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ABSTRACT

6073005063: Petroleum Technology
Siwat Valeekiatkul: Heat Exchanger Network Design/Retrofit with
Partitioning Technique for Linearization of Specific Heat Capacity-
Temperature Relation
Thesis Advisors: Asst. Prof. Kitipat Siemanond 140 pp.

Keywords:  Heat exchanger network design / Temperature-dependent specific heat
capacity / Mathematical programming / Stage-wise superstructure

model / Retrofit

Heat Exchanger Network (HEN) design has been studied for 40 years
starting from heuristic technique; pinch analysis and design method to mathematical
programming. The stage-wise superstructure by mathematical programming from Yee
and Grossmann (1990) was one of the famous models suitable for industrial HEN
design under assumption of constant average specific heat capacity (Cp) which
generally should be fitted by empirical form of cubic equation. Zhu and Asante (1999)
and Ayotte-Sauvé et al. (2017) used piece-wise linearization called stream segment
model, to approximate Cp. Their Cp approximation techniques used high number of
piece-wises to calculate Cp accurately. This paper presents novel technique called
partitioning technique; using less number of piece-wise to approximate temperature-
dependent Cp more accurately along with stage-wise superstructure model. The
concept is to linearize polynomial cubic equation of Cp as a function of temperature
with different Cp approximation techniques from Zhu and Asante (1999) and Ayotte-
Sauvé et al. (2017). Cp is approximated as a linear equation for each partition of
temperature range. Our technique in weighted average Cp calculation at stage in stage-
wise superstructure model is novel, giving more accurate Cp approximation and HEN
synthesis at validation step. Our model synthesizes HEN with less total annualized cost
(TAC) and exchanger area calculation error between our model and Pro/Il simulated
HEN compared to other models; constant Cp model and cubic equation technique from
Kim and Bagajewicz (2017) represented by four examples. First, crude preheat train

example from Pro/Il library is used to validate new concept. Normally, constant



v

specific heat capacity directly affects outlet temperature which increase error of area
calculation. It shows that constant heat capacity flow rate can reach error of heat
exchanger area 30 % but using the new model can reduce the error to less than 1 %.
Next, two examples from Kim and Bagajewicz (2017) get better result when compared
to previous solution of cubic equation technique. Forth example is to show new model
in retrofit case. Therefore, new model has many advantages that it increases accuracy
of HEN design and better solution can be obtained from variable of specific heat

capacity.
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CHAPTER |
INTRODUCTION

Chemical plants are designed over the year by focusing on economic issue
which require a development of the process. One of the methods is heat integration
technique which improves energy efficiency. Heat integration techniques focus on heat
exchanger network (HEN) and energy efficiency improvement by rearranging HEN
which is called retrofit. The retrofit idea is modified from HEN synthesis (the method
to design HEN). At the beginning, HEN synthesis is designed and relied on heuristic
method, that had been studying for 40 years, called pinch analysis. However, pinch
analysis has many limitations on the design steps which is heavily based on previous
decision and it will lose the effective design scenario missing from non-simultaneous
procedure.

Mathematical models are proposed for HEN synthesis and retrofitting instead
of using pinch analysis. Many mathematical models are invented such as transportation
model, transshipment model, superstructure model and stage-wise superstructure
model, all of them have limitations on their own. They must be selected carefully and
embedded in commercial optimization program. Therefore, stage-wise superstructure
is selected because of low computational time and high effectiveness. General
algebraic modeling system (GAMYS) is selected for this study because its powerful
solvers on MILP and MINLP.

In this study, stage-wise superstructure model by Yee T.F. and Grossmann L.E.
(1990) is used for HEN synthesis which dividing process temperature into stages under
assumption of constant specific heat capacity. Only objective function is non-linear.
To make model more realistic, the model is developed under temperature-dependent
specific heat capacity. Thus, the propose of this research is to design HEN by using
mathematical programming model of stage-wise superstructure model through GAMS
program using partitioning technique for linearization of specific heat capacity-
temperature relation. The temperature-dependent specific heat capacity equations are
now embedded and stage-wise superstructure for HEN synthesis will be modified for

retrofitting.



CHAPTER I
LITERATURE REVIEW

Heat Exchanger Network (HEN) design has been studied for about 40 years. It
is classified into two main categories, Pinch Analysis methods and Mathematical
Programming methods. The pinch analysis methods were first introduced by Linnhoff
and Flower (1978a). They proposed temperature interval method (TI method) to
minimize utility energy consumption based on thermodynamically orientated method.
Linnhoff and Flower (1978b) also introduced Paths and Loops techniques to reduce
the number of exchangers. In 1983, Linnhoff and Hindmarsh (1983) suggested the
pinch design method based on heuristic rule starting from minimizing utility
consumption, number of heat exchanger and area of heat exchanger. At the targeting
step, minimum temperature difference (AT,,;,,) is specified to determine minimum
utility usage. Smith (2005) conclude pinch design method until improving to
mathematical programming. Nowadays, mathematical programming is applied for
HEN synthesis and retrofitting. There are many mathematical programming models
for HEN design; transshipment model by Papoulias and Grossmann (1983),
superstructure model by Floudas et al. (1986), hyperstructure model by Ciric and
Floudas (1991) and stage-wise superstructure model by Yee and Grossmann (1990)
which were studied and compared by Escobar and Trierweiler (2013). They showed
that stage-wise superstructure model gave lower total annual cost (TAC) and
computation time. Thus, stage-wise superstructure that invented by Yee and
Grossmann (1990) was chosen to study and develop by many authors. They distribute
their work into three main parts, first area & energy targeting (Yee et al. (1990a)),
second HEN synthesis (Yee and Grossmann (1990)), and the last process & HEN
optimization (Yee et al. (1990b)). The main concept of stage-wise superstructure is to
set temperature as variable and minimize TAC by trade-off between number of heat
exchanger, area of heat exchanger and utility consumption. It can be applied to heat
integration of organic Rankine cycles from Hipdlito-Valencia et al. (2013) for
minimizing TAC by input excess heat from HEN to organic Ranking cycles. However,
stage-wise superstructure has two main assumptions, isothermal mixing and constant

heat capacity flow rate.



HEN retrofit is practical HEN design for the process with existing HEN to
recovery utility consumption. Bagajewicz et al. (2013) studied HEN comparison
between mathematical programming and pinch design method using crude preheat
train example. The mathematical model called "Heat integration transportation model
(HIT)" has gave more profitable model. Liu et al. (2016) shows retrofit of HEN from
stage-wise superstructure by including many binary variables to locate existing heat
exchanger and solve complex mixed integer non-linear programming (MINLP) model
by their hybrid genetic algorithm.

Many authors develop the stage-wise superstructure under temperature
dependent specific heat capacity condition. Zhu and Asante (1999) present hybrid
method of pinch design and mathematical programming for retrofitting. In their work,
stream segment model is introduced together with segmented stream for heat capacity
calculation. The design task consists of diagnostic stage, evaluation stage and cost
optimization stage which can solve complex HEN with less computational time. Smith
et al. (2010) improved HEN retrofit model from Zhu and Asante (1999) by including
thermal properties of streams (e.g. heat capacity) as a function of temperature in terms
of polynomial equation and stream splitting constraints which become effective design
effect on lower TAC. Sreepathi and Rangaiah (2015) proposed nodal model similar to
HEN retrofit model from Smith et al. (2010) with cubic equation of specific heat
capacity. They introduced single (sum of operating cost and investment cost) and
multi-objective (separate operating cost and investment cost) optimization to calculate
solution in new flowchart algorithm and lower TAC can be obtained. Hasan et al.
(2010) replaced isothermal mixing assumption with phase change process based on
stage-wise superstructure. They decompose stream into multizone streams to express
phase change zone and cubic equation is specified for enthalpy variable. LNG plant is
used as an example and feasible solution can be generated. However, better solution
can be obtained but it is next step challenge of their work. Li ef al. (2012) simplified
stage-wise superstructure with variable heat capacity by one linear equation for each
stream combine with genetic algorithm and they showed that practical HEN can be
designed. Kim et al. (2017) and Kim and Bagajewicz (2017) used their new model
developed from Floudas ef al. (1986) combine with cubic equation of specific heat

capacity flow rate for HEN synthesis. Due to the complexity of their model, they



developed bound contraction procedure called RYSIA to get global solution. The
global solutions are shown from their example with consume much computational
time.

Removing of constant heat capacity flow rate become challenging topic that
many methods solution are proposed by many authors. The simplest one is adding
cubic equation of specific heat capacity in terms of temperature variable but it will
become highly non-linear equation. Another technique is piece-wise linearization of
enthalpy profile from Zhu and Asante (1999) and Ayotte-Sauvé ef al. (2017) but their
techniques give high accurate obtained from increasement number of segments.
Therefore, stage-wise superstructure which has lower TAC and computational time
than other mathematical programming models is preferred to remove this assumption
by our new technique called partitioning technique. It is more simple technique than
ordinary non-linear cubic equation added, higher accuracy than previous piece-wise

linearization and it will be described here in this journal.



CHAPTER 11
METHODOLOGY

This work aims to design HEN with variable specific heat capacity by mathematical
programming based on stage-wise superstructure from Yee and Grossmann (1990).
The concept of stage-wise superstructure is to divide hot stream i and cold stream j
into stage k£ which shows in Figure 3.1. The location of a heat exchanger match (jjk) is

free based on objective function.

Figure 3.1 Stage-wise superstructure from Yee and Grossmann (1990).

3.1 Stage-Wise Superstructure Model

3.1.1  Overall Heat Balance for Each Stream
Overall heat balance for each stream is equal to overall heat transfer
by heat exchanger at each stage including with heat from utility exchanger (Eqgs. (3.1-
3.2)). It calculates entire heat surplus for hot streams that can be transfer to cold

streams and vice versa.

(TIN; —TOUT;) F; = Ykesr Xjecp Qijk + qCU;, [ € HP (3.1)
(TOUT; — TIN;) F; = Ykesr Zienp 9ijk + qhu;, jECP (3.2)



3.1.2 Heat Balance at Each Stage
Heat balance at each stage is used for identifying temperature location
at each stage. Egs. (3.3) and Egs. (3.4) calculate capacity of heat transfer at each stage.
The temperature of adjacent stages is involved that outlet temperature of hot stream at
first stage will be inlet temperature of second stage. In the same manner for cold

stream, inlet temperature at stage £ come from outlet temperature at stage k-/.

(i — tigesr) Fr = Bjecr Qijio [ € HP,k € ST (3.3)
(tx = Gaeer) Fi = Dienr Qi JECPkEST  (3.4)

3.1.3  Assignment of Superstructure Inlet Temperatures
Inlet temperature of hot stream is assigned by Egs. (3.5) and Egs. (3.6)
that inlet temperature at stage / and inlet temperature of cold stream is assigned to inlet
temperature at stage NOK+1. Note, stages are divided into k=/ to k=NOK while
temperature at each stage is located at k=1 to k==NOK+1.

TIN; = t; 4, i € HP (3.5)
TIN; = tjnok+1 jecp (3:6)

3.1.4 Feasibility of Temperatures
The stage-wise superstructure defines that at left-hand side is the
highest temperature of each stream and it is exchange energy along stream at each
stage by exchanger. Outlet temperature of hot stream will be at right-hand side which
is the lowest temperature. Thus, the temperature will define as stage & is hotter than
stage k+1 and so on (Egs. (3.7) and Egs. (3.8)). Likewise, temperature outlet of hot
stream must be the lowest in that line and temperature outlet of cold stream must be

the highest temperature (Egs. (3.9) and Egs. (3.10)).

tir = b, i€ HP,k ST (3.7
ik = tiserss jeCP,keST  (3.8)
TOUT; < t; nok+1» i € HP (3.9)



TOUT; = t;, jecp (3.10)

3.1.5 Hot and Cold Utility Load
As define stage separation, the temperature of stage / or NOK+1 can
be relaxed because cold and hot utility loading will replace the deficit or surplus energy
of that stream, respectively. The utility loading is calculated by difference temperature
between final stage of each stream and target temperature multiply by heat capacity

flow rate as shown in Egs. (3.11) and Egs. (3.12).

(tinok+1 — TOUT)F; = qcuy, i€ HP (3.11)
(TOUT; — t;,)F; = qhu;, j €CP (3.12)

3.1.6  Logical Constraints

To define heat exchanger matching, logical constraints equations are
used and represent by Egs. (3.13-3.15). The binary variable of z;j, represent for
existing exchanger matching of hot stream i and cold stream j at stage k. zcu; represent
for cold utility matching and zhu; represent for hot utility matching. The logical
constraints equation is described by; if heat is transferred between hot stream i to cold
stream j at stage k, an integer value (integer value = 1) will demonstrate for z binary
variable. The equation of inequality will become true because (1 is upper bound of heat
loading and it always true only if z binary variable become one. In contrast, z binary
variable can be integer value of one or zero if heat is not transfer between each stream

but minimum of total annual cost will force z binary variable to zero.

Qijk — Qz, < 0, i €EHP,jeCP, keST (3.13)
qcu; — Qzeu; < 0, [ €EHP (3.14)
qghu; — Qzhu; < 0, jECP (3.15)



3.1.7 Calculation of Approach Temperatures
The area calculation is calculated by temperature inlet and outlet of hot
and cold streams. For calculating area properly, approach temperature is determined
as illustrated in Egs. (3.16-3.19). The approach temperature equation will activate
when z binary variable equal one which force value inside the bracket to zero.
Temperature difference will less than or equal to temperature difference of hot stream

and cold stream. The approach temperature is set at two pairs of exchanger matching.

dtiji < tix — tix + (1 — zj), i €EHP,jeECP, keST (3.16)
Atijk+1 < tigs1r — ks + T — zgj), i €EHP,jeECP, keST (3.17)
dtcu; < tjyok+1 — TOUTy + T'(1 — zcu;), [ €EHP (3.18)
dthu; < TOUTyy—tj1 + T'(1 — zhuy), jECP (3.19)

3.1.8  Exchanger Minimum Approach Temperature
Normally, temperature approach is set as higher or equal to exchanger
minimum approach temperature (EMAT) for reasonable area calculation by Egs.
(3.20). Frequently, it is set EMAT as 10 °C for counter current heat exchanger type

and less for compact heat exchanger.

dtj. = EMAT, i € HP,j € CP,k € ST (3.20)

3.1.9 Log-Mean Temperature Difference
Log-mean temperature is an approximate temperature calculation
between four points of exchanger temperature. Chen approximation is used (Egs.
(3.21-3.23)) instead of normal log-mean temperature difference because it can
calculate when either dt;;; or dt;jx, equals zero, the driving force will be
approximated to zero. Note that Chen approximation is underestimate the driving force

results to overestimate the area calculation.



i € HP,j € CP,k € ST (3.21)

dtl]k+dtl]k+1]1/3
)

LMTDl]k [(dtl]k)(dtl]k+l)

(dtcul-)+(T0UTi—TINCU)] 1/3

LMTD; = |(dtcu,)(TOUT; — TINg) 8

i € HP (3.22)

(dthui)+(TINHU—T0UTj)] 1/3

LMTD; = |(dthw,)(TINyy — TOUT)) -

jecp (3.23)

3.1.10 Area Calculation
The area calculation is considered when heat exchanger exists. It is
calculated by heat transfer divided by overall heat transfer coefficient and log-mean

temperature difference as shown in Egs. (3.24-3.26).

Area;j, = Yienp Ljece Lkest|ijk/ (U;LMTDyji.)], [ € HP,j € CP,k € ST
(3.24)
Area; = [(Ul CZC;;TDL)] i € HP (3.25)
qhu; .
Areaq; = [(U]HULMTD])] j ECP (3.26)

3.1.11 Objective Function
The objective function of HEN synthesis is to minimize TAC which
calculated by exchanger matching, area calculation and utility usage illustrate in Egs.
(3.27). The objective function is divided to cost of utility usage multiply by per unit of
utility cost, fixed cost for exchanger matching and area cost. Specially for area cost, it
is expedited by B exponent which affect the decreasing of TAC when it less than one.
The reason behind this is; more area added in one shell is cheaper when compared for

using two shell which same area of heat transfer.
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Min TAC = Yieyp CCU qcu; + Y jecp CHU qhu;
+ Yienp Xjecp Lkest CFijZiji + Xjenp CFicuzcu; + X jenp CFj pyzhu;

B. .
+ Yienp X jecp LkesT CijAreaijZ

Bicu
+ Yienp CicyArea,

+ Yjecr CjuuArea, ™ (3.27)

3.1.12 Control Number of Splitting Streams
stage-wise superstructure will split stream in k& stage when heat
capacity flow rate significantly high. It is usually happening for pre-heat train of crude
oil distillation unit when one large heat capacity flow rate of cold stream exchange
heat with small heat capacity flow rate of hot product streams. Nonetheless, some of
splitting is not in reality that splitting and combine when stage has end. Thus, control

number of splitting stream equation is required and important based on each situation.

YjZijx < number of exchanger, i€ HP,k € ST  (3.28)
YiZijx < number of exchanger, jECP,keST (3.29)

Generally, specific heat capacity is an empirical correlation in form of cubic
equation as a function of temperature calculated from fitting experimental data.
Unfortunately, third order term of cubic equation makes stage-wise superstructure
model more non-linear and difficult to be solved by MINLP solver. One linear
equation of Cp is developed to simplify the complexity of third order but it usually
increases error of the variable concurrently from unfitting Cp data. To generate
accurate data, linearization of cubic equation with partitioning technique is proposed.
For Example, the empirical correlation between Cp and temperature is Cp = aT> + bT?
+ c¢T?+ d where a, b, ¢ and d are specific heat capacity constant. Figure 3.2,a shows
the plot between Cp and temperature of crude oil from Pro/II library. The linearization
of this cubic equation using partitioning technique divides the plot into three partitions
which are represented by three linear approximating equations as shown Figure 3.2,b.

Partition 1 is approximated by linear equation; Cp;1 = AiT + Bi.
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Partition 2 is approximated by linear equation; Cp2 = A>T + Bo.
Partition 3 is approximated by linear equation; Cp3 = A3T + Bs.

(2)

(b)

* f.'p Drata

Linear Equation

Figure 3.2 Temperature-dependent Cp and linearization concept; (a) Constant and
temperature-dependent Cp (b) partitioning technique concept of temperature-

dependent Cp.
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Three partition is selected and curative of graph is separated based on how much linear
equation fit with this non-linear curve (recommended separate partition at boiling point
temperature because jumping step is usually observed at this point). Note that specific
heat capacity energy of reality data (area of non-linear graph) must be equal to new
linear partition energy (area of linear graph). The concept of partitioning technique and

equations that added into stage-wise superstructure will describe below.
3.2 Partitioning Technique of Temperature-Dependent Specific Heat Capacity

3.2.1 Overall Energy Balance
When Cp is variable, overall energy balance equation must be
redefined as Egs. (3.30) and (3.31). Temperature inlet and temperature outlet of stream
is not changed but constant heat capacity flow rate is re-writing as average specific
heat capacity and flow rate. Average specific heat capacity can be calculated carefully
from area under curve of temperature-dependent Cp in the range between inlet and

outlet temperature.

(thinl- - thouti) X FHL X CPHavgi = 21’2]{ Qi,j,k + qcu;, i €EHP (330)
(tcoutj — tCln]) X FC] X CPCavgj = Z]Zk qijk + qhu], ] eCP (331)

3.2.2 Stage Energy Balance
It actually is classified into many steps before obtaining average Cp
(CPHot;x or CPCold; ) for each stage. Temperature is normally defined as variable for
stage-wise superstructure but specific heat capacity is varied with temperature. They
are in function of each other. However, concept of new technique is really simple that
will describe one by one below but it must be noted that average Cp is calculated from

all of these new equations. Hence, stage energy balance can be defined as Egs. (3.32-

3.35).
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3.2.2.1 Process stream equations

(thig — thigs1) X FH; X CPHy = ¥ i j g i € HP,k € ST  (3.32)
(tejp — tejps1) X FC; X CPCi = Yiqijnr jeECP,kEST (3.33)

3.2.2.2 Utility streams equations

(thinoks+1 — thout;) X FH; x CPHL;; = qcu;, i € HP (3.34)
(tcout; — tcj1) X FCj X CPCF;y = qhuj, j €CP (3.35)

All of these equations below are developed to calculate average Cp for each stage.
They are categorized into 2 groups; process stream equation for process stream Cp
calculation and utility streams equation for hot/cold utility streams Cp calculation.
Process stream equation and utility stream equation are related that energy remain from
HEN (process stream) are sufficient by utility. This energy must be estimated by group
of utility stream equation. Hence, this journal will classify them into process stream
Cp and utility stream Cp which actually similar concept.
3.2.3  Activate Cp Equation

As temperature is continuous variable, it can be located in range of
inlet/outlet temperature of that stream but Cp is also in function of temperature. It
should be note that temperature variable (th;x and tc;«) presents in stage called stage
temperature and partitioning technique. To define used partition, “Activated Cp
Equation” is formulated to Eqgs. (3.36-3.47). They represent the used partition by
showing positive number when that partition is in used, else negative.

3.2.3.1 Process stream equations

ActiHy; = thyy — max(thi,kﬂ,FixtempHLi),

I €EHP,k €ST (3.36)
ActiHy i = min(thi,k, FixtempHn_Li) — max(thi,kﬂ, FixtempHn,i),

i € HP,k € ST,n € PT (3.37)

ACtiHNOP,i,k = min(thi‘k,FixtempHNop_Li) - thi,k+1’



i € HP,k € ST
ACtiCl,j,k = th'k — maX(th'kH,FixtempCl’j),

j€CP,keST

ActiCp jx = min(tc;, FixtempC,_, ;) — max(tc; x41, FixtempC, ;),

j€CPkeST,nePT
ActiCyop j = min(tc;, FixtempCyop—1,;) — £Cj 11,

jECPkEST
3.2.3.2 Utility streams equations

ActiHLy j nok+1 = thinok+1 — FixtempHy;,
[ € HP
ActiHLy i nok+1 = min(th yox+1, FixtempHy_, ;) — FixtempHy,
[ € HP,n € PT
ActiHLyop i Nok+1 = min(thi,NOKﬂ,FixtempHNOP_l,i) — thout;,
[ €HP
ActiCF, j, = tcout; — max(tcjjl,FixtempCl,j),
jECP
ActiCFy j, = FixtempCp_qj — max(tcj_l,Fixteman_j),
jE€CP,nePT
ActiCFyop,j1 = FixtempCyop_q,j — tcjq1, j € CP

3.24 Temperature Calculation
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(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)
(3.47)

These equations calculate average mean temperature for each partition

at stage k. They have three equations represent for first partition to final partition

(NOP) (Egs. (3.48-3.59)). New parameters (FixTemp,) are specified logically to divide

non-linear cubic equation into linear equation and they are used to calculate in all of

these equations. It may be observed that temperature calculation may be negative value

but activate variable (ActiH;x or ActiC;x) from activate equation (Egs. (3.36-3.47))

will set the used value.



3.2.4.1 Process stream equations

th; .+ max(th; JFixtempH ; .
THCClllli'k = =k ( l'k2+1 l'l), i € HP, k € ST

min(th; g, FixtempHy_q ;)+max(th; g41,FixtempHy, ;)
THCClln'i’k = 2 f

[ € HP,k € ST,n € PT

min(th; g, FixtempHyop—1,:)+thi g+1
THCCllNop'i'k = > )

[ € HP,k € ST

tcj g+max(tcj 1, FixtempCy ;)
2

TCcall,j,k = ) ] € Cp,k € ST

min(tcjy,FixtempCp_q j)+max(tc; g1, FixtempCy ;)
TCcaln,j,k = > )

j€CP,ke€ST,nePT

min(tcj‘k,FixtempCNop_l_j)+tcj_k+1
2

TCCCllNop,j,k =

)

jECP keEST

3.2.4.2 Utility streams equations

th; Nok+1+ FixtempH,;
2

THcalLl'i'N0K+1 = ) i € HP

min(th; yok+1,FixtempHy_ ;)+FixtempHy ;
2

THcally;nok+1 =

)

I € HP,n € PT

min(thi‘NOKJr1,FixtempHNop_l‘i)+thouti

THcalLyopinok+1 =

)

2
[ €EHP
TCcalFl’j’l _ tcoutj+max(tcé-‘1,FixtempC1‘j)’ ] € CP
TCcalF, , = FixmeCn—Lj+ma;((tc]-,1.Fixteman_]-)’
j €CP,n€PT
TCcalFypp,j1 = FixtempCNZOP—Lj”CjJ’ jecp
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(3.48)

(3.49)

(3.50)
(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)
(3.59)
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3.2.5 Cp Calculation for each partition
Cp is normally calculated by average mean temperature calculated

from previous section and they are set to calculate by linear relationship from each
partition (Egs. (3.60-3.63)).

3.2.5.1 Process stream equations

CPHn,i,k = AHn,i X THcaln’i'k + BHn’i; i € Hp,k € ST,Tl € PT (360)
CPCp iy = ACy; X TCcaly . + BC,;,  j € CP,k € ST,n € PT (3.61)

3.2.5.2 Utility streams equations

CPHLyinok+1 = AHp; X THealLy i nok+1 + BHn i,
i € HP (3.62)
CPCF, ;1 = ACy; X TCcalFy ;1 + BCyj, j € CP (3.63)

3.2.6  Average Cp Calculation for stage
All of new equation above will be used in these equations (Egs. (3.64-
3.67)). Objective of these equations is to assign average Cp for using in each stage by
concept of weighted average calculation. For more understanding, example of
partitioning technique for Cp calculation is described below.

3.2.6.1 Process stream equations

CPHot;y = YNOP[CPH,;\ x max(0, ActiH, ;1 )] / XN [max(0, ActiH, ;)]
i € HP,k € ST (3.64)
CPCold,;, = YNY[CPC, ;. % max(0, ActiCy ;)] / Tt [max(0, ActiCy ;)]
j€ECPkeST (3.65)
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3.2.6.2 Utility streams equations

CPHOtL; yog+1 = 2met [CPHLy i nok+1 X Max(0, ActiHLy; yox+1] /

NOPImax(0, ActiHLy ;nok+1)]

i € HP (3.66)
CPColdF;, = YNC¥[CPCF, ;1 X max(0, ActiCFy ;)] / Xt [max(0, ActiCF, ;)]
jecp (3.67)

Figure 3.3 Example of partitioning technique for hot process stream.

Figure 3.3 shows example of Cp calculation for hot process stream i in stage k by
partitioning technique. Suppose that a hot process stream has supply temperature (th; r)
and target temperature (th;s+;) varied in the temperature range from partition 1 to
partition 2, as shown in Figure 3.3. First, ActiH,,;x of each process temperature (th;«
to th;x+7) occupied partition becomes positive value and temperature difference of the
partition is calculated. They show that enthalpy; ActiH; ;s (FixtempH; - th;«+/), and
enthalpy; ActiHz;x (th;x - FixtempH;), are positive except enthalpy; ActiHj; i«
(FixtempH> - th;x+7), is negative value. Maximum operation force negative value to

zero value (enthalpy of partition 3). Next, CPH,,; are determined by average mean
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temperature calculation between th; and th;+;. Finally, CPHot; is calculated from
CPH;,ix and CPH>;x by weighted average calculation concept as shown in Figure 3.3.
The advantages of our technique are linear equation fitting very well with data and
using small number of partitions (only 3 partition is enough for this case study).
Moreover, average Cp calculation from each stage have high accuracy and it is free to

calculate without any fixed Cp data from user.

3.3 Retrofit

Objective of heat exchanger synthesis is to minimize TAC by trading between number
of heat exchanger, area of heat exchanger and utility consumption but retrofit objective
is to maximize net present value (NPV) by adding new heat exchanger or increasing
area of heat exchanger to reduce energy consumption. Thus, only objective function is
changed in stage-wise superstructure and new concept of temperature-dependent Cp
can be used. The model will design HEN and new parameter of exiting heat exchanger,
area of existing heat exchanger and based utility consumption must be specified.
Maximum operation is used to indicate new heat exchanger and exiting heat
exchanger. Only new exchanger will calculate fixed cost and adding area of heat
exchanger is calculated for old heat exchanger. New objective function is saving

energy consumption subtracted by capital cost as shown in Egs. (3.68).

2iCCU(qcuold;—qcu;)+Y jCHU(qhuoldj—qhu;) 5
a+i)y

Max NPV = Z;‘zl

—Xi %) Xk CFjj X max (O, (zl-jk - ZOldijk))

— 2. CF; cy x max(0, (zcu; — zcuold;))

— 2 CF; gy X max(0, (zhu; — zhuold;))

— %12 Xk Cijmax(0, (Area;;;, — Areaold;j,))Pi

— 2 C; cymax(0, (Area; — AreaCold,))Bicv

— Y C; yymax(0, (Area; — AreaHold;))PiHv (3.68)
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It must be noted that to avoid any inappropriate matching, the lower bound of existing
exchanger heat transfer is specified. It is used to force retrofit model to design new

HEN based on previous network.



20

CHAPTER IV
RESULTS AND DISCUSSION

Four cases are optimized by general algebraic modeling system program (GAMS)
version 24.2 using CPLEX as mixed integer linear programming (MILP) solver,
CONOPT as non-linear programming (NLP) solver and DICOPT as mixed integer
non-linear programming (MINLP) testing in desktop computer (Intel® Core™ i7-
4720HQ CPU at 2.6 GHz, 16 GB of RAM, 64-bit Windows 8). To validate new
technique, Pro/II (version 9.1) library model is used to show its performance of HEN
synthesis and HEN retrofit. Two examples from Kim and Bagajewicz (2017) using
ordinary non-linear cubic equation technique are applied for comparison with our

model using partitioning technique.

4.1 Case Study 1

This example aims to validate crude preheat train designed by new model with
commercial software program (Pro/Il simulation). It contains five hot product streams,
one cold crude oil stream and stage model of five stages to design HEN. The
constraints to design HEN for this case are; allowing three or less stream splitting per
stage on cold stream and prohibiting stream splitting on every hot stream. EMAT is
set at 10 °C. Cp of each stream in crude preheat train is from Pro/Il simulation which
is separated into constant Cp and variable Cp as shown in Figure 3.2. Diamond blue
dot represents experimental data of Cp from Pro/Il and red line represent linear line
fitting experimental data of Cp. All process streams data including supply and target

temperature are shown in Table 4.1.

Table 4.1 Process streams data of case study 1.

Streams  Tin (°C) Tout (°C) F (kg/s) h (kW/m?°C)Cost ($/kW y)
H1 43.33 25 3738 1 -
H2 200.04 25 2188 1 -

H3 272.79 25 21.76 1 -
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H4 342.72 50 2624 1 -
HS5 370.72 50 87.06 1 -
Cl 50 376.80 19424 1 -
HU 500 (steam) 500 (condensate)- 1 60
CU 10 15 - 1 5

Annual investment cost ($/y) = 3,460 + 300 x (Area; m?) for all exchangers (Pan et al.
(2013))

The validation steps are divided into Constant Cp, 1 partition divided, 2 partitions
divided, 3 partitions divided and 5 partitions divided which show the performance of
new model and percent accuracy when increasing number of partitions. For Cp
linearization, Cp data as function of temperature is partitioned into five or fewer
temperature intervals based on each case that will show further and linear equation
with parameters; A, and B,, fitting Cp data at each temperature interval of each stream.
GAMS result; heat duty of each heat exchanger and HEN are set into Pro/II simulation
to validate partitioning technique.
4.1.1 Constant Cp

First case is constant Cp that represent for normal stage-wise
superstructure. The Cp value is set as constant and shown in Table 4.2. Cp graph is
shown in Figure 4.1 and it can be observed that Cp is constant along the supply and
target temperature. The base case of crude preheat train by Pro/Il software is shown in

Figure 4.2.

Table 4.2 Specific heat capacity of constant Cp.

Streams Cpeonstant (kJ/kg °C)
H1 2.0115729
H2 2.1982975
H3 2.2798556
H4 2.4213852
HS5 24131606

Cl 2.7665094




(2)

(b)
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(©)

(d)
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(e)

®

Figure 4.1 Constant Cp graph of case study 1; (a-e) represent for hot stream (H1-

HS), respectively. (f) represent for cold stream.
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HEN of constant heat capacity assumption is shown in Figure 4.3 and Figure 4.4 for
GAMS result and Pro/II results, respectively. The design from Pro/Il simulation is
shown in Figure 4.5. Grid diagram show the Cp of each stream is set to constant in
GAMS results but Pro/II results show that Cp is varied along the stage. Results data of
constant heat capacity is shown in Table 4.3 and Table 4.4. It can be observed that
percent error of utility consumption in constant Cp case is not high because of heat
balance theory (Cp data graph area is equal to Cp average graph area illustrate in Figure
3.2,a) but constant Cp affect temperature outlet of heat exchanger results to increasing
percent error of heat exchanger area. For example, observing from E6 in Table 4.4 that
hot temperature outlet from heat exchanger is obviously changed when fixed heat duty
E6 because Cp that calculate in Pro/II (2.08 kJ/kg °C) is really different from constant
Cp (2.28 kl/kg °C) set by user. Thus, outlet temperature calculation will change from
69.04 °C in constant Cp to 77.52 °C in variable Cp and it can be compared to Pro/II
result that increasing percent error of area calculation to 30.79 %. Therefore, this error
is unacceptable in reality design that should be specified specific heat capacity as

function of temperature.

Table 4.3 Duty data comparison between GAMS and Pro/II of constant Cp.

Heat Exchanger GAMS Duty (kW)  Pro/ll Duty (kW)  Percent Error (%)

El 8,469.98 8,469.98 -
E2 15,882.16 15,882.16 -
E3 59,939.83 59,939.83 -
E4 6,148.81 6,148.81 -
E5 1,176.17 1,176.17 -
E6 1,626.79 1,626.79 -
CU1 1,378.39 1,378.60 0.02
CU2 2,252.00 2,245.70 0.28
Cu3 2,182.15 2,168.60 0.62
CU4 1,522.28 1,495.40 1.80
CU5 7,367.34 7,362.20 0.07

HU1 82,109.79 82,109.90 0.00




Figure 4.2 Crude preheat train case from Pro/II library.
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Figure 4.3 HEN from constant Cp GAMS model.
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Figure 4.4 Validation of HEN from constant Cp GAMS model by Pro/II simulation.
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Figure 4.5 HEN from constant Cp case study by Pro/Il simulation.
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Table 4.4 Area data comparison between GAMS and Pro/II of constant Cp.

30

Heat Exchanger GAMS Area (m?)  Pro/ll Area (m?) Percent Error (%)
El 406.08 497.86 18.44
E2 524.27 565.18 7.24
E3 1,974.39 2,044.39 3.42
E4 213.25 202.24 5.45
E5 100.94 88.30 14.32
E6 102.97 78.73 30.79
CUl 165.96 131.52 26.19
Cu2 143.83 134.83 6.67
Cu3 143.76 130.28 10.34
Cu4 62.29 58.25 6.94
CUs 274.67 256.07 7.26
HUI 866.96 904.02 4.10
4.1.2 1 Partition

Next case is the new technique of this thesis (partitioning technique)

that using 1 partition or one linear equation represent for Cp variable. The Cp

linearization of case study 1 parameters is shown in Table 4.5. Cp graph shown in

Figure 4.6 and it can be observed that stream H2 to HS is fit well with Cp data but

stream C1 is not enough for only one linear equation (1 partition). However, high range

of supply and target temperature lead to high R? but it is actually not fit well with the

data.

Table 4.5 Specific heat capacity linearization of case study 1 by 1 partition.

Partition Cpn = AnXTmean + Bu 2 Cpaverage
Streams  \1/ ber (1) A, B, R (k/kg °C)
H1 1 0 2.0115729 - 2.0115729
H2 1 0.0039128 1.7580281 0.98 2.1982975
H3 1 0.0038395 1.7081741 0.98 2.2798556
H4 1 0.0036817 1.6984336 0.99 2.4213852
HS 1 0.0035960 1.6567033 0.99 2.4131606
Cl 1 0.0047104 1.7613130 0.95 2.7665094
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Figure 4.6 Temperature-dependent Cp graph and 1 partition of case study 1; (a-e)

represent for hot stream (H1-HS5), respectively. (f) represent for cold stream.



Figure 4.7 HEN from partitioning technique GAMS model of 1 partition.
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Figure 4.8 Validation of HEN from partitioning technique GAMS model by Pro/II simulation of 1 partition.

35



Figure 4.9 HEN from 1 partition case study by Pro/Il simulation.
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New model (partitioning technique) is used to design HEN which shown GAMS and
Pro/II results in Figure 4.7 and Figure 4.8, respectively. The design from Pro/Il
simulation is shown in Figure 4.9. The results show that specific heat capacity change
from stage to stage and it increase accuracy of area calculation (Table 4.6). Compared
on exchanger E6, 30.79 % error of heat exchanger area reduce to 6.21 % likewise to
another exchanger because Cp calculation from our new model vary with temperature
results to Cp that shows in Figure 4.7 (partitioning technique) and Figure 4.8 (Cp
calculation from Pro/II) close to each other. Average error of area calculation from 1
partition is 5.02 % which reduced from constant Cp of 11.76 %. Thus, it shows that
only 1 partition or take Cp as variable is highly impact on reduction of error calculation
and it can be less for higher number of partitions. Moreover, effective scenario from
Cp variable can be found in this case but it is traded-off by adding more equation which

lead to complex model.

Table 4.6 Duty data comparison between GAMS and Pro/Il of 1 partition.

Heat Exchanger GAMS Duty (kW)  Pro/ll Duty (kW)  Percent Error (%)

El 5,549.70 5,549.70 -
E2 25,084.40 25,084.40 -
E3 6,230.50 6,230.50 -
E4 6,850.78 6,850.78 -
E5 23,381.87 23,381.87 -
E6 2,773.14 2,773.14 -
E7 187.70 187.70 -
E8 1,908.55 1,908.55 -
E9 1,974.10 1,974.10 -
El10 2,964.02 2,964.02 -
Ell 9,371.77 9,371.77 -
El12 1,478.11 1,478.11 -
E13 3,051.55 3,051.55 -
El4 5,174.18 5,174.18 -
CUl 1,378.39 1,378.30 0.01
Cu2 2,193.12 2,174.40 0.86
Cu3 2,908.90 2,893.20 0.54
CU4 1,239.18 1,212.80 2.18
CUs 4,372.78 4,283.70 2.08

HU1 79,631.82 79,373.30 0.33
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Table 4.7 Area data comparison between GAMS and Pro/II of 1 partition.

Heat Exchanger GAMS Area (m?)  Pro/ll Area (m?) Percent Error (%)

El 134.05 133.17 0.65
E2 526.01 523.56 0.47
E3 215.16 223.97 3.93
E4 237.52 247.80 4.15
E5 863.76 905.59 4.62
E6 95.24 101.54 6.21
E7 8.41 9.16 8.15
E8 118.75 134.35 11.61
E9 107.07 114.72 6.67
El10 185.93 200.75 7.38
Ell 467.38 496.91 5.94
El2 98.97 101.84 2.82
E13 159.95 163.35 2.08
El4 352.42 362.60 2.81
CUl 165.96 131.49 26.21
CU2 134.06 132.63 1.08
Cu3 152.30 150.40 1.27
CU4 50.47 49.54 1.88
CUs 174.75 171.56 1.86
HUI 889.50 883.16 0.72

4.1.3 2 Partitions

Cp data is divided and increased number of partitions to 2 for more
accuracy that shown parameters and Cp graph in Table 4.8 and Figure 4.10,
respectively. In general, the partition should divide based on jumping point such as
boiling point temperature but this case separate stream H2 to HS in the middle
temperature of supply and target temperature due to linearity Cp data except stream
C1. However, even increasing number of partitions to 2, it still be not fit with Cp data
of crude oil (stream C1) and it is not appropriate to use only 2 partitions with dome

curve Cp data as shows the example of this shape in Case Study 3.



Table 4.8 Specific heat capacity linearization of case study 1 by 2 partitions.
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Steams Nomner e R o) et

HI 1 0 20115729 - - 2.0115729

H2 1 0.0037324 1.7872397 0.92 109.87 2.1986417
2 0.0039917 1.7520906 0.91

H3 ! 0.0035715 1.7663352 0.98 145.15 2.2799229
2 0.0039823 1.6938661 0.89

H4 1 0.0033502 1.7869467 0.9 179.05 2:4233018
2 0.0039403 1.6706077 0.99

HS ! 0.0032887 1.7442809 0.99 192.63 2.4155978
2 0.0039309 1.6202846 0.99

Cl 1 0.0038748 1.9929526 0.96 112.12 2.7662411
2 0.0041118 1.6917482 0.96

(a)



(b)
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Figure 4.10 Temperature-dependent Cp graph and 2 partitions of case study 1; (a-e)

represent for hot stream (H1-HS5), respectively. (f) represent for cold stream.



Figure 4.11 HEN from partitioning technique GAMS model of 2 partitions.
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Figure 4.12 Validation of HEN from partitioning technique GAMS model by Pro/Il simulation of 2 partitions.
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Figure 4.13 HEN from 2 partitions case study by Pro/Il simulation.
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The results of partitioning technique and validated one by Pro/Il are illustrated in
Figure 4.11 and Figure 4.12, respectively. Duty data and area data comparison between
GAMS and Pro/Il are shown in Table 4.9 and Table 4.10, respectively. The design
from Pro/II simulation is shown in Figure 4.13. The results follow the theory that error
of area calculation reduce from increasing number of partitions because of higher
accuracy for Cp calculation results to less error of area calculation. Average error of
area calculation from 2 partitions is 3.40 %. Note that with linearization technique
percent error of duty will not decrease but this new technique affects directly on area

calculation error.

Table 4.9 Duty data comparison between GAMS and Pro/II of 2 partitions

Heat Exchanger GAMS Duty (kW)  Pro/Il Duty (kW)  Percent Error (%)

El 8,222.47 8,222.47 -
E2 15,632.81 15,632.81 -
E3 56,481.10 56,481.10 -
E4 6,296.93 6,296.93 -
E5 6,220.35 6,220.35 -
CUl 1,378.39 1,378.30 0.01
CU2 2,122.86 2,102.00 0.99
Cu3 4,069.02 4,052.00 0.42
CU4 2,981.66 2,938.20 1.48
CUs 4,751.59 4,592.10 3.47
HUI 82,741.47 82,500.00 0.29

Table 4.10 Area data comparison between GAMS and Pro/Il of 2 partitions.

Heat Exchanger GAMS Area (m?)  Pro/ll Area (m?) Percent Error (%)

El 500.97 501.72 0.15
E2 587.13 590.68 0.60
E3 1,643.84 1,651.69 0.48
E4 213.30 213.06 0.12
E5 407.27 419.09 2.82
CU1 165.96 131.49 26.22
CU2 131.73 130.33 1.08
CU3 179.32 176.35 1.69
CU4 95.36 94.34 1.08
CU5 185.93 181.02 2.71

HU1 910.64 906.96 0.41
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4.1.4 3 Partitions
Now, every stream is split into 3 partitions which make model more

realistic due to less error in Cp data (Fitting well with stream C2). Cp data parameter

are formulated illustrated in Table 4.11 and Figure 4.14.

Table 4.11 Specific heat capacity linearization of case study 1 by 3 partitions.

Streams

Partition

Cpn = ApXTmean + Bn

R2

Number (n)A,

B,

Fix Temp 1Fix Temp 2Cpaverage

Y

Y

(kl/kg °C)

HI
H2

H3

H4

H5

C1

WM — W WK WK — WN ——

0

0.0039408
0.0040235
0.0038983
0.0034835
0.0039627
0.0037159
0.0032687
0.0037746
0.0040287
0.0030150
0.0035929
0.0040832
0.0033967
0.0090825
0.0041118

2.0115729
1.7499202
1.7485183
1.7559456
1.7871469
1.7013860
1.7077719
1.8110935
1.6956386
1.6644258
1.8334726
1.6721186
1.6098383
2.1322310
1.2318505
1.6917482

0.81
0.86
0.82
0.93
0.96
0.62
0.97
0.99
0.95
0.99
0.99
0.99
0.99
0.98
0.96

145.23

195.21

243.24

262.47

168.18

76.27

95.08

114.86

122.78

112.12

2.0115729
2.1975324

2.2807703

2.4234212

24161113

2.7666217
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Figure 4.14 Temperature-dependent Cp graph and 3 partitioning of case study 1; (a-

e) represent for hot stream (H1-HY), respectively. (f) represent for cold stream.
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Figure 4.15 and Figure 4.16 show HEN results of partitioning technique and Pro/Il
results, respectively. The duty data and area data comparison are illustrated in Table
4.12 and Table 4.13, respectively. The design from Pro/Il simulation is shown in
Figure 4.17. Average error of area calculation from 3 partitions is 3.09 % which less
than number of partition 1 and 2 cases. As mention earlier, the Cp data fit when using

3 partitions impact on less error of area calculation.



Figure 4.15 HEN from partitioning technique GAMS model of 3 partitions
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Figure 4.16 Validation of HEN from partitioning technique GAMS model by Pro/Il simulation of 3 partitions.
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Figure 4.17 HEN from 3 partitions case study by Pro/Il simulation.
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Table 4.12 Duty data comparison between GAMS and Pro/Il of 3 partitions.

Heat Exchanger GAMS Duty (kW)  Pro/ll Duty (kW)  Percent Error (%)

El 10,086.30 10,086.30 -
E2 43,176.10 43,176.10 -
E3 5,561.60 5,561.60 -
E4 3,660.20 3,660.20 -
E5 6,325.80 6,325.80 -
E6 4,584.50 4,584.50 -
E7 20,124.00 20,124.00 -
CU1 1,378.39 1,378.40 0.00
CU2 2,089.76 2,074.50 0.74
CU3 2,149.99 2,131.50 0.87
CU4 4,868.91 4,831.00 0.78
CU5 4,167.33 4,001.80 4.14
HU1 82,100.93 81,846.20 0.31

Table 4.13 Area data comparison between GAMS and Pro/Il of 3 partitions.

Heat Exchanger GAMS Area (m?)  Pro/ll Area (m?) Percent Error (%)

El 271.91 273.10 0.44
E2 1,175.95 1,181.75 0.49
E3 139.37 140.01 0.46
E4 248.75 254.51 2.26
E5 287.14 288.38 0.43
E6 255.83 259.38 1.37
E7 1,023.36 1,047.05 2.26
CUl 165.96 131.49 26.21
Cu2 130.63 129.45 0.91
Cu3 130.36 129.16 0.93
CU4 130.45 129.46 0.76
CU5s 168.01 162.68 3.28
HU1 904.99 902.03 0.33

4.1.5 5 Partitions
Finally, only cold stream C2 is divided into 5 partitions to fit the Cp
data (Table 4.14) because another hot stream (H2 — H5) is already enough fitting data
on 3 partitions. Cp graph of stream C2 illustrate in Figure 4.18. The Cp is divided
based on boiling point and percent difference of Cp data effect on higher R,
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Table 4.14 Specific heat capacity linearization of cold stream by 5 partitions

Partition Cpn = AnXTmean + B, 2 Fix Tempn Cpaverage
Streams  \pmber (1) A, B, ™ o) (ki/kg °C)
Cl 1 0.0039054 1.9686592 0.99 260.27 2.7656439

2 0.0027264 2.2753068 0.95 207.30

3 0.0039302 2.0497463 0.94 151.52

4 0.0107456 1.0128977 0.97 112.52

5 0.0041118 1.6917482 0.96

# Up Xl e Lincar Equation

Figure 4.18 Temperature-dependent Cp graph and 5 partition of cold stream.

HEN results from partitioning technique and Pro/II validation are shown in Figure 4.19

and Figure 4.20, respectively. Results data is concluded in Figure 4.20 and Table 4.16.

The design from Pro/Il simulation is shown in Figure 4.21. Average error of area

calculation from 5 partition is 3.12 %.



Figure 4.19 HEN from partitioning technique GAMS model of 5 partitions
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Figure 4.20 Validation of HEN from partitioning technique GAMS model by Pro/II simulation of 5 partitions.

58



Figure 4.21 HEN from 5 partition case study by Pro/Il simulation.
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Table 4.15 Duty data comparison between GAMS and Pro/Il of 5 partitions

Heat Exchanger GAMS Duty (kW)  Pro/Il Duty (kW)  Percent Error (%)

El 11,768.53 11,768.53 -
E2 39,008.56 39,008.56 -
E3 5,592.04 5,592.04 -
E4 9,758.41 9,758.41 -
E5 21,890.15 21,890.15 -
E6 5,527.18 5,527.18 -
CUl 1,378.39 1,378.40 0.00
CU2 2,823.50 2,808.20 0.54
Cu3 2,537.65 2,519.20 0.73
CU4 1,319.68 1,281.80 2.96
CUs 6,568.67 6,403.20 2.58
HUI 82,012.35 81,808.80 0.25

Table 4.16 Area data comparison between GAMS and Pro/II of 5 partitions

Heat Exchanger GAMS Area (m?)  Pro/ll Area (m?) Percent Error (%)

El 459.48 461.69 0.48
E2 922.19 926.95 0.51
E3 311.49 313.27 0.57
E4 342.93 342.50 0.13
E5 1,171.99 1,197.71 2.15
E6 191.47 192.96 0.77
CUl 165.96 131.49 26.21
CU2 152.47 150.75 1.14
Cu3 141.93 140.52 1.00
CU4 52.94 51.74 2.33
CUs 236.33 231.84 1.94
HU1 903.92 901.74 0.24

The increasing number of partitions case study use to show that even increase number
of partitions results to lower average error of area calculation but it affects the optimum
solution searching technique. On mathematical programming, increasing number of
non-linear equation impact on solver which normally require good initial point to find
optimum solution. Thus, partition 5 case study is the lowest average error of area
calculation (Figure 4.22) but it actually not change much in partition 2 case study (3.39
% 1n partition 2 and 3.08 % in partition 3). However, divided Cp data into 2 partitions
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is not enough in reality work which cannot fit linear equation to nonlinearity Cp data
for dome curve as shown in Case Study 3. Thus, three number of partitions divided is

the most suitable and it is selected in further discussion and case study.

Correlation by increasing number of partitions

[y
SN

=
N

10

Average Percent Error (%)
[ ]
®

0 0.5 1 15 2 2.5 3 35 4 45 5
Number of Partitions

Figure 4.22 Correlation by increasing number of partitions from constant Cp to 5

partitions.

From accurate results by partitioning technique, economic results shown in Table 4.17
that error of TAC reduce from 0.51 % to 0.27 % (3 partitions) and the error effect on
increasing TAC in reality design that increasing from 6,535,428.00 $/y to 6,568,864.35
$/y but partitioning technique has different TAC only 0.27 % that 6,554,118.00 $/y in
GAMS and 6,536,373.03 $/y in Pro/II simulation. Capital cost error reduce from 2.15
% to 0.08 % but utility cost increase from 0.01 % to 0.33 %. The increasing error of
utility occur in average energy calculation from linearization concept that linear line
is absolutely not fit with non-linear line. Table 4.18 represent utility consumption error
and Table 4.19 represent overall area of heat exchanger. Actually, the results of
constant Cp may contain percent error of process area more than 6.16 % but it is

reduced from their overestimate and underestimate calculation. For example, Table
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4.4 shows the underestimate of exchanger area E1 (401.08 — 497.86 =—96.78 m?) and
overestimate of exchanger area E6 (102.97 — 78.73 = +24.24 m?) that reduce error of

overall area calculation when combining which impact to TAC error calculation (Table

4.19) With this reason, percent error will not obviously reduce when looking at overall

area calculation (Table 4.19) and increasing error of utility calculation (Table 4.18)

from partitioning technique. However, new model is always getting more accuracy

results from area calculation and Cp calculation for each partition. All of this accurate

data need in reality HEN design that could be found only in temperature-dependent

specific heat capacity model.

Table 4.17 Economic cost data comparing between GAMS and Pro/II results of case

study 1.
Cases GAMS Pro/ll TAC g?;tal Errorgg;ty Error
0
TAC ($/y) TAC ($/y)  Error (%) %) (%)
Constant Cp 6,535,428.00 6,568,864.35 0.51 2.15 0.01
1 Partition  6,462,740.51 6,448,871.00 0.21 1.84 0.34
2 Partitions  6,585,501.00 6,562,390.62 0.35 0.48 0.31
3 Partitions 6,554,118.00 6,536,373.03 0.27 0.08 0.33
5 Partitions 6,551,335.00 6,534,949.13 0.25 0.19 0.27

Table 4.18 Utility data comparing between GAMS and Pro/II results of case study 1.

Cases GAMS Pro/1l CuU GAMS Pro/Il HU
CU (kW) CU (kW) Error (%) HU (kW) HU (kW) Error (%)
Constant Cp14,702.15 14,650.50 0.35 82,109.79 82,109.90 0.00
1 Partition 12,092.37 11,942.40 1.26 79,631.82 79,373.30 0.33
2 Partitions 15,303.52 15,062.60 1.60 82,741.47 82,500.00 0.29
3 Partitions 14,654.39 14,417.20 1.65 82,100.93 81,846.20 0.31
5 Partitions 14,627.89 14,390.80 1.62 82,012.35 81,808.80 0.25
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Table 4.19 Overall arca data of heat exchanger comparing between GAMS and Pro/Il

results of case study 1.

GAMS Pro/Il Process GAMS Pro/II Utility

Cases Process Process Area Utility Utility Area
Area (m?) Area (m?) Error (%) Area(m?) Area(m?) Error (%)

Constant Cp3,321.89  3,476.69  4.45 1,657.47 1,61497 2.63

1 Partition 3,570.62  3,719.32  4.00 1,567.04 1,518.78 3.18

2 Partitions 3,352.51  3,376.24  0.70 1,668.94  1,620.48 2.99

3 Partitions 3,402.30  3,444.17 1.22 1,630.40 1,584.28 291

5 Partitions 3,399.56  3,435.07 1.03 1,653.55 1,608.09 2.83

4.2 Case Study 2

Case study 2 and case study 3 are referenced from Kim and Bagajewicz (2017) to
compare between our new technique; partitioning technique and ordinary empirical
form fitted data of Cp; cubic equation technique. Case study 2 contains three hot
streams and two cold streams which shows specific heat capacity parameter and
process stream data in Table 4.20 and Table 4.21, respectively. EMAT is set at 10 °C.
The constraints to design HEN for this case are allowing two or less stream splitting
per stage on hot and cold streams and three stages are set. Ten years project life time

are used for capital cost calculation with no interest rate.

Table 4.20 Cubic equation parameter of variable Cp for case study 2
(Cp=a+bT+cT?).

Streams a b c

H1 0.16135 0.01083 -2.49681 x 107
H2 0.70678 0.00334 -5.05484 x 107
H3 0.77039 0.00198 -2.46313 x 107
Cl 0.25693 0.01445 -5.13029 x 107

C2 0.57327 0.00372 -5.25405 x 107




Table 4.21 Process streams data of case study 2.
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Streams Tin (°C) Tout (°C) F (kg/s) h (kW/m? °C) Cost ($/kW y)
H1 159 77 210 0.40 -

H2 267 88 18 0.30 -

H3 343 90 50 0.25 -

Cl 26 127 90 0.15 -

C2 118 265 180 0.50 -

HU 500 499 - 0.53 100

CU 20 40 - 0.53 10

Annual investment cost ($/y) = 250,000 + 550 x (Area; m?) for all exchangers

Table 4.22 Specific heat capacity linearization of case study 2.

Partition Cpn = A;1><Tmean + Bn
Streams Number

An

Bn

R ()

°C)

Fix Temp 1 Fix Temp 2 Cpaverage

(kJ/kg °C)

HI

H2

H3

C1

C2

()
1

W RN — WK — WK — WK — WN

0.0035628
0.0049127
0.0062879
0.0009389
0.0015405
0.0021471
0.0004972
0.0009135
0.0013297
0.0031121
0.0065494
0.0100380
0.0011928
0.0017077
0.0022226

0.6885283
0.5103291
0.3661944
0.9903885
0.8653706
0.7755966
0.9920692
0.8843245
0.8118248
0.8784133
0.5558720
0.3465562
0.8760714
0.7648537
0.6788659

0.99 132.00

0.99
0.99

0.99 208.00

0.99
0.99

0.99 259.00

0.99
0.99
0.98 94.00
0.99
0.99

0.99 216.00

0.99
0.99

105.00

148.00

174.00

60.00

167.00

1.0775422

1.1268238

1.0704344

1.0182179

1.0834680
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(e)

Figure 4.23 Temperature-dependent Cp graph and partitioning of case study 2; (a-c)
represent for hot stream (H1-H3), respectively. (d-e) represent for cold stream (C1-

C2), respectively.

Linear parameters of specific heat capacity are shown in Table 4.22 and Figure 4.23
shows Cp graph of the streams. HEN result is shown in Figure 4.25 which can be
observed that Cp change from stage to stage such as cold stream C2 that vary from
0.97 kJ/kg °C in stage K2 to 1.07 kJ/kg °C in stage K1. The results data are concluded
in Table 4.23 and Table 4.24. Capital cost of new model is higher than previous but it
affects utility consumption that greatly decrease. TAC of new model is 1,737,401.57
$/y (from capital cost 551,379.60 $/y and utility cost 1,186,021.97 $/y) which is
slightly low than previous solution Figure 4.25about 2.59 % (1,783,724.90 $/y).



Figure 4.24 Previous solution of case study 2 from Kim and Bagajewicz (2017).
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K1 K2 K3
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dP=1.10 kd/kg °C 5026 m?
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2 480.14 m? 1,408.21 m* F (kg/s)
164.21 m N
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CP=1.07 kl/kg°C

CP=0.97kJkg C

Figure 4.25 GAMS results of temperature-dependent Cp for cast study 2.
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Table 4.23 HEN results of case study 2.

Heat Exchanger Duty (kW) Area (m?)
El 2,342.29 480.14
E2 10,274.25 1,366.74
E3 5,070.25 1,408.21
E4 7,967.26 2,069.15
E5 1,288.34 292.63
CUl 5,517.76 397.38
Cu2 3,266.74 210.26
HUI 10,981.77 164.21

Table 4.24 Economic cost data of case study 2.

Cases TAC ($/y) Capital Cost ($/y)  Utility Cost ($/y)
Previous Solution  1,783,724.90 507,448.90 1,276,276.00
New Solution 1,737,401.57 551,379.60 1,186,021.97

4.3 Case Study 3

Last case study is study crude preheat train including 11 hot streams and 2 cold streams
which shows process stream data in Table 4.26. Cubic equation in Table 4.25 represent
Cp of process streams. Table 4.27 shows Cp linearization of this case study. Non-linear
specific heat capacity graphs show in Figure 4.26 and it can be observed that every
graph is dome curve especially decrease slope of C2 stream. It shows that our new
model capability to design large problems and dome curve Cp graph. EMAT is set at
10 °C. No splitting allow and 4 splitting allow for hot streams and cold streams,
respectively. To reduce to much complex of model, stage of calculation is set at 5
stages. Finally, project life time is specified at 10 years for capital cost economic

calculation with no interest rate.
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Table 4.25 Cubic equation parameter of variable Cp for case study 3 (Cp=a + 2bT +
3c¢T?).

Streams a b c

H1 1.27 0.011 -3.54 x 107
H2 1.70 0.004 -6.29 x 10
H3 1.28 0.008 -1.93 x 10
H4 1.87 0.003 -4.54 x 10
H5 1.94 0.003 -6.02 x 10
H6 -0.20 0.013 -2.05 x 107
H7 -1.41 0.015 -1.74 x 107
H8 -0.31 0.006 -5.95 x 10®
H9 0.89 0.010 -2.01 x 107
H10 1.89 0.004 -4.06 x 10
H11 1.01 0.003 -4.03 x 10®
Cl 0.89 0.014 -4.75 x 107
C2 2.48 0.001 -2.38 x10°

Table 4.26 Process streams data of case study 3.

Streams Tin (°C) Tout (°C) F (kg/s) h (kW/m? °C) Cost ($/kW y)

HI 140.2 39.5 46.30 0.26 -
H2 248.8 110 12.70 0.72 -
H3 170.1 60 14.75 0.45 -
H4 277 121.9 9.83 0.57 -
HS5 250.6 90 55.08 0.26 -
H6 210 163 46.03 0.33 -
H7 303.6 270.2 82.03 0.41 -
H8 360 290 23.42 0.47 -
H9 178.6 108.9 19.14 0.60 -
HI10 359.6 280 7.66 0.47 -
HI1 290 115 23.42 0.47 -
Cl 30 130 96.41 0.26 -
C2 130 350 96.64 0.72 -
HU 500 499 - 0.53 100
CU 20 40 - 0.53 10

Annual investment cost ($/y) = 250,000 + 550 x (Area) for all exchangers.



Table 4.27 Specific heat capacity linearization of case study 3.
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-0.0042361
0.0028840
0.0100945
-0.0008491
0.0006407
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-0.0017073
0.0025672
0.0068518
-0.0008509
0.0005656
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Figure 4.26 Temperature-dependent Cp graph and partitioning of case study 3; (a-k)
represent for hot stream (H1-H11), respectively. (m-1) represent for cold stream (C1-

C2), respectively.
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Figure 4.27 GAMS results of temperature-dependent Cp for case study 3.

13 heat exchangers, 1 hot utility and 4 cold utilities exchanger are installed in this case
study which show HEN and data in Figure 4.27 and Table 4.26, respectively. TAC of
new solution is 3,229,803.75 $/y from capital cost 878,538.55 $/y and utility cost
2,351,265.20 $/y. Compared to previous solution (Figure 4.28 ), install 2 more
exchanger which increasing capital cost from 874,980.00 to 878,538.55 $/y but the
results show that utility cost decrease from 2,576,605.00 to 2,351,265.20 $/y. It
reduces TAC 6.42 % (3,451,585.00 to 3,229,803.75 $/y) which shows comparison data
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between new solution and previous solution in Table 4.27. The reason, that our model
has lower TAC in case study 2 and case study 3, is no lower limits specified by user
in calculation step which different from previous solution that has constraint of lower
limits of total area and total utility heat consumption. That mean our technique do not
require any special constraint or limits. From this main reason, our model with no
constraint has better solution from installed more heat exchanger to reduce utility
consumption. Another advantage from our technique is no special require for solving
strategy at this step. The three partitioning technique is solved under commercial
solver become friendly interface model. In contrast to many author, such as Kim et al.
(2017) used RYSIA for solve their problem and Li et al. (2012) used genetic algorithm,
it make model more complex and their model of Cp variable cannot solve the problem

by normal solver in GAMS which compare all reasons in Table 4.30.



Figure 4.28 Previous solution of case study 3 from Kim and Bagajewicz (2017).

Table 4.28 HEN results of case study 3.

Heat Exchanger Duty (kW) Area (m?)
El 920.53 89.11

E2 5,405.08 390.93
E3 3,327.45 345.54
E4 6,959.72 397.35
E5 2,782.45 132.88
E6 1,948.86 102.57

E7 2,807.47 331.49
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E8 7,932.75 473.93
E9 1,205.28 85.03
E10 810.97 20.86
Ell 2,249.38 276.66
El2 1,825.26 227.23
El13 14,112.11 2,666.66
CU1 10,718.68 1,339.82
CU2 1,342.01 43.37
CU3 777.13 26.20
CU4 7,109.30 474.59
HUI 21,517.94 367.39

Table 4.29 Economic cost data of case study 3.

Cases TAC ($/y) Capital Cost ($/y)  Utility Cost ($/y)
Previous Solution  3,451,585.00 874,980.00 2,576,605.00
New Solution 3,229,803.75 878,538.55 2,351,265.20

Table 4.30 Comparison between partitioning technique and Kim and Bagajewicz

(2017) technique of case study 2 and 3.

Features Partitioning Technique Kim and Bagajewicz (2017)
Stages/Substages Superstructure

Model Stage-wise superstructure (Based on stage-wise
superstructure)

EMAT (°C) 10 10

RYSIA solution strategy
(Global optimize solver)

Fixed (MINLP model)

Fixed (Pinch analysis)

Based on journal

Based on journal

Solver Technique  Dicopt solver

Upper bound -
Lower bound -
Number of splitting Based on journal
Economic cost Based on journal

Moreover, our model can solve alternative design by fix computational time. From
author experience, good solution is obtained by less computational time than 1,800 s
because good solution is generally obtained by good initial point. Just a few cases that
good solution is solved in other range of computational time. However, all of these
solutions are guaranteed that they are not global solution but it is nearly perfect one

which user can interact and use it as good starting point. The alternative solutions of
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case study 3 are shown only 3 alternatives by fix computational time divided to; no
fix, 600 s and 3,600 s. They show that even using computational time about 1 hour but
the greatest solution still be on 2,400 s but the advantage of alternative solution is to
give the option for real design.

4.3.1 Alternative 1 (First Solution)

Figure 4.29 GAMS results alternative 1 of temperature-dependent Cp.
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The alternative 1 is set by default of Dicopt solver which solution (Figure 4.29) obtains
in 1,111 s computational time. TAC is 3,344,959.49 $/Y combining from utility cost

=2,366,808.49 $/Y and capital cost =978,151.00 $/Y.

4.3.2  Alternative 2 (600 s.)

Figure 4.30 GAMS results alternative 2 of temperature-dependent Cp.

Alternative 2 is set computational time as 600 s. HEN result illustrate in Figure 4.30

which install less exchanger than atoner solution (it requires only 10 exchangers).
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Thus, TAC is 3,601,112.74 $/Y. Utility cost and capital cost are 2,548,529.74 $/Y and
1,052,583 $/Y, respectively.
4.3.3 Alternative 3 (3600 s.)

Figure 4.31 GAMS results alternative 3 of temperature-dependent Cp.

Last alternative is set computational time as 3,600 s which require capital cost =

1,060,661.19 $/Y and utility cost = 2,762,722.06 $/Y. TAC is 3,823,383.25 $/Y.
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From these results (Best solution to alternative 1,2 and 3) of case study 3, TAC
is one of the best criteria to adjudge HEN results but some alternative is more proper
in some reality work based on user experience. Therefore, final decision should come
from user and alternative design is one of the greatest choices solved by mathematical

programming technique.

4.4 Case Study 4 (Retrofit case)

This example shows the potential of new model for HEN retrofit case. Base case of
this is created from case study 1 (following HEN by Figure 4.15 and Figure 4.17 which
conclude Table 4.12 in and Table 4.13) and it has been assumed that utility cost is
increasing over the time. Hot and cold utility cost increase from 60 to 80 and 5 to 10,
respectively (Table 4.31 ). EMAT is reduced to 1 °C. Splitting constrain is no allowing
for hot stream and 3 splitting for cold stream. Capital cost parameters are not changed
and objective function is to maximize NPV over 3 years. From retrofit equation,
process heat exchanger area, utility consumption and area of utility heat exchanger are

identified as base case (Table 4.32).

Table 4.31 Process streams data of case study 4.

Streams  Ti, (°C) Tout (°C) F (kg/s) h (kW/m?°C)Cost ($/kW y)
HI 43.33 25 37.38 1 -

H2 200.04 25 21.88 1 -

H3 272.79 25 21.76 1 -

H4 342.72 50 2624 1 -

HS5 370.72 50 87.06 1 -

Cl 50 376.80 19424 1 -

HU 500 (steam) 500 (condensate)- 1 80

CU 10 15 - 1 10

Annual investment cost ($/y) = 3,460 + 300 X (Area; m2) for all exchangers (Pan et
al. (2013)).
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Table 4.32 Energy loading and exchanger area parameter of base case.

Heat Exchanger Energy Loading (kW) Area of Heat Exchanger (m?)
El - 271.9076
E2 - 1,175.9500
E3 - 139.3715
E4 - 248.7469
E5 - 287.1363
E6 - 255.8308
E7 - 1,023.3600
CUl 1,378.3890 165.9617
Cu2 2,089.7620 130.6266
Cu3 2,149.9900 130.3613
Cu4 4,868.9130 130.4485
CUs 4,167.3340 168.0144

HU1 82,100.9300 904.9860




Figure 4.32 HEN retrofit result by GAMS.
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After optimize by new model, new HEN is shown in Figure 4.32 and conclude in Table

4.33. The retrofit case by Pro/Il simulation is shown in Figure 4.34. It shows that area

of existing process heat exchanger is increased and one new heat exchanger is added.

From this result, over all area of heat exchanger is increasing from 5,032.71 to

5,767.68 but hot utility and cold utility consumption is reduced from 82,100.93 to
76,684.85 and from 14,654.38 to 9,238.32, respectively (Table 4.34). NPV of this

solution is 731,849.17 in 3 years.

Table 4.33 HEN retrofit result data.

Heat Exchanger Base Case New Heat Base Case New Area
Heat Duty (kW) Duty (kW) Area (m?) (m?)
El 10,086.28 11,785.83 271.91 431.30
E2 43,176.05 48,528.75 1,175.95 2,017.85
E3 5,561.56 7,369.80 139.37 235.10
E4 3,660.19 3,257.14 248.75 458.24
E5 6,325.78 3,640.20 287.14 440.75
E6 4,584.50 3,492.18 255.83 426.19
E7 20,124.00 17,566.47 1,023.36 1,624.10
New - 3,294.07 - 169.15
CUl 1,378.39 1,378.39 165.96 134.15
Ccu2 2,089.76 1,481.27 130.63 113.27
Cu3 2,149.99 1,434.07 130.36 113.27
Ccu4 4,868.91 3,572.42 130.45 107.40
CuUs 4,167.33 1,372.17 168.01 65.69
HUI1 82,100.93 76,684.85 904.99 863.03

Table 4.34 Retrofit results comparison between base case and retrofit case.

Cases Area of Hot Utility Cold Utility

Heat Exchanger (m?) Consumption (kW) Consumption (kW)
Base Case 5,032.71 82,100.93 14,654.38
Retrofit Case 5,767.68 76,684.85 9,238.32
Difference 734.97 -5,416.08 -5,416.06

These results are validated by fixing heat load of each exchanger and HEN in Pro/Il

simulation which illustrated in Figure 4.33 . The results show that outlet temperature

different of each exchanger is not more than 1 °C and Cp calculation of each exchanger
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is close to each other. However, small approach temperature drive in large area
calculation. For example, outlet/inlet temperature of hot and cold streams for
exchanger E4 are not majorly change (about 1 °C) but area calculation for GAMS and
Pro/II are 458.24 m? and 481.99 m?, respectively. The error of area calculation is 4.93
%. Thus, the error shows how important of Cp calculation (comparing between new
model that still have major error in some point and constant Cp which, of course, have
much error than new model). Duty data and area data comparison are shown in Table

4.35 and, respectively.

Table 4.35 Duty data comparison between GAMS and Pro/II of case study 4.

Heat Exchanger Duty GAMS (kW) Duty Pro/Il (kW)  Percent Error (%)

El 11,785.83 11,785.83 -

E2 48,528.75 48,528.75 -
E3 7,369.80 7,369.80 -
E4 3,257.14 3,257.14 -

E5 3,640.20 3,640.20 -

E6 3,492.18 3,492.18 -
E7 17,566.47 17,566.47 -
NEW 3,294.08 3,294.08 -
CUl 1,378.39 1,378.40 0.00
CU2 1,481.27 1,466.30 1.02
Cu3 1,434.07 1,415.20 1.33
CU4 3,572.42 3,536.90 1.00
CUs 1,372.17 1,206.90 13.69
HUI 76,684.85 76,419.20 0.35

Table 4.36 Area data comparison between GAMS and Pro/Il of case study 4.

Heat Exchanger Area GAMS (m?)  Area Pro/II (m?) Percent Error (%)

El 431.30 434.43 0.72
E2 2,017.85 2,016.74 0.05
E3 235.10 235.19 0.04
E4 458.24 481.99 4.93
E5 440.75 448.01 1.62
E6 426.19 438.51 2.81
E7 1,624.10 1,702.44 4.60
NEW 169.15 170.21 0.62

CU1 134.15 131.49 2.02
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CU2
Cu3
CU4
CUs
HUI

113.27
110.26
107.40
65.69

863.03

107.43
103.75
106.55
58.47

860.16

543
6.28
0.80
12.36
0.33




Figure 4.33 HEN retrofit result by Pro/Il.
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Figure 4.34 HEN retrofit case study by Pro/Il simulation.
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Table 4.37 to Table 4.39 show percent error of NPV, capital cost, utility cost, cold
utility consumption, hot utility consumption process area and utility area. As mention
early, main error of each part is occurred from any small different in temperature point

of exchanger but it really effects on area calculation and utility consumption.

Table 4.37 Economic cost data comparing between GAMS and Pro/II results of case

study 4.

Cases GAMS Pro/Il NPV Capital Utility Cost
NPV ($) NPV ($)  Error (%) Cost Error (%) Saving Error (%)

Partitioning 250 769 00 701,318.45 5.34 4.92 0.00

Technique

Table 4.38 Utility data comparing between GAMS and Pro/II results of case study 4.

- GAMS _ Pro/ll CcU GAMS _ Pro/ll HU
ases CU (kW) CU (kW) Error (%) HU (W) HU (W) Error (%)
Partitioning g 536 31 900370 2.61 76,684.85 7641920 0.35
Technique

Table 4.39 Overall area data of heat exchanger comparing between GAMS and Pro/II

results of case study 4.

GAMS Pro/Il Process GAMS Pro/Il Utility

Cases Process Process Area Utility Utility Area
Area (m?) Area (m?) Error (%) Area(m?) Area(m?) Error (%)
Partitioning 5 ¢> 68 592751 2.11 1393.79  1,367.84  1.90

Technique
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Stage-wise superstructure with temperature-dependent Cp model had been developed
in this journal by partitioning technique aiming to obtain high quality results instead
of using ordinary polynomial cubic equation. Three partitions are selected to fit
curvature of non-linear Cp data. Constant Cp affect directly to outlet temperature of
exchanger results to area calculation error. Validation case study from Pro/II library
shows that partitioning technique can reduce error of area calculation from about 30
% error to about 1 % impact on overall error (TAC) reduce from 0.51 to 0.27 %. To
compared between empirical fitting of polynomial Cp equation and partitioning
technique, case studies are used. Case study 2 shows that new solution has lower TAC
than the previous solution about 2.59 %. From case study 3 that contains 11 hot streams
and 2 cold streams, it has many HEN design scenarios and no lower limit constraints
setting. This case study shows that our new model can solve another HEN design
which reduce TAC from 3,451,585.00 (Previous solution) to 3,229,803.75 (New
solution). It reduces about 6.42 % of TAC. Thus, this new model by partitioning
technique has less complexity of third order equation, high accuracy and better

solution. Moreover, retrofit case study can be applied for exiting HEN (case study 4).
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APPENDICES
Appendix A GAMS Code of Case Study 1 (HEN Synthesis)
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Appendix B GAMS Code of Case Study 4 (Retrofit)
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Appendix C GAMS Results of Study 1 (HEN Synthesis)
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