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Due to the increase of economic competition, many refineries have tried to reduce 

production cost in order to achieve higher rate of return, One way to improve energy 

efficiency of the refinery having crude distillation units, high-energy-consuming units, 

is recovering heat from hot product streams to preheat cold stream of crude by complex 

heat exchanger networks (HENs) . These HENs help reduce energy consumption at 

crude furnaces and product coolers. They can be designed by optimization model or 

stage model by Vee and Grossman ( 1990). The results of grassroots network design are 

shown at different exchanger minimum temperature approaches (EMAT) between hot 

and cold streams of 30D C, 25 D C, 20D C, 15 D C, and 10°C, which can save the energy of 

furnaces and coolers to 15 %, 20%, 23%, 25%, and 29%, respectively, compared to 

the existi ng one. 

1. Introduction 

Due to the increase of economic competition and environmental awareness movements, 

many leading firms have tried to reduce production cost in order to achieve a higher rate 

of return. This principle has been applied to many petroleum refinery businesses; oil 

price has been increasing and the market has been extremely competitive. Because of 

the current situation the efficient ways are demanded to improve the energy efficiency 

of the plant. The crude distillation unit (CDU) is one of the largest energy-consuming 

units in the retinery, having a complex heat exchanger network transferring heat from 

hot product streams to the crude oil feed. By preheating the crude, this HENs reduces 

fuel consumption in the crude furnace. Many technological developments in the oil 

refineries also drives applied technology to improve CDU and HENs energy 

performance, combined with the mathematical programming model for example, Linear 

Programming (LP), Non-Linear Programming (NLP), Mixed Integer Linear 

Programming (MILP), and Mixed Integer Non-Linear Programming (M1NLP). For this 

research, optimization model or stage model by Vee and Grossman (1990) are applied 

to do the grassroots design 0(" heat exchanger networks. The results of grassroots 

Please cite this article as Promvltak P., Siemanond K , Bunluesriruang S. and Raghareutai V, (2009), Grassroots design of heat 
exci1anger networks of crude distillation unit , Chemica' Engineering Transactions, 18,219-224001: 10.3303/CET0918034 
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network design are shown at different EMAT with the energy consumption of 

furnaces and coolers. 

2. Stage model 

The stage model is based on the stage-wise superstructure representation proposed by 

Yee et al. (1990) . The structure is shown in Figure 1. Within each stage of 

superstructure, possible exchanger between any pair of hot and cold streams can occur. 

Heater and coolers are placed at the end of cold and hot streams, respectively.The 

objective tinction of the model is to minimize the duty of heater, cooler and number of 

exchangers under the constraint functions of energy balance, thermodynamics, and 

logical constraints. 

S tageK= I S tageK=2 

TINi H 1 --~-'-t-( 

HZ --->---'-t-t-+-{ 

}-+--'-----'----t--e)--t--'--+---- C 1 

l--'---,---'-----~ )-L......;,.---- C 2 

TOUTi 
OC 

TlNi TOUTi 
OC 

TOUT} TIN} 

TOUT} TIN) 
OH 

r~;:::;::.;;r,.r~%~;:!;~ r~;;;:~~:;r~ 
h·, ,,'? ;.:.1 

Figure I. Two-stage model structure 

The target temperatures and flow rate of hot and cold process streams are fixed and the 

stage-model will design HEN into two stages (K 1 and K2) with the minimum utility 

usages and number of exchangers for fixed EMAT value. The constraints and objective 

function of stage model are shown below. 

Overall heat balance for each stream. 

(TIN; - TOUT;)F; = E E q ijk + qCII; i EHP 

kEST JECP 
(TUU'0 - T1Nj)F; = E E q;j* + qhll) j ECP 

kEST iEHP 

Heat balance at each slage. 
(I;.t - lu I )Fi = L q'jk kE ST, i E HP 

JECP 
(I j .t - lj.k+1 )Fj= L q')k kE ST,jE liP 

iECP 

Assignment of superstructure inlet temperatures. 
TIN; - Ii.! 

TI~ = Ij . .vUKII 

Feasibility oftemperatures. 
1;.* S lUI' k EST. i EHP 

Ij.t S Ipll kESTJECP 

TOUT; S I;.NOK·' , iEHP 

TUU'0S ljl JECP 

Hot and cold utility load. 
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( . 

(((,vOK+1 -TOUT;) Fi = qClIi iEHP 

(TOUTr Ii. I) 0 = qhllj JECP 

Logical constraints. 
qijk - D.Zijk:S 0 iEHP.jECP , kEST 

qClI; - D. ZCIt; :s 0 iEHP 
qhuj - D. ZhUj:S 0 ieCP 
:::ijt, Zcui, :::hllj = 0, I 

Calculation 0/approach temperatures. 
d/tjk ~ liY Ij.t I r(J - Z.jk ) kEST. iEHP.jECP 
d/ljlll :s 1;.* >1- IjJ II r( 1- Z;Jk ) kEST, i EHP.j ECP 
dtcu; :s I'.,",OK+I- TOUTcu + r(1- ZCUi) iEHP 
dthui :s TOU1iIU-1j.1 + r(l- zhuj} JECP 

The temperature between the hot and cold streams at any point of any exchanger will be 

at least EMAT: 
dl"k :S EMAT 

Objective/unction. The objective function is to minimize utility cost and capital cost 
Min r.CCU qClIi + L CHU qhllj + L L L CFIJ:::ljk + L CFI,O; :;ClIljk + ICFj.HCl :::huj 

iE HP JECP iEHP JECP kEST iEHP JECP 

3. Metodology 

The grassroots design of HENs using the data from the retinery is generated following 

below steps. 


3.t Simulation ofthe existing process: 

The step is to generate the process condition in eDU by commercial simulation 


software. 


3.2 Stage model configuration: 

The stage model is configurated by mathematical programming. The objective function 


was to minimize process duties at heater, cooler and number of exchanger. The 


variables were the possible match between hot and cold streams in each stage, the 


EMAT was varied to find the alternative design of HENs. The EMAT was adjusted to 


30oe, 25°C, 20°C, 15°C, and 10°C, resspectivly. 


3.3 Flowsheet simplification: 

This step is to simplify the existing process now diagram for doing the grid diagram 


consisting of hot and cold stream with exchangers. And the process streams will be used 


for stage model to generate the grassroots design of HENs. 


3.4 HEN design verification: 

The grassroots design of HEN from the stage model will be verified by the process 

simulation sorftware. 


4. Result and Dicussion 

The result of this work were reported in the simplified flowsheet and compared with the 

existing HENs. 


4.1 Simulation of the existing process: 

For the simulation program the actual condition data was used as the input data to 


simulate the existing unit (Figur 2.). Thc result shows total duties at furnace and coolers 


were 105.2 MWatt and 100.8 MWatt, respectively. 
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Figure 2. Existing HEN 

4.2 Stage model configuration: 

The results of the stage model at EMAT = 30°C, 25°C, 20°C, 15°C, and IO°C, are the 


grassroots design of HENs which can reduce the duties of furnace(QH) and cooJers(QC) 


as shown in Table I. 


Tablet. The result of grassroots design 
Number of Utilities (MWatt) 

Design EMAT rC) process 
exchanger QH Saving ("!o) QC Saving (%) 

Base case 35 10 105.2 0 100.8 0 

Alternative design 1 10 10 79.4 25 66.5 34 

Alternative design 2 15 10 83.2 21 70.3 30 

Alternative design 3 20 10 85.6 19 72.7 28 

Alternative design 4 25 10 89.2 15 76.3 24 

Alternative desi!:!n 5 30 11 94.2 10 81.4 19 

4.3 The grassroots design of HENs: 

To compare the structure of grassroots design of HEN with the existing one, they are 

shown in Figures 3- 8. 


Crude 34 ~ 

Figure 3. Alternative design 1 with EMAT ~ 10°C 
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Crude w e 

Figure 4. Alternative design 2 with EMAT = 15°C 
LP. 

Crude 34 'C ~>-+o---t-'Vlr--'-+---l 

Figure 5. Alternative design 3 with EMAT :c 20°C 
LP. 

Figure 6. Alternative design 4 wiLh EMAT =-c 25 °C 

Figure 7. Alternative design 5 with EMAT = J5 °C 
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Crude 34'e 

Figure 8. Existing design with EMA T - 35°C 

5. Conclusions 

The results of grassroots network design were concluded at different EMAT of 

300 e, 25°e, 200 e, 15°C, and 10°C, which can save the energy usage of furnaces and 

coolers to 15 %, 20%, 23%,25%, and 29%, respectively. 

Nomenclature 
HP : Set of Hot Process Streams F: heal capacity flow rate 
CP ~ Set of Cold Process Streams U 0 " overall heat transfer coefficient 
ST : Sel ofStage No. CF = fixed charge for exchangers 
TIN : inlet temperature of stream TOUT: outlet temperature of stream 
CCU = unit cost for cold utility CHU ·o unit cost of hot utility 

P : eXl'onent lor area cost NOK = total number of stages 

n : upper bound for heat exchange r: upper bound for temperature difference 
dl.y. : temperature approach for match ( i.j) at temperature location k 

dlelll: temperature approach for match of hot stream i and cold utility 
dlhllj : temperanne approach for match ofcold streamj and hot IItility 

%k - heat exchanged between hot process stream i and cold process sn'eamj in stage k 
qCII, 0 " heat exchanged between hot stream i and cold utility 
qhllj ' heat exchanged between hot stream and oold stream j 

Il.t = temperature of hot stream i at hot end of stage k 
~.k ~ temperature of cold stream j at hot end of stage k 
;;"t :O binary variable to denote existence of match (i.j) in stage k 
z...,: binary variable to denote that cold utility exchanges heat with stream i 
=I"~: binruy variable to denote that hot ulility exchanges heal wilh slream j 
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Due to energy and economic crisis, one way to improve energy efficiency of the 

refinery having crude distillation units (COO), high-energy-consuming units, with 
complex heat exchanger networks (HENs) is to reduce energy consumption at crude 
furnaces and product coolers. They can be retrofitted by applying pinch analysis 

(1970s) and stage model by Yee and Grossmann (1990). For the retrofit design with 
minimal network changes, the stage model and heat-demand-supply diagram by 
Bagajewicz and Ji (200 I) can be applied by fixing the same location of exchangers as 
the exisiting one and varying the exchanger minimum temperature approach (EMA T) in 
the model. The result showed that minimal additional exchanger area will be added to 
recover heat for preheating crude and also increase the furnace inlet temperature, 
resulting in energy savings at furnace and coolers about 1.3 % and 2.8%, respectively. 

1. Introduction 

Heat exchanger network retrofit of CDU is to modifY the existing exchanger network 
with minimal changes, resulting in energy saving on crude furnaces and product coolers. 
The modification can be adding new exchangers or more exchanger area to the existing 

HEN, or relocating the existing exchangers. Vee and Grossmann (1990) used the 
optimization model called stage model to do the grassroots design of HEN. This 
research work applied the stage model to do the retrofit design of HEN for CDU from a 
refinery in Thailand. This COU is one of the lamest energy-consuming units having 

the crude preheating train or HEN transferring heat from pump-around and hot product 
streams; naphtha (OYHD), kerosene(KERO), light and heavy gas oil (LGO, HGO), and 

long residue(LR), to the crude feed (CRUDE) as shown in Fig.I. Preheating the crude 
by HEN helps reduce fuel consumption at the crude furnace. Currently, it consumes hot 

and cold utilities about 105.2 and 100.8 MW, respectively . 

Please cite this article as Promvitak P .. Siemanond K, Bunluesriruang S. and Raghareulai V., (2009), Relrofil design of heat 
exchanger nelworks of crude dislillalion unil. Chemical Engineering Transaclions, lB. 99-104 001: 10.33031CET0918014 
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Figure 1. Existing HEN ojcrude preheating train 

2. Retrofit Potential 

Pinch analysis (1970s) was used to check the retrofit potential of the crude preheating

I train by generating the composite curves of hot and cold process streams as shown in 
Fig. 2. It shows that the process has minimum temperature difference of 38°C at the 
pinch point between 135.7 °C and 173.7 DC, meaning that there is the scope of HEN

I retrofitting by adding some more exchanger area and/or new exchangers. And the HEN 
retrofit is done by using the optim ization model or stage model (1990). 

I 
.OO ~----------------------------------------------~ 

I OH = 105.2 MWiJll 

~----..,
Bl 

300 

2SO 

E 
200 

;;;I ! 
I'll 

I 100 

I ~ 
QC= 100.8MWJlI 

I 
50 100 ISO :;ro 300 400 

o (MIliaII) 

Figure 2. Composite curves ojcrude preheating train 
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3. Stage model 

The stage model is based on the stage-wise superstructure representation 
proposed by Vee et at (1990) . The structure is shown in Fig. 3. Within each stage of 
superstructure, possible exchanger between any pair of hot and cold streams can occur. 
Heater and coolers are placed at the end of cold and hot streams, respectively. The 
objective function of the model is to minimize the duty of heater, cooler and number of 
exchangers under the constraint functions of energy balance, thermodynamics, and 
logical constraints. 

OH 
T~ 

l.ocw/kn 
K, 

TINi H1 --"';-'-'--f-( TOUTi 

TlNi U2 ---+---'---!---i--t-{ .c}_.--+--............-+---+---+-..... )-Il.....-.;.____--
 TOUTi 

TOUTj ~--"--~-----L--f---e::' l-+-.....L.......-f----C1 TlNj 


TOUTj .}-L--'-----'-----e:: .~'___:c------ C2 TlNj 

Figure 3. Two-stage model structure 

The target temperatures and flow rate of hot and cold process streams are fixed and the 
stage-model will design HEN into two stages (K] and K2) with the minimum utility 
usages and number of exchangers for fixed EMAT value. The constraints and objective 
function of stage model are shown below. 
Overall heat balance for each stream. 

(TIN; - TOUT;)F; I I qijk + qcu; i EHP 

kEST jEep 

(TOUlj - TINj)Fj -, I I quA + qhuj j ECP 

kEST iEHP 

Heat balance at each stage. 
(I;,k - -li,l-I} )Fi = L: qijk k E ST, iE HP 

jaP 

(I j ,k - Ij,k+J )Fj= L: qljk kE ST,j E HP 
iECP 

Assignment of superstructure inlet temperatures. 
TiN; = Ii./ 

T1~ = Ij. NOA.+J 

Feasibility oftemperatures. 
II.k ::: 1;,k+J kES1; iEHP 

Ij,k ::: Ij.k+/ kESTJECP 

TOUT; ::: I;,NUK+ J iEHP 

TOUlj::: Ij, J JECP 

Hot and cold utility load. 
('UiOA+J --TOUTJ Fi ~ qcu; iEHP 
(TOUlj- Ii./) Fj -. qhuJ JECP 
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Logical constraints. 
qljk - n Zljk :s 0 iEHP,jECP , kEST 

qcu; - n zcu; :S 0 iEHP 

qhuj - n zhuj :S 0 iaP 
Z;jk , Zcul, zhuj = 0,1 

Calculation ofapproach temperatures. 

d/;jk :s I;.t - li,k' , r( 1- Zijk ) kEST, iEHP,jECP 

dlijkll :s Il,k' 1 - ~',k' 1 , f(1- Zijk ) kEST, iEHP,jaP 

dlcu; :s I;, NO};, ,1- TOUTcu + f( 1- ZCUi) iEHP 

dlhu; :s TOUTH()- Ij , l + f( 1- ZhUj) JECP 

The temperature between the hot and cold streams at any point of any exchanger will be 
at least EMA T: 

Objective function 

I The objective function is to minimize utility cost and capital cost 

Min 'i,CCU qcu; + 'i, CHU qhuj + 'i, 'i, 'i, CFijZ,jk + 'i, CFu'() ZCUijl + ICFj,HU zhUj 

I iE HP JECP iEHP JECP kEST iEHP JECP 

3. Results and Dicussion 

I 
I 

For doing HEN retrofit, the stage model was firstly tun ned at EMAT = 35°C .to 
generate the same HEN as the existing one consuming hot and cold utilities about 105.2 
and 100.8 MW, respectively, as shown in Fig. 4. 

1 .' 

I 

I 

I 
 Crude 3'1~ 


I 

I Figure 4. Existing HEN with EMAT = 35°C 

I After that, the exchanger matching variables in the model were fixed at the same 
location as one of the base case. By reducing EMA T to 16°C, the model generated the 
HEN design with less hot and cold utilities of 103.8 MW and 98 MW, respectively.

I This retrofit design needed three new exchangers, and three existing exchanger area to 
be modified as shown in Fig. 5. 

I 

I 

I 

I 
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Figure 5. Retrofitted HEN with EMAT = 16°C 

Heat demand supply diagram of the existing HEN ,as shown in Fig. 6, was generated to 
show heat demand of crude (area under the curve) and increased crude temperature by 
heat supply from hot streams of pump-around, and product streams. It showed the 
furnace inlet temperature was 247°C. The diagram of retrofitted HEN was also shown 
in Fig. 6. It showed the furnace inlet temperature was raised to 250 DC by this 
retrofitted HEN having more exchanger area of 1754 m2 than the existing one. This 
HEN gained more heat recovery from hot streams; KERO, HGO, PA3, and LR to 
reduce the furnace duty about 1.3 %. 

.,..~----

_~____ ",,~--L 
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" PAl 

PAl HGO =PA 
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Figure 6. Heat demand -supply diagram ofexist ing (left) and retrofit (right) networks 

5. Conclusions 

The result showed that three new exchangers were added, and area of three existing 
exchangers were modified to recover heat from hot streams, KERO, HGO, PA3, and 
LR, to preheat crude and also increase the furnace inlet temperature, resulting in energy 
savings at furnace and coolers about 1.3% and 2.8%, respectively, as shown in Table 1. 
The future work will be to develop the relocation constraint to do retrofit HEN and 
optimize the exchanger area by adding the equation of exchanger area to the objective 
function of the superstructure stage model. 
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Table1. The resu It of retrofit design 

Design 
Number of 

process 
Utilities (MW) 

exchanger QH Saving (%) QC Saving (%) 

Base case 35 10 105.2 o 100.8 o 

Retrofit design 1 16 13 103.8 1.3 98.0 

Nomenclature 

HP = Set of Hot Process Streams F = heat capacity flow rate 

CP = Set of Cold Process Streams U = overall heat transfer coefficient 

ST = Set of Stage No. CF = fixed charge for exchangers 


TIN = inlet temperature of stream TOUT= outlet temperature of stream 

CCU = unit cost for cold utility CHU = unit cost of hot utility 


p= exponent for area cost NOK = total num ber of stages 


Q = upper bound for heat exchange r = upper bound for temperature difference 


dtijk = temperature approach for match ( iJ) at temperature location k 

d1cUi = temperature approach for match of hot stream i and cold utility 


dthuj = temperature approach for match of cold stream) and hot utility 


qijk = heat exchanged between hot process stream i and cold process stream) in stage k 

qcui = heat exchanged between hot stream i and cold utility 


qhuj = heat exchanged between hot stream and cold stream) 


Ii.! = temperature of hot stream i at hot end of stage k 

t,.k = temperature of cold stream) at hot end of stage k 


Zijk = binary variable to denote existence of match (i.) in stage k 

Z<11i = binary variable to denote that cold utility exchanges heat with stream i 

Zhllj = binary variable to denote that hot utility exchanges heat with stream) 
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Crude oil distillation is an atmospheric distillation column using a furnace, It consumes about 50%of the 
energy required in an oil refinery plant. To reduce energy requirements, it is necessary to investigate 
crude oil distillation and to retrofit it with energy saving processes. Recently, the authors developed an 
innovative process design technology, termed self-heat recuperation technology for saving energy. To 
apply this technology, whole-process heat is recirculated within the process without heat addition, 
leading to large energy savings. In this paper, crude oil distillation is analyzed and a crude oil distillation 
model for an energy saving design is developed. Furthermore, the feasibility of application of self-heat 
recuperation technology is investigated and self-heat recuperative crude oil distillation is proposed. 

© 2011 Elsevier ltd. All rights reserved. 

1. Introduction 

In our daily lives, we use many products that originate from oil, 
such as fuel and plastics. In fact, not only consumer products but 
also whole modern economies rely on petroleum. Currently, the 
amount of annual crude oil imports to Japan amounts to about 
230 GL/y or about 5% of annual world crude oil production 11]. It is 
reported that about 5% of this amount is used as fuel in oil refinery 
plants. Recently, energy saving has attracted increased interest in 
many countries to minimize global warming, caused mainly by the 
consumption of fossil fuels. Although many heat integration tech
niques for process energy saving have been applied to oil refinery 
plants since the 1970s 121. oil refinery plants still consume large 
amounts of energy compared to the required values based on an 
exergy analysis for separation processes 13-5 I. In particular, it has 
been reported that about 50% of the total amount of fuel in an oil 
refinery plant is consumed in the crude oil distillation unit 
(atmospheric distillation columns using a furnace) 16]. Thus, it can 
be said that we could achieve a marked reduction in C02 emissions 
171 and energy consumption [5,8] in oil refinery plants if we could 
reduce the energy consumption of crude oil distillation. 

Crude oil distillation is classified as a distillation process. 
However, it uses many techniques that are not used in a typical 
distillation column, such as a pump-around and a steam injection 
to the column 19]. Thus, many researchers have proposed the 
correct modeling method for crude oil distillation units is to 
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understand it 110-12] and to optimize the conditions for fitting its 
parameters 113,14]. These models using numerical calculation 
strongly contribute to design of control system and optimization for 
the processes. However. these are not suitable for energy saving of 
the process because of the lack of physical knowledge. Simulta
neously, to reduce the energy consumption of this process, several 
energy saving technologies for crude oil distillation based on heat 
cascading utilization have been developed and applied. One 
representative example is to recover the heat of pump-a rounds and 
feed this into the crude oil distillation furnace by designing heat 
exchanger networks 115-18]. Moreover, the operating system of 
the heat exchanger networks has been investigated 119.20].ln other 
heat integration technologies, the crude oil distillation unit is 
divided into two or more columns and reconfigured into a heat 
integrated process. These columns are thermally coupled and the 
heat-integrated crude oil distillation unit is designed as a multi 
effect distillation or the column feed conditions are modified for 
energy saving 16,21-24]. Although furnace duty can be decreased 
to implement these technologies, only a part of the heat is recov
ered and it requires a large amount of additional heat to be supplied 
by fuel combustion. 

In contrast, the authors have developed self-heat recuperation 
technology based on exergy recuperation, in which whole-process 
heat is utilized without additional heat, leading to the reduction of 
process energy required, and they have applied this technology to 
distillation and petrochemical processes in previous studies 
125-30]. Here, we investigate crude oil distillation units with 
energy and exergy analysis and the feasibility of applying self-heat 
recuperation technology and thus develop self-heat recuperative 
crude oil distillation. 

1359-4311/$ - see front matter © 2011 Elsevier Ltd. All rights reserved. 
doi: 10.1016/j.applthermaleng20 11.10.02 2 
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Fig. 1. A flow diagram of crude oil distillation. 

2. Crude oil distillation unit

I Fig. 1 shows a flow diagram of conventional crude oil distilla
tion. For simplicity, the crude oil distillation in this figure consists 
of a single crude oil feed, separated into five representative 
product streams; naphtha, kerosene, diesel, atmospheric gas oil 
fAGO) and residue, following a workshop text book [31]. These 
products are mixtures of several components and are separated by 
boiling temperature. There are three pump-arounds, three side 
olumns and a preheater and the column has 20 stages. Note that 
ig. 1 numbers the column stages from the top, including the 

condenser. 
The heat energy analysis for the crude oil distillation was con

ducted by PRO/II Vel'. 8.1 (lnvensys, Simsci). In this simulation, 
Grayson-Streed was selected for the thermodynamics data. To 
analyze the heat input/output of the process, we defined the feed 
condition as the base condition, as shown in Table 1. Then all heat 
input/output to the process were identified; the heat duties 
examined for the preheater, PLlll1p-'at"ounds, condenser and 

Table 1 

Crude column feed data. 


TBP Data (760 mmHg) 

Lv% "C 

3 36.1 
5 65.0 
10 97.8 
20 165.5 
30 237.2 
40 310.0 
50 365.6 
60 410.0 
70 462.8 
80 526.7 
100 871.1 

Light Ends 

COMP Liq Vol% 

C2 0.1 
l3 0.2 
IC4 0.3 
NC4 0.7 
IC5 0.5 
NC5 12 

Total , 3% LV of Assay 

Avg. density 0.88052 SPGR 
Flow rate 795 std. Liq m3/hg 
Temperature 232 vC 

Pressure 2.0175 kg/cm2 A 

Table 2 

Stripping stream data. 


To Main Column 4536 kg/h 
To Kerosene Stripper 1814 kg/h 
To Diesel Stripper 2041 kg/h 
To Gas Oil Stripper 681 kg/h 
Total Steam 9072 kg/h 

Pressure 5.2515 kg/cm2 A 
Temperature Dew Point 

products; and the energy and exergy of heats examined. Additional 
information for this crude oil distillation is given in Tables 2-5 for 
stripping steam data, products flow rates, column pressure and 
operating conditions, respectively. According to the analysis, we 
found the following four main heat sinks in the process: 
Condenser at the top: A typical crude oil distillation unit produces 
gas products from the tops. However, the crude oil distillation unit 
we used for analysis as shown in Fig. 1 had only five liquid products. 
Thus, all heat for vapor condensation is provided in the condenser. 
Product streams: The crude oil distillation unit shown in Fig. 1 does 
not have heat integration between the feed and effluents streams. 
Thus, a large amount of heat supplied to the feed in the preheater 
(furnace) nows with the five product streams. 
Stripping steam: The stripping steam drew about 5% of the heat 
energy of the preheating duty from the process i.e. the stripping 
steam works as a kind of heat sink in the process. In addition, 
steam injection decreases the partial pressure of oil in the 
column. 
Pump-around: Pump-around has two roles. One is a heat sink, 
which provides the temperature differences between stages, and 
the other is a mixer in the middle of column to effectively mix vapor 
and liquid for separation. 

From this study, it can be said that the crude oil distillation is 
a type of multi-effect distillation that integrates multiple columns 
within the main column for saving energy. Pump-around works as 
a partial condenser in the middle of column and steam approxi
mates vacuum distillation because of the decreasing partial pres
sure of oil in the column. To avoid the heat transfer from oil to 
steam and to confirm the enthalpy change for the process heat, all 
process streams in the column should be simulated without steam. 
Thus, we examined the partial pressure of oil in each stage of the 
column, as shown in Fig. 2. From this figure, it can be seen that the 
partial pressure of oil in the column changes by proportion with 
column stage. We therefore treated the partial pressures of oil as 
the pressure of the stages and designed a new model of the crude 
oil distillation unit without steam for the simulation. Simulta
neously, the crude oil distillation unit model was divided into four 
ordinal distillation columns at every pump-arounds and product 
streams to design the self-heat recuperative crude oil distillation. In 
the meantime, the stream for the top pump-around was stripped 
from the vapor of the 3rd stage, cooled and returned to the 2nd 
stage as liquid . 

Table J 

Product rates. 


Decant 8750 kg/h 
Naphtha 170 std m3/h 
Kerosene 115 std m3/h 
Diesel 95 std m3/h 
Gas Oil (AGO) 150 std m3/h 
Residue Unknown 
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Table 4 

Column pressure. 


Condenser 1.4062 kgfjcm2 A 
Top Tray (stage 2) 1.6315 kgfjcm2 A 
Flash Zone (stage 18) 1.9120 kgfjcm2 A 
Bottom Stage 1.9477 kgfjcm2 A 
Kerosene Side Stripper 1.8620 kgfjcm2 A 
Diesel Side Stripper 1.9120 kgfjcm2 A 
Gas Oil Side Stripper 1.9681 kgfjcm2 A 

Table 5 

Operating conditions. 


Operating Estimate 

Cundenser Temperature 43.3 °C 

Operating Requirements 
ASTM D86 95% Point for Naphtha 171°C 
ASTM D86 95% Point for Kerosene 271°C 
ASTM D86 95% Point for Diese l 352 uC 
TBP 95% Point for Gas Oil 475 "C 
Residue Yields 43% 

3. Simulation results 

The simulation was conducted using PRO/II Ver. 8.1(lnvensys, 
Simsci) to examine the energy required for the self-heat recuper
ative crude oil distillation process and to compare it to that of 
a conventional heat-integrated erucle oil distillation, constructed by 
following the existing heat exchanger network of a crude pre
heating train 116,17J. In this simulation, Grayson-Streed was 
selected for the thermodynamics data and 100% adiabatic efficiency 
was assumed for the compres sors. In addition, the minimum 
temperature difference for the he,lt exchangers was fixed to 10 K for 
all heat exchangers. To design the self-heat recuperative process 
and to examine the energy requi red, the temperatures of feed and 
all products streams were set [0 25°C as a convenient exergy 
standard. Fig. 3 shows the flow d i,lgram of the proposed self-heat 
recuperative crude oil distillcltion model comprising four 
modules. The detailed now diagr,lll1 of each module (Ml-4) and 
simulation results are shown in Figs. 4- 7. Fig. 8 shows the simu
lation results for the benchmark heat-integrated crude oil distilla
tion model. The self-heat recuperative process as shown in 
Figs. 3-7 consists of four self-heat recuperative distillation 
modules, equipped with the column, heat exchangers and 
compressors and the feed and ('Uluent streams are set at 25°C. 

2.0 _.- - --- - ...- - .- e·· 
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u 
';;:::- 14 I 
!lO =. 1.2 ! 
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a. 
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t 
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a. 
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Fig. 2. PJrml pressure> or oil in the column. 

...__----.... Naphtha 2S °c 

52-2 

Kerosene 25 DC 

Diesel 25 °c 

AG02S °c 
Feed 2S °c 

Sl-l 

52 ·1 

53 -1 

M4 
Residue 2S DC 

Fi~ 3. A flow diagram of the self-heat recuperative crude oil distillation model. 

From Figs. 4-7, it can be seen that all of the process heat from each 
module can be recirculated into the module and the total energy 
required was 26.29 MW for compression work. On the other hand, 
the energy required for the conventional heat-integrated crude oil 
distillation was 50.67 MW as heat for the preheater. Note that 
174.86 MW was required for the feed furnace without heat inte
gration. Thus, the energy consumption can be reduced by applying 
self-heat recuperation technology to the crude oil distillation unit. 

4. Discussion 

In the authors' previous studies, a self-heat recuperative distil
lation column has been developed. Each self-heat recuperative 
distillation column has been shown in previous studies to achieve 
about 80-88% reduction in energy consumption on an enthalpy 
basis compared with a conventional distillation process 
126,27.29.30). As well as previous studies, the proposed self-heat 
recuperative crude oil distillation unit separates the crude oil 
without any heat addition, leading to the apparent difference from 
the conventional crude oil distillation and the conventional heat 

52-3 25°C 

Fi~ 4. A detailed flow diagram and simulation results for module 1 (M1). 

http:126,27.29.30
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Compres sor 

Com pression ratio : 8 .7 
M2 

188 DC 

Sl-l 25 °C 

S3-2 2S °c 

S3-3 25 °C 

S3-4 25 °C 

~dli~W 
285°C 

:O S "c Cooler 52-2 

,~ 
38 °c ~~t1 
'----~ 

25 °C 

Fig. 5. A detailed flow diagr,l l11 and Silllul.lt ;1l 1l resulrs ror module 2 (M2). 

integrated processes whi ch are types of multi-effect distillation 
[32). Thus, the efficiency o f the energy consumption reduction is 
comprehensible because the self-h L',ll recuperative crude oil 
distillation unit has four d is! illation m ( 1t1111 es and nve compressors. 
However, this reduction co uld be vil' wed as unsatisfactory when 
taking into account primary energy C<lic lll,lfed by power generation 
efficiency (36.6% accordi ng to the j.lp()fleSe energy saving law 
[28,30.33]). Furthermore, rhe applic<ll ion of self-heat recuperation 
technology to crude oil di <; ! illation in fi gs. LJ - J requires compres
sors that can work at high 1l'l11peratlll (' ,11)(1 with heavy oil vapor. [n 
addition, it is preferable 10 selec! ((!:~ ) IJl eSsors that have high 
compression ratio. There full', this ( I:'~i :~ n still requires further 
modification and optimiz,l i in n, aIOll !~ " il!l development of devices 
for industrial application. In pc1rticlIl (l ! i !wre ,He two tradeoffs: that 
between the reduction 0: energy 1( '· ( I tll' d and the numbers of 
individual distillation mod liles, anc! i);.V('l' n the compression ratio 
for each compressor and th e top/il ';j ! O Il1 tempe ratures for each 

C'-' r'lP' . 


CO" ' i " . ·"'1',)110:9 .8 

M3 

253 O( 

2G ~ DC 

',) "C 

330 0
( 

"16 M'" 
l..----.-~r-lr--.,.----T ... 

25 O( 

25°( 

~v1 1 ) 

Fig. 6. A detailed now diagr.1I11 ,\lHI ~ i : ' ~· d " ion /1'\ \llr s for module 3 (M3). 

52-1 

54 -2 

54-3 

54-4 25 °( 

M4 

311 °c 

53·1 25°C 

Feed 25 °c 

Fig. 7. A detailed now diagram and simulation results for module 4 (M4~ 

distillation. One of the possible solutions to find the optimal point 
of these tradeoffs is to define the economical efficiency of the 
process as the optimum function and to solve it by multi-valuable 
parameters. Thus, even this solution requires complex numerical 
calculation. Although this design requires further development for 
industrial application, these simulation results show the potential 
for the application of self-heat recuperation to crude oil distillation 
and indicate that further investigation is needed for industrial 
application. 

Naphtha 

78°C 48 DC 
3 

153 DC 

188 °C 

255 °c 

25°C 

Residue 109 °( 

AGO 74°C 

Diesel 74 °c 

Kerosene 109 °c 

7 

8 

11 

325 °C 

Heat Exchanger 

124 .19MW 


Fig. 8. The heat-integrated crude oil distillation model. 
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5. 	 Conclusions 

In this research, the possibility of improved energy reduction for 
crude oil distillation based on Si:lf-heal recuperation technology 
was investigated. Through self-Ill',l[ recuperation technology. each 
function of crude oil distillation rquipn1l'IlL was identified and the 
heat inputs/outputs to these devices were c llcuiated. The feasibility 
of application of self-lw,1t recllj)!?ration technology was investi
gated through these analyses an(1 an ex,llnple of a self-heat recu
perative crude oil distillation W,l S proposed. In particular. the 
proposed process works witllOuf .lIlYh('.l! .Hlclition as well as other 
self-heat recuperative procc <; .')("; in prc \, :ulIs studies. In conse
quence, the proposed process elil ,lchiev( ' :I llinoved energy savings 
(48% reduction of the (' i1CIYV Il·' :uireI1;, III of the conventional 
counterpart by simulati (I'1) wi lh I lie dC I , I '!1IllCtH of compressors 
that work at high tempe'l,llllle'. 
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Retrofit Model with Relocation for Heat Exchanger Network 

Design 
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Abstract: This paper proposes a solution method based upon mathematical programming for Heat 
Exchanger Network (HENs) retrofit Retrofit of HENs is among the common projects to reduce the plant 
operational cost including utility cost. Retrofit design consists of four features such as additional or 
removal heat exchanger area, adding new heat exchanger, repiping and splitting. Four features were 
used to retrofit heat exchanger network in retrofit by GAMS and Visual C++. This research consists of 
two steps (retrofit and relocation) . Stage model (MILP) by Vee and Grossmann (1990) was used to 
develop the model. Not only minimization of utility cost, but also minimization of exchanger area are 
concerned. Example problems from literatures are used to demonstrate the effectiveness of the 
approach in terms of the solution quality and time. 

Keywords: Retrofit, Heat Exchanger Network Design. 

1. Introduction 
Heat exchanger networks (HENs) are 

widely used in many process industries for the 

purpose of maximizing heat recovery and 

reducing utility consumption and investment 

cost. 

Retrofit studies are sti II actively pursued 

to further improve energy recovery. It was 

reported that 70% of the projects conducted in 

the industry involved process retrofit. There are 

two main streams of the research regarding heat 

exchanger network (H EN) retrofit. One is based 

on thermodynamic analysis, namely Pinch 

Analysis and the other is relied on Mathematical 

Programming. 

Using mathematical programming for 

HENs retrofit does not require too much 

expertise and this method can optimize the 

problem by handling different kinds of 

constraints simultaneously. HEN retrofit 

problem is basically a Mixed Integer 

Non-Linear Programming (MINLP) problem of 

the non-linearity of the exchanger area 

equations. 

Many researches tried to get the best 

so lution by solving one single MINLP model 

and this method has still not yet succeeded. 

Because of this, the problem is normally 

simplified as a Mixed I nteger Linear (MI LP) 

model by imposing some assumption. 

The purpose of this work is to avoid 

nonlinear equation and develop a model using 

GAMS (General Algebraic Modeling System) to 

minimize utility cost, number of heat exchanger 

and investment. GAMS is the main tool for 

developing model. Stage model by Vee and 

Grossmann (1990) is developed by GAMS. The 

whole set of equations were modeled using 

GAMS and solved by using the MILP solver. 

The retrofit solution provides the additional area 

required for the base case HEN. 

2. Mathematical Software 

Ma et aI. [5] proposed an MILP model 

that can solve the HEN retrofit in one single 

step. The model adopted the stage-wise 

superstructure from Vee and Grossmann (1990), 

which takes into account the energy 

consumption; network structural modifications 

as well as new exchanger areas were considered 

implicitly by setting a minimum approach 

temperature in order to remove the non-linearity 

of exchanger area calculation. With this simple 

model, good alternative design are quickly 

determined. The drawback of this approach was 



that exchanger areas were not considered 

explicitly inside the model; therefore, further 

optimization was required for the selected 

network. The details of the formation are 

presented as follows: 

2.1 Overall heat balance for each stream: 

(Tout j -Tinj)Fj == L Lqijk +qhUj jEep .... (1) 
kESTjeHP 

T T )F ~ ~ ieHP ..... (2)
( linj -lout j j == ~ ~qijk +qcu j 

k€S1'j"CP 

2.2 Heat balance of each stream at each stage: 

... (3) 

... (4) 

2.3 Assignment of superstructure inlet temperature: 

.. .. (5) 

... (6) Tin, = 1,,1 i E HP 

2.4 Feasibility of temperature 

.. .... (7) 

.(8) 

. (9) 

...( 10) 

2.5 Hot and cold utility load: 

.. ( II) 

.....(12)(tj,N - Toulj)F; = qcu; iEHP 

2.6 Logical constraints: 

( 13) 

.( 14) 

... ( 15) 

Yijk , Yhj, Yic are binary variables. 

2.7 Feasible driving force: 

....(16) 

dlljl,.' dlhu and dtcu; ~ EMAT ieHP,jEep, kEST .......(18)

j 

The above constraints are used to model 

the heat flows of stage-wise superstructure and 

restricted all heat exchange approach 

temperatures of the required matches to be larger 

or equal to the Exchanger Minimum Approach 

Temperature (EMAT). 

2.1 Objective function 

Finally, the objective function is defined as 

minimizing the total cost for the network. The 

total cost involves the utility cost, and the fixed 

charges for the exchangers, 

The objective function is defined as follows: 

'caIrnl+'CHJ·rl.,+~CFz +'CF ·7f'11 +'CF ·zht ~ ~ ~ ~~ ~ I~ ~ ~w~ ~ ~w j 

iEHPjECP, kEST ........ (19) 


Nomenclature 

Indices 
hot process stream in retrofit network 

cold process stream in retrofit network 

k stage in retrofit network 1, ... ,N and temperature location 
I, .. ,N+I 

h hot utility 

c cold utility 

Sets 
HP iii is a hot process stream 

HU hot utility. s 

ep jlj is a hot process stream 

eu cold utility, s 

ST klk is the stage in superstructure, k=I, .. ,N 

Parameters 
Tin inlet temperature of stream (e) 

Tout outlet temperature of stream (e) 

A heat exchanger area (m2
) 



I . 

F heat capacity flow rate (kW/ C) 


N total number of stages 


C.CU cold utility cost ($/ kw ) 


C.HU hot utility cost ($/ kw) 


C.Fi.CU constant fixed cost of cooler ($/ exchanger unit) 


C.FiJ1U constant fixed cost of heater ($/ exchanger unit) 


C.Fij constant fixed cost of exchanger ($/ exchanger unit) 


n upper bound for heat exchanged 


fij upper bound for temperature difference between stream i and j 


fhj upper bound for temperature difference between hot utility h 
and streamj 

ric upper bound for temperature difference between stream i and 
cold utility c 

Binary Variables 

Yijk required process match (ij,k) in retrofit network 

Yhj required hot utility match (hj) in retrofit network 

Yic required cold utility match (i,c) in retrofit network 

Variables 

dtijk temperature approach for match (i,j) at temperature location k 

qijk heat exchanged for match (i~i) in stage k (kw) 


qhUj heat exchanged for hot utility match (h,j) (kw) 


qCUi heat exchanged for cold utility match (i ,c) (kw) 


ti.k temperature of hot stream i at temperature location k (C) 


tj.k temperature of cold stream j at temperature location k (C) 


Zijk a binary variable of existing of exchanger matches between 


hot (i) and cold (j) streams at stage k . 

ZCUik cold utility matching at stream i at stage k 

zhUjk hot utility matching at stream j at stage k 

3. Retrofit Procedure for HEN 
Design 

The procedure for HENs retrofit consists 

of two steps, retrofit step, and relocation step as 

shown in Figure 3.1 

£XTSTISG HEAT 
EXCHAGER WT\YORK 

----.... n 
RETROFIT STEP 

D 
RELOC:I. TIO\ STEP 

PROflT-HR.\T(Ql:{) PLOT 

D 

'-------- J] YES 

Fig. 3.1 Flow chart to fund optimal retrofitted HEN. 

Heat exchanger network design has four 

features including additional or removal area, 

add new heat exchanger, moving heat exchanger 

to other matching (repiping) and splitting. 

3.1 Retrofit Step 

Retrofit step is the procedure including 

additional or removal area, new heat exchanger 

and splitting. This step reduces the HRAT or 

overall hot/cold utility and generates the retrofit 

design HEN structure using stage model with 

MILP (Mixed integer linear programming). This 

step also finds the best HEN structure for 

minimum utility cost and fixed cost of 

exchanger with a constraint of fixing the 

position of heat exchanger, as shown in equation 

20. 

Retrofit constraint usinz the base-case 

exchangers (or the retrofit case 

Zijk ~ 1 ......... (20) 

Where Zijk is a binary variable of existing of 

exchanger matches between hot(i) and coldU) streams 

at stage k . 

3.2 Relocation Step 

For relocation, it shows where the base 

case exchanger are used or relocated in the 

retrofit case. 



3.2.1 Relocation with Concept 1 
(based on minimum area difference between the 

base case and the retrofit exchangers) 

The relocation of the base-case 

exchanger to the new location of the retrofit 

occurs when the minimum area difference 

between the base-case exchanger and one from 

the retrofit case is found. The relocation 

procedure will be applied to the rest of base-case 

exchangers for moving them to new location of 

retrofit case. This technique is trying to reuse all 

base-case exchangers with additional or removal 

area algorithm for the retrofit case. The 

relocation is done by using Microsoft Visual 

C++ and a flow diagram of this concept is 

shown in Figure 3.2. 

The retrofit case lront GAlvtS 
with 111 exchal-..ger.; (j=1 to In) 

D 
CaJ.cuL.te area diflerence 

(Aj - Ai) 

D 

D 
r---- ----e-.! ~ i-Ii 

D
I Sorting (Aj - Ai) I 

.D 

IFind the minimwn (Aj - Ai) 

D 
Relocate the exc~r i 
to the location 01e~r j 

D 
E1ilninate area difference 
ha~ either relocated exc~r i 01' j 

I.,~==~~----> 
----------------.[l r.!$ 

STOP 

Fig 3.2 Flow chart ofrelocation concept I. 


where 


(AI =Exchanger no. i ofthe base case 


Aj = Exchanger no. j ofthe retrofit case) 


3.2.2 Relocation with Concept 2 
(based on fixed exchanger matches of the base

case exchangers) 

Relocating the base-case exchanger to the 

new match between hot and cold streams has 

costs to pay. In this concept, the base-case 

exchangers with their matches are reused in the 

retrofit case to save the relocation cost. Flow 

diagram of this concept is shown in Figure. 3.3 

The base case with n exchangoel; 

(i = 1 to n) 


D 
The reilofit case from GAMS 

with m exdw~r; (j=1 to m) 


JJ 
ruui pair. of exc~r i and j 


wlUch satisfy the criteria. of 

th~ amemakh 


The location of exdWl.,"er i I 

( = th" locatiol1 of ;:)(ch:.n.,"·er j) 


$,elect onl)" pair 
of exclut,.--er i andj 

with 
minUrum area diJfE:Iel~e 

Do Concept 1 R.loc..tion 
for tlli rest of exch~1> i 
which do oot satisly 
the critem of tl~ same nntch 

Fig. 3.3 Flow chart ofrelocation concept 2 . 

4. Result and Discussion 

This example is to do retrofit the base-case 
HEN from the research of Abdelbagi Osman, 
M.1. Abdul Mutalib, M. Shuhaimi and K.A. 
Amminudin [6]. They studied the retrofit design 
by paths combination method. The base-case 

1 

http:CaJ.cuL.te


HEN consists of two hot and three cold streams, 
as shown in Figure 4.1. The hot and cold utility 
consumptions of the existing network are 11,275 
kW and 9,267 kW, respectively, as shown 
composite curves of Figure 4.2, corresponding 
to heat recovery approach temperature (HRA T) 
= 27 C and exchanger minimum approach 
temperature (EMAT) 7.7 C. Detail 
information of the base-case; such as heat 
exchanger area, heat load, etc is shown in Table 
4.1 and 4.2. 

H1 
165C 	 9SC 

6SC 

o 
II 

;:J 

192C ... -- n{----. ..

./ ~ GiJC3 
18SC ~I---------L';}I--~ !<wIC 70 C 

2790kw 

Cold utility = 9;267 kwIHotutility=II,275kw I 
Fig. 4.1 Grid diagram ofthe base-case HEN.. 

Composrte Curves of the Base Case (HRAT=27 C. EMAT=7.7 C) 

T	empemure ( C) 

300 

Oh=11275 kw 
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Oc=9267 kw 

200 +------- ----,f--- --.,L---. 
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100 +-~=-------,~----------. 

5000 10000 15000 20000 25000 30000 35000 40000 

EmhJJpy Ikw) 

Fig. 4.2 Composite curves ofthe base-case HEN. 

Table 4.1. Information of the base-case exchangers. 

UNlT 
Heat Exch:ll1ger 

Arc:l(ml) 

Heat Load 

(k\\') 

·BL . 13:3' 
,,' .-.;~ ,,~ 

E2 587 2560 

'E3 723 

[4 751 4340 

Table 4.2 Data ofhot and cold streams. 

TIN TOUT FCr h 
Stre:lUl 

eC) (OC) (1(\V;oC) (k'V/m20C) 

H2 240 65 86.4 0.55 

The economic data used for calculating profit 

of the retrofitted HEN are shown below; 

• 	 Cost ($) == 6,600+670(Area/ IJ
• 
1 

for all new exchanger, 
Area inm} 

• 	 Cost ($) == 670(LlArea/ II
.
1 

for addition of area in existing 

heat exchanger 

• 	 Life time = 2.5 years 


(from economic analysis of the project) 


• 	 % annual interest =0 

• 	 Hot utility cost == 120 $/kW/year 

• 	 Cold utility cost = 20 $/kW/year 

The profit of the retrofit case is calculated by 

eq. 21: 

Profit=Utility saving cost - New exchanger cost-Added area cost 

.. .. (21) 

The base-case HEN is retrofitted by using 

retrofit model of GAMS with MILP (Mixed 

Integer Linear Programming) and the relocation 

program with concept 1 and 2 using Visual C++. 

The retrofitted HEN at different HRA Tare 

generated by the retrofit model. Applying the 

program of the relocation concept 1, the profit of 

retrofitted HEN at different HRA T (or hot utility) 

are plotted as shown in Figure 4.3. And the 



optimal retrofitted HEN with relocation concept 

1 is found as shown in Figure 4.4, giving the 

maximum profit of $ 1,000,000 in 2.5 years. 

1,200,(00.00 	 1Profit($) 

! 


1,OOO,OtXl.OO 	 i~--- Hot ulilit~, =61884.92 k\Y 
\laximulll profit 

800,000.00 I " 
i ' \ 

600/100.00 i '~ Basecase 
Qlfll~2175 k\\' 

4(10,000.00 

100'~: ~__~_~________ ~_ ~_ 

6800 7300 	 7800 8300 8800 9300 9800 10300 10800 11300 11800 

hot utilily(kW) 

Fig. 4.3 Total profit as afunction ofhot utility of the 

retrofit cases with relocation concept I. 

3144kw 

192C 4-0-. 
2423 kw 

18SC ~~;; 

65 C 

J7J7kw 

IHot utility =6,885 kw ICold utility = 4,871 kw I 

Fig. 4.4 Grid diagram ofthe optimal retrofit case 
with relocation concept I. 

The optimal retrofit case consumes hot and cold 
utilities of 6,885 and 4,877 kw, respectively, 
with HRAT = 7.7 C, as shown in the composite 
curves of Figure 4.5. 

Composite Curves of the Retrofit Case(HRAT=7.7 C. EMAT=7.7 C) 

Temper~ture {C} 	 Reloc~tion Concept 1 
_. ~_ 0__ •••• _._ ••••• _ •• __ •••_ ___ _ __ •• _. ______________••_ _ _ _ _ _ _ •• __ . ~300 

200T---------------------~----~~--~ 

150T-------------~~~~------------~ 

100T--y~--.r~----------------------~ 

! 

Qh=68B5 kw 
250+-------------------------~====~~ 

50 

5000 10000 15000 20000 25000 30000 35000 
Enthalpy (hw) 

Fig. 4.5 Composite curves ofthe optimal retrofit case 
with relocation concept I. 

The relocated and new exchangers of the retrofit 
case with relocation concept 1 is shown in Table 
4.3. 

Table 4.3 Result ofthe optimal retrofit case with 
relocation concept I. 

.UNIT Heat 
Exchanger 
Area (m 2 

) 

Heat 
Load 

(kw) 

Area Cost 

($) 

El *=EI+276 m2 409 1,432.507 71,126.156 

E2*=E2-138 m2 450 1,159.994 -

E3*E3+l75 m2 899 3,980.093 48,730 

E4*=E4+14 m2 756 3,569.507 5,989.09 

New) 1,767 3,144.305 338,709.38 

New2 1,909 7,316.274 360,714.51 

* = relocated exchanger, New = new exchanger 

For the retrofit case with relocation concept 2, 

the retrofitted HEN at different HRAT are 

generated by the retrofit model. Applying the 

program of the relocation concept 2, the profit of 

retrofitted HEN at different HRAT (or hot utility) 

are plotted as shown in Figure 4.6. And the 

optimal retrofitted HEN with relocation concept 

2 is found as shown in Figure 4.7, giving the 

maximum profit of $ 900,000 in 2.5 years. 

http:4(10,000.00
http:600/100.00
http:800,000.00
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I Fig. 4.6 Total profit as afunction ofhot utility oJthe 
retrofit cases with relocation concept 2. 
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I Fig. 4.7 Grid diagram ofthe optimal retrofit case 

with relocation concept 2. 

The optimal retrofit case consumes hot and cold 
utilities of 6,885 and 4,877 kw, respectively, 
with HRAT = 7.7 C, as shown in the composite 
curves of Figure 4 .8. 

192C <.-0-1-----1 

':i/J-------- r 

Composite Curves ot the Retrofit Case(HRAT=7 .7 C. EMAT= 7.7 C) 
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Fig. 4.8. Composite curves of the optimal retrofit 
case with relocation concept 2. 

The relocated and new exchangers of the retrofit 
case with relocation concept 2 is shown in Table 
4.4. 

Table 4.4 Result ojoptimal retrofit case with 
relocation concept 2. 

* 

UNIT Heat 
Exchanger 
Area (ml) 

Heat 
Load 

(kw) 

Area Cost 

($ ) 

EI"'=El+ 1635m2 1,767 1,432.507 311,382.74 

E2"'=E2+1321 m2 1,909 1,159.994 260,870 

E3"'E3-273 ml 450 3,980.093 -

E4"'=E4-343 m2 409 3,569.507 -

Newl 756 7,316.274 172,552.84 

New2 899 3,144.305 196,487.50 

= relocated exchanger, New = new exchanger 

5. Conclusion 
In this work, an MILP model is formulated 

for HEN retrofit. This model simultaneously 

considers the utility saving cost, structural 

modification, new area cost and additional area 

cost. To overcome the nonlinear problems, a 

two-step approach is presented. In the first step; 

retrofit step, it finds the retrofitted network and 

the second step; relocation step, it indicates 

where the base-case heat exchangers are 

relocated. It consists of relocation concept I and 

2. For this example, the concept 1 is quite better 

than concept 2 because it gives more profit, as 

shown in Table 4.5. 

http:100,~JO.OD
http:200/000.00
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Table 4,5 Comparison o/the retrofit results between 

optimal retrofit case with relocation concept 1 and 2. 

Options Hot Utility Cold Utirrty 

Renofrt 
with 
relocJtioll (0/0) 

saring 
(%) 

PI Mit {$) 

1.000.000Coucepti 
'Flg.4.4) 

6,884.92 [3iN] 4,8':";32 8I.B 
ConcepC 
tFig. 4.7} 

90Q,O{lO 

Options 
:\dditional area 

requirement 1m2] Iotal 
Area 
(llIl) 

Retrofit 
with 
relocation 

£1 £2 £3 £4 :\ewl :\('\\2 

Concepu 
\filj.ui 

176 ·133 175 14 1,76" 1,909 6,190 

ConcepC 
I.Fi!J.Uf 

1,: 67 1,909 450 409 756 899 6,190 
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Abstract: This study is to develop a mathematical programming model of heat exchanger network 
(HEN) retrofit called stage model (Yee and Grossmann, 1990) and apply it to the crude preheating train 
of a refinery in Thailand to reduce the energy consumption at the furnace and cooler. From pinch 
analysis, the composite curves of the base case show the retrofit potential at the heat recovery 
approach temperature (HRA T) about 33.5 0 C. The retrofit design of the crude preheating train is done 
by applying the stage model, resulting in 14.5 % and 67.7 % energy saving at the furnace and cooler, 
respectively, with additional exchanger area of 9,610 m2

. After that, the retrofit design of HEN with 
multiple crude types; light and heavy ones, is done to find the optimal HEN for the refinery. 

Keywords: Pinch analysis, Mathematical programming, Heat exchanger network retrofit. 

1. Introduction 

The crude fractionation unit, as shown in Figure 

1, is one of the largest energy-consuming units 

in a refinery, having a complex heat exchanger 

network (HEN) of crude preheating train which 

transfers heat from hot-product and pump

around streams to the crude oil feed. 

CRUDE FRACTIONATION UIJIT 
Full-ranye 
naphtha 

Diml 

~_ 0-_",j;.tmcspheric 
'-----~Jesldue 

H.f.ll.Altc",-'lt. 

Fig. I Crude fractionation unit. 

By preheating the crude, this HEN reduces fuel 

consumption in the crude furnace. In the 1970s, 

pinch technology, or p~ocess heat integration, 

which assists the design of an efficient HEN by 

the use of composite curves (T-Q diagram), as 

shown in Figure 2, was developed. This 

technology has enabled a theoretical approach to 

design an optimal HEN and find retrofit 

potential of the process. The composite curves 

consist of hot and cold composite lines 

presenting the relationships between temperature 

(T) and heat content (Q) for heat sources and 

sinks in the system. A pinch point of two lines 

indicates a heat recovery approach temperature 

(HRAT) or a thermodynamic constraint on heat 

exchange. Shifting the cold composite curve to 

the left improves heat recovery, or energy 

saving, by increasing the heat-exchanger area. 

Due to the energy crisis, a refinery in Thailand is 

trying to save the energy usage. The energy 
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efficiency of the crude preheating HEN can be 

improved by modifying the existing HEN. 

Temperature, T 
Hotntility 

/"m.~'~ 

Pinch point / • /: 

Hllt composite curve ~// : /' : 
\, ____' tJ.T ' - HRAT ~/ \ ,. 

____ min _____: ': 
/ - -- : : 

/ / / /,- C.i<j compo,;;. curv. 

~ohl \Itili;~ Precess heo:J' lecovery ~~ 

IOvel!op of corr'pc."Sile wYeS) . 


min QH minQc 

Heat flow, 0 

Fig. 2. Composite curves. 

There are two kinds of HEN design; grassroots 

and retrofit design. The grassroots design of 

HEN is to do new design of HEN for the 

process. The retrofit design of HEN is to modify 

the existing HEN with exchanger relocation to 

gain more heat recovery and save utility usage. 

However, the results of HEN retrofit is the HEN 

design with minimal modification to reduce 

utility usages of the existing process. 

2. Literature Survey 

Grossmann et a1. (1987) and Gundersen 

(1990,1991) provide comprehensive reviews of 

the existing retrofit techniques. The retrofit 

technique by Linnhoff & Tjoe (1985) using 

pinch technology or thermodynamic method 

applies targeting procedures to energy-area trade 

offs which subsequently translate into 

investment savings plots. Vee and Grossmann 

(1984) proposed assignment-transshipment 

models for structural modifications and a two-

stage approach (Yee & Grossmann, 1987). Ciric 

and Floudas (1989) proposed a retrofit strategy 

using a decomposition method.Asante and Zhu 

(1996) introduce an automated approach for 

HEN retrofit featuring minimal topology 

modifications. Briones and Kokossis (1998) use 

the hypertargets or conceptual programming 

approach for retrofitting industrial heat 

exchanger networks. 

3. Stage Model 

The stage model is based on the stage-wise 

superstructure representation proposed by Yee et 

a1. (1990). The structure is shown in Figure 3. 

Within each stage of superstructure, possible 

exchanger between any pair of hot and cold 

streams can occur. Heater and coolers are placed 

at the end of cold and hot streams, respectively. 

The objective function of the model is to 

minimize the duty of heater, cooler and number 

of exchangers under the constraint functions of 

energy balance, thermodynamics, logical, and 

retrofit constraints. 

~~ 7~;';:'~( ;-! •-:~'(.e;'';; ·:.f~ 

.-:(i::': O/<: O< c,:<;J.:t !i='-.', 

Fig. 3. Two-stage model structure. 

The target temperatures and flow rate of hot and 

cold process streams are fixed and the stage
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model will design HEN into two stages (K 1 and 

K2) with the minimum utility usages and 

nwnber of exchangers for fixed EMAT 

(Exchanger Minimum Approach Temperature). 

The constraints and objective function are 

Overall heal balance for each slream. 

(TlNi - TOUTi}Fi - I 

kE ST jEep 

(J'OU7j - nNj)r~ = I I: (%k I qhuj) j E Cf' . (2) 

kES1' iEHl' 

Heal balance al each slaKe. 

(Ii.k - li.k+,}Fi ..= I ifiik kE S1', i E Hf' .. (3) 

JELP 

(Ii .k li;..,)I]"'" I kE sr, jE CP ... . (4) 

iEHP 

AssiKnmenl uf superstruclure inlellemperalures. 

7'lNi = {i./ .. ... (5) 

.(6) 

Feasibility oflemperalures. 

kES7~ iEHf' . (7) 

kE~T.jECP ... . (8) 

rouri :::: l iNUK " iEHP . .. (9) 

TOUr; ::: Ii.' JEO) ..(10) 

Hal and cold ulilily load. 

({i.MiA·+ ! . TOU7J Fi . qcu, !EHP .. (II) 

jECP .. . (12) 

Logical conslraint.l. 

qijk - n:Zijk :::: 0 iEHP. jECP , kEST .. (13) 

qcU,-iliCUi ::::0 iEHP .. ..( 14) 

qhurilihui::::O . ( 15) 

.. (16) 

Calculation ofapproach temperature.l . 

k ES'/~ i EHP, j ECP ... ( I 7) 

dt;!k.! :S t;k,, - t,*,! . r(l- Ziik) kESI ~ iEHP.j ECl' ... .. (18) 

dtcui :::: 1i),OK ' ,- TOUhu -I rc 1- zcu,) iEHP .. ( 19) 

dthuj :::: IOU/,w Ii.! + f( J - zhUi) JECP ...(20) 

The temperature between the hot and cold streams at any point of 

any exchanger will be at least EMAT: 

.. ... (21) 

Objecl;ve fu nClion. 

The objective function is to minimize utility cost and capital cost 

iEHP JECP 

iEHP iEHP JECP kEST 

Nomenclature 
HP = set of hot process streams 

F ,-=heat capacity flow rate 

CP = set of cold process streams 

U "'" overall heat transfer coefficient 

ST set of stage no. 

ceu ~ unit cost for cold utility = 400 $1 kw 

CHU " unit cost of hot utility = 100 $1 kw 

CF c , fixed cost for exchanger = 4000 $/exchanger unit 

C area = linearized variable (area) cost for exchanger"'" 46.5 $1 kw 

TIN = inlet temperature of stream 

TOUT= outlet temperature of stream 

p= exponent for area cost 

NOK = total number of stages 

n = upper bound for heat exchange 

r =. upper bound for temperature difference 

dtijk" temperature approach of match (iJ) at temperature location k 

dlcu;~ temperature approach of match-hot stream i and cold utility 

dthu, , - temperature approach of match-cold stream j and hot 

utility 

qUk ~ heat exchanged between hot process stream i and cold 

process stream j in stage k 

qCUi· heat exchanged between hot stream i and cold utility 

qhu, . heat exchanged between hot stream and cold streamj 

li.k ~ temperature of hot stream i at hot end of stage k 

lik ~ temperature of cold streamj at hot end of stage k 

::ijk = binary variable to denote existence of match (iJ) in stage k 

::cI>i = binary variable that cold utility exchanges heat with stream i 

:Z'mi ~ binary variable that hot utility exchanges heat with streamj 

4. Crude Preheating Train 

For this study, crude preheating train is a heat 

exchanger network (HEN) with a furnace used 



Base-case Crude Preheating Train 

J3 
Ell I,. e 

Fig. 4. Base-case crude preheating train from PRO-II simulation. 

to heat the crude from temperature of 30 ° C to 360 

°C or more. This HEN contains 19 process-to

process exchangers; E 1, E2, E3, E5, E6,E7, E8, 

E9, EI0, Ell, E12,El3, E14, E15, E16, E17, E18, 

E19, and 20, to transfer heat from 19 hot 

process streams; 11 to 119, to heat the cold crude 

stream; divided into three parts; J1, J2, and 13. For 

the furnace, it requires heat duty of 40,923.9 kw 

to preheat the crude before entering the 

fractionation column to produce products; 

Exchanger No. oIkwl Area In~l LMTD Ic) UIkw/lll2iq 
El 14152 440 72.7!Xl4ffili 0442 
E2 12(91 m 110m7 OA62 
E3 7930 321 B7.ffi51B752 0.2618 
E5 BJ7 70 B3.ffl61[lll 0.4% 
E6 ~B 146 83.B155m 0.464 
E7 10580 311 70251l7filll 0.4842 
EB 5554 242 ffi.1 m1725 0.4577 
E9 10476 441 55.!m7l1l2 04243 
Em lffi78 940 31.41857634 Olxl17 
Ell 11.'624 IDJ 4O.91244rn 0.4329 
EI2 41ffi 183 525357!!J4B 0.4327 
E13 LffiJ 162 4O.1l1'1BS945 0415 
EH 1100 W 1l.D4IDS 0.211 
E15 16350 19] 37. 13156L92 0211B 
E16 lffiJl 1374 1l.24ll7141 0.35817 
E17 LU13 125 lJ05m767 0.4123 
E18 12]) ~2 44.400771)6 O.El 
E19 10174 1424 34.76721616 0.2!Ri 
ELU 6]J(J lfW lim?] 0.1674 

Overall area = 97891 nl2 
Ovmll recovery 0= 15m7 kw 
Nllmber 01 exdlJngers: 19 

Table 1. Detail ofall exchangers ofthe base case. 

naphtha-minus, bulk distillate fraction, and long 

residue, as shown in Figure 4. The base-case HEN 

of crude preheating train can be represented by the 

grid diagram as shown in Figure 5 and the details 

of each exchanger from the base case; recovered 

heat, (Q), area, overall heat transfer coefficient 

(U), and logarithm mean temperature difference 

(LMTD), are shown in Table 1. 

5. Retrofit Potential 

Pinch analysis (I 970s) is applied to find the 

retrofit potential of the crude preheating train by 

using the composite curves of hot and cold process 

streams as shown in Figure 6. It shows that this 

base-case HEN has minimum temperature 

difference (HRA T) of 33.5 °C and the scope of 

energy saving on furnace duty is not more than 

8,793 kw. To reduce the energy usage of crude 

furnace, more exchanger area is needed for the 

base-case HEN. 

Compo~it. curVB of Ill. b~s, C3se 

'00 Oh =~~2i1 kw 

350+-- ---

~+-------------~~~-----~ 

~~----------~=-~---------~ 

15O~~--~----------------~ 

l00~-~~---------------~ 

50~~---------------------~ 

soooo 

Fig. 6. The composite curves ofthe base case. 
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Fig 5_ The grid diagram ofthe base case. 

COlllllosite curves oflhe relrofrt case 16. Retrofit Design of HEN 
400 -----------·----------o ii= 349-13.'06 kW-- '-~--' ! 

The stage model by Yee and Grossmann (1990) is 

applied, using 20 stages, to retrofit the base-case 

HEN. There are three splitting sections; located at 

stage no_ 5, 10, and 15. The other stages are for 

additional/removal exchanger area or new 

exchangers needed after retrofitting_ The model 

using MILP (Mixed Integer Linear Programming) 

to minimize the total cost of furnace, cooler duties 50000 100000 1500)() 200000 

H(kw)and the fixed/variable costs of exchanger, resulting 

Fig 8. The composite curves ofthe retrofit case_in the optimal HEN with the retrofit structure_ 
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Fig. 7. The grid diagram ojthe retrofit case. 

For this study, the costs of utility and exchangers Exchangerfio. alkYl\ 
El 200J42.!Ol 

are assumed. For utility costs, they are $100 and E2 
E3 

6155 ~58 
?9n156 

$400 per kilowatt of hot and cold utility, E5 
E& 

2901.2 
5678112 

E7 1&51.0 .169 
respectively. For exchanger costs, the fixed cost E8 555JBSS 

E9 6?S9.32i 

is $4000 per unit and the variable cost is $46.5 EIO 7110.945 
El1 IOm !~8 

per kilowatt of heat recovery by process-to E12 
m 

I m63~:i 

j160 IE~ 
Ell 2Dl855 

process exchanger. The retrofit-case HEN is E15 1179 .9-15 
EI6 S;01.lJ5 
Eli IlSOllG6generated by stage model, as shown in Figure 7, 

855.2a2m 
)5m2~i EI9resulting in the reduced HRAT of 25°C, as 

i E2l) ~550 )l 

shown in the composite curves of Figure 8. It 

consumes less furnace duty than the base case; 

Ale~lm2\ 

m~ .6 
185; 

101 15 
420,\ 

319 
)f;).15 
i57 .~9 

~ao 66 
15B 
m 

!1885 
15817 
2057 
S45 

7.\1iD] 
%a 
a~. ?1 

1096.45 
69324 

8130.25 
m900~54 

1~ 

NEW 12 HEW!S 

UHOtC\ 
3J.06 
mil 
70. 15 
133.70 
139.22 
592G 
724S 
3g.£r.1 

HI9 
35.C6 
2UG 
55.39 
4,.26 
1(2(1 
2:,03 
32A! 

uIkwfm2iCl 
W2 
O.J62 
02Bla 
0.495 

j OA&l 
o~&42 

o.m? 
0.&243 
RJ5817 
O .~'29 

0027 
0.J15 
011' 
0.2918 
035817 
o~ 123 

3.l.97 0.2811 
lW 02DS5 
LiSO O.Hi74 

m2 
l:w 

about 34,973 kw by adding more exchanger 	 Table 2a Detail 0/19 old exchangers/rom the 
retrofit case.area 0[9,610 m2

, as shown in Table 2a and 2b. 
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Table 2b Detail of15 new exchangers from the 

retrofit case. 

The retrofit results include the relocation of the 

base-case exchangers, the addition of fifteen 

new exchangers with area of 11,169 m2
, and the 

additionaVremoval area of the existing 

exchangers. 

7. Conclusion 

In the face of global energy crisis, most refinery 

in Thailand are desirous of improving energy 

efficiency by trying to reduce energy 

consumption or saving fuel usages at the crude 

furnace of the crude preheating train. For this 

study of a refinery, the HEN retrofit with 

applying 20-stage model is carried out by 

relocating some existing exchangers and adding 

fifteen new exchangers to the base-case HEN, 

resulting in the 14.5% energy saving at the 

furnace, and 67.7% energy saving at a cooler of 

pump-around as shown in Table 3. 

U l \T C C) 

HR.U U(illli<. (k\\") 

fC) furnate S."in~ (~.~) Co oler S.,· iQ~ (%) 

B'S,C!llt -- 33 5 40!f23.H e 7 9~ 

RtrrofitCut 22 . 2 ~ ]~ 34973 Q: 1t54~ ~ S ~~.- 6 7.67~i 

Table 3. Comparisons of energy usages between 

the base case and retrofit case. 

This retrofit technique can also be applied to the 

crude fractionation unit with different crude 

types; light and heavy ones. The retrofit results 

will be the optimal HEN of crude preheating 

train for both crude types. 
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Keywords: 	 Heat exchanger network (HEN); Pinch analysis; Mixed integer linear programming; Stage model; Retrofit. 

Abstract: 	 This stu'dy explores the retrofitting of the crude preheat train of a crude distillation unit (CDU) processing 
two types of crude--light and heavy--for a period of 200 and) 50 days per year, respectively, with the aim of 
finding the optimal design that would yield the highest net present value (NPY). A mathematical 
programming model using GAMS software of heat exchanger network (HEN) called stage model (Zamora 
and Grossmann, 1996) is applied to carry out the retrofit. The base case CDU is simulated by PRO II 
software. Using pinch analysis, the composite curves show the retrofit potential of base cases with light and 
heavy crude. The 10-stage model generates six retrofit designs--Designs 1, 2, 3, 4, 5, and 6--of which 
Designs 1, 2, and 3 are suitable for light crude and Designs 4, 5, and 6 are suitable for heavy crude. Using a 
graphical technique of searching for optimization with maximized NPYs of all designs, it is shown that 
Design 2 is the optimal retrofit design processing both types of crude, yielding the highest NPY of 
$11,529,51) for a 5-year lifetime and resulting in furnace duty saving of 32%. 

INTRODUCTION 

The crude distillation unit (CDU), as shown in 
Figure 1, is one of the largest energy-consuming 
units in a refinery. It has a complex heat exchanger 
network (HEN) of crude preheat train which 
transfers heat from hot-product and pump-around 
streams to preheat crude before it enters the CDU, 
resulting in energy saving in crude furnace and 
coolers of COU. For this study, PRO n software is 
used to simulate base case CDU operated under 
Arabian light (light crude) and Bacha quero (heavy 
crude) with different distillation curves (Figure 2). 
The volumes of crude products from CDU of light 
and heavy crude are found in Table 1. COU of light 
and heavy crude of 5000 barrels/hr consumes 
different steam and condenser duties (Table 2). 

Crude DI~lfdtion Unit (CDUj 

j.y , u.14 

1",.. ~ ""tI il~~ 
~Al '*t: ~ 

n JJ '------'\\'It--{c , ~~~~;>NrY. 
c(~ .::-t~i -c~.Jt·1it;;-~I 0" 

..sEN l,,~, ~-~ 

Figure 1: Crude distillation unit. 
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Figure 2: Distillation curves of crude. 

Table 1: Products from Iight and heavy crude. 

Volume Of ?rod'ucts Volume 01 Pr()(Jur.l<;Products 
Products from light Crude fr om Me~vy CIUcJ~Cut Range ('C I 

.1 )o'c Jl3a'c 

Napfllho 0 111 " C 6'4n 7. 

K.~rosene 171 271 "e 10"1..18 ~" 

29 ·i.271 47) · C 22"LOaso!1 

31'/. 62"kResIdue 473"C. 

Table 2: Steam and condenser duties ofCDU. 

Energy Consumption 01 CDU 

with light Cn/de Feed 
5000 Barrels/hr 

VlitIl Heavy Crude f eed 
5000 BarrelsJhr 

Steam and 
Side-stripping Steam Duty 7.673 MMI',' 8,07/,IMI'I 

Condenser Duly 62.3 MMW 13,9f.lMW 

This work focuses on retrofitting the base case 
crude preheat train of light and heavy crude by using 
a graphically searching technique with n-stage 
model. 

2 LITERATURE SURVEY 

In the 1970s, pinch technology, or process heat 
integration, which aids the design of an efficient 
HEN by the use of composite curves (T-Q diagram), 
as shown in Figure 3, was developed. This 
technology has enabled a theoretical approach to 
design an optimal HEN and find retrofit potential of 
the prncess. The composite curves consist of hot and 
cold composite lines presenting the relationships 
between temperature (T) and heat content (Q) for 

heat sources and sinks in the system. A pinch point 
of two lines indicates a heat recovery approach 
temperature (HRAT) or a thennody namic constraint 
on heat exchange. Shifting the cold composite curve 
to the left improves heat recovery, or energy saving, 
by increasing the heat-exchanger area. 
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Figure 3: Composite curves. 

The retrofit technique by Tjoe and Linnhoff 
(1986) using pinch technology or thermodynamic 
method applies targeting procedures to energy-area 
tradeoffs which subsequently translate into 
investment savings plots, Yee and Grossmann 
(1990) proposed assignment-transshipment models 
for structural modifications and a two-stage 
approach. Ciric and Floudas (1988) proposed a 
retrofit strategy using a decomposition method. 
Briones and Kokossis (1998) used the hypertargets 
or conceptual programming approach for retrofitting 
industrial heat exchanger networks. 

3 N-STAGE MODEL 

The stage model developed by GAMS software is 
based on the stage-wise superstructure 
representation proposed by Zamora and Grossmann 
(1996), as shown in Figure 4. Within each stage of 
superstructure, possible exchanger between any pair 
of hot and cold streams can occur. Heater and 
coolers are placed at the end of cold and hot streams 
respectively. The objective function of the model is ' 
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Figure 4: n-stage model structure. 

to minimize the duties of heater, cooler and number 
of exchangers under the constraint functions of 
energy balance, thermodynamics, logical, and 
retrofit constraints. The target temperatures and flow 
rates of hot and cold streams are fixed and the stage 
model will design HEN into n stages with the 
minimum utility usages and number of exchangers 
for fixed EMAT (Exchanger Minimum Approach 
Temperature). 

Generally, the number of stages in the 
superstructure is set equal to the maximum 
cardinality of the hot and cold sets of streams, 
although sometimes it is necessary to increase the 
number of stages to allow designs with minimum 
energy consumption. The purpose of the retrofit 
model is to minimize the number of exchangers 
under constraint functions of energy balance, 
thermodynamics, logical constraint and retrofit 
constraint. The retrofit constraint is shown in 
equation (l): 

IIIZijk~l (l) 
i=1 j=1 k=1 

where Zijk is a binary variable of existing exchanger 
matches between hot (i) and cold (j) streams at stage 
k. This constraint helps retrofit HEN by keeping 
base case exchangers in the same location in the 
retrofit design. 

4 RESULTS AND DISCUSSION 

4.1 Base Case 

This case study focuses on retrofitting a base case 
crude preheat train of light and heavy crude for 200 
and 150 days per year, respectively. The base case 
consists of eight hot product streams (PAl, PA2, 
PA3, Naphtha, Kerosene, Light Gasoil, Heavy 
Gasoil , and Residue), three cold crude streams (11, 
]2, and B), as seen in Figure 1, and eight process 
exchangers (E I, E2, E3, E4, E5, E6, E7, and E8) 
with an area of 5621.97 m2

, as shown in Figures 5 
and 7. The base case crude preheat train is operated 
under light and heavy crude for 350 working days 
per year. 

4.1.1 Base Case of Light Crude 

The structure of base case crude preheat train 
operated under Iight crude for 200 days per year for 
the lifetime of 5 years is shown in Figure 5. It 
consumes furnace and cooler duties of 95.162 and 
44 MMW, respectively, at HRAT = 79.3°C. 
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Figure 5: Base case HEN with light crude feed. 

The composite curves of this base case, as shown 
in Figure 6, show a retrofit potential, meaning 
retrofit of this base case to reduce furnace and cooler 
duties is possible. 
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Figure 6: Composite curves of base case of light 
crude HEN. 

4.1.2 Base Case of Heavy Crude 

The structure of base case crude preheat train 
operated under heavy crude for J50 days per year for 
a lifetime of 5 years is shown in Figure 7. It 
consumes furnace and cooler duties of 91.4 and 
96.37 MMW, respectively, at HRAT = 113.6°C. 
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Figure 7: Base case HEN with heavy crude feed. 

The composite curves of this base case, as shown 
in Figure 8, also show a retrofit potential. 
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Figure 8: Composite curves of base case of heavy 
crude HEN. 

The retrofit with 10-stage model is applied to the 
base-case HEN and gives six retrofit designs: 
Designs 1, 2, 3, 4, 5, and 6. Designs 1, 2, and 3 are 
suitable for light crude for 200 days per year while 
Designs 4, 5, and 6 are suitable for heavy crude for 
150 days per year. 

4.2 The Optimal Retrofit Case 

The base case of I ight crude is retrofitted by 10
stage model using GAMS, generating six retrofit 
designs at different HRA Ts, selectively, with 
different furnace duty (hot utilities) and cooler duty 
(cold utilities), as shown in Tables 3, 4, and 5. 

Table 3: Six retrofit designs with exchanger area. 

Overall Area of Number of 

1-'£': DeSign Process E)(changers Process E)(changers 
(m2) 

Base Case 5622 
24253 12 

DesiQ:i 2wi th r~ino 16126 11 

DeSlCn 3 '''1m reoipinq 10727 9 
Desion 4wi tll repiP!l1Q 15246 
D<.:sian 5 ,>,,'Ith repiPloa 9742 
Desi{n 6 'Nith repip;"1Q 42713 

Table 4: Six retrofit designs for light crude. 

HEN with Light Crude for 200 Days per Year 

Hot Utility (MMW) Cold Utility (MMW)t{l.ATnl 
Base Case i495, !6219.3 

19,56 1667.162 
27.43 207Li62 

2J)13.73 SLlo? 
46,;~597, ll!83,52 
~.49 5107.66103.~ 

59,33liO,9i 117.79 
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Table 5: Six retrofit designs for heavy crude. 

,...--------~---------.-.-.----------------

rtN C6i;~ ! HEN with Hcavy Crudc for 150 Days per ye.", 

I Hl4T ("C) HO(t~~~\,ty COI(~~~)lIty 

Base Case I 1l3.61 9!.4 96J7 

Cts~2\;ilhreWoo I 50,01 53.495 58.49 

Ces.ion41',itn rM .:0.46 m7 52.52'31 

CeSiQn 5\l1m feWng I 63.22 62.1S5 6HD 
Si,5nC~~~6filth reWM I 33.36 76.3 

The net present value (NPY) is based on future 
cash flows for a certain number of years, n, and a 
specific annual interest rate. The NPY is calculated 
as follows: 

'I yea" 
( Utility saving coat, 

NPT' ::: I l ----:.--~ 
l.-Tol31lnv","lmcnt co.t (2) 

. (1 • Annual inlcrC3t rat.) _ 

Table 6 shows the NPY for each retrofit design. 

Table 6: NPY of six retrofit designs. 

i Hot Utility Cold Utlllty II Tot~1 NPV (5) 
HEN De~lgnl Si!'Ivin" Sr.:o~ng I tn;;~:~;)nt !~-YO~:~rro Time( 'Yo ) 

J7 :1 73iO:: !ui£3n~ 

~: 'is}):, !I53);: 
2; } :: :,~:~;: ~ ~6~:~ 

17 	 ~~); ~i ~7n~:) 

;,;mi! i .>S;S:9 

12il€ 'i! -i732.1}3 

The economic data including utility and 
investment costs for this retrofit case are as follows. 

The lifetime of this retrofit project is 5 years and 
the annual interest rate is 10% (350 working days 
per year). The cost of hot and cold utilities are 
0.4431 and 0.0222 cents per megajoule, 
respectively. The maximum exchanger area added to 
and removed from existing exchanger shells are 10% 
and 40%, respectively. The maximum limit of area 
per shell is 5,000 m2 and one exchanger can contain 
up to 4 shells. The constraint of this retrofit case is 
that there is no splitting on hot streams. The cost for 
stream splitting and repiping is $20,000. The 
investment costs of area are shown in equation (3), 
(4), (5), and (6). 

Exchanger ($) = 26,460 + [389 xArea (m2
)] (3) 

Area addition ($) = 13,230 + [857xAreaaddeim
2
)] (4) 

Area reduction ($) = 13,230 + [5xAre3reduceciCm2)] (5) 

New shell ($) = 26,460 + [857xAre3shell(m2)] (6) 

The optimal retrofit design (Retrofit Design 2) 
from the graphically searching technique is the one 
with HRAT = 27.43°C, giving the highest NPY of 
$11,529,511 for a lifetime of 5 years, as shown in 
Figure 9 . 
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Figure 9: Graphical technique for searching 
optimization. 

Details of Retrofit Design 2 are provided in Table 
7 and Figures 10 and 11. It will be applied to handle 
light and heavy crude, giving different furnace and 
cooler duties. 

Table 7: Exchanger details of Retrofit Design 2. 
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Figure 10: Design 2 with light crude feed. 
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5 CONCLUSIONS 

The 10-stage model of HEN generates six retrofit 
designs of crude preheat train. Designs 1, 2, and 3 
are suitable for light crude for 200 days per year, and 
Designs 4, 5, and 6 are suitable for heavy crude for 
150 days per year. In comparing the NPV of the six 
designs, it is shown that the optimal retrofit design 
handling light crude for 200 days and heavy crude 
for 150 days per year is Retrofit Design 2, which 
gives the optimal NPV of $11 ,529,511 for a 5-year 
lifetime and results in 32% saving at the furnace . 
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For refineries throughout the world, energy management is an important element for controlling total 
operating costs. Over the past decades, there appears to be an urgent need to retrofit the existing Heat 
Exchanger Network (HEN) of Crude Distillation Units (CDU) to reduce the current utility consumption. A 
simple pinch design approach is proposed here to accomplish above-and-below-pinch HEN design by 
stage-model mathematical programming using GAMS software. The energy and capital costs of a heat 
exchanger network are both dependent on the pinch temperature or {j. Tmin which is set as target prior to 
the design of a HEN. In this work, a retrofit potential program was developed using visual basic for 
application (VBA) to find the optimum pinch temperature in targeting step. Moreover, the program can 
automatically generate composite curves, and grand composite curve of the process hot and cold 
streams. An example; HEN of crude preheat train, from Bagajewicz's paper (2010) paper is used to 
illustrate this procedure and compare the results. 

1. Introduction 

Heat exchanger networks (HENs) have been widely applied in industrial projects over the past decades 
because they provide significant energy and economic savings. Applications of HEN integration can be 
divided into two categories are grassroots and retrofit design. In oil refining, retrofit design are far more 
common than grassroots applications. Frequently, proper redesign of an existing network can reduce 
significantly the operating costs in a process. The major objectives of retrofit problems are the 
reduction of the utility consumption, the full utilization of the existing exchangers and identification of 
the required structural modifications.The incorporation of the optimum HENs in the retrofit design to 
minimizing energy consumption is a challenging problem. The pinch design method has been 
developed by Tjoe and Linnhoff (1987) and applied to optimize a HEN through the incorporation of 
thermodynamic properties of the process streams. The simplicity and flexibility of the method allows 
the user to optimize exchanger location as well as exchanger area. An improved pinch-technology 
retrofit procedure is developed in this work by using potential retrofit program or targeting program and 
new objective function in cost targeting step to lower the utility consumption levels of any given HEN at 
the cost of minimal capital investment. 

2. Methodology 

Targeting step by pinch analysis 
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This step is to develop VBA targeting program to find the optimal f::.Tmin or heat recovery approach 
temperature (HRAT) of the retrofit case giving the maximum profit or net present value (NPV) 
calculated from energy saving cost minus investment cost of additional tube area and new shell of 
exchangers based on vertical heat transfer between hot and cold composite curves. 

HEN retrofit step by n-stage model 

After obtaining optimal HRAT or pinch point from VBA targeting program, the n-stage model 
Grossmann & Zamora (1996), as shown in Figure 1, is applied to design HEN at above and below 
pinch sections based on algorithm from Smith (199S) shown in Figure 2 and 3. 
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N-stage model (Grossmann & Zamora, 1996) of H.E.N. 

Figure 1: N-Stage model 

Figure 2: Algorithm of above-pinch design Figure 3: Algorithm of below-pinch design 

3. Case study 

The case study is retrofitting base-case crude preheat train, as shown in Figure 4, of a crude distillation 
unit from Bagajewicz (2010).The network consists of ten hot and three cold process streams (H1, H2, 
H3, H4, HS, H6, H7, H8, H9, H10, C1, C2, and C3) with six process exchangers (No.11, 10,6, S, 1, 
and 12), three hot utility (No.9, 18, and 17), and nine cold utility exchangers (No.1S, 7,14,4,8,2,3, 
13, and 16). The current design uses two kinds of hot utilities (HU 11 ,and HU 12) and three kinds of cold 
utilities (CU4, CUS, and CU6). This existing network does not have splitting. The retrofit result of this 



study will be compared to one without heat exchanger relocation and C3 splitting from Bagajewicz's 
paper as shown in Figure 8 for a project life of 5 years (350 working days per year) and annual interest 
rate of 4.73 %. Modifications in the HEN include new exchanger addition and area addition or reduction 
to existing exchangers. The base-case HEN consumes 67,964 kW of hot utility and 75,051 kW of cold 
utility. 
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Figure 4: The grid diagram of the base-case HEN from 8agajewicz (2010) with corrected area 

For HEN modification, the maximum area addition and reduction to existing shells are 10% 

and 40% of existing area, respectively, for all exchangers except exchanger NO.5 and 12. Exchanger 

NO.5 and 12 with H5-C1 match have maximum area addition and reduction of 20% and 30% of the 

existing area, respectively. The maximum area per shell is 5,000 m2
. The maximum number of shells 

per exchanger is 4. The investment cost equations for exchanger modification are shown in equation 1, 

2,3 and 4. A fixed cost for splitting streams is $20,000. 

Heatexchangerco~($) = 26,460 + [389xArea (m2
)] (1 ) 

Area addition cost ($) = 13,230 + [389 xAreaadded(m2
)] (2) 

Area reduction cost ($) =13,230 + [0.5xAreareduced (m2
)] (3) 

New shell ($) = 26,460 + [389xAreasheli (m2
)] (4) 

The utility cost for HU11, HU12 , CU4, CU5, and CU6 are shown in Table 1. The film coefficients for all 

streams are shown in Table 2. 
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Table 1: Utility cost of hot and cold utilities 

Cost 
Hot/Cold Utility ($/kj) h, Supply Target 

per year film coefficient Temperature (C) Temperature(C) 
(kw/m2/C) 

HU11 71 .09 6 250 249 
HU12 134 0.111 1000 500 
CU4 6.713 3.75 20 25 
CUS 23.4 6 124 125 
CUG 45.9 6 174 175 

Table 2: The film coefficient of all streams Table 3: The retrofit results from targeting program 
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4. Results and Discussion 

The VBA targeting program requires data of the existing exchanger area, stream property (flow rate, 
specific heat capacity, supply and target temperatures), and economic data to estimate the optimal 
HRAT of 16.48 0 C , and optimal retrofit exchanger area of 12,414 m2 

, as shown in Table 3 and Figure 
5. The program also calculates the optimal NPV of 11,770,841 $, as shown in Figure 6. 
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Figure 5: Retrofit curve from targeting program Figure 6: The optimal HRA T from targeting program 
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At the optimal HRAT of 16.48 0 C between hot and cold composite curves, shown in Figure 9, the 10
stage model is applied to design HEN at above and below pinch sections, by keeping the old process 



exchanger as much as possible. There are three and two alternative designs of HEN at above and 
below pinch sections, respectively. Therefore, there are six combinations of HEN designs, HEN 1, 
HEN 2, HEN 3, HEN 4, HEN 5, and HEN 6, as shown in Table 4. The optimal design is HEN 4, as 
shown in Figure 7, with the maximum NPV of 16.388,214 $. 

Table 4: Economic results of six retrofit cases Figure 9: The retrofit-case composite curves 

CIlIliI )(J littClln cs Retrofit case
Retrofit Case NPV IS) Total Investment Cost ($) 

HEN 1 16,230,820 4,829,348 

HEN2 16,386,978 4,693,124 

HEN 3 16,162.083 4,732,211 

HEN 4 16,388,214 4,634,947 

HEN 5 16,123,289 4,547,451 

HEN6 16,320,160 4,375;712 

5. Conclusion 

The retrofit case from this study, shown in Figure 7, is compared to one from Bagajewicz (2010). 
shown in Figure 8. Our result gives more NPV, however his work gives less total investment cost in 
exchanger area and new shell. That is because his work uses all six existing process exchangers while 
our design uses only four from six existing exchangers. Our VBA targeting program can estimate the 
optimal HRAT based on retrofit area calculation but the stage model designs HEN without retrofit 
constraint keeping the old exchangers. For the future work, the retrofit constraints will be added to the 
stage model, and stream repiping might be occurred in the network. 
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Due to energy losses in petroleum and petrochemical plants, energy loss analysis needs 
to be applied for energy saving. A gas separation plant (GSP) in Thailand is a case study 
for this research work. Two types of energy sources consumed in this GSP, fuel gas and 
electricity, will be measured and analyzed for identifying energy losses at several 
energy-consuming areas; acid gas and water-removal unit, refrigeration area, and 
fractionation area by energy-auditing program. For acid gas and water-removal areas, 
and refrigeration areas, energy audit program can calculate daily energy consumption of 
the utility-exchangers and waste-heat- recovery unit using hot oil as heating media and 
fuel gas as fuel. For the fractionation area including demethanizer, deethanizer and 
depropanizer, the column targeting is used for analysis of energy-loss by separation. 

1. Introduction 

The increase of energy cost in petrochemical industry is major effort to reduce energy 
requirements and utilities costs. Gas separation plant consumes electricity and fuel gas 
as energy source and natural gas was fractionated by demethanizer, deethanizer, and 
depropanizer to produce five products; methane, ethane, propane, liquefied petroleum 
gas (LPG), and natural gasoline (NGL). To achieve the purpose of energy consumption 
reduction, the energy loss analysis is considered by developing energy audits program 
for utility exchangers in plant. In this work, column targeting is used to analyze the 
energy loss for distillation columns. The column grand composite curve (CGCC) is 
useful for representation of temperature-enthalpy. The calculation procedure for the 
CGCC involves determination of the net enthalpy deficit at each stage by generating 
envelopes from either the condenser end (top-down approach) or the reboiler end 
(bottom-up approach) by Dhole and Linnhoff (1993) and Shenoy (1995). 

Please cite Ihis article as: Wongsampigoon N., Siemanond K., Chaleoysamai Y. and Chuvaree R, (2009), Energy management of 
gas separation plant by energy auditing program, Chemical Engineering Transactions, 18, 141-146001: 10.3303/CET0918021 

mailto:kitipat.s@chula.ac.th


142 

2. Energy loss analysis by energy audits program 

The energy audit program is developed for monitoring energy consumption by 
hot oil of the following areas in the gas separation plant; acid gas removal, water
removal, refrigeration and fractionation areas, as shown in Figure 1. The program 
receives the actual data through distributed control system (DeS) and plant information 
system (PIMS). After that the program will calculate the energy consumption by hot oil 
of utilities exchangers and report in daily or monthly data, as shown in Figure 2-4. 

Figure 1. Process flow diagram of gas separation plant. 


The measured data of GSP consist of flow rate, temperature inlet-outlet and density. 


The energy consumption by hot oil can be calculated by equation (1); 

Energy demand hot oil = Fep L1 T (1) 

Where. 

F = Flow rate of hot oil, Cp = Heat capacity of hot oil, L1 T = Temp out - Temp in 

The energy consumption by fuel gas can be calculated by equation (2); 

Energy loss = Energy suppIYji'elga.~  Energy demand hot oil (2) 

Where, 

Energy consumption by fuel gas = (fuel gasflow rate)*(heat combustion offuel gas), 

Where, 

Heat ofcombustion offuel gas = sum[(low heating value)i*Xi}, 
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Xi is mole fraction of each fuel gas component. 

After implementing the equeations to program, the daily or monthly energy 
consumption can be reported, as shown in Figure 2 and 3. 

EMrSY CO~lumpt'on MOlllt4rnl1l8 ProS'D," For GSP 11$ 

t:::'ICI~ COII:PIIUp,...mII.JOI¥I200"', 

~ .00000 f-----------
1 

Figure 2. Energy monitoring program Figure 3. Energy consumption chart. 

Des 
~ (Distributed 

cont.-oJ system) 

PIMS 
(Plant 

information 
system) 

Figure 4 Energy monitoring system 

For the energy loss analysis, the energy loss can be calculated by this equation, 

Energy loss = Actual energy consumption - Standard energy consumption. 

The standard energy consumption comes from simulated gas separation plant which was 
compared with the actual energy consumption. 

3.Energy loss analysis by distillation column targeting 

For reducing the energy consumption of demethanizer, deethanizer and 
depropanizer, column targeting is used for analyzing energy Joss . 

3.1 Demethanizer 

Demethanizer column consists of six trays and four packed beds in side the 
column. However in the simulation step, 20 trays were used to represent these packed 
beds. This section is a low temperture process (the cryogenics process) dominated by 
the shaftwork of compressor in refrigerant system This column has no condenser duty 
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and less reboiler loads; furthurmore, this column is a complex column having many 
feed streams. It also contains dlimey trays which collect liquid from between packed 
beds and function as a collector device for ethier feeding distributor and liquid drawing 
from the column. Figure 5 and 6 shows the thermal profile of demethanizer column or 
CGCC and demethanizer diagram. 

Temp vs. Enlhalpy 

~ ~ ~ t ~JjjjjJj~LU 
j 

f 
) 

(" 

-I -...., ,... 

Figure 5. 	 CGCC of Demethanizer(temp. Figure 6. Demethanizer 
vs enthalpy) 

From Figure 5 and 6, the energy consumption of demethanizer is around 3,000 
KW for the reboiler duty, there is no energy loss by separation to reduce energy loads of 
the column. 

3.2Deethanizer 

This column has 40 trays with feed at tray no.12; the duty of reboiler and 
partial condenser are shown in Figure 8, the CGCC of deethanizer with only one pinch 
point at stage 12 and temperature around 35.9 deg C. The energy loss gap is observed 
around 2,600 KW which implies an improper existing reflux ratio (R= l.73). This can be 
modified by reflux modification. 
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~ [g~~ . ~. 
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T-,_. 
Figure 7. Energy loss gap and scope Figure 8. Deethanizer. 

of side reboiling. 

After reducing reflux ratio to R = 0.7, the energy consumption of reboiler and 

condenser duty can be saved to 7.72% as shown in Table 2. However, the ethane 
recovery drops to 86.1 % so R= 1.54 is might be the optimum reflux ratio_ Another 
modification is the scope of side reboiling as shown in Figure 7, side reboiling can be 
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used by using hot stream with temperature of 107.13 C, this hot process is used to 

heated the deethanizer as a side reboiler, resulting in reducing main reboiler and air 

cooler duty as shown in Table 3. 


Table 2. Results of reducing reflux ratio of deethanizer. 


Reflux Ratio 
Ethane recovery 

(%) 
Duty Reboiler 

(KW) 
Duty Condenser 

(KW) 
Qh & Qc Saving 

KW % 

1.73(Existing) 96.5 16,956.60 11,563.20 

1.6 96.5 16,486.20 11,539.90 256.12 0.94 

1.54 96.3 15,942.70 11,266.58 1,013.90 3.72 

1.45 95.6 15,759.32 11,157.40 1,603.50 5.62 

0.7 86.1 13,023.22 11,109.65 2,105.65 7.72 

Table 3. Results of side-reboiling of deethanizer at tray 33. 

Deethanizer Air cooler no.! 

Utility Savlng (KW) 5,237.90 5,275.20 


Utility Saving (%) 30.77 43.14 


3.3Depropanizer 

Depropanizer consists of 98 stages with feed tray no.51 th and use both of 
reboiler and partial condenser as shown in Figure 10. The reflux ratio is around 3.13 
moreover there are 2 side draws at tray no.23 (LPG) and tray no.89 (i-pentane). Heat 
duties of reboiler and condenser are around 8,900KW and 10,700 KW respectively. The 

CGCC of depropanizer shows the pinch point at temperature around 86 C, as shown in 
Figure 9. There is energy loss gap around 1,000 KW. The results of reflux modification 
is shown in Table 4, this shows reflux ratio can save energy loss in depropanizer and the 

proper reflux is R = 2.80. 

T.mp. ..,,£ntt.atpy 
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Figure 9. Scope of Feed Preheating. 
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Figure 10. Depropanizer. 

Furthermore, after reducing reflux ratio, feed preheating is observed in Figure
9 by using hot process stream with temperature of 100.49 C, this hot stream is used to 

heat feed of depropanizer to 90 C resulting in reducing main reboiler duty and air cooler 

duty as shown in Table 5. 

http:5,275.20
http:5,237.90
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Table 4. Result of reflux modification of depropanizer. 
Ethane Duty Duty Qh & Qc Saving 

Reflux Ratio recovery 
(%) 

Reboiler 
(KW) 

Condenser 
(KW) KW % 

3.13 99.93 8900 10,700 

3.02 99.82 8600 10,700 300 3.37 

2.96 99.75 8400 10,700 500 5.62 

2.88 99.63 8200 10,700 700 7.87 

2.80 99.57 8000 10,700 900 10.11 

Table 5. Result of feed preheating. 

Depropanizer Air cooler no.2 

Utility Saving (KW) 2,633.00 2,643.70 

Utility Saving (%) 15.89 25.55 

Conclusions 

1. Energy loss analysis by energy auditing program 

The energy-loss monitoring program can audit the energy usage of utility exchangers in 
GSP. 

2. Energy loss analysis by distiHation column targeting 

For demethanizer, there is no scope for energy loss reduction. For reflux modification, 
deethanizer reflux ratio of 0.7 is the most energy saving but %ethane recovery drops to 
88.6%. Another modification is a side reboiling, this is used to help reducing the main 
reboiler duty in deethanizer for 30.77% and 43 .14% for air cooler no.I. For 
depropanizer, reflux ratio of 2.80 is the most energy saving and feed preheating is used 
to help reducing the main reboiler duty in depropanizer for 15.89% and 25.55% for air 
cooler no.2. 
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An approach based on pinch analysis is used for heat exchanger network (HEN) retrofit 

of the natural gas separation plant (GSP) to find the scope of energy saving and reduce 

the operating costs. In this research, pinch analysis can be applied to investigate the 

retrofit potential and generate three alternative retrofit designs of HEN by removal of 

utility with inappropriate placement, five heaters located in the below-pinch regions. 

All three retrofit designs give 27.07% and 7.46% savings on hot and cold utility usages, 

respectively. These can be done without adding new heat exchangers. In retrofit project, 
the payback periods were calculated to evaluate new extra investment. The result shows 

all retrofit designs give the same payback period of 0.30 year. 

1. Introduction 

Energy saving is playing a key role in many process industries especially in oil and gas 
refining plants. Unquestionably, a major concern to accomplish this aspect is to use the 

process heat exchangers for recovering energy from hot process streams to heat up the 

cold process streams, resulting in utility saving. Process integration was used for saving 

utility (e.g., hot oil, air and refrigerant) in GSP. This study is to analyze the retrofit 

potential of GSP and improve energy efficiency by retrofitted HEN. 

2. Process Description and Data Extraction 

Natural gas is used as a feedstock of GSP5 and firstly treated by removing mercury, 

acid gas, and water before it is sent to the fractionation units to produce products, 

methane, ethane, propane, liquified petroleum gas (LPG), and natural gasoline (NGL). 

Mter process study, the actual data like the supply and target temperatures, heat 

capacity, and flow rates, are required for pinch analysis. In this study, there are 32 hot 

Please cite this article as: Parisutkul S., Siemanond K., Chuvaree R. and Laorrattanasak S, (2009), Improving energy efficiency of the 
natural gas separation plant by pinch analysis, Chemical Engineering Transactions, 18,213-218001: 10.3303/CET0918033 
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and 20 cold process streams with the use of hot utilities (hot oil) and cold utilities (air 
cooler and refrigerant) as shown in Figure I. 

Figure 1 Grid Diagram of Existing Process. 

3. Construction of Composite and Grand Composite Curves 

The composite and grand composite curves of the existing HEN. are shown in Figure 2 
with hot and cold utilities of 44706 kW and 59980 kW, respectively. The minimum 

approach temperature (~Tmin) is 14.3°C and Pinch temperatures are between 86.9°C 
and 101.2 DC, which divide the process into two regions-above and below pinch 

regions. 
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Figure 2 Composite and grand composite curves of existing process. 

4. Retrofit by Elimination of Inappropriate Utility Placement 

The existing network was analyzed by the violation of pinch rules-heaters must not be 

placed below the pinch and coolers must not be placed above the pinch to find 

inappropriate utility placement. The result showed five heaters for cold streams; C 1, 

CIO, C12, C19, C20, in the below-pinch region, as shown in Figure 1, needed to be 

eliminated. Finally, three alternative retrofit designs were proposed. 


4.1 Retrofit Design option 1 (Figure 3) 

This design was done by splitting a hot stream, H2, to transfer heat to five cold streams; 

CI, ClO, C12, C19 and C20, by using five exchangers. And total increased exchanger 

area was 385 m2 

. 


4.2 Retrofit Design option 2 

This design was similar to design 1. The difference was using hot stream H7 instead of 

H3 to supply heat to C 1, C 19, C20, C 10 and C 12. An increased exchanger area was 


2376.6 m 
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4.3 Retrofit Design option 3 (Figure 3a) 

This design was done by using four different exchanger matches between four hot 

streams; H2, H 18, H22 and H25 and process cold streams. Hot stream, H2, was 

matched with cold stream C 1. Also hot stream H 18 was matched with cold streams; 

CI0 and C12. Moreover, hot streams; H25 and H22, were matched with C19 and C20, 

respectively. The additional exchanger area was 901.1 m2
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Figure 3 Retrofit design option 1. 

The result reveals 11931 kW of both hot and cold utility usages (27.07% and 7.46%, 
respectively) can be saved, Utility savings was classified and payback period can be 
calculated as shown in Table 1 and 2, respectively. 
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Table 1 Utility cost saving of each retrofit design 

Utility Type 
Utility Cost 

(US$/kW-yr) 

Utility Saving (kW) 

Designl, 2 and 3 

Cost Saving (USS/yr) 

Designl,2 and 3 
Hot Oil 203.59 7363 1499033.2 

Refrig~rant 90.4 4568 412947.2 

Air cooler motor 212.94 11931 2540587.1 

Table 2 Payback period of each retrofit design 

Design Operating Heat exchanger Payback 

option cost saving ($/yr) cost ($) period (yr) 

I 4452567.5 1367882.751 0.31 

2 4452567.5 1351136.701 0.30 

3 4452567.5 1337633.411 0.30 
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Figure 3a Retrofit design option 3 
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Design option 1 and 2 can be modified without any problems. Practically, design option 
3 will be difficult to control the overhead temperature of depropanizer. In addition, 
power of gas compressor will be increased since pressure drop increases when sales gas 
is used to heat the ethane. Therefore, design option 1 and 2 are practical. 

Conclusions 

According to actual data, pinch analysis was taken for retrofit work. The network 
reveals the minimum approach temperature between 86.9-101.2 dc. Three alternative 
design options were carried out from determining inappropriate utility placement of 
heaters and coolers, giving the same energy saving of 11931 kW for both hot and cold 
utilities (27.07% and 7.46%, respectively). The design 1 and 2 were practical however 
design 3 can cause increasing of compressor work. For design 1 and 2, five new 
exchangers were added with additional exchanger area about 380 m 2• All retrofit 
designs gave the same payback period of 0.30 year. 
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Rapid population growth, increasing energy demand and consequently high crude oil 
price have been fundamental drivers of global economic growth which partially affect 
our living. The crude preheating train of the refmery in Thailand consumes high energy 
at the crude furnace. In this work, the optimization with graphical searching technique 
and the retrofit model of heat exchanger network (HEN) using stage-wise model from 
(Grossmann and Zamora, 1996) was applied to design the most profitable HEN of crude 
preheat train. The retrofit model with the relocation technique is applied to design HEN 
with using the existing exchangers. The design data is used for the base-case HEN of 
PTTAR refinery. For result, the retrofitted HEN gives hot utility saving of 13% furnace 
and 2.21 year of payback period with maximum profit of391,454.62 $/year. 

1. Introduction 

The heat exchanger network (HEN) ofCDU or the crude preheating train in oil refinery 
is an important aspect of energy conservation and becomes more important as energy 
costs continue to increase. Retrofit has attracted significant research due to energy 
savings achieved in utility costs. The major objectives of retrofit problems are the full 
utilization of the existing exchangers, reduction of the utility consumption and 
identification of the required structural modifications. The purpose of this work is to 
apply the optimization for HEN retrofit with crude preheating train of the real refinery 
in Thailand, PTTAR refinery. The relation between the process conditions and the heat 
integration options to provide an optimal structure for a retrofitted heat exchanger 
network is used as the method of this work. The model is based on a superstructure and 
stage model by (Grossmann and Zamora, 1996). 

2. Stage Model 

This retrofit model was modified from the stage-wise superstructure (Grossmann and 
Zamora, (996) which is grassroots design as shown in Figure I.lt shows n-stage 
superstructure for a two hot-two cold stream synthesis problem. At each stage, hot and 
cold streams are split to allow the potential existence of a heat exchanger to match any 
hot-cold pair of streams. Th is concept enables the implicit inclusion of a large number 

Please cite this article as: Somjill T., Siemanond K. , Junlobol K. and Susangiem , 2011 , Retrofit with exchanger relocation of crude 
preheating train for crude distillation unit, Chemical Engineering Transactions, 25, 105·110 
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of system topologies. Before a stream enters a new stage its streams of the preceding 
stage are remixed isothennally. Heater and coolers are placed at the end of cold and hot 
streams, respectively. - _.......... "':: 


rlI'",,~-"'-..., : '" ,j{]: • :.I""ff+-'---' 

Qc 

....t-=:--'------{ )--L-Il~.=..:....~~---f}t~~-I· C2 
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Figure 1: Heat Exchanger Network Superstructure (Grossmann and Zamora, 
1996)(left) and Economic data (Ciric and Floudas. 1988)(right). 

Generally, the number of stages in the superstructure is set equal to the maximum 
cardinality of the hot and cold sets of streams, although sometimes it is necessary to 
increase the number of stages to allow designs with minimum energy consumption. The 
retrofit model is to minimize number of exchangers under constraint functions of energy 
balance, thermodynamics, logical and retrofit constraint with non-splitting assumption. 

Retrofit constraint: L'LIZijk-::;1 
;=1 )=1 k=1 

Where Zijk is a binary variable of existing exchanger matches between hot (i) and cold 
(j) streams at stage k. 

Relocation concept is to relocate the base-case exchangers to the new location of the 

retrofit, with small area added or removed (~40% acceptable). 


3. Crude Preheating Train 

It always gives more advantages to have hot streams transferring their heat to the raw 
crude oil in the heat exchanger networks (HEN) of preheating train to preheat crude 
before entering the fractionation column to produce products; naphtha-minus, bulk 
distillate fraction, and long residue, where it is heated up from 30 to about 359 DC as 
shown in Figure 2. This HEN contains 19 process-to-process exchangers; E-I, E-2, E-3, 
E-5, E-6, E-7, E-8, E-9, E-l0A, E-11, E-12, E-13, E-14, E-15, E-16, E-17, E-18, E-19, 
and E-20. To transfer heat from 19 hot process streams; lIto] 19, to heat the crude cold 
streams (divided into three parts); J 1, J2, and J3. 

http:rCfTJ:'(T1/I.1n
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The base case HEN of crude preheating train can be represented by grid diagram as 
shown in Figure 4. And the data consists of the stream properties and thennal condition 
for each exchangers of base case; recovered heat (Q), area, overall heat transfer 
coefficient (U), and logarithm mean temperature difference (LMTD) are shown in Table 
I. An economic data for exchangers and utilities are shown in Table 2. 

Table J: Stream properties ofall exchangers ofbase case. (U= 0.3 kWlm 2 Kfor New 
exchangers) 

No.HX Matching Q(kW) Ufouled (kW/mlC) LMTD(C) Area (ml) 

E-l Il-Jl 10,976.90 0.516 78.61 270.60 
E-2 12-Jl 15,154.00 0.49 108.80 284.24 
E-3 I3-Jl 7,274.60 0.353 78.00 264.22 
E-5 I4-Jl 1,076.50 0.563 46.95 40.73 
E-6 I5-Jl 12,450.10 0.512 91.56 265.57 
E-7 I6-Jl 14,426.60 0.519 80.28 346.24 
E-8 17-Jl 2,2 13.10 0.538 32.90 125.04 
E-9 18-J2 12,419.90 0.457 49.92 544.41 
E-IO 19-.12 9,290.00 0.177 50.84 1,032.41 
E-1I 110-J3 10,920.40 0.515 60.37 351.22 
E-12 111-J3 3,410.10 0.49& 5&.34 117.38 
E-13 1l2-J3 314.40 0.526 13 .54 44.15 
E-14 113-J3 210.40 0.259 53.42 15.21 
E-15 114-J3 14,382.90 0.345 36.71 1,135.66 
E-16 115-J3 12,384.30 0.418 49.15 602.85 
E-17 J16-J3 1,833.50 0.433 68.42 61.89 
E-18 117-J3 669.20 0.309 71.52 30.28 
E-19 118-J3 8,643 .70 0.196 56.58 779.47 
E-20 I19-J3 6,898.30 0.198 32.35 1,077.02 

The annual profit of the retrofit case is calculated by equation as shown below. 
Assumption; repiping cost == very small value. 

Profit = Utility saving cost - Annualized investment cost 

4. Retrofit Potential 

Retrofit potential of the crude preheating train is generated by pinch analysis (1970s) 
using the composite curve of hot and cold process streams as shown in Figure 3 
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The hot and cold utilities of the existing network are 53,638.9 kW and 7,018.35 kW, 
respectively; corresponding to heat recovery approach temperature (HRAT) of 
46.347°C and exchanger minimum approach temperature (EMAT) of 5.86°C. This 
means that scope of energy saving on furnace duty should be less than or equal 8,773 
kW. Adding or removing exchanger area and/or new exchangers help to reduce the 
energy usage of crude furnace . 
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Figure 4: The grid diagram ofthe base case 

5. Retrofit Design of HEN 

The base-case HEN is retrofitted by using optimization with graphical searching 
technique with retrofit model of 19-stage model to maximize the total utility saving cost 
and minimize fixed/variable costs of exchangers. There are three splitting sections; 
located at stage no. 5, 10, 15. The other stages are for additional/removal exchanger area 
or new exchangers needed after retrofitting. 
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Figure 7: The grid diagram ofthe retrofit case with relocation 

The optimal retrofit HEN with relocation is shown in Figure 7. The retrofit HEN with 

HRAT of 35.36 °C as shown in the composite curves in Figure 5. consumes hot utility 
of 46,620.5 kW and cold utility of 0 kW with hot utility saving at the crude furnace of 

7,018.4 kW. The retrofit results include the relocation of the base case exchangers and 
repiping, with addition of 2 new exchangers with area of 22,571.45 m2 and the 

additional/removal area of the existing exchangers as shown in Table 3 and 4. Utility 

cost of existing network is 4,431,480 $/year. For retrofit with relocation, it is reduced to 
3,729,640 $/year, resulting in maximum profit of391,454.62 $/year as shown in Figure 

5. 

Table 3: Result ofthe optimal retrofitted case with relocation (* relnr.ulede.l r.hallgm . New lIewexdwllger) 

Base case exchanger 
number 

Malching 
Add (+) or Remove (-) areas 10 

existini:/newexchangers 
Area(m') %AddlRemove Relocalion 

E·I* 111-J3 £-1-113 .3673 1~7 . 2J3 -41.89 
£-2* 16·H £.2+I 908 .~868 2 192.825 671.47 
£·3* I3·JI £·3-24.3566 239.861 -9.21 Relocation 
E-5* I4-JI £-5-21.6664 19.063 ·53. 19 
E·6* I5-JI E-6-93.7041 171.86~ ·3~U8 Relocation 

E·7 I6-JI £-7-7.017 339.225 -2 .02 Rtlocation 
E-8* 12-J1 E-8+17.240 142.278 13 .78 
E-9* 18-J2 E-9+265.2658 809.677 48.72 

£-10 JJ8-J3 E-IO-I19.4359 912.976 ·11.56 ReloClltioll 
E-II IIO-H E-II+78.1798 429.397 22 .25 R<loc.tiun 

£ · 12* II6-H £·12-22.1462 94 .636 ·19.37 Relocation 
£-13" 117-J3 E- 13+O.94II 45.086 2. 13 Relocation 
E-14* II3-J3 E-14·2 .1384 13.067 ·14.06 

£-15* 119-J3 E-15+475.207 I 610.866 41.84 
£·16* 19·J2 E·16+108.1584 711.008 17.94 Relocation 
E-17* I7·JI E-I7+3.558 65,450 5.74 Relocation 
£ · 18* IIZ-J3 E-18-2.8395 27.440 ·9.37 Relocation 
E-19* I15-JJ E·19·2 .0331 777.436 ·0.26 Relocation 

E-20* I14-H E·20+549.6893 I 626.707 51.03 -

http:of391,454.62
http:22,571.45
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Table 4: Details oj4 new exchangers Jrom the retrofit case 
ers 

6,129.93 

Number of exchan 
Newl 

New2 

f . 
f 

6. Conclusion 

This model simultaneously considers the saving cost utility, structural modification, 
new area cost and additional area cost. To overcome the retrofit HEN problems, a two
step approach is presented. In the first step, retrofit step finds the optimum network. The 
second step indicates heat exchanger relocation and investment cost. The retrofitted 
HEN with 19 stages model is carried out by relocating existing exchangers and adding 2 
new exchangers, resulting in the 13 % energy saving at the furnace, and 100 % energy 
saving at the cooler, as shown in Table 6. and 2.21 year of payback period. 

Table 5: Comparison ofthe retrofit results in optimal retrofit case with base-case 

Data 

~H~$~I~;i:~~~m~~tt~~·~t~5.~/~l~t!lf 
Overall recovery energy(kW) 

Base case 

MS1~~~5,,~'j1] 
144,948.9 

Retrofit case 

n~:}~l3g?~5, '1E 
151,967.25 

Economic result of retrofit case 

j~5~}~I~~~!~~~Z~fS~~~f~S.ft~~.~J~~~}~~!~~~~~ 
Total Addition area(m2)= 22,571.45 

Table 6: Comparison ofenergy usage between base-case and retrofit case 

Cases Hot utility Cold uti lit)' Utility Saving 

Cost (S/year) 

Profit 

($/year) 

Payback 

Period(yr)QII(kW) Saving(%) QdkW) Saving (%) 

Base case 53 ,638.9 0 7,018.4 0 0 0 

Relrofil case 46,620.5 13 0 100 701 ,840 391,454.62 2.21 
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