stage .

LMTDcug The Logarithmic Mean Temperature Difference between the hot
stream 7 and the cold utility at the end stage &.

LMTDunug) The Logarithmic Mean Temperature Difference between the cold
stream j and the hot utility at the first stage .

Areaijr The area of the heat exchanger matchings between hot stream i and cold
stream j at the stage k.

Areacu@ The area of the heat exchanger between hot stream i and the cold utility at
the end stage k.

Areanug The area of the heat exchanger between cold stream j and the hot utility at
the first stage k.

Variables

ddtijr the real approach temperature between the hot stream i and the cold stream
Jj at the stage £;

Binary variables

Z(ijk) 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.

ZCug) 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.

zhug) 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.

(Fin; — Fout;) = Z Z Me; jx + Ffresh; ,i € SC, j € SK, k € ST (116)
JESK kEST

(Fout; — Fin;) = Z Z Me; i, + Fwaste;, i € SC,j € SK, k € ST (117)
LESC KEST

(Cin; — Cout;) = Z Z Cavg; i + Cfresh; ,i € SC,j € SK, k € ST (118)
JESK keST

(Cout; — Cin;) = Z Z Cavg; jx + Cwaste; , i € SC, j € SK, k € ST (119)
iESC kEST

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 (Fix, Fjk,
CIKik, CJKjx) 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 1 at the stage k is the inlet for the flowrate/concentration of the source 1 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.

(Fik — Figs1) = Z Me; j, ,i € SC, j € SK, k € ST (120)
JESK

(Fix — Figs1) = z Me;jx ,i € SC, j € SK,k € ST (121)

iEHS

(CIK;j — CIK;j41) = Z Cavg;jx , i€ SC,j € SK,k € ST (122)
JESK

(CIKjk — CIKj41) = Z Cavg;jk,i € SC,j € SK,k € ST (123)
iesc
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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.
Fix = Fip41 , i €SC,j € SK,k € ST (124)
Fix = Fixs1, i € SC,j € SK,k € ST (125)
CIK; = CIK; 41, i € SC,j € SK,k € ST (126)
CJKj = CJKj 41,0 € SC,j € SK, k € ST (127)

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 1. 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 1, and the flowrate of the sink j at the last stage

k is the same as the inlet stream for the sink j.

Fin; = F;y, i € SC, k € First ST (128)

Finj = F;y, j € SK, k € Last ST (129)

Fout; < Fjy, i € SC,k € Last ST (130)
Fout; = Fjy, j € SK, k € First ST (131)
Cin; = CIK;y, i € SC,k € First ST (132)
Cin; = CJKy, j € SK, k € Last ST (133)
Cout; < CIK;, i € SC,k € Last ST (134)
Cout; = CJKjy, j € SK, k € First ST (135)
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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.
Fi — Fout; = Fyyqste, 1 € SC, k € Last ST (136)
Fout; — Fjx = Fpresn, j € SK, k € First ST (137)
CIK;; — Cout; = Cyaste i € SC, k € Last ST (138)
Cout; — CJKjx = Crresn, Jj € 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 1 and sink j at each stage also affects this

eq. 140.

Cavgy i = [(CIKe Meyj) + (O Ky Fien)] i € SC, j € SK, k € ST (140)
LIk Me; . + Fj 1 ' ' '

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. Cgesh and Cyaste are the cost coefficient of the fresh water and the

waste.

TAC = CFresh- Z Frresn + Cwaste- z Fwaste, 1 € Ser € SK (141)
JESK ieSC

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
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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.

F;.Cp;.(TIn; — Tout;) = Z Z qijx + qcu;, i € HS, k € ST (142)
KEST jECS

F;.Cpj.(Tout; — Tin;)F; = Z Z qijx + qhuj, j € CS, k € ST (143)
KEST i€EHS

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.

(ti,k - ti,k+1)Fi = Z qijk keST,ie HS (144)
JECS

(tik = tas)F) = Z qij k €ST, jECS (145)
{€HS
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.

tix = tix+1 | € HS, k € ST (146)
tik = tix+1 j € CS, k € ST (147)

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.
Tin; = tix i € HS, k € First ST (148)

Tout; < t;, i € HS, k € Last ST (149)
Tin; = tj, i € HS, k € Last ST ~ (150)
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Tout; = tj) i € HS, k € First ST (151)

3.5.4.5. The Logical Constrains
The binary variable (zijx) depicts the stream matching
existence as its integer value equals to “1”. The cold utility matching appears as the
binary variables (zcu;) equals to “1”. The same rule is applied for the hot utility
matching using (zhu;). The binary variables (zij«, zcu; , 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 (€ , Qi, €;) are the upper bound

of the heat loads to ensure the values of (zij«, zcui, zhu).

qi,j,k - ‘Qi,j'zi,j,k < 0 i€ HS,] € CS,k € ST (152)
qhu; — [F;(Tout; — Tin;)]. zhu; <0 j € CS (153)
qcu; — [F;(Tin; — Tout;)].zcu; <0 i € HS (154)

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.

(tix — Tout;). F; = qcu; i € HS, k € Last ST (155)
(Tout; —tj ). F; = qhu; j € CS, k € First ST (156)

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;«) is one. The variables (I'ijx, ['i, I)
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.
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dtijre <tix —tix+1;;(1—2jx) i €HP, j € CP, k € ST (157)
dti et < tigrr — Gerr + 1 (1— 2o ji)
i € HP, j € CP, k € ST (158)
dtcu; < tjp4q — Touty, + (1 —z;5x), i € HS, j € CS, k € ST (159)

dthu; < Toutp, — tj, + (1 —z;j), i € HS, j € CS,k € ST (160)

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):

1
1 0.3275
LMTD =~ [E(dti,j,k"-3275 + dti,j,k+1°-3275)] i € HP, j € CP, k € ST (161)

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 (Ujj). The area calculation is important because it is
minimized and included in the objective function.

qi,jk
(LMTD; . . U;;)

Area; ) = i €CS, je€HS, keST (162)

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 y is less than one.

At the same heat loads.
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OPEX = hOp [ Z CHUXQHU + Z CCUchu] (163)

hueHU CUeCU

CAPEX = Z Z [CS%P XNy s + CEPxSp1 ] (164)

iEHot jeCold
Nop
Min. TAC = ! CAPEX + Z OPEX 165
i B Opx 1+ ra)” (165)
n=1
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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, L; and Lo, 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™'. 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 m’ and

the external MSA (L) needed 2.487 kg.s".
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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 ()
Ry 2 0.0050 0.0010
R> 4 0.0050 0.0025
R3 3.5 0.0110 0.0025
R4 1.5 0.0100 0.0050
Rs 0.5 0.0080 0.0025

Table 4.2 The lean streams data for Case Study 1: MENS

Lean stream L™ (kg/s) Supply (x;) Target (x,)
L 1.8 0.0017 0.0071
L, 1 0.0025 0.0085
L; ) 0 0.017

Table 4.3 The effect of EMCD to the TAC for Case Study 1: MENS

EMCD Me LMCD N F('L3") Areajx TCC TAC

(kg. s (units) (kg. s7) S.a) ($.ah)
0.0001  0.0581 0.0022 7 2.4871 1328 151,745 71,249
0.0003  0.0570  0.0017 2.4871 1637 174,187 81,776
0.0005 0.0570 0.0019 2.4871 1475 162,608 76,345
0.0007  0.0570  0.0020 2.4871 1446 160,513 75,362

0.0009  0.0580 0.0025 2.4871 1169 139,450 65,481
*Based on the estimation of the results using target L= 0.0017, the MSA used to get target L3=0.017
is 10 times lower than the MSA usage for target L3=0.0017.

N 99
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Table 4.4 The comparison of Case Study 1: MENS using this work (SWS) among the
other literatures

New hybrid method FLM-SWS IBMS SWS

Methods/ Parameter
(Emhameda et al., 2007) (Szitkai., 2006) (Jide, 2007)

Me (kg.s™) - 0.0579 0.0580 0.0570
LMCD - 0.0015 0.0015 0.0020
N (Units) 10 8 7 7
F('L3") (kg.s') 2.543 2.9040 2.8090 2.4871
Area; - 1,940 1,963 1,446
TCC ($.ah) - 203,879 196,358 160,513
TAC*$.a™) 134,399 134,000 133,323 111,785
TAC*($.a™)) - 91,471 92,185 75,362

“Without Cj *with Cj *ME= The Mass Exchangers, *Based on the estimation of the results using
target Ls= 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”! impacting to their TAC $ 133,323 a!. This TAC
was affected by the cost coefficient that they used was $ 14,670 a”/ provided by the
operational time (B) 8,150 working hours per year and $ 0.0005 a” for the cost
coefficient of the external MSA L3 (a). The FLM-SWS, also cited in (Jide 2007) for
the cost coefficient of the external MSA also should be corrected to $ 0.0005 ™.

Based on Table 6.4 using the same parameter without including C; and with
including C; to make equitable comparison, the results of the TAC using SWS in this
thesis are $ 111,785 a”! and $ 75,362 a”! with the external MSA required 2.487 kg.s™!
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”/ in IBMS method.
The TAC of FLM-SWS method should be corrected to $ 91,471 a’! for 2.904 kg. s’
of the flowrate external MSA. According to the mass balance in Figure 6.3, the target
concentration of the external MSA L; in IBMS method should be corrected from

0.0017 to be 0.017.
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YijkAreag 0.06
—_— . . x ——————————————————————
TCC = 1.1Nypis x $618 | —= = (165)

Nunits
Min. TAC = a.ﬁz GL; + Af. (Z Z Z zl-_,-,k) +PC <I“1:16L%)V (166)
JeL i€ER JEL KEST ye

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 (4y) for the mass exchanger used is 0.225, and ¢j is the target
composition subtracted by the inlet composition of the lean stream. Area cost
exponent of the mass exchanger (y) 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!. Concerning the
same comparisons, this thesis still has the lowest TAC $ 111,785 a”/ 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 MSA| and MSA; usage are maximized 1.8 kg. s
! and 1 kg. s’!. By maximizing the usage of the process MSA L; and MSA Lo, 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 L and L» 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 e The solution is close to global e High solving time.
method optimum. e Partially using hand
(Emhameda et o Clear step to overcome the calculation
al., 2007). infeasibilities e Non-simultaneous

e Using driving force plot analysis e Unsuitable for large-scale
e Using SWS and including detailed problem
exchanger design. e  Using Pinch technology
e Producing more than one local e Not guaranteed optimum
optima solution solution.

2. Interval Based e A straightforward method using e Less freedom of the heat/
MINLP MINLP mass exchange.
Superstructure e A slight initialization involved e  Fixed temperature/
, IBMS (Jide, o Expeditious computational time composition location.

2007) e All hot and cold utilities being the ® Less number of the
process streams intervals.
e Compatible for a small-scale o Improper to be applied in
problem the large-scale problem.
e Only depends on the rich
stream.

3. SWS e Uncomplicated to figure out the e Desire proficient

small-scale, moderate-scale, and initializations.

large-scale problem using MILP,
MINLP, NLP

High degree of freedom

Depends on both rich and lean
streams.

Considerable for small EMAT

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)

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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<0001 (3\ 0'005\R1_ 2 ks
0.0025 (23 0.004472 (53 0.005 R2 4kgss
Io.uo:zsf’_ 1) 0.004533 (@ 0,01|\R3' 3.5 kefs
Q005 (? 0.010 R4 15 kefs
Q0025 (4 0.005523 @ cmos\RS 0.5 ks
0.003 ;< 0.002540 /L\ 0.006706
@ J Y, > 1.8 kg/s
‘LZ\ 0.005 0.004610 C) /‘) 0.0073 0003849 1 1/
L 0.0021 [0.0012
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\ {\ 0T / 00778
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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 F.Cp Tin  Tou h (67} P w10’ K
Number (kW/C) (°C) (°C) (kW/°C.m?) (kJPChg) (kg/m’) (Pas) (W/m.°C)
Hi; (Py) 300 250 120 1.0 10 621 0.2363 0.6
H, (Py) 250 500 120 1.2 10 802 0.2721 0.6
Hs (P3) 2500 125 119 1.1 50 830 0.2875 0.6
Hj (P3) 200 200 30 1.3 10 725 0.2421 0.6
Ci (Py) 500 185 220 1.4 8 640 0.2734 0.6
Cy (P2) 150 139 500 1.2 3 680 0.2632 0.6
Cs (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
Cs (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 -

CCUwaer = $ 10/kW.y, CHULp= $ 40/kW.y, CHUnp= $ 100/ kW.y, CHUpp= $ 160/
kWy, CHUFuel: $ 200/ kWy



94

"DV.L 30 03 Dob1-7 LVING JO 393333 YL 01'p 2AnS1 g

(Do) LVINA
91 14! Cl 01 8 9 14 4 0
| — | | | | | 0
+ 50
I~
1A
. ~
T+ S'1 w
] =
Lo o7
\\.///r\ . =
W S
L ¢
PU0IDS =S ‘Upnuiut =unu “Anoy =y up 2wy uoyvinduio),
seo 0z oz ycy 108969  V6C861  SPIOSY  pCOECHOT  LECSEVSC  OI0SSLI  bE8969S Ol 0029TI  T8IITEl 00895 LIS99TSH  S00S6S I
sy (cunurpyzy  VOSLYST  €OL'EIT  ITIEST  LOLLOSPT  ILT9TLIY  60SSEOI  €80°0606 ¥l 059671  LTEEEl  6'6VEES 176801  S000ST 01
S —— 966°060°T  SITETE  €61°6SS  1'S8S80VT  8O'T601H9  P6VLIL  6STELYT  TT  LOIG0ET  68L'68TI  +'E80TS  €OTL8SK'S  £EETI 8
5 6956 T6SPIIT  T88PPT  SIGETH  CI6LSKRI  9TTOT8YL  66VL69  6E'S6VLI LI 0STIEl  €1TTLTL  66VLIS  611€000F 006 9
- LSSOSTT  6SLEIT  L9STISE  9O0EPILOT  T'0S69E01  S00SKE9  T6'SO8YT I 0SSTEL  SE8ELTI  1'0SPIS  THLOLLOT 009 b
S LP0D PIGTILY T T6TOLT  SLEIST  T'LPTOTOl  ULyLSKPP  00SILS  9¥I°0L66 <l 0SSIEL  LOSTLTI  OSITS  1069€P€'T 00§ z
@ @Y () (Y (9 (9w G gy W gy (W
LD OEEICLED) oVl ONd Old  OVLMI  ygypy  xgdo  aHDP2y N 0 opvay 9D H vy (MW HD  LVIWA

DV.L W 0} SNHH Ul 5o01-C LYINH JO 193}J9 9Y L 8°f d[qe L

_________________________ QU i Thesis 6173004063 thesis / recv: 28072563 01:49:28 / seq: 18

3869511871



T/8TT1S698€

_|
=
@
@
%)
[}
B
~
w
o
<}
~
o
o
w
—-
=
@
@
%)
-
-
®
o
<
N
©
o
N
N
o
o}
w
o
=
IN
©
N
©
-
)
19
°
=
©

95

Table 4.9 The result comparisons of the case study 2 among the other literatures at
EMAT = 10°C.

Parameters/ Modified SWS Modified SWS New Transhipment This Work

Methods (Chang et al., 2017) (Chang et al.,2017) (Hong et al., 2019) (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.

1 The Enhancement | ¢  Capable to resolve no splits. e Fixed  temperature
of the | e  Profitable for detail cost included. intervals at the first
transshipment e Multiple utilities comprised because and the last
model (Hong et. the high temperature difference for temperature interval.
al. 2019) the hater. e Incompatible for

e A stream by-pass, a stream branch small EMAT.
passing through two heat exchangers | ® More binary variables
in series, and non-isothermal mixing required.
involved. e  More complexities.
e The small, moderate, large scale | ® Indirect heat
problem overcome. integration.
e Simultaneous method.
e Minimizing the piping and pumping
cost.
e All constraints keep linear while
allowing non-isothermal mixing.
e Provide the lowest TAC.
e DICOPT for MINLP. CONOPT for
NLP solver. CPLEX for MILP.

2 The enhancement | ¢  Direct heat integration e Isothermal
of the SWS model | ¢ Less inter-plant heat exchangers e Low chance to get the
(Chang et al, | e Minimizing the piping and pumping varieties of the hot
2017) cost on the objective function utility usage

e Simultaneous method e  Without overall
e Using the multiple intervals energy heat balance
e  Simultaneous
e KNITRO for NLP. DICOPT for

MINLP.

3 This Work (SWS) | ¢ Low exchanger cost e The piping and

e More accurate on the area calculation pumping costs are not
e Low complexities (it does not minimized

contain many binary variables and | ¢ Isothermal

equations) e Non-simultaneous

e Direct heat integration
e DICOPT for MINLP.
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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 °C. 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.

OPEX = h,,

Z Cfreshx FFresh + Z Cwaste xFWaste) + Z CHUxQHU + Z CCUxQCU (167)

JjEFresh iEWaste hueHU cuecU

CAPEX = Z Z [Cf;;{prHl,HZ + CgapxSleyz] (168)
i€Hot jeCold

Nop
OPEX
CAPEX + Z —_—
@+
n=1

1
Min. TAC =
op

x (169)

E.
ra)"

The method in (Ghazouani 2018) has the fixed the temperature scale
by using ATin step or shifting the temperature scale. Their method impacts to the
computation time that increases when the 47, 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.
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At a year operational time (N,,=1) for EMAT 35°C, the total area 9
process heat exchangers, 7 hot utilities, and 2 cold utilities provided by this work are
123,603 m?, 35,126 m?, and 33,460 m?. Using SWS method, this thesis affords the
TAC $ 29,457,090 a’ 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 (N,,=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™!, and the fresh water which has the
flowrate 350 kg.h'! should go to Sink I. In the other words, Source I, 350 kg.h!,
should be replaced to the fresh water.

Table 4.11 The stream data for CHAMENS’s case study

Streams Flowrates Composition in impurities Temperatures
(kg. h") (ppm) (°C)
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! hop 8000 H

Cwaste 0 $.ton!  Nop 1 Year

Chot 0.01 $kWh' Ra 0.05

Ccold 0.0025 $kWh! EMAT 35 °C
Cret® 52919 § htenms 50 WXK'!m?
CsCap 7779  $.m? htchot 1000 W.K'm

hiceod 1000 W.K''m?
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HENS is provided by (Ghazouani 2018) in CHAMENS at (Nyp= 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 (N,,= 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 N,p,= 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 Ny,= 2 years ($
28,164,394). Based on Figure 6.20, EMAT 35°C 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” 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°C using SWS in CHAMENS: Case 3

(Nop=1 year)

Nop 1 year
Energy recovery The Floating Pinch
Parameters/ algorithm Technology New Transshipment This Work
Methods (Sahu et al. 2012) (Tan et. al, 2014) (Ghazouani, 2018) (SWS)

LFresh (kg.h™) (5 e e 675
QH (kW) 132,925 132,927 145,594 135,136
QC (kW) 79,224 79,228 91,896 80,991
Q(kW) i ) . 130,993
NHE (Units) X ik R 18
Area HU (m?) . ) ) 35,126
Area CU (m?) . ) ) 33,460
Area Process Heat _ _ -
exchangers (m?) 123,603
Thaisl Avies. (1) 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 vl11.0 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 | o Consider the temperature of | e Difficult to find the search
Transshipment the fresh ammonia to reduce space at low EMAT. They
(Ghazouani et. al, the TAC in HENS. locate the supply of the hot
2018) e Applicable for reducing the process stream at the

hot and cold utility demands. interval where it is after the
e Non-isothermal condition for end on the cold process
HENS structure. stream side.

e Using Lgesn to satisfy the | ® Isothermal condition for

utility demand. MENS including the hot
e  Using both and cold utility demand.
e Simultaneous e Not applicable for long-
e Non-isothermal condition term  responsible  use

because it tends to decrease
the OPEX more than the
CAPEX.

e Using fixed temperatures
limits

e Sometimes, it has less
degree of freedom because
it depends to a discrete set
of temperatures.

e High computational time

e  Minimizing the units of the
heat exchangers more than

the heat exchanger areas.
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3 SWS in this work e Applicable for long-term | ¢ Non-simultaneous.

responsible use because it | e It satisfies all the constrains

tends to decrease the CAPEX but, it cannot maximize the

more than the OPEX. maximum  concentration
e Suitable for both the low requirement for Sink 3 in

EMAT and high EMAT. MENS impacting to the
e The low area of the heat HENS configuration.

exchanger because the | e Isothermal condition.

intermediate stream

temperature is the variable.
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Table 4.16 The comparisons of the SWS in this work among the other methods in the

previous literatures (Continued
Method Dominance Vice Versa

3 SWS in this work | ¢ It tends to minimize the heat
(Continued) exchanger area more than the

units of the heat exchangers.
e  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°C

T/8TT1S698€

Nop 1 year 2 years
The Floating Pinch This Work Tranljlfiwment e
LR Db DO Technol%gy (SWS) (Ghazoll)lani, g&g‘)
(Tan et. al, 2014) 2018)
Liresh (kg.hh) 655 675 654.9 675
Qu (kW) 132,927 135,136 131,883 135,420
Qc (kW) 79,228 80,991 78,185 81,290
Que(kW) - 130,993 124,022 130,671
Ny (Units) 12 18 10 18
Area HU - 35,126 34,570 35,157
Area CU - 33,460 32,238 33,506
D eers ) :
Total Area (m?) 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

8T :bas / 8z 67 :TO €9522082 :A291 [ S1SdY) €90¥00ELT9 S ISdUL | NO ||"||||"|"|I|""”I"

*TAC is calculated in the same way as the literatures based on eq. 163-165.
* Heat capacity = 2.19 kJ. kg”'.K'; 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 2" 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”/ 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”/ 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.



w
©
o
©
5}
Py
[
©
3
[y

8T :bas / 87:6%:T0 €952,082 A28l / sisayy ggorooesto stseuLt ro [

REFERENCES

Abdulfatah M. Emhameda, Z. L., Endre Reva, Tivadar Farkasa, Zsolt Fonyoa and a.
D. M. Fraser (2007). "New Hybrid Method for Mass Exchange Network
Optimisation." Chemical Engineering Communications 194(12): 1688-1701.

Alva-Arga’ez, A., Vallianatos, A., Kokossis, A. (1999). "A multi-contaminant
transhrpment model for mass exchange networks and wastewater minimisation

problems." Computers and Chemical Engineering 23: 1439-1453.
Athier, G., Floquet, P., Pibouleau, L., & Domenech. (1998). "A Mixed Method For

Retrofiting Heat -Exchanger Networks Computers & Chemical Engineering
22: S505-S511
Azeez, O. S., et al. (2013). "Supply-based superstructure synthesis of heat and mass

exchange networks." Computers & Chemical Engineering 56: 184-201.
Barbaro, A. and M. J. Bagajewicz (2005). "New rigorous one-step MILP formulation

for heat exchanger network synthesis." Computers & Chemical Engineering
29(9): 1945-1976.

Bochenek, R., JeZowski, J. (2006). "Genetic algorithms approach for retrofitting heat
exchanger network with standard heat exchangers." Computer Aided
Chemical Engineering 21: 871-876.

Chang, C., et al. (2017). "Simultaneous synthesis of multi-plant heat exchanger
networks using process streams across plants." Computers & Chemical
Engineering 101: 95-109.

Chang, C., et al. (2015). "Indirect heat integration across plants using hot water

circles." Chinese Journal of Chemical Engineering 23(6): 992-997.

Chen (1987). "Comments on improvements on a replacement for the logarithmic
mean." Chemical Enginrering Science 42: 2488-2489.

Chen, C., & Hung, P. (2005). "Retrofit of Mass-Exchange Networks with
Superstructure-Based MINLP Formulation." Ind. Eng. Chem. Res 44: 7189-
7199.

El-Halwagi, M., Manousiouthakis, V. (1989). "Synthesis of Mass Exchange
Networks." AIChE Journal 35: 1233-1244.

Floudas, C. A., & Ciric, A.R., (1989). "STRATEGIES FOR OVERCOMING
UNCERTAINTIES IN HEAT EXCHANGER NETWORK SYNTHESIS."
Computers & Chemical Engineering 13: 1133-1152.

Ghazouani, S. (2018). Linear optimization models for the simultaneous design of
mass and heat networks of an eco-industrial park. Environmental Engineering.
Paris, France, Université Paris Sciences et Lettres 204.

Grossmann, I., & Lee, S., (2003). "Generalized Convex Disjunctive Programming:

Nonhnear Convex Hull Relaxation." Computational QOptimization and

Applications 26: 83—100.
Hallale, N., Fraser, D. (2000). "Capital and total cost targets for mass exchange

networks Part 1: Simple capital cost models." Computers & Chemical

Engineering 23: 1661-1679.
Hong, X., et al. (2017). "New transshipment type MINLP model for heat exchanger

network synthesis." Chemical Engineering Science 173: 537-559.

Hong, X., et al. (2019). "Transshipment type heat exchanger network model for intra-
and inter-plant heat integration using process streams." Energy 178: 853-866.



T/8TT1S698€

8T :bas / gz:6v:T0 £952208z :noe1 / sisayy g90v00£279 s 1sauL 1 ro [N

125

Huang, K. F. and 1. A. Karimi (2013). "Simultaneous synthesis approaches for cost-
effective heat exchanger networks." Chemical Engineering Science 98: 231-
245.

Isafiade, A. J. (2018). Retrofit of mass exchange networks using a reduced
superstructure synthesis approach. 28th European Symposium on Computer
Aided Process Engineering: 675-680.

Isafiade, A. J. and D. M. Fraser (2009). "Interval based MINLP superstructure
synthesis of combined heat and mass exchanger networks." Chemical
Engineering Research and Design 87(11): 1536-1542.

Isafiade, A. J. and M. Short (2016). "Synthesis of mass exchange networks for single
and multiple periods of operations considering detailed cost functions and
column performance." Process Safety and Environmental Protection 103: 391-
404.

Jezowski, J., et al. (2007). "On application of stochastic optimization techniques to
designing heat exchanger- and water networks." Chemical Engineering and
Processing: Process Intensification 46(11): 1160-1174.

Jide, I. A. (2007). Interval Based MINLP Superstructure Synthesis of Heat and Mass
Exchange Networks. Ph.D. Thesis, Department of Chemical Engineering,
University of Cape Town. Rondebosch, South Africa.

Katerina, P., Papalexandri, & Pistikopoulos, E., (1993). "An MINLP retrofit approach
for improving the flexibility of heat exchanger networks." Annals of
Operations Research 42: 119-168.

Lai, Y. Q., et al. (2018). "A New Graphical Approach for Heat Exchanger Network
Retrofit Considering Capital and Utility Costs." The Italian Association of
Chemical Engineering 70.

Lai, Y. Q., et al. (2019). "Customised retrofit of heat exchanger network combining
area distribution and targeted investment." Energy 179: 1054-1066.

Linnhoff, B., & Flower, J. (1978). "Synthesis of Heat Exchanger Networks: I.
Systematic Generation of Energy Optimal Networks." AIChE Journal 24: 633-
642.

Linnhoff, B., & Hindmarsh, E. (1983). "THE PINCH DESIGN METHOD FOR
HEAT EXCHANGER NETWORKS." Chemical Engineering Science 38:
745-763.

Linnhoff, B., Ahmad, S. (1990). "COST OPTIMUM HEAT EXCHANGER
NETWORKS 1. MINIMUM ENERGY AND CAPITAL USING SIMPLE
MODELS FOR CAPITAL COST." Computers & Chemical Engineering 14:
729-750.

Linnhoff, B., Mason, D., Wardle, 1. (1979). "Understanding Heat Exchanger
Network." Computers & Chemical Engineering 3: 295-302.

Liu, L., et al. (2013). "A systematic approach for synthesizing combined mass and
heat exchange networks." Computers & Chemical Engineering 53: 1-13.

Liu, L., et al. (2015). "Combined mass and heat exchange network synthesis based on
stage-wise superstructure model." Chinese Journal of Chemical Engineering
23(9): 1502-1508.

Nair, S. K., et al. (2018). "Locating exchangers in an EIP-wide heat integration
network." Computers & Chemical Engineering 108: 57-73.




T/8TT1S698€

8T :bas / 8z 67 :TO €9522082 :A291 [ S1SdY) €90¥00ELT9 S ISdUL | NO ||"||||"|"|I|""”I"

126

Onishi, V., Ravagnani, M., Caballero, J., (2015). "Retrofit of heat exchanger networks
with pressure recovery of process streams at sub-ambient conditions." Energy
Conversion and Management 94: 377-393.

Papoulias, A., & Grossman, I., (1983). "A STRUCTURAL OPTIMIZATION
APPROACH IN PROCESS SYNTHESIS-II." Computers & Chemical
Engineering 7: 707-721.

Pavao, L. V., et al. (2017). "Large-scale heat exchanger networks synthesis using
simulated annealing and the novel rocket fireworks optimization." AIChE
Journal 63(5): 1582-1601.

Pavao, L. V., et al. (2018). "A new stage-wise superstructure for heat exchanger
network synthesis considering substages, sub-splits and cross flows." Applied
Thermal Engineering 143: 719-735.

Pavao, L. V., et al. (2019). "Heat exchanger networks retrofit with an extended
superstructure model and a meta-heuristic solution approach." Computers &
Chemical Engineering 125: 380-399.

Pouransari, N. and F. Maréchal (2014). "Heat exchanger network design of large-
scale industrial site with layout inspired constraints." Computers & Chemical
Engineering 71: 426-445.

Rezaei, E. and S. Shafiei (2009). "Heat exchanger networks retrofit by coupling
genetic algorithm with NLP and ILP methods." Computers & Chemical
Engineering 33(9): 1451-1459.

Savulescu, L., et al. (2005). "Studies on simultaneous energy and water
minimisation—Part [: Systems with no water re-use." Chemical Engineering
Science 60(12): 3279-3290.

Shenoy, U. V. and D. M. Fraser (2003). "A new formulation of the Kremser equation
for sizing mass exchangers." Chemical Engineering Science 58(22): 5121-
5124.

Short, M., et al. (2018). "Synthesis of mass exchanger networks in a two-step hybrid
optimization strategy." Chemical Engineering Science 178: 118-135.

Smith, R., et al. (2010). "Recent development in the retrofit of heat exchanger
networks." Applied Thermal Engineering 30(16): 2281-2289.

Soltani, H. and S. Shafiei (2011). "Heat exchanger networks retrofit with considering
pressure drop by coupling genetic algorithm with LP (linear programming)
and ILP (integer linear programming) methods." Energy 36(5): 2381-2391.

Srinivas, B., K., and El-Hawagi, M., (1994). "SYNTHESIS OF COMBINED HEAT
AND REACTIVE MASS-EXCHANGE NETWORKS " Chemical
Engineering Science 49: 2059-2074.

Suresh, M., & Mani, A., (2011). "Evaluation of Heat and Mass Transfer Coefficients
for R134a/DMF Bubble Absorber." Journal of Applied Science 11: 1921-
1928.

Szitkai Z., F. T., Lelkes Z., Rev E., Fonyo Z., Kravanja Z. (2006). "Fairly Linear
Mixed Integer Nonlinear Programming Model for the Synthesis of Mass
Exchange Networks." Industrial & Engineering Chemistry Research 45: 236-
244,

Tan, Y. L., et al. (2014). "Heat integrated resource conservation networks without
mixing prior to heat exchanger networks." Journal of Cleaner Production 71:
128-138.




T/8TT1S698€

8T :bas / 8z 67 :TO €9522082 :A291 [ S1SdY) €90¥00ELT9 S ISdUL | NO ||"||||"|"|I|""”I"

127

Xu, Y., et al. (2019). "Relaxation strategy for heat exchanger network synthesis with
fixed capital cost." Applied Thermal Engineering 152: 184-195.

Yee T. F, G. L., Kravanja, Z. (1990). "Simultaneous optimization models for heat
intergration I: Area and Energy Targeting and Modeling of Multi-Stream
Exchangers." Computers and Chemical Engineering 14(10): 1151-1164.




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”)).



BGGEEEEEERRRERE
B

R1.L1
R1.L2
R1.L3
R2.L1
R2.L2
R2.L3
R3.L1
R3I.L2
R3.L3
R4.L1
R4.L2
R4.L3
R5.L1
RS.L2
R5.L3

352 VARIABLE gcu.lL unused

352 VARIABLE qcs.L

{ ALL

0.000 )

352 VARIABLE ghu.L unused

352 VARIABLE ghs.L
VARIABLE TAC.L

{ ALL

0.000 )

= 0.000 Total cold utility

= 0.000 Total hot utility

352 VARTABLE dy.L Approach composition

K1

.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4

Lo I B I R I I I I I I I I |

352 VARIABLE ddy.L Real Approach Composition

Kl

-0.002
-0.004
0.003
-0.002
-0.004
0.003

0.004

0.002

0.009

0.003

0.001

0.008
9.000000E-4
-5.00000E-4
0.006

K2

.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4

.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4

7
7
7
7
7
7
7
7.000000E-4
7
7
7
7
7
7
7

9.388889%E-4

004
003

5.388889E-4

004
003
005

9.371429E-4

008
006
001
008
004

-5.00000E-4

006

.000000E-4
.000000E-4
.000000E-4
-000000E-4
.000000E-4
-000000E-4
.000000E-4
-000000E-4
.000000E-4
-000000E-4
.000000E-4
.000000E-4
.000000E-4
-000000E-4
.000000E-4

e I I B I I I I I I I I I I I |

K3

0.003
—-2.50000E-4
0.005
8.000000E-4
-0.003
0.002
8.000000E-4
-0.003
0.002

0.003
-2.50000E-4
0.005

0.006

0.003

0.008

K4

7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4
7.000000E-4

K4

0.003
-2.50000E-4
0.005
8.000000E-4
-0.003
0.002
8.000000E-4
-0.003
0.002

0.003
-2.50000E-4
0.005

0.006

0.003

0.008

.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
-.000000E-4
.000000E-4
-.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4

e I R B I I I I I I I I I I I |

0.003
-2.50000E-4
0.005
8.000000E-4
-0.003
0.002
8.000000E-4
-0.003
0.002

0.003
-2.50000E-4
0.005

0.006

0.003

0.008

451760.488 Total Annual Cosat

Ké

.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
-.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4
.000000E-4

L I B I R I I I S I I I B |

K6

—T7.00000E-4
-0.001
0.001
8.000000E-4

0.002
8.000000E-4
8.67362E-19

0.003

0.003

0.002

0.005
8.000000E-4

132

Figure B2 The result of 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.L2KI1 0.011  0.0073  0.0085 0.0053 0.002  0.0033 0.020 73.640
R4.L3K1 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 175914
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+t1  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.C1Kl1 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 322299
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+t1  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 12918
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 95321
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).
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Figure ES 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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H3.C2 10.000 10.000 10.000 10.000 10.000 10.000

H3.C3 10.000 10.000 10.000 10.000 10.000 10.000

H3.C4 10.000 10.000 10.000 10.000 10.000 10.000

H3.CS 10.000 10.000 10.000 10.000 10.000 10.000

H4.Cl 10.000 10.000 10.000 10.000 10.000 10.000

H4.C2 10.000 10.000 10.000 10.000 10.000 10.000

H4.C3 10.000 10.000 10.000 10.000 10.000 10.000

H4.C4 10.000 10.000 10.000 10.000 10.000 10.000

H4.CS 10.000 10.000 10.000 10.000 10.000 10.000
+ X7 K8

H1l.Cl 10.000 10.000

Hl.C2 10.000 10.000

H1.C3 10.000 10.000

H1.C4 10.000 10.000

H1.CS 10.000 10.000

H2.Cl1 10.000 10.000

H2.C2 10.000 10.000

H2.C3 10.000 10.000

H2.C4 10.000 10.000

H2.CS 10.000 10.000

H3.Cl 10.000 10.000

H3.C2 10.000 10.000

H3.C3 10.000 10.000

H3.C4 10.000 10.000

H3.CS 10.000 10.000

H4.Cl 10.000 10.000

H4.C2 10.000 10.000

H4.C3 10.000 10.000

H4.C4 10.000 10.000

H4.CS 10.000 10.000

— 512 VARIABLE ddt.L Real Approach Temperature

Kl K2 X3 K4 KS Ke
Hl.Cl 30.000 30.000 30.000 10.000 10.000 10.000
Hl.C2 -233.333 -2.8422E-14 -50.000 -50.000 56.000
H1.C3 -2.8422E-14 -50.000 -50.000 56.000
H1l.C4 90.000 $0.000 90.000 40.000 40.000 35.000
H1.CS 45.000 45.000 45.000 -5.000 5.000
H2.Cl 280.000 140.000 140.000 170.000 70.000 -36.000
H2.C2 l6.667 110.000 110.000 110.000 10.000 10.000
H2.C3 250.000 110.000 110.000 110.000 10.000 10.000
H2.C4 340.000 200.000 200.000 200.000 100.000 -11.000
H2.CS 295.000 155.000 155.000 155.000 €5.000 -46.000
H3.C1 -95.000 -95.000 -55.000 -65.000 -65.000 -60.000
H3.C2 -358.333 -125.000 -125.000 -125.000 -125.000 -14.000
H3.C3 -125.000 -125.000 -125.000 -125.000 -125.000 -14.000
H3.C4 -35.000 -35.000 -35.000 -35.000 -35.000 -35.000
H3.CS -80.000 -80.000 -80.000 -80.000 -70.000 -70.000
H4.Cl -20.000 -20.000 -20.000 10.000 10.000 10.000
H4.C2 -283.333 -50.000 -50.000 -50.000 -50.000 56.000
H4.C3 -50.000 -50.000 -50.000 -50.000 -50.000 56.000
H4.C4 40.000 40.000 40.000 40.000 40.000 35.000
H4.CS -5.000 -5.000 -5.000 -5.000 5.000

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).



Appendix I Result Case Study 2: HENS (The Exact Area Calculation)

Table I1 The exact area calculation of case study 2 HENS

157

HENS Case study 2
EMAT Stream matching tik tik+1 tjik 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 28287 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 114790 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 47249 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 275297 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 42273 16300 0.565  682.461
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Table 12 The exact area calculation of case study 2 HENS (Continued)

4 HI1.C5K1 250 247.333 205 204.68 43.816 800 0.565 32315
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.C4K7 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
Fuel.C2.K6 800 750 500 496 276.357 600 0.811 2.677

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




Table I3 The exact area calculation of case study 2 HENS (continued)
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EMAT Stream matching tik tik+1 tjik 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 242333 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 12333  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 104499 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 552371
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 14 The exact area calculation of case study 2 HENS (continued)
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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 °C for Nyy=1 year)

Figure L1 Step 2 the process heat exchanger network at EMAT 35 °C for Nop=1-
year case study 3 CHAMENS.
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Figure L2 Step 2 the process heat exchanger network at EMAT 35 °C 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 °C 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 °C for Nop= 1-
year case study 3 CHAMENS (continued).
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Figure LS5 Step 2 the process heat exchanger network at EMAT 35 °C 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 MS 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 °C for N,=1 year)

Figure N1 The cold utility without minimizing area at EMAT 35 °C for Nop=1 year
Case study 3 CHAMENS.
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Figure N2 The cold utility without minimizing area at EMAT 35 °C for Nop=1 year
Case study 3 CHAMENS (continued).
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Figure N3 The cold utility without minimizing area at EMAT 35 °C for Nop=1 year
Case study 3 CHAMENS (continued).
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Figure N4 The cold utility without minimizing area at EMAT 35 °C 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 °C for N,p,=I year)

Figure O1 The result cold utility without minimizing area at EMAT 35 °C for Nop=
1 year Case Study 3 CHAMENS.
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Figure O2 The result cold utility without minimizing area at EMAT 35 °C 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 °C for N,py=1 year)

Figure P1 The hot utility without minimizing area at EMAT 35 °C 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 °C 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 °C 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 °C 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 °C for N,p,=I year)

Figure Q1 The result the hot utility without minimizing area at EMAT 35 °C for
Nop=1 year of case study 3 CHAMENS.
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Figure Q2 The result the hot utility without minimizing area at EMAT 35 °C for
Nop=1 year of case study 3 CHAMENS (continued).
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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

EMAT Stream matching tik tik+1 tjk tjk+1  LMTD Q U Area
Nop 1 year
35 H1.C4K9 130 106.875 40 35 81 284 0.025 141
H3.C5.K9 78.339  74.667 41.948 30 40 8,512  0.025 8.431
H3.C1.K8 81.140  78.339  45.698 21 46 6,512 0.025 5,723
H2.C1K7 130 98 55 45.698 63 2453 0.025 1.558
H3.C2.K2 130 81.149 95 21 46 25443 0.025 21.917
H3.C3.K2 130 81.149 a5 35 40 1.314  0.025 1.304
H3.C5.K2 130 81.149 95 41.948 37 37,794  0.025 40,792
H3.C6.K2 130 81.149 95 21 46 40.936  0.025 35,263
H3.C7.K2 130 81.149 95 43 37 7.744  0.025 8.474
Hot utility LP.C2 K2 230 229.9 98 95 133 1.031 0.048 161
LP.C3.K2 230 229.9 98 95 133 66 0.048 10
LP.C5K2 230 229.9 187 a5 80 65.541  0.048 16.999
LP.C6.K2 230 229.9 187 a5 80 50.894  0.048 13.200
LP.C7.K2 230 229.9 187 95 80 13,701  0.048 3,553
LP.C8.K2 230 229.9 187 130 67 3.870  0.048 1.195
LP.C9.K6 229.9 229.9 187 35 100 33 0.048 7
Cold utility H1.WATER.K1 106.875 55 5.1 5 73 636.195 0.048 182
H3.WATER.K1 74.667 40 5.1 5 50 80354501  0.048 33,278
EMAT Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area
Nop 2 year
35 H3.C2.K2 130 80.643 95 42.609 36 18,014  0.025 19,743
H3.C3.K2 130 80.643 95 35 40 1.314  0.025 1.311
H3.C5K2 130 80.643 95 30 42 46,207  0.025 43,656
H3.C6.K2 130 80.643 95 21 46 41,050  0.025 35,523
H3.C7K2 130 80.643 95 43 36 7.744  0.025 8,532
H2.C1K7 130 98 55 45.643 63 2453  0.025 1.557
H3.C1.K8 80.643 74.647 45643 21 44 6.460  0.025 5,919
H3.C2.K8 98 75.647  42.609 21 &5 7.430  0.025 5.402
Hot utility LP.C2.K2 230 229.9 98 95 133 1.031  0.048 161
LP.C3.K2 230 229.9 98 95 133 66  0.048 10
LP.C4K2 230 229.9 40 35 192 284 0.048 31
LP.C5.K2 230 229.9 187 95 80 65,400  0.048 16.963
LP.C6.K2 230 2299 187 95 80 51,035 0.048 13,237
LP.CTK2 230 2299 187 95 80 13,701  0.048 3,553
LP.C8.K2 230 229.9 187 130 67 3,870 0.048 1.195
LP.C9.K6 229.9 229.9 187 35 100 33 0.048 7
Cold utility H1.WATER.K2 130 55 5.1 5 82 1034.775  0.048 264
H3IWATEREK2  74.647 40 5.1 5 10 80255.029  0.048 33,242




Table R2 The result of the exact area calculation for the case
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study 3 CHAMENS

(continued).
EMAT Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area
Nop 2 year
S H3.C2.K2 130 91.033 98 21 49 26,475  0.025 21,817
H3.C6.K2 130 91.033 116.191 21 35 52,805 0.025 61,049
H3.C7.K2 130 01.033 116.75 43 27 10,983  0.025 16.279
Hot utility LP.C1.K2 230 229.9 55 21 191 8.913  0.048 970
LP.C3.K2 230 229.9 98 3 161 1.380  0.048 178
LP.C4.K2 230 229.9 40 3 192 284 0.048 31
LP.C5.K2 230 229.9 187 30 102 111.607  0.048 22,791
LP.C6.K2 230 229.9 187 116.191 73 39,280 0.048 11.260
LP.C7.K2 230 229.9 187 116.75 72 10,462  0.048 3,008
LP.C8.K2 230 229.9 187 130 67 3,870  0.048 15195
LP.C9.K6 229.9 229.9 187 35 100 33 0.048 7
Cold utility H2I.WATER K1 130 98 5.1 5.098 108 2453 0.048 473
H1.WATER.K2 130 55 5.098 5.097 82 1.035  0.048 264
H3WATER.K3  91.033 40 5.097 5 57 118.211  0.048 43,451
EMAT Stream matching tik tik+1 tjk tjk+1  LMTD Q U Area
Nop 2 year
10 H2.C1.K7 130 98 & 45.643 63 2,453 0.025 13657
H3.C1.K8 65.38  62.591 45.643 21 29 6.460  0.025 8,817
H3.C2K2 130 65.38 98 21 38 26.475 0.025 27,979
H3.C3.K2 130 65.38 98 35 31 1.380  0.025 1,770
H3.C5.K2 130 65.38  113.998 30 24 59,712 0.025 97.835
H3.C6.K2 130 65.38 113.842 21 28 51,502  0.025 73,795
H3.C7.K2 130 65.38  114.28 43 19 10.615  0.025 22,522
Hot utility LP.C4K2 230 2299 40 35 192 283.605 0.048 31
LP.C5.K2 230 229.9 187 113.998 73 51895.224  0.048 14,713
LP.C6.K2 230 229.9 187 113.842 74 40582.718  0.048 11.497
LP.C7.K2 230 229.9 187 114.28 73 10829.462  0.048 3,075
LP.C8.K2 230 229.9 187 130 67 3869.73 0.048 1,195
LP.C9.K6 229.9 229.9 187 35 100 33.288 0.048 7
Cold utility H1.WATER.K5 130 55 5.002 5 82 1.035  0.048 264
H3.WATER. K2  62.591 40 5.1 5.002 45 52,329  0.048 24,060
EMAT Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area
Nop 2 year
15 H2.C1.K7 130 98 55 45.643 63 2453  0.025 1.557
H3.C1.K8 65.38  62.591 45.643 21 29 6.460  0.025 8,817
H3.C2.K2 130 65.38 98 21 38 26,475  0.025 27.979
H3.C3.K2 130 65.38 98 5 31 1.380  0.025 1.770
H3.C5.K2 130 65.38 113.998 30 24 59,712 0.025 97,835
H3.C6.K2 130 65.38 113.842 21 28 51,502 0.025 73,795
H3.C7.K2 130 65.38  114.28 43 19 10,615  0.025 22,522
Hot utility LP.C4K2 230 2299 40 35 192 284 0.048 31
LP.C5.K2 230 229.9 187 113.998 73 51,895 0.048 14,713
LP.C6.K2 230 229.9 187 113.842 74 40,583  0.048 11.497
LP.C7T.K2 230 229.9 187 114.28 73 10,820  0.048 3,075
LP.C3.K2 230 229.9 187 130 67 3,870 0.048 1.195
LP.C9.K6 229.9 229.9 187 35 100 33 0.048 7
Cold utility H1.WATER K5 130 55 5.002 5 82 1.035  0.048 264
H3I.WATER.K1  62.591 40 .1l 5.002 45 52,329  0.048 24,060
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Table R3 The result of the exact area calculation for the case study 3 CHAMENS

(continued).
EMAT Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area
Nop 2 year
20 H2.C1K7 130 98 55 45.643 63 2,453 0.025 1.557
H3.C1K8 67.802 65.013 45.643 21 32 6,460  0.025 8.117
H3.C2 K2 130 67.802 98 21 39 26,475  0.025 27,203
H3.C3K2 130 67.802 98 35 32 1,380  0.025 1.703
H3.C5K2 130 67.802 110 30 28 56,870  0.025 81,372
H3.C6.K2 130 67.802 110 21 32 49,371  0.025 62,672
H3.C7.K2 130 67.802 110 43 22 9,978  0.025 17.886
Hot utility LP.C4K2 230 229.9 40 35 192 284  0.048 31
LP.C5K2 230 229.9 187 110 75 54,737  0.048 15.216
LP.C6.K2 230 229.9 187 110 75 42,714 0.048 11,873
LP.C7.K2 230 229.9 187 110 75 11,467 0.048 3.188
LP.C3.K2 230 229.9 187 130 67 3,870 0.048 1.195
LP.C9.K6 229.9 229.9 187 35 100 33 0.048 7
Cold utility H1.WATER.K3 130 55 5.002 5 82 1.035  0.048 264
H3WATERK2  65.013 40 5.1 5.002 46 57,939  0.048 26.051 |
EMAT Stream matching tik tik+1 tjik tjk+1 LMTD Q U Area
Nop 2 year
25 H2.C1.K7 130 98 55 45.643 63 2,453  0.025 1,557
H3.C1.K8 70.855 68.067 45.643 21 35 6.460  0.025 7.383
H3.C2.K2 130 70.855 98 21 40 26.475 0.025 26.301
H3.C3.K2 130 70.855 98 35 34 1.380 0.025 1.628
H3.C5.K2 130 70.855 105 30 32 53,316  0.025 66.075
H3.C6.K2 130 70.855 105 21 36 46,597  0.025 51,778
H3.CT.K2 130 70.855 105 43 26 9.233  0.025 13.989
Hot utility LP.C4K2 230 229.9 40 B 192 284 0.048 3i
LP.C5.K2 230 229.9 187 105 77 58,292 0.048 15.821
LP.C6.K2 230 229.9 187 105 77 45.488  0.048 12.346
LP.C7.K2 230 229.9 187 105 77 12.211  0.048 3.314
LP.C8.K2 230 229.9 187 130 67 3.870 0.048 1,195
LP.C9.K6 229.9 229.9 187 35 100 33 0.0 7
Cold utility H1.WATER K1 130 55 5.1 5.098 82 1.035 ().(}%I 264
H3.WATER.K7  68.067 40 5.008 5 48 65.013  0.048 28.447
EMAT Stream matching tik tik+1 tjk tjk+1 LMTD Q U Area
Nop 2 year
30 H2.C1.K7 130 98 53.265  43.909 65 2,453 0.025 L
H3.C1.K8 73.909 71.316  43.909 21 39 6,005  0.025 6.116
H1.C4.K9 130 109.444 40 35 82 284  0.025 138
H3.C2K2 130 73.909 98 21 42 26,475 0.025 25,472
H3.C3.K2 130 73.909 98 21 42 1.380  0.025 1,327
H3.C5.K2 130 73.909 100 30 37 49,761  0.025 54,517
H3.C6.K2 130 73.909 100 21 40 43,823  0.025 43,424
H3.C7.K2 130 73.909 100 43 30 8,488  0.025 11.150
Hot utility LP.C1.K2 230 229.9 55 53.265 176 455  0.048 54
LP.C5.K2 230 229.9 187 100 79 61,846  0.048 16.403
LP.C6.K2 230 229.9 187 100 79 48,261  0.048 12.800
LP.C7.K2 230 229.9 187 100 79 12,956  0.048 3.436
LP.C8.K2 230 229.9 187 130 67 3,870 0.048 1,195
LP.C9.K6 2299 229.9 187 35 100 33 0.048 7
Cold utility H1.WATER. K5 109.444 55 5.1 5.099 74 751  0.048 212
H3.WATER.K7 71316 40 5.099 5 49 72,539  0.048 30,874
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