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2. The model of HEN retrofit

In this study, the model of HEN retrofit is MINLP based on stage-wise approach as shown in Figurel. In order
to modify former stage-wise model to HEN retrofit model, the constraints for existing exchanger matches have
to be added to the synthesis model. The objective function of HEN retrofit model is maximizing profit as a
function of utilities saving revenue and total investment cost from additional area and new heat exchanger units.
In HEN retrofit part, the main assumptions are shown, as follows.

e Constant heat capacities

e Constant specific heat capacities

e  Counter current heat exchangers

Stage Stage Stage Stage Stage
K1 T K2 K3 K G Kn
H1,C1 : R : H1,C1
i Pl gl g . Qc
TR PO 7 I U R T M . KA
H H2,C1 : HE. : 2,C1 : -
w— i i G— | e
: weeal, o0 i Hed i Qe
i= H2 B G Mtixai ks i tip: ) tiknq PN
: N =4 : P : 4 :
ah | O e u‘(/ L e
‘m«f N byt biks ik ’i.-g_gf A\ ks -
4 ./ i oy ; \ ! j=ct
gl N NN B ) :
ah | O EEEE V) .
tii AN\ tob b bkt PN R a2
] N : T 3 </ : S
qhuy oA : !
Temperature K2 K3 K Kn Temperalure
Location K= K1 Location K= Kn+1

Figure 1: Stage-wise superstructure of HEN for two hot and two cold streams. (Yee and Grossmann, 1990)

In order to formulate the MINLP model for the proposed superstructure described previously, the following
definitions and equations are based on Yee and Grossmann (1990). And the modified model for retrofitting is
proposed as follows.
Maximize Profit = utilities saving revenue — total investment cost
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3. HEN retrofit under fouling effects strategy

As mention above, the main problem in energy handling in industry is extra energy consumption caused by
fouling deposition. In order to recondition thermal efficiency of HEN, there are many fouling mitigation strategies.
Most common strategy used to operate HEN with fouling deposition is design of cleaning schedule but this
strategy have to shut-down some exchangers or add spare exchangers. Thus, the production loss problem and
extra investment cost may involve. In this study, the new proposed model composed of three main steps is
shown in Figure. 2. For first step, the model is divided into twelve one-month periods for one year and then
base-case HEN is simulated for twelve months with fouling accumulation by GAMS software. Without any
periodic cleaning, HEN has to consume more utility due to decreasing heat recovery and overall heat transfer
coefficient of network. The fouling deposition is based on fouling threshold model. In this study the fouling
threshold models refer to Polly et a. (2002a)

dRf/dt = aRe-*8PrORBEXP(-E/RTw)-yRe%? @

The idea is to retrofit HEN during the shut-down period around the end of twelfth month. Thus, the HEN
consumes lower energy consumption and gets better heat recovery by the increased area of each existing
exchanger. For second step, base-case HEN at twelfth month under fouling condition is retrofitted by MINLP
model using GAMS. For the third step, the retrofitted HEN from second step is operated under fouling effects
for twelve months and utilities usage is calculated. The equations of fouling deposition and HEN retrofit are
shown below:
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Rft = Rft-1 + Rft-At (3
1/U = 1/nh + 1/hc + Rf (4)

Objective = Minimize total utilities cost for twelve month
= CCUx ¥, qcui,t + CHUX X, ghuj,t 5)

Figure 2: Scheme of HEN retrofit model under fouling effects with cleaning schedule

4. HEN retrofit under fouling effects strategy with cleaning schedule

In order to maximize profit, the cleaning schedule is applied. Wang et al. (2016) apply cleaning schedule for
mitigating fouling and get the lower the cost comparing with practical fouling mitigation. The time of operation is
divided into 2 types; operation and cleaning sub-periods, shown in Figure 3. The logical constraint, as shown in

equation 6, defines the logic that if the effectiveness of heat exchanger (g—t) is less than cleaning criteria (C),
to

then the cleaning operation will be occurred. The cleaning status is indicated by binary variable Xcit. Where Xcit
is one and zero referring to cleaning operation and non-cleaning, respectively. Equation 7 is used to indicate
fouling resistance when cleaning operation is involved.

-Q < (C-QH/Qt0) — (2 x Xcl,t) <0 (6)

Rft = (Rft-1 + RFt) x (1 - Xcl,t) + (Rft0 x Xcl,t) @)

Figure 3: Time discretization for modelling cleaning in HEN.

5. Case study

This crude preheat train case is used to illustrate the HEN retrofit model under fouling effects. The problem is
accomplished in GAMS 24.2.1 solved by DICOPT as an MINLP solver on notebook computer (ASUS A45V
Series (Intel® Core™ i7-3610QM CPU @ 2.30GHz, 8GB of RAM, Windows 10 (64-bit Operating system)).
Project life (n) is five years with 20% of annual interest rate. The stream data is represented in Table 1.
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6. Conclusion

In this study, the proposed HEN retrofit under fouling effects helps save total utility cost. The strategy is HEN
retrofit model where network is designed involving additional area to recover more energy. Therefore the model
achieve the best trade-offs between investment cost due to addition of area and exchanger and utility cost which
is caused by fouling. Comparison between base-case HEN and retrofitted HEN, the retrofited HEN with
cleaning schedule overcomes the base-case one with lower number of cleaning operation. When the cleaning
schedule is applied, the model shows that combination of HEN retrofit under fouling effects and cleaning
schedule achieve lower energy consumption and higher NPV.

Nomenclature

Indices Binary variables
i hot process stream z existence of matching
i cold process stream zcu cold utility exchanging
k index for stage 1 ... k zhu hot utility exchanging
t time interval Xl cleaning status
Parameters Variables
Q upper bound for heat exchanges Q heat exchanged in heat exchanger (kW)
hh film coefficient of hot stream (kw/°c.m?) Qhu heat exchanged in hot utility (kW)
hc film coefficient of cold stream (kw/°c.m?) Qcu heat exchanged in cold utility (kW)
CF fixed charge for exchangers ($) a heat exchangers area (m?)
CHU  per unit cost for hot utility ($/kW.year) u overall heat transfer coefficient
CCU  per unit cost for cold utility ($/kW.year) (°C'm2/KW)
CA area cost coefficient ($/m?) Rf fouling resistance (°C -m?/kW)
B exponent for area cost Rf fouling rate (°C -m?/kW-month)
a,B,y dimensional parameters that vary for Re Reynolds number
different substances (m2.°C/kW) Pr Prandltr number
C lower bound for thermal effectiveness Tw wall temperature of process stream (°C)
R gas constant
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