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The conventional synthesis of heat exchanger network (HEN) is performed under nominal conditions with
fixed operating parameters. However, it is inevitable for the network configuration to be disturbed by uncertain
operating conditions (for example, feed temperatures, heat capacity flow rates, etc.). At the same time, fouling
is a non-negligible factor, which will cause sustained decrease to the overall heat transfer coefficient due to
the growth of deposit over the heat transfer surface of the heat exchange units. In practice, the fouling
resistance is often fixed to its maximum value instead of considering its dynamic growth. In order to make the
synthesis more controllable and operable, this paper presents a flexible synthesis method, in which uncertain
operating conditions and the growth of the fouling resistances are considered simultaneously.

The methodology is sequentially implemented in two steps: the flexibility analysis and the flexible synthesis.
By searching the critical directions, the improved flexibility analysis method for evaluating the flexibility index is
proposed, which can reflect the simultaneous influence of uncertain operating conditions and fouling
resistances. Then, the flexible HEN synthesis method based on the critical operating points identified by the
aforementioned flexibility analysis method is presented, with the target of decreasing the complexity of the
HEN to avoid over-synthesis and minimizing the total annual cost (TAC) simultaneously. The effectiveness of
the methodology is demonstrated by a case study.

1. Introduction

HEN is intimately related to energy consumption, and its synthesis is vitally important in chemical process
system. However, from a single unit to complex process system, they will inevitably be affected by uncertain
operating conditions, which make the network deviate from the optimal operation. Therefore, the flexible HEN
is needed to satisfy the design requirements of not only the nominal condition, but also arbitrary operating
parameters in the range of uncertainties.

Flexibility analysis is the foundation and essential process of flexible synthesis research. In process industry,
flexibility refers to the capability of a process to maintain feasible operation over a given range of uncertain
operating conditions. Swaney and Grossmann (1985) first proposed a direct search method with the vertex
assumption which searched all the vertices of the hyper-rectangle directly, and presented two improved
methods: the heuristic vertex search and the branch-and-bound procedure. Li et al. (2015) exploited a novel
method for flexibility analysis of the non-convex HEN, which introduced the direction matrix to describe the
deviation direction of the uncertain parameters. Since the directions were not limited to the vertices, this
method can be well adapted to the non-convex problems. For the flexible synthesis problem, Pintaric and
Kravanja (2008) generated a synthesis method for flexible process based on the identification of critical points
by using three algorithms: Karush-Kuhn-Tucher formulation, the two-level method and the approximate one-
level method. All the three algorithms can be used to identify vertex, and even non-vertex critical points. Li et
al. (2014) discussed a novel stage-wise method for the synthesis of flexible HEN by two main steps. The first
step was structure synthesis which was initially synthesized at the nominal operating point and renewed by the
topological union with the critical point. The second step was area optimization by developing an iterative
approach with strong robustness.
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Fouling occurs in most of the heat exchangers, which decreases heat transfer efficiency and causes
fluctuation of the outlet temperatures of hot and cold streams. Researchers stated to pay much attention on
the fouling problem, and they fixed the fouling resistance to its maximum value instead of considering its
dynamic growth (Chen et al., 2013). Zhan et al. (2015) found redistribution of flow rates for the exchangers in
the network is an efficient way to mitigate fouling. For the research of multi-period flexible problem, Xiao (2011)
took the growth of fouling into account by dividing the fouling operation into four periods, and generated the
flexibility-qualified HEN by combining the HEN topologies of all the selected operating periods and fouling
periods. However, the complexity of the HEN structure grows exponentially with the scale of the problem.
From the investigation on the mentioned work, few studies focus on the simultaneous consideration of
uncertain operating conditions and the growth of fouling resistance. Both adopting the topological union
methodology for uncertain operating conditions, and the maximum fouling resistance for the influence of
fouling can lead to the over-synthesis of the problem. To overcome this problem, this paper presents a
superstructure-based flexible synthesis methodology for simultaneously considering uncertain operating
conditions and the growth of fouling resistance with the target of qualified flexibility and minimum TAC. The
methodology is demonstrated by a case study to show the efficiency.

2. Methodology
2.1 An improved method for flexibility analysis

Li et al. (2015) proposed an efficient method for flexibility analysis which introduced the direction matrix to
represent the deviation direction. Both the flexibility index and the critical operating point that limits the
flexibility of HEN could be identified. Compared to the inequalities of the method only related to feed
temperature parameters and heat capacity flow rate parameters in Li’'s method, an improved method for
flexibility analysis is proposed and proved to be effective when referring to the impact of fouling resistance on
the overall heat transfer coefficient. The mathematical formula of the flexibility index F is obtained as follows,
using Eq(1) with a non-negative scalar variable &. It's obvious that the process would meet the feasible
requirement if F 2 1.

F =min&"! (1)
J
& = max o (2)
f(z,0)<0 (3)
a(z, r, 9) ~a <0 (4)
0=6"+5D,xA8 520 (5)
d1
d
D, =| (6)
d

n

Where vector z, r and 6 denote the control variables, the fouling resistance variables and the uncertain
operating variables such as feed temperatures and heat capacity flow rates, respectively. f is the vector of
inequality constraints typically related to operation, and a is the vector of inequality constraints for exchanger
areas. The direction matrix D; is a diagonal matrix, where d; (1<i<n) represents the direction on the uncertain
operating parameter, and n equals to the number of uncertain operating parameters. The deviation A8 is
defined as A =(A6:, AB,, ... A6,)'. 57 represents the maximum deviation allowed in direction D;. The
superscript N represents the nominal operating condition.
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2.2 Synthesis method of flexible HEN

Since the uncertain parameters vary at different operating points, the HEN structure of each operating point
and the heat exchanger area for the same match are probably different. A stage-wise superstructure-based
MINLP model is established which can express all the possible matches, to obtain a feasible HEN for
simultaneous consideration of flexibility and minimum TAC. The network flexibility is satisfied by increasing
areas of existing exchangers and involving new exchanger units. A brief review of the method is elaborated
through a simple illustration displayed in Li’s work (2014). Specific steps are as follows:

(1) Initially synthesis: The initial HEN structure is synthesized at the nominal operating condition, as is shown
in Figure 1. EX(J, j, k) represents the match between hot stream i (iNy) and cold stream j (jSNc¢) at stage k
(ksNk). EX(2,2,1), EX(1,1,2), EX(2,1,2) and CU1 represent original units obtained through the initial synthesis.
(2) Flexibility analysis: Evaluate the flexibility index of the initial HEN. If it is less than 1, point out the critical
operating point, then go to step (3), or else it indicates that the structure can satisfy the flexible requirement,
and no further synthesis is needed.

(3) Flexible synthesis: Retain the obtained heat exchanger matches in the initial network with considering
involvement of new possible heat exchangers indicated by the dotted line in Figure 2. Generate the new
structure with the critical operating points.

The objective for synthesis under uncertainty can be generally expressed in the following formulation:

minTAC =YY% [Cf 2(ijk)+C Al j k) -z(/,j,k)]
i ok

+2 [Cf zeu(F)+C- Acu(i)B -zeu(i) + Ceu - C]cu(i)]
,. ()
+xlor () +C An()° -z 7) + O ()]

The costs include capital costs for heat transfer units and operating costs for utility consumption. The general
calculation formula for capital costs can be expressed as: Cr+ C-A®. The first item represents fixed installation
costs, and the second item represents area costs. C, A and B represent the heat transfer area coefficient, the
heat transfer area and index, respectively. g represents the heat load. The subscript hu and cu represent the
heating and cooling utility, respectively. Each unit is defined by a binary variable z where
{ 1 if a heat exchanger exists

8)

0 if no exchanger exists

The binary variables for the obtained heat exchanger matches in the initial network take the value of 1, and for
a new possible heat transfer unit, it will take the value of 0 or 1. The constraints consist of a series of equality
constraints which represent the heat balances, and a number of inequality constraints for assessing feasibility
and defining logical operations (Verheyen and Zhang, 2006). Moreover, this method proposes two additional
important constraints.

(1) Area constraints:

Alnitia/ (i’ j’ k) 2 A:lfia/ (i" j’ k) (9)
Actie (i ) 2 AC”:m‘a/ (i ) (10)
Abl i (»I) 2 Ahu:itia/ (j) (11)

Where optimization variable Aj.sia represents the areas of original heat transfer units, and the superscript N
denotes the nominal condition.

(2) To ensure the feasibility of HEN at critical operating point, the output temperature constraints for hot and
cold streams can be expressed as follows:

[Tiout - Tiout"| < ¢ (12)

[ Tiout - Tiout"| < ¢ (13)
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Where C is a small value to ensure that the outlet temperature isn’t deviated from the target.
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Figure 1: Initial HEN structure  Figure 2: Further synthesis structure Figure 3: Time segmentation

3. Dynamic growth of fouling resistance

Fouling is a non-negligible factor for heat exchange operation. It will cause decrease to the overall heat
transfer coefficient due to the growth of deposit over heat transfer surface of heat exchange units as Eq(14)
shows. And it will also generate fluctuation of the outlet temperatures of hot and cold streams. In
petrochemical process, as the deposits commonly grow asymptotically over time, a universal asymptotic
fouling formation model (Zubair et al., 1992) is adopted to describe the growth of fouling, which is represented
as Eq(15).

2L e (14)
Uu(t) hi h
r(t) =r (1 _e ) (15)

Where r;” and 1 are empirical parameters obtained by experiments. The accumulated time ¢ calculates from the
clean condition. In order to investigate the influence of the dynamic growth of fouling resistance on the optimal
design of the HEN structure, it is necessary to divide the operating time into N, intervals according to time
constant 1. As Figure 3 shows, the duration of each time interval before r is shorter than that after r because
fouling grows faster before 7 (Chen et al., 2013). To simplify the fouling process, the fouling resistance at
terminal point of each interval p (p<N,) is used for flexibility analysis and flexible synthesis throughout the
whole interval.

4. Methodology for flexible HEN synthesis considering fouling resistance

The methodology for flexible HEN synthesis with the simultaneous consideration of uncertain operating
conditions and fouling growth is listed as follows:

(1) Divide the operation time into N, intervals based on the growth profile of fouling resistance, and determine
the fouling resistance of each interval.

(2) Design and obtain the initial HEN structure respecting to the nominal operating condition.

(3) Calculate the flexibility index F of the initial network with considering the uncertain operating conditions and
fouling resistances for the first interval. If F<1, the existing network has to be improved using the method
proposed in section 2.2, otherwise, keep the network unchanged. After these measurements, the network will
meet the flexibility requirements of interval 1, and it's set as the initial network of interval 2.

(4) Follow the procedures stated in step (3) for each of the following intervals until interval N,, then the final
network is competent respecting the flexibility requirements throughout the whole process.

5. Case study

An example adapted from the work of Xiao (2011) is used to demonstrate the efficiency of the proposed
strategy. The parameters for the case study are presented in Table 1. The uncertain operating parameters are
feed temperatures of each stream, which are listed in Table 2. And the system operating period lasts for 720 d.
As the time constants 7 of each stream are all around 300 d, it is acceptable to set t = 300 as the boundary.
Between 0 and 300 d, the operation is divided into 10 intervals equally. And between 300 and 720 d, the
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operation is divided into 5 intervals equally. The total operation is divided into 15 intervals to reflect the fouling
resistance growth of each stream.

Table 1: Parameters for Case Study

process streams Tinl K T/ K FCp/(KW-K') h/(KW-m=K")  r/(m*KkW') 7/d
hot stream 1 (H1) 512 393 7.032 1.40 0.348 220
hot stream 2 (H2) 512 421 8.440 1.25 0.201 300
cold stream 1 (C1) 379 423 6.096 1.50 0.333 200
cold stream 2 (C2) 399 523 10.000 1.20 0.351 350
hot utility (HU) 850 850 2.80 0.083 380
cold utility (CU) 293 313 3.00 0.059 230
COST = 8,000 + 1,000 A*® $-y” DTmin= 10 K

Chu=80 $-kW -y Co=20 $-kW -y’

Table.2: Range of variations for uncertain parameters

uncertain parameter Nominal value / K Lower value / K Upper value / K
inlet temperature of H1 512 502 522
inlet temperature of H2 512 502 522
inlet temperature of C1 379 369 389
inlet temperature of C2 399 389 409

The initial HEN is synthesized at nominal operating condition (t=0) as shown in Figure 4, and then the
improved method for flexibility analysis is employed to evaluate the flexibility index of the initial HEN structure,
to judge whether it can withstand the fouling resistances and the uncertain operating parameters of interval 1.
The flexibility index value is 0.376, implying that the initial HEN is infeasible for some possible conditions
within the disturbance range. With the sequence (Tiin(1), Tiin(2), Tjin(1), Tjin(2)), the critical direction obtained is
(502,522,369,409), (522,522,369,409) along with (522,522,389,409). The proposed flexible synthesis method
is used to obtain the flexible HEN structure for interval 1. The iteration of the process isn’t terminated until the
retrofitted network can satisfy the fouling resistances and the fluctuations of temperatures from different
intervals (until N,=15). The results are displayed in Table 3 and Table 4, and the final qualified flexible HEN
structure shown in Figure 6 is feasible to satisfy all the fluctuations in disturbance range with the flexibility
index F=1. The TAC in this work is 109,100 $-y‘1, which is decreased by 18.44 % comparing to Xiao’ s method
adopting the topological union method shown in Figure 5. At the same time, the complexity of the HEN
structure in this work is reduced obviously. Although the number of utilities is equal to the literature, the
number of heat exchangers is reduced from 5 to 3 heat exchangers. The effectiveness of the method can be
demonstrated.

cut EX(112) EX(121)
203 Y EX(1,1,2) EX(1,2.1) 1ok (1.1 /L\ cu1 EX(1,1,2) EX(1,2,1)

ok EX222) o 4_%)2 EX(QTQ)\[/EX(Q,QA)
EX; 2,2,2)1J/J\
319K e 423K .
 EE—

3 )
399K /L\ - O CHUQ 523K /J“ LO\_}I_E%Z. Hu2
N \ ) C

Figure 4: The initial HEN structure  Figure 5: The final HEN structure Figure 6: The final HEN structure

Q

in Xiao’s work (2011) in this work
Table 3: Comparison of unit areas
ltem / Area (m°) EX(1,2,1) EX(2,2,1) EX(1,1,2) EX(2,1,2) EX(2,2,2) CU1 Cu2 Hu2
nominal condition 17.99 - 5.45 - 39.51 3.26 - 0.86
Xiao’s result 28.89 35.57 10.71 3.29 13.26 3.69 141 7.25

this work result 20.07 --- 12.21 --- 42.88 5.71 1.84 1.83
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Table 4: Comparison of total annual cost

Item fixed installation cost ($ - y') areacost($+y"') operatingcost($+y') TAC($+y")
Xiao’s 64,000 33,655 36,114 133,769
work

this work 48,000 25,792 35,308 109,100

6. Conclusions

This paper presents a flexible HEN synthesis methodology that simultaneously considers uncertain operating
conditions and the growth of fouling resistance. It is efficient to get the final feasible HEN structure with the
target of qualified flexibility demonstrated by a case study, which not only reduces the complexity of the HEN
structure from 5 to 3 heat exchangers, but also brings down the TAC with 18.44 % comparing to the literature
obviously.
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