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Abstract The heat exchanger network (HEN) in a syngas-to-methanol process was designed and optimized based on pinch
technology under stable operating conditions to balance the energy consumption and economic gain. In actual industrial
processes, fluctuations in production inevitably affect the stable operation of HENs. A flexibility analysis of the HEN was
carried out to minimize such disturbances using the downstream paths method. The results show that two-third of the
downstream paths cannot meet flexibility requirements, indicating that the HEN does not have enough flexibility to
accommodate the disturbances in actual production. A flexible HEN was then designed with the method of dividing and
subsequent merging of streams, which led to 13.89% and 20.82% reductions in energy consumption and total cost,
respectively. Owing to the sufficient area margin and additional alternative heat exchangers, the flexible HEN was able to
resist interference and maintain production stability and safety, with the total cost increasing by just 4.08%.
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List of symbols (i, j) and Elements of a node adjacency matrix
AT in Minimum heat transfer temperature ». q)

difference S A set of nodes
OH. min Minimum hot utility T;. out Outlet temperature of hot stream
Oc, min Minimum cold utility T; max Inlet temperature of hot stream
0 Disturbed variable T out Outlet temperature of cold stream
z Controlled variable T max Inlet temperature of cold stream

On Reference value

AO" and A0~  Expected deviations
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coal-to-olefins, coal-to-dimethyl ether, and other coal-to-
chemical conversions (Galadima and Muraza 2015; Gao
et al. 2018). Generally, syngas from coal gasification
technology is used to synthesize methanol via catalytic
processes. Coal-based syngas-to-methanol technology has
been the main route for methanol production, especially in
China, because of its unique situation in terms of energy
resources, that is, it is rich in coal but poor in oil and
natural gas (Li et al. 2010).

Several studies have focused on the energy utilization
efficiency of the coal-based syngas-to-methanol process
because of its high energy consumption (Riaz et al. 2013;
Bessa et al. 2012; Cui et al. 2017; Rashid et al. 2011; Sun
et al. 2012). For example, the entire coal-to-olefins process
consists of six subprocesses, including coal mining, trans-
portation, coal-to-methanol (CTM), methanol-to-olefins,
product delivery, and carbon capture and storage (CCS)
(Gao et al. 2018). The CTM subprocess consumes the most
energy, accounting for 71.04% of the total energy con-
sumption, which is five times greater than that of the CCS
subprocess (13.81%) (Gao et al. 2018). Extensive efforts
have been made to develop energy-saving strategies for the
CTM process; among these, crude methanol purification
technology has attracted much attention. A five-column
heat integrated methanol distillation scheme was proposed
by adding a medium-pressure column, which significantly
reduced the total energy loss by 21.5% compared with the
previous four-column purification scheme (Sun et al. 2012;
Chien et al. 2005). A hybrid methanol purification process
was developed to improve energy efficiency, which com-
bined heat pump distillation and double-effect thermal
integration by designing an intermediate heater to shunt the
heat load of the reboiler (Bessa et al. 2012; Douglas and
Hoadley 2006). Although these strategies can reduce
energy consumption of certain subprocesses in the syngas-
to-methanol process, other energy-saving strategies that
can improve the energy efficiency of the overall process
should also be considered.

The study of heat exchanger networks (HENs) could
lead to a comprehensive heat exchange strategy for the
entire syngas-to-methanol process by considering energy
utilization, energy efficiency, operation cost, equipment
cost, etc. Energy consumption can be reduced by using an
optimized heat exchange strategy according to the results
of global HEN analysis (Kang and Liu 2019). Currently,
the optimal HEN can be calculated via pinch technology,
which was developed for analyzing potential energy sav-
ings and economic gains (Rashid et al. 2011). Previous
studies (Kang and Liu 2019; Payet et al. 2018) have
reported that the energy consumption and operating cost of
the syngas-to-methanol process can be reduced by
restructuring the HEN according to the results of pinch
analysis. However, the optimization of the HEN has always

been carried out under stable heat transfer operating con-
ditions, while ignoring some inevitable uncertainties aris-
ing from various external and internal factors (e.g., feed
status, product output, heat transfer coefficients, fouling,
etc.). To make the optimal HEN from pinch analysis more
precise and practical, a flexibility analysis was introduced
by considering these uncertain factors under real operating
conditions (Payet et al. 2018; Zhu et al. 1996). However,
few studies have focused on the flexibility analysis of the
HEN for methanol production.

In this work, the syngas-to-methanol process was first
simulated with an optimized HEN by pinch technology
under the assumption of stable operating conditions. Then,
a flexibility analysis of the optimized HEN was conducted
using the heuristic method. The “downstream paths”
approach was used to determine the variables for building a
flexible HEN. The flexible HEN was improved to meet
actual production requirements with a sufficient area mar-
gin and number of heat exchangers. This work proposes a
feasible strategy to reduce the energy consumption,
equipment costs, and operating costs of the syngas-to-
methanol process by performing a flexibility analysis of an
optimized HEN.

2 Methodology and simulation
2.1 Pinch technology

Pinch technology, proposed by Linnhoff and Hindmarsh
(1983), is a methodology for minimizing the energy con-
sumption of chemical processes. Pinch technology has
been widely used in the design and construction of new
HENSs as well as in the energy-saving modification of old
equipment. The pinch analysis mechanism, based on ther-
modynamics and computational topology, analyzes the
distribution of energy flows and the temperature in a
chemical process. The objectives of pinch analysis are to
find the heat integration bottleneck, namely “the pinch,”
and provide a solution to reduce the energy consumed by a
given process (Binosi and Papavassiliou 2009; Tan et al.
2014). The Aspen Energy Analyzer software was utilized
to compute and optimize the HEN according to pinch
technology.

2.2 Flexible analysis

Generally, the design and optimization of HENs are based
on stable operating conditions. However, uncertain factors
affect the stability of HENS in actual production. Uncertain
factors (e.g., feed status fluctuation) can cause the opera-
tion of the HEN to deviate from the optimal state or even
cease altogether. Thus, in the design and optimization of
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the HEN, it is necessary to meet the flexibility require-
ments under fluctuating operating conditions, instead of
simply considering stable operating conditions. The con-
cept of the flexible index was first proposed by Swaney and
Grossmann in 1987 to measure the maximum deviation of
uncertain factors from stable operating conditions in the
feasible region; a strict mathematical model was also
established (Swaney and Grossmann 1985). The flexibility
analysis includes mathematical programming and heuristic
methods (Grossmann and Kravanja 1995; Linnhoff and
Kotjabasakis 1986). The mathematical programming
method is frequently used to study the feasibility of HENs
in a specific disturbed domain under certain constraints,
while the heuristic method is mainly applied in the detailed
structural analysis of HENs to determine the feasibility in
the entire disturbed domain based on the experience in
chemical engineering (Grossmann and Kravanja 1995;
Linnhoff and Kotjabasakis 1986). The heuristic method is
much simpler and more convenient than the mathematical
programming method, which is widely used in the field of
chemical engineering, particularly in relatively short
chemical processes. Moreover, a feasible and precise
strategy for HENs can be obtained by the heuristic method,
whereas the mathematical programming method is only
used to test the feasibility of existing HENs under different
disturbance conditions. In the heuristic method, the concept
of downstream paths was developed to find a balance
between the flexibility and economics of HENs. Down-
stream paths have been used as a convenient approach for
determining the disturbed and controlled variables of
HENs during flexibility analysis (Linnhoff and Kot-
jabasakis 1986). A path is defined as the uninterrupted
connection between any two nodes in the grid diagram of a
HEN. A downstream path is defined as the directed path
that is always in the same direction as the streams through
which it passes (Zhu et al. 1996). Thus, the disturbance
occurring in the HEN can only affect the controlled vari-
ables along with the downstream paths between the dis-
turbed and controlled variables.

2.3 Process simulation

The technical route adapted in this study is illustrated in
Fig. S1 in Supplementary Material. The process simulation
was performed using Aspen Plus V10. The original HEN,
traditional optimal HEN, and flexible HEN were designed
and optimized using the Aspen Energy Analyzer V10 based
on the theories of pinch technology and heuristic methods.
The entire syngas-to-methanol process was divided into
two parts for the simulation: methanol synthesis and
methanol purification, as shown in Fig. 1. The information
of all blocks and streams are listed in Table S1 in Sup-
plementary Material. The Lurgi low-pressure methanol
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synthesis process was adopted to simulate the methanol
synthesis process. The synthetic reaction was carried out at
250 °C and 5 MPa in a Lurgi reactor, modeled by com-
bining the RPLUG and RSTOIC reactor blocks in Aspen
Plus. RPLUG and RSTOIC were used to model the two
main reactions and six side reactions, respectively. The
reaction equations and kinetic parameters are listed in
Table S2 in Supplementary Material. The equipment parts
in which methanol synthesis and methanol purification
processes are performed were connected by stream PCF-
IN. In the methanol purification process, small quantities of
lightweight components (e.g., dimethyl ether and methyl
formate) dissolved in crude methanol were removed in the
predistillation column (Block PC). Double-effect distilla-
tion, which combined a high-pressure column (Block HC)
and an atmospheric column (Block CC), was applied to
remove impurities, such as water, ethanol, and n-butanol.
The purity of the obtained methanol product reached
99.98 wt%. The compositions and volume fractions of
syngas and crude methanol are listed in Table S3 and S4 in
Supplementary Material, respectively.

3 Design and optimization of HEN
3.1 Determination of energy targets

The datasheet of the process simulation obtained by Aspen
Plus was imported directly into the Aspen Energy Analyzer
to design the HEN. The temperature and enthalpy of each
stream participating in heat exchange are listed in Table 1.
Through the computations of the Aspen Energy Analyzer,
the total cost index was maintained at a low level when the
minimum heat transfer temperature difference (AT ;,)
ranged between 4 and 11 °C (Fig. S2 in Supplementary
Material). Here, the value of AT,;, was set to 11 °C
because the empirical value of AT, is generally within
the range of 10-20 °C by considering factors such as
utilities and heat exchanger equipment cost, heat exchange
media, heat transfer coefficient, and operation flexibility
(Kang and Liu 2019). The composite curves and grand
composite curves are shown in Fig. S3 and S4 in Supple-
mentary Material, respectively. The pinch-point tempera-
tures of the hot and cold streams were 135 °C and 124 °C,
respectively, from the composite curves (see Fig. S3 in
Supplementary Material) when AT,,;, was set to 11 °C.
The minimum hot utility (Qu, min) target was
1.460 x 10® kJ/h, while the minimum cold utility (Qc, min)
target was 2.396 x 10® kJ/h. According to Fig. S4 in
Supplementary Material, the average temperature to pro-
cess the pinch point was confirmed as 129.5 °C when the
corresponding enthalpy was 0 kJ/h.
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Fig. 1 Simulation flowsheet of syngas-to-methanol
Table 1 Datasheet of streams involving heat exchange
Steam Steam name Tin (°C) Tou (°C) Enthalpy (kJ/h)
No.
Hl REA-OUT_To_28 250.0 40.0 1.52 x 10°
H2 HCW-OUT_To_CCF-IN 129.2 80.3 5.86 x 10°
H3 HCD-OUT_To_49 122.3 121.8 1.46 x 108
H4 24_To_16 122.3 40.0 5.58 x 10°
H5 27_To_W-WATWER 107.3 40.0 1.80 x 10°
H6 To Condenser@CC_TO_CCD-OUTDuplicate 74.9 71.0 1.46 x 10®
H7 PCD-OUT_To_S1-IN 73.3 64.0 1.55 x 107
H8 CCD-OUT_To_31 71.0 40.0 222 x 10°
H9 S1D-OUT_To_S2-IN 64.0 40.0 1.71 x 10°
Cl1 10_To_REA-IN 124.0 230.0 551 x 107
c2 To Reboiler@HC_TO_HCW-OUTDuplicate 126.9 129.2 1.46 x 108
C3 21_To_HCF-IN 81.7 127.0 8.76 x 10°
C4 52_To_CCW-IN 107.3 110.9 1.46 x 108
C5 To Reboiler@PC_TO_PCW-OUT 81.1 81.7 1.85 x 107
C6 23_To_PCF-IN 20.4 75.0 8.65 x 10°

@ Springer



1472

J. Liu et al.

3.2 Original HEN and traditional optimal HEN

The original HEN of the syngas-to-methanol process gen-
erated by the Aspen Energy Analyzer is shown in Fig. S5 in
Supplementary Material. The original HEN includes two
process-process heat exchangers (white matches), nine
coolers (blue matches), and five heaters (red matches). The
original HEN was optimized under the assumption of
stable operating conditions to obtain the traditional optimal
HEN, as shown in Fig. S6 in Supplementary Material. The
optimized HEN contains seven process-process heat
exchangers, seven coolers, and two heaters.

3.3 Flexible HEN
3.3.1 Flexibility analysis of HEN

The disturbed and controlled variables of the HEN in the
syngas-to-methanol process were determined using the
downstream paths approach. Disturbed variables fluctuate
owing to changes in the external environment, equipment
operation, production load, etc. In the actual production
process, the temperatures of several streams were deter-
mined as the disturbed variables, i.e., the feedstock stream
and outlet stream of the reactor; the mixing stream of crude
methanol with water, and the bottom outlet stream of the
predistillation column (Rashid et al. 2011). Here, 0 is
denoted as the disturbed variables; 60, is the temperature of

the feedstock stream C1; 0, is the temperature of the outlet
stream (H1) of the reactor; 03 is the temperature of the
mixing stream (C6) of crude methanol with water, and 6, is
the temperature of the bottom outlet stream (C3) of the
predistillation column. Controlled variables are defined as
those that are strictly manipulated to maintain stability and
ensure safety in the actual production process. In the syn-
gas-to-methanol system, the inlet stream temperature of the
reactor must be strictly controlled to ensure the stability of
the production load and feedstock conversion rate. In
addition, control of the feed stream temperature of the
pressured column and the atmospheric column is required
owing to the sensitive inlet temperature requirements for
double-effect distillation. Therefore, the temperatures of
(1) the reactor inlet stream and (2) the feed streams of the
pressured column and atmospheric column were set as the
controlled variables. Here, z is the controlled variable; z; is
the temperature of the reactor inlet stream (C1); z, is the
temperature of the feed stream (C3) of the pressured col-
umn, and z3 is the temperature of the feed stream (H2) of
the atmospheric column. Figure 2 shows the positions of
the disturbed and controlled variables in the grid diagram
of the traditional optimal HEN.

A method for determining downstream paths was
developed using the node adjacency matrix that represents
the connection of units along the direction of the HEN
streams (Zhu et al. 1996). Units, splitting, and mixing
points as well as various variables in the HEN were all
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Fig. 2 Disturbed variables and controlled variables in the grid diagram of traditional optimal HEN
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Table 2 Node adjacency matrix of traditional optimal HEN
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Table 3 Downstream paths between disturbed and controlled variables
Number of downstream paths Initial node Process nodes Final node
1 0, HEI, 1 7
2 0, HEIL, 1,2,8,3 2
3 0, 1 21
4 0, 1,2,8,3 b6l
5 0, 7,6 23
6 04 3 22
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Fig. 3 Downstream paths between disturbed variables and controlled variables

Table 4 Reference values of disturbed variables and their expected
deviation

Disturbance variable On (°C) AT (°C) AO™ (°C)
61 = Tc1 1240 ]O ]O

92 = TH1 250.0 10 10

03 =Tce 20.4 10

04 = Tc3 827 5 5

considered as nodes. In the adjacency matrix, both the row
and column headings represent the abovementioned nodes.
The (i, j)th entry of the matrix is filled with “*” if node
j can directly reach node i in the direction of the stream;
otherwise, it is left blank. The nodes of the coolers or

@ Springer

heaters in the matrix, which were not adjacent to other
nodes, were deleted for the sake of simplicity (Table 2). In
this case, the determination of the downstream paths
between the disturbed and controlled variables can be
transformed into the determination of the downstream
paths between the two nodes, i and j. The detailed approach
for finding the downstream path is described as follows.
(StepD) 0; i=1,2,...,Dand z; j =1, 2, ..., J) represent
the number of disturbed and controlled variables of the
HEN, respectively. (Step II) S is defined as a set of nodes,
and the serial number of these nodes should start from
i = 1. (Step III) For the last node p in S, the node g that can
be directly reached from node p along with the direction of
the stream must be confirmed, i.e., if the (p, g)th entry is
filled with “*” in the node adjacency matrix, then add ¢ to
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Table 5 Datasheet of process streams obtained by the dividing
principle

New Old Ti, (°C) Tow (°C) q (kJ/h)
No. No.

hl H18 260 240 9.72 x 10°
h2 H1¢ 240 40 1.48 x 108
h3 H2 129.2 80.3 5.86 x 10°
h4 H3 122.3 121.8 1.46 x 108
h5 H4 122.3 40 5.58 x 10°
h6 H5 107.3 40 1.80 x 10°
h7 H6 74.9 71 1.46 x 10%
h8 H7 73.3 64 1.55 x 10’
h9 HS 71 40 2.22 x 10°
h10 H9 64 40 1.71 x 10°
cl C1s 134 230 4.99 x 10’
c2 c1d 114 134 1.02 x 10’
c3 c2 126.8 129.8 1.46 x 10°
c4 38 86.7 127 7.85 x 10°
c5 c3¢ 76.7 86.7 1.76 x 10°
c6 Cc4 107.3 110.9 1.46 x 10°
c7 Cs 81.1 81.7 1.85 x 10’
c8 c6® 304 75 7.13 x 10°
c9 ced 20.4 30.4 1.52 x 10°

set S. Step III will stop if S contains all the nodes of the
HEN, or the (p, g)th entry is blank in the node adjacency
matrix for each g. If node z; is included in set S, then there

is a downstream path between node 0; and node z;; other-
wise, let i =i + 1 and go back to Step II until i > I. For
the traditional optimal HEN, the results of identifying the
downstream paths between all disturbed and controlled
variables are given in Table 3; each downstream path is
plotted in Fig. 3.

3.3.2 Flexibility design of HEN

For an HEN with temperature fluctuations, heat recovery
reaches a maximum when the inlet temperatures of all hot
streams take the upper limit of fluctuations, while the inlet
temperatures of all cold streams take the lower limit. With
this assumption, it is possible to obtain the maximum
design margin, and subsequently meet the requirements for
various operating conditions in actual production. The
stream-dividing principle was used to design a flexible
HEN (Zhihong and Ben 1999). The details are as follows.
(i) For hot stream i, its outlet temperature is denoted as
T;. our» While the inlet temperature is in the range of 7; i~
T; max- Hot stream i can be divided into the high-temper-
ature stream and low-temperature stream. In the high-
temperature stream, the inlet and outlet temperatures are
T: max and T; i, respectively. In the low-temperature
stream, the inlet and outlet temperatures are 7; ., and
T; ou respectively. (ii) Similarly, for cold stream j, its
outlet temperature is referred to as 7; ou, and the inlet
temperature is in the range of 7} min—7j, max- Cold stream

Js
Jj can be divided into the high-temperature stream and low-
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H7 \ CEG—
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Fig. 4 Grid diagram of flexible HEN with merging the segmented streams
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CA 35.0°C O O O 30.0°C
CW 25.0°C O O——0O 20.0°C
HI 200.0°C 40.0°C
H2 129.2°C O 80.3°C
H3 122.3°C O 121.8°C
H4 122.3°C O O 40.0°C
H5 107.3°C 40.0°C
H6 74.9°C O @) 71.0°C
H7 73.3°C O 64.0°C
H8 71.0°C O 40.0°C
HY 64.0°C O 40.0°C
c1 230.0°C <) O 114.0°C
C2 129.2°C 126.8°C
€3 127.0°C O O 76.7°C
C4 110.9°C O 107.3°C
C5 81.7°C O 81.1°C
C6 75.0°C OO 20.4°C
MP 175.0°C —> 174.0°C
LP 125.0°C 124.0°C

Fig. 5 Final flexible HEN

temperature stream. In the high-temperature stream, the
inlet and outlet temperatures are 7; max and 7j, respec-
tively. In the low-temperature stream, the inlet temperature
is T} min, and the outlet temperature is 7j max. The fluctu-
ation ranges of the disturbed variables were determined
according to the actual production, as listed in Table 4
(Zamora and Grossmann 1997). Oy was set as the reference
value. AO" and A0~ are the expected deviations.

The process streams with disturbed variables were
divided according to the dividing principle; the data are
listed in Table 4. The segmented streams were treated as
independent streams. Then, the data of all streams shown in
Table 5 were imported into the Aspen Energy Analyzer to
design the flexible HEN. The final flexible HEN was
obtained after merging the segmented streams and relaxing
the energy load. The detailed procedure is as follows.
(i) The segmented process streams were first merged to

Table 6 Parameters of original HEN and flexible HEN

obtain the network structure shown in Fig. 4. (ii) Then, the
load loops were relaxed along the direction of the down-
stream paths of the merged streams. (iii) Finally, the flex-
ible HEN was obtained by adjusting the parameters of each
heat exchanger, as shown in Fig. 5. The merging of seg-
mented streams was conducted based on the design results
under the condition of maximum heat recovery. Energy
relaxation can reduce the number of heat exchangers in the
entire process. Consequently, the final flexible HEN is
optimized.

4 Results and discussion
From Fig. S5 in Supplementary Material, the strategy of

the original HEN employed the excessive number of 16
utilities, which can be attributed to two reasons. One is the

Flexible HEN Reduction (%)

Parameter Original HEN
Heating utilities (kJ/h) 1.819 x 10®
Cooling utilities (kJ/h) 2.756 x 108
Number of shells 55

Total area (m?) 2.066 x 10*
Capital cost (Cost) 5.099 x 10°
Operating cost (Cost/s) 0.1053

Total cost (Cost/s) 0.1573

1.508 x 10® 17.12
2432 x 108 11.76
37 32.73
1.191 x 10* 42.35
3.080 x 10° 39.60
0.0931 11.53
0.1246 20.82
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Table 7 Parameters of traditional optimal HEN and flexible HEN

Parameter Regular optimized HEN Flexible HEN Reduction (%)
Heating utilities (kJ/h) 1.468 x 10° 1.508 x 10° —2.72
Cooling utilities (kJ/h) 2405 x 108 2432 x 108 - 1.13
Number of shells 32 37 — 15.63
Total area (m?) 9209 1.191 x 10* —29.35
Capital cost (Cost) 2.445 x 10° 3.080 x 10° — 25.97
Operating cost (Cost/s) 0.0947 0.0931 1.69
Total cost (Cost/s) 0.1197 0.1246 — 4.08

situation in which the cooler crosses two pinch points and
the heater crosses the process pinch point, which violates
the rule that prohibits a cross-pinch. The other is the
presence of three heaters below the pinch point and a
cooler above the pinch point, which violates another rule of
pinch technology: no heating utility below the pinch point
and no cooling utility above the pinch point. It can be
concluded that the original HEN contains massive energy
that is expected to be recycled. Compared with the original
HEN scenario, the traditional optimal HEN significantly
improves the heat recovery capacity of the system; the
number of heat exchangers is also significantly reduced.
Although two process-process heat exchangers cross the
pinch point, there is no cooling and heating utility above
and below the pinch point, respectively (Fig. S6 in Sup-
plementary Material). In the flexible HEN (Fig. 4), a total
of six downstream paths were obtained. The results of the
flexibility analysis can be summarized as follows. (i) For
downstream paths 1 and 2 with the disturbance variable 6,
as the initial node, it is possible to stop 6; from affecting
the controlled variables z; and z, by adjusting the usage of
the heating utility because these two paths pass through
node HEL1. (ii) For downstream paths 3 and 6, there is only
one node of a heat exchanger between the disturbance and
control variables, with the former having a direct effect on
the latter. Some differences between paths 3 and 6 were
observed. Both variables on downstream path 3 were
located in different streams. In contrast, the variables on
downstream path 6 were in the same stream. (iii) For
downstream paths 4 and 5, there are many nodes on each
but no utilities node; hence, the fluctuation of the distur-
bance variable will be transferred to the controlled variable
along the downstream path direction. In summary, the
controlled variables will be affected as long as the distur-
bance variables of downstream paths 3—6 fluctuate. Thus, it
is difficult for this regular optimized HEN to meet the
flexibility requirements in a practical scenario.

Table 6 shows the comparison of major parameters of
the original HEN and flexible HEN. The total energy
consumption of the flexible HEN decreased by 13.89%

compared with that of the original HEN, indicating a high
energy recycling efficiency. The capital cost, operating
cost, and total cost in the flexible HEN scenario decreased
by 39.60%, 11.53%, and 20.82%, respectively.

Table 7 shows a comparison of the major parameters of
the traditional optimal HEN and flexible HEN. The cooling
and heating utilities in the flexible HEN scenario increased
slightly at increments of 2.72% and 1.13%, respectively,
compared with the regular optimized HEN. The number
and total area of the heat exchangers increased by 15.63%
and 29.35%, respectively. This illustrates that the essence
of the HEN flexibility design in our work is to increase the
area margin and appropriately set up alternative heat
exchangers. However, the operating cost in the flexible
HEN strategy decreased by 1.69%, implying that increas-
ing the HEN flexibility can reduce the frequency and dif-
ficulty of operations. The total cost slightly increased
(4.08%). In the long term, the extended lifespan of heat
exchangers will offset the partial increase in capital costs
stemming from the additional heat exchangers and area
margin.

5 Conclusions

In this study, the overall HEN of a syngas-to-methanol
process was designed and optimized based on pinch tech-
nology under stable operating conditions. Flexibility anal-
ysis of the traditional optimal HEN was implemented using
the downstream paths method. Six downstream paths
between the disturbance variables and control variables
were determined by the modified procedure with the node
adjacency matrix. The results show that two-thirds of the
downstream paths cannot meet flexibility requirements,
indicating that the optimized design of the HEN under
stable operating conditions is not flexible enough to resist
disturbances in actual production. The flexible HEN was
realized under the condition of maximum heat recovery by
dividing and subsequent merging of streams. Although the
total cost of the flexible HEN is 4.08% higher than that of
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the traditional optimal HEN, the flexible HEN has a suf-
ficient area margin and extra alternative heat exchangers to
avoid production disturbances and maintain its stability and
safety.
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