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a b s t r a c t

The research on scheduling and heat integration of batch process plays an important role in reducing
energy consumption, improving production efficiency and enhancing the competitiveness of industries.
The complexity and difficulty of the model solving are increased due to the comprehensive consider-
ation of both scheduling and heat integration. In this paper, the mixed integer nonlinear programming
(MINLP) mathematical model of multi-product plant heat integration optimization with the goal of
energy-saving annual profit (EAP) is established. The simultaneous optimization and sequential opti-
mization are carried out respectively by bi-level programming (BP) based on the genetic algorithm (GA),
and the calculation results are compared. EAP better captures the trade-off relationship between
scheduling schemes, energy-saving profits, and equipment costs. The bi-level programming approach
based on GA categorizes variables into integer and real types, enabling structural optimization and
parameter optimization of the heat exchanger network. This, in turn, enhances solution efficiency and
overcomes the limitations of conventional optimization algorithms in terms of solution speed and
quality. Two examples show that the EAP of indirect heat integration considering the storage tank are
21% and 2% higher than that of the direct heat integration, and EAP of the simultaneous optimization are
26% and 6% higher than that of the sequential optimization. The example demonstrates that the model
and algorithm are applicable to batch multi-product plants, such as those in the chemical, pharma-
ceutical, and food industries, and possess strong practicality and innovation.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Batch chemical process [1] is famous for its low investment,
rapid start-up, strong flexibility, easy expansion and trans-
formation. It is especially suitable for products with small pro-
duction volume, high output value, wide variety, rapid market
changes and fast listing speed, and has a significant competitive
advantage [2] in the fields of specialty chemicals, bio-chemicals,
and non-mass production customized to customer orders. It is of
great theoretical and practical significance to study the energy
integration in batch process system [3] from the perspective of
overall system optimization [4] for saving investment, reducing
energy consumption, reducing environmental pollution, and
improving the design and operation of batch chemical process [5].

According to the difference of the content and depths of the
research on the optimization of energy for multi-product plant,
the problem concerning heat integration of batch multi-product
plant falls into two categories: heat integration model under
certain scheduling and heat integration model under uncertain
scheduling. The study of heat integration under batch process
scheduling commenced in the 1980s. Linnhoff et al. [6] utilized the
pinch technology and the problem table method to solve the '
bottleneck ' problem in the process system. The strategy of solving
the ' bottleneck ' provides a framework of thinking for the heat
integration in batch processes. Clayton [7] proposed the Time
Average Method (TAM) to assess the heat integration potential of
batch processes. However, since the model does not account for
the specific timing of stream matching, it can only give an ideal
stream matching, and the scheme may not meet the expectations.
Crump [8] proposed the time slice method (TSM) which consid-
ering the discrete nature of the flow in batch processes. This model
can solve the direct heat integration and can be combined with the
capacity of equipment, yield, and energy consumption to optimize

* Corresponding author.
E-mail address: klq@qust.edu.cn (L. Kong).

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE

https://doi.org/10.1016/j.cjche.2025.05.029
1004-9541/© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights are reserved, including those for text and data
mining, AI training, and similar technologies.

Chinese Journal of Chemical Engineering 87 (2025) 115—128



the problem. The problem can be optimized, but the model cannot
achieve the stream matching function between different time
periods. Based on the TSM, Kemp et al. [9—11] proposed a time-
dependent heat cascade analysis (TDHCA), which can identify
opportunities of heat storage directly and obtain a heat integration
scheme under certain scheduling. However, this method lacks
specific information on heat storage or release in the application
process. Foo et al. [12,13] extended the minimum units targeting
and network evolution techniques which were developed from
batch mass exchange network into batch heat exchange network.
A novel targeting technique is introduced for determiningminimal
resource and waste targets in batch process integration problems.
However, this method can only solve the heat integration situation
under certain scheduling, without considering the extra heat
transfer temperature difference of indirect heat exchange andmay
fall into the local optimal solution. Chaturvedi et al. [14,15] pro-
posed a rigorous algorithm to determine the minimum amount of
utilities in batch scheduling, considering the extra heat transfer
temperature difference of indirect heat transfer and the influence
of product streams stored. However, this method neglects the
temperature changer of the intermediate heat exchange medium,
and may fall into local optimum or infeasible solution. Shahane
et al. [16] proposed a direct heat transfer method based on virtual
temperature, which considers both direct and indirect heat ex-
change. However, in designing an integrated heat exchange
network, their objective is relatively singular, leading to a more
complex heat exchange network and higher annual comprehen-
sive costs. Mummana et al. [17—19] proposed an innovative, uni-
fied mathematical approach employing a three-index, unit-
specific, event-driven formulation to address the cyclic scheduling
of multi-purpose plants. When cyclic scheduling is not a factor,
this comprehensive framework simplifies significantly. By incor-
porating the concept of active tasks, the extension of tasks into
subsequent cycles is seamlessly integrated with short-term
scheduling constraints. But the solution model is more complex
because it is solved in stages and difficult to obtain a global optimal
solution.

The problem of heat integration under uncertain batch process
scheduling involves two aspects: scheduling and heat integration.
Therefore, besides optimizing heat integration under specific
scheduling conditions, it is essential to consider the interaction
between batch process scheduling and heat integration through
collaborative optimization. The heat integration model under
batch process scheduling uncertainty is addressed through two
methods: sequential optimization and simultaneous optimization.
The sequential optimization approach tackles the heat integration
problem in batch chemical process scheduling by splitting it into
two sub-problems: The scheduling optimization of batch chemical
process can obtain one or more scheduling schemes, followed by
heat integration optimization to design a detailed heat integration
scheme under each scheduling. Vaselenak et al. [20] employed
heuristic method and mixed integer programming to determine
the scheduling information of batch process, followed by
analyzing the possibility of heat recovery under different heat
transfer modes. Bozan et al. [21] optimized the heat exchanger
network using a two-step approach. Firstly, the distribution of heat
exchanger was obtained through production scheduling informa-
tion, and then the MINLP model was established to optimize the
heat exchanger network system. Halim et al. [22] solved the
problem by the continuous time model in three sequential steps,
(1) solving the conventional scheduling problem to optimize the
system scheduling for economic objectives (e.g., minimum
completion time, maximum profit), (2) adjusting scheduling in-
formation using cutting plane method to generate candidate
schedules, and (3) performing heat integration optimization using

TAM or TSM models for each schedule to identify the optimal
scheme. Simultaneous optimization integrates scheduling and
heat integration in batch chemical processes, balancing produc-
tion efficiency and energy consumption to achieve an optimal
solution. Papageorgiou et al. [23] used discrete-time representa-
tion and state-task networks for this purpose. Lee and Reklaitis
[24] developed a simplified model for single-stream matching in
single-product multi-cycle operations without heat storage. Tokos
and Pintari�c [25] improved this model by focusing on utility
reduction, enabling economic trade-offs between utility savings
and heat exchanger costs. However, these single-stream matching
models may miss global optima due to limited rematching op-
portunities. Romero et al. [26] employed a superstructure to
represent scheduling and heat exchanger networks, using combi-
nation algorithms to solve one-to-one stream matching and
reduce utilities by extending completion times. Castro et al. [27]
proposed a general MILP model for simultaneous optimization but
ignored the role of heat storage tanks in stream heat transfer. In
summary, the sequential optimization strategy utilizes a hierar-
chical problem decomposition methodology, wherein the initial
candidate scheduling scheme is derived through either heuristic
algorithms or single-objective economic criteria coupled with
single-stream matching protocols. This is subsequently refined via
localized optimization techniques, including but not limited to
completion time adjustments and heat storage integration.
Nevertheless, this paradigm fails to account for the cascading ef-
fects of subsequent heat exchange optimization on the global
objective function. While computationally expedient, this
approach demonstrates a pronounced propensity for local optima
convergence. Conversely, the simultaneous optimization para-
digm, though capable of generating globally optimal solutions,
incurs substantial computational overhead and exhibits signifi-
cantly heightened model complexity, particularly in large-scale
industrial applications.

At the same time, most of the abovemodels are solved by GAMS
[28], but for the MINLP problem, as the scale of the problem in-
creases, there is a combinatorial explosion, making it very difficult
for GAMS to solve. In addition, the performance and availability of
the solver may become limited as the scale and complexity of the
problem increase. Compared with the limitations of deterministic
algorithms (such as branch and bound, outer approximation) in
solving structured MINLP problems within GAMS, stochastic al-
gorithms (e.g. SA, GA, PSO) exhibit more advantages in terms of
global search ability, parallelism potential, and robustness. They
are especially suitable for scheduling uncertain heat integration
models. Compared with other optimization techniques, such as
Simulated Annealing (SA), Genetic Algorithm (GA) offers several
core advantages [29]. It enhances population diversity through
crossover and mutation, effectively avoiding local optima [30].
Unlike SA and other techniques, which relies on random distur-
bances of a single solution and is more sensitive to the initial so-
lution's quality, GA's population-based search supports parallel
computing, making it suitable for large-scale complex systems like
chemical batch process scheduling and heat integration [31].
Furthermore, GA is easily extensible to multi-objective optimiza-
tion (e.g., economic and environmental factors), particularly suit-
able for chemical batch process [32]. Given its global robustness,
parallel scalability, and multi-objective optimization capabilities,
GA has become the preferred choice for the simultaneous opti-
mization of batch process scheduling and heat integration [33].
Unlike existing research, which primarily focuses on batch process
scheduling and direct heat integration in multi-product plants,
this study addresses a key research gap by introducing and sys-
tematically comparing direct and indirect heat integration
methods. This provides a more comprehensive framework for heat
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integration optimization in batch chemical processes. Moreover, in
contrast to existing solution strategies that rely heavily on GAMS
solvers, this study fills another crucial research gap by introducing
a bi-level programming method based on a genetic algorithm. It
adopts a simultaneous optimization strategy that integrates
scheduling and heat integration as a whole, thus offering a novel
approach for optimizing batch chemical process scheduling and
heat integration solutions.

In this paper, a MINLP mathematical model is established for
heat integration optimization in a multi-product plant, with the
primary objective of maximizing EAP. This model, based on the GA
and the TDHCA method, comprehensively considers scheduling
task time, heat integration energy, utility cost, and equipment cost.
To tackle the complexity of the heat integration model in a multi-
product plant, the problem is decomposed into two optimization
levels: scheduling and heat integration. At the scheduling opti-
mization level, integer optimization is employed to determine the
optimal processing order of products. At the heat integration
optimization level, the TDHCAmethod is utilized to determine the
most efficient matching scheme between direct and indirect heat
integration. The EAP serves as the fitness function to evaluate the
quality of each solution, guiding the search towards the optimal
MINLP solution. A novel aspect of this study is the application of
GA, which is used to solve the model through both sequential and
simultaneous optimization approaches. This dual approach yields
corresponding scheduling and heat integration optimization
schemes, allowing for a comprehensive comparison and analysis
of the results. To demonstrate the effectiveness of the proposed
method, two practical examples are provided, showcasing the
significant improvements in EAP achieved through the optimiza-
tion process.

2. Problem Description

The energy saving in multi-product plant mainly includes two
aspects: scheduling and heat integration. The production of each
product in the multi-product plant needs to be processed on the
equipment, and each stream only exists within a specific time
frame. Therefore, the start and end time of each stream must be
considered when performing pinch analysis. In this paper, the
processing task time of each product on different equipment, the
initial and target temperature of each stream and the heat load are
all known. Based on the known data, the total scheduling time and
the minimum utility of the multi-product plant are calculated.
Ultimately, the objective function is the EAP after sequential
optimization and simultaneous optimization of multi-product
plant scheduling and heat integration. The scheduling sequence
and equipment operation Gantt chart are determined, and the heat
exchange network diagram of multi-product plant is drawn.

3. Theoretical Modeling

3.1. Determination of optimal scheduling sequence

In order to ensure that all products undergo one processing task
on all equipment as the production goal, a mathematical model is
constructed for the scheduling of the production process. The type
of intermediate storage tank [34] in multi-product process is
subjected to the process of the products and the stability of in-
termediate products, and the unlimited intermediate storage (UIS)
tank is used as the example. Considering that each device can only
process one product in the same time period, and each product can
only enter one device for processing in the same time period. The

constraint conditions (1) and (2) are given: the equation B(i; k) = 1
means that the product k is processed on the equipment i.

∑N

i=1

B(i; k)=1 (1)

∑M

k=1

B(i; k)=1 (2)

Constraint (3) requires that the time difference between product
i and product i—1 leaving the same processing equipment j is not
less than the processing time of product i on the equipment j.
Constraint (4) requires that the time difference between product i
leaving the processing equipment j and j—1 is not less than its
processing time on the unit j. F(i, j) is the completion time point of
product i on the device j of the production process, and t(k, j) is the
processing time of product k on the device j of the production
process.
[

F(i; j) − F(i − 1; j) −
∑N

i=1

t(k; j)B(i; k)

]

≥ 0 (3)

[

F(i; j) − F(i; j − 1) −
∑M

k=1

t(k; j)B(i; k)

]

≥ 0 (4)

The completion time of the process greatly impacts the pro-
duction efficiency of the system in the production process.
Therefore, when the production sequence of various products is
known, the completion time of the each process must satisfy
certain constraints: the equation F(i; j) = 0means that the product
i is not processed on the device j.

F(i;j)=max[F(i− 1;j);F(i;j− 1)]+t(k;j) i=1;2;⋯;N; j=1;2;⋯;M

(5)

F(i; j)=0 i = 0 or j = 0 (6)

3.2. Heat integration under determined scheduling sequence

Based on the time-temperature cascademethod, Foo et al. [12,13]
established a mathematical model utilizing thermal cascade anal-
ysis to determine the minimum utility consumption in the multi-
product plant process. The model calculates the minimum utility
consumption of each time period by considering the heat sink and
heat source within each time period, and sums them to obtain the
overall minimum utility consumption of the process. It mainly in-
cludes time period determination and temperature determination.
Firstly, according to the scheduling sequence, the starting time point
tis and the completion time point tie of each product are determined
and put into a set, and then all the time points {t1s;t1e;⋯;tns;tne} in
the set are sorted in ascending order. The time period between two
adjacent time points defines the required time period, and the
number of time periods is 2n—1. The virtual temperature method is
used to determine the temperature interval. The virtual tempera-
ture is determined by the minimum heat transfer temperature
difference ΔTmin and subjected to the temperature constraints (7)
and (8). T1 is the inlet temperature of the hot stream, T2 is the outlet
temperature of the hot stream, t1 is the inlet temperature of the cold
stream, and t2 is the outlet temperature of the cold stream.

T1 −
ΔTmin
2

≥ t2 +
ΔTmin
2

(7)
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T2 −
ΔTmin
2

≥ t1 +
ΔTmin
2

(8)

In the thermal cascade model of each time period, ranging from
the highest temperature to the lowest temperature, it is divided
into n temperature intervals. The virtual temperature of each
temperature interval is determined by the movement of the cold
and hot streams at the initial and target temperatures. The energy
balance is established for each temperature interval, which in-
cludes the heat sink and heat source in a certain time period, as
well as the heat storage input in the previous interval and the heat
storage output in the next time period. In the time period t, the
heat sink QCt,k and heat source QHt,k of the temperature interval k
are determined by the heat capacity flow rate of the stream and
the temperature difference between the upper and lower limits of
the temperature interval: QCt;k is the heat sink of temperature
interval k in time period t, QHt,k is the heat source of temperature
interval k in time period t, CPi,t,k is the heat capacity flow rate of
temperature interval k in time period t of cold stream i, CPj,t,k is the
heat capacity flow rate of temperature interval k in time period t of
hot stream j, qk is the initial temperature or target temperature of
temperature interval k. Δt is the duration.

QCt;k =
∑

i

CPi;t;k(qk − qk+1)Δt k∈K; t∈T (9)

QHt;k =
∑

j

CPj;t;k(qk − qk+1)Δt k∈K; t∈T (10)

For the time period t, the heat storage (STt− 1;t)k from the pre-
vious time period is used as an additional heat source, which is
added to the heat source QHt;k of the time period. The heat storage
(STt;t+1)k from the next time period is used as an additional heat
sink, which is added to the heat sink QCt;k of the time period. The
residual heat δk;t of the temperature interval k is obtained by
adding the residual heat δk− 1;t of the previous temperature interval
to the net heat and net heat storage of the temperature interval:
δk;t is the residual heat between the time period t and the tem-
perature interval k, and (STt;t+1)k is the heat storage from the
temperature interval k time period t to the time period t+1.

δk− 1;t+
(
QHt+STt− 1;t

)

k=δk;t+
(
QCt+STt;t+1

)

k k∈K;t∈T (11)

δk;t≥0 k∈K;t∈T (12)

(
STt;t+1

)

k≥0 k∈K;t∈T (13)

If there is no heat storage tank, Eq. (12) becomes Eq. (14):

δk− 1;t +(QHt)k= δk;t +(QCt)k k∈K; t∈T (14)

Eq. (15) defines the cumulative heat storage CSTt;k. The heat
storage STGk of the temperature interval k is determined by the
maximum value of the cumulative heat storage in each time
period. For example, Eq. (16), the heat storage of each temperature
interval should also be non-negative:
(
CSTt − STt− 1;t+STt;t+1

)

k=(CSTt+1)k k∈K;t∈T (15)

STGk≥(CSTt+1)k k∈K; t∈T (16)

STGk≥0 k∈K; t∈T (17)

The first layer objective function is the minimum cumulative
amount of hot utility FHt in each time period:

min
∑

t
FHt t∈T (18)

When addressing the multi-product process scheduling and
heat integration problem, it is necessary to consider not only the
profit of the process, but also the scheduling time and equip-
ment cost. Therefore, the second layer of our approach selects
the energy-saving annual profit (EAP) as the optimization
objective: ΔTm is the logarithmic mean temperature difference
(LMTD), ◦C; Ae is the area of heat exchanger, m2; Qe is the heat
transfer duty of the heat exchanger, MJ; Ke is the heat transfer
coefficient, kW·(m2·◦C)− 1; Ce is the cost of heat exchanger [11],
USD.

ΔTm =
(T1 − t2) − (T2 − t1)
ln((T1 − t2)=(T2 − t1))

(19)

Ae =
Qe

Ke × ΔTm × Δt
(20)

Ce=401× Ae
0:71 (21)

Ms is the mass of heat transfer medium, kg; Qs is the heat
transfer duty of the tank, MJ; ΔTs is the temperature difference
between inlet and outlet of heat transfer medium, ◦C; Cw is the
specific heat of the heat transfer medium, MJ·(kg·◦C)− 1; Vs is the
volume of heat storage tank, m3; ρs is the density of the heat
transfer medium, kg·m− 3, and Cs is the cost of the heat storage
tank [11], USD.

Ms =
Qs

ΔTs × Cw
(22)

Vs=
Ms

ρs
(23)

Cs=1504× Vs0:71 (24)

FHt is the actual consumption of hot utilities for t time period,
MJ; SH is the unit cost of hot utility, USD·GJ− 1; FCt is the actual
consumption of cold utilities in t time period, MJ; SC is the unit
cost of cold utility project, USD·GJ− 1; FHs is the total hot utility
without heat integration, MJ; FCs is the total cold utility without
heat integration, MJ; P is the energy-saving annual profit, USD; E is
the total cost of non-heat integrated utilities, USD; Ua is the total
cost of heat integrated utilities, USD; Ca is the total cost of actual
equipment, USD.

Ca=Ce + Cs (25)

Ua=
∑

t
FHt × SH+

∑

t
FCt × SC t∈T (26)

E= FHs × SH+ FCs × SC (27)

P= E − Ua − Ca (28)

3.3. The solution idea of sequential optimization and simultaneous
optimization

The solution idea of sequential optimization is shown in Fig. 1
(a). In the case of uncertain scheduling of multi-product plants,
the optimal scheduling sequence of the first level objective is
solved by using the initial population and genetic operation of
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GA. Under the optimal scheduling, direct heat integration
matching and direct + indirect heat integration matching is
performed in turn, and the heat integration scheme under the
optimal scheduling of multi-product plants is obtained through
the second-level objective function. The solution idea of simul-
taneous optimization is shown in Fig. 1(b). Considering the two
uncertain BP problems of scheduling and heat integration of
multi-product plants, the scheduling sequence is decoded by an
initialization population and genetic operation, and the heat
integration matching is carried out by TDHCA. The heat integra-
tion matching includes direct heat integration matching and
direct + indirect heat integration matching respectively, and the
fitness value of the objective function is obtained. According to
the fitness, the offspring is iteratively optimized, and finally the
system optimal solution of the scheduling and heat integration
simultaneous optimization scheme of the comprehensive
objective function is found.

Modifications are as follows: Simultaneous optimization and
sequential optimization each have their own advantages and
disadvantages in solving mixed integer nonlinear programming
(MINLP) problems. Simultaneous optimization prioritizes the
quality and physical coupling of solutions through global variable
collaborative computing, such as in scheduling and heat inte-
gration joint modeling. It is especially suitable for small and
medium-scale high-precision demand scenarios, like chemical
process design. However, its high computational complexity,
which requires distributed computing power support, and non-
convex convergence issues limit its industrial-level applications.
On the other hand, sequential optimization employs a problem
decomposition strategy, such as scheduling before heat integra-
tion, to reduce the scale of single-step solutions, improve real-
time performance, and enhance scalability. It is suitable for very

large-scale systems or online optimization. However, this
approach may sacrifice global optimality due to the decoupling of
variable associations. The research indicates that the selection
between these methods needs to balance the problem scale,
resource constraints, and accuracy requirements. The former is
more suitable for academic research or multi-objective joint
optimization [35], while the latter is more suitable for plant-level
real-time control [22].

4. Results and Discussion

4.1. Example 1

This example is adapted from Ref. [14]. Multi-product plants
produce four different products. The processing of the products on
two different equipment units in turn. The processing time for
each product on each processing equipment unit is different, as
shown in Table 1.

Sequential optimization step 1:
The storage form of the UIS tank is utilized to optimize the

scheduling process of multi-product plants. The optimal product
processing order is {3,2,4,1}. The minimum completion time of the
process being 75 min. The production Gantt chart under the
optimal production sequence is presented in Fig. 2.

Fig. 1. Flowcharts of optimization: (a) sequential optimization, (b) simultaneous optimization.

Table 1
Processing time of product.

Product Equipment 1/min Equipment 2/min

1 7 5
2 25 20
3 15 15
4 20 10
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According to the results, the method of utilizing UIS tank is
more flexible in production time arrangement, and can obtain
shorter completion time, but at the same time, it will increase the
cost of equipment. After the production scheduling of the system
is optimized, the heat integration analysis of multi-product plants
is carried out. In this case, considering the minimum heat transfer
temperature difference of 10 ◦C. According to the literature, the
unit expenditure on utilities is presented in Table 2, and the
flowing stock data of the process is detailed in Table 3.

Sequential optimization step 2:
The product processing sequence, product processing times,

corresponding stock information and utility cost information of
multi-product plants under optimal scheduling are known. The
objective function is the minimum utility consumption and EAP of
heat integration under the optimal scheduling of multi-product
plants. The heat exchanger network structure (Figs. 3 and 4)

include the start and end time of the streams, the heat exchange in
the heat exchanger during each time period, the heat exchange in
the storage tank and the utilization of utilities. Table 4 presents a
comparative analysis of the results.

In this example, the cost of utilities required for each product
processing in a multi-product plant is 38.37 USD. Under the
optimal scheduling, the cumulative completion time of the system
is 1.25 h. The heat integration optimization of the process is carried
out within the production structure of the fixed optimal sched-
uling. The direct heat integration of one scheduling can save
1232 MJ of hot utility and cold utility. The percentages of saving
hot utility and cold utility are 26.2% and 24.1% respectively. The
total cost of one scheduling of saving utilities is 10.02 USD, but the
EAP is increased by 31422 USD, resulting in an EAP ratio of 11.6%.
The indirect heat integration of one scheduling can save 3100MJ of
hot utility and cold utility respectively. The percentages of saving
hot utility and cold utility are 65.9% and 60.7% respectively. The
total cost of one scheduling of saving utilities is 25.21 USD, but the
EAP is increased by 92655 USD, resulting in an EAP ratio of 34.4%.
Compared with direct heat integration, indirect heat integration
saves 1868MJ of hot utility and cold utility, thus increasing the EAP
by 61233 USD and raising the EAP ratio by 22.8%.

Simultaneous optimization step 3:
After the simultaneous optimization of the circular solution

strategy, the direct heat integration scheduling sequence is
{3,2,1,4}. Fig. 5 illustrates the Gantt chart, and Fig. 6 depicts the
simultaneous optimization direct heat integration heat exchange
network.

After the simultaneous optimization of indirect heat integra-
tion, the multi-product plant scheduling processing sequence
becomes {2,1,4,3}. Fig. 7 illustrates the Gantt chart, and Fig. 8 de-
picts the simultaneous optimization of indirect heat integration
heat exchange network.

The initial conditions of the above examples are input into the
multi-product plant process scheduling and heat integration cir-
cular simultaneous optimization process, resulting in the
following Table 5.

In this example, after the process scheduling of multi-product
plant and the simultaneous optimization of heat integration, the
energy saving achieved through multi-product plant scheduling
and direct integration simultaneous optimization is 1574 MJ
higher than that of sequential optimization of hot utility and cold
utility, respectively. The percentages of saving hot utility and cold
utility are increased by 33.5% and 30.9%, respectively. The EAP is
increased by 75699 USD, and the ratio of EAP improvement is
28.2%. Similarly, the energy saving from multi-product plant
scheduling and indirect heat integration simultaneous

Fig. 2. Gantt chart of processing time of product.

Table 2
Costs for utilities.

Utility Inlet temp./◦C Outlet temp./◦C Price/USD·GJ− 1

Cooling water 20 30 0.354
Hot steam 170 169 7.78

Table 3
Stream data for example 1.

Product Inlet temp./◦C Outlet temp./◦C Heat transfer duty/MJ

1 20 135 2300
2 170 60 3300
3 80 140 2400
4 150 30 1800

Fig. 3. Heat exchanger network of optimal scheduling direct heat integration.

Fig. 4. Heat exchanger network of optimal scheduling of indirect heat integration.
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optimization is 1400 MJ higher than that of sequential optimiza-
tion. The EAP is increased by 66934 USD, and the ratio of EAP
improvement is 24.9%. Furthermore, when comparing multi-
product plant scheduling and indirect heat integration simulta-
neous optimization to direct heat integration simultaneous opti-
mization, the energy saving is 1694 MJ higher for hot utility and
cold utility combined. The percentages of saving hot utility and
cold utility are increased by 36% and 33.2%, respectively. The EAP is
increased by 52468 USD, and the ratio of EAP improvement is
19.5%. In Tables 4 and 5, despite the increase in equipment cost, the
utility cost savings exceed 50%. The EAP of indirect heat integration
is 21% higher than that of direct heat integration, and the EAP of
simultaneous optimization is 26% higher than that of sequential
optimization. These results indicate that, although the optimal
scheduling of simultaneous optimization may not be as good as
that of sequential optimization in terms of pure scheduling effi-
ciency, when scheduling and heat integration are considered at the
same time, the increased profit outweighs the benefits of sched-
uling shortening time. Example 1 demonstrates the feasibility of
the model.

4.2. Example 2

This example is adapted from Ref. [36]. Multi-product plants
produce eight different products. The processing of the products
on three different equipment units in turn. The processing time for
each product on each processing equipment unit is different, as
shown in Table 6.

Sequential optimization step 1:
The storage form of the UIS tank is utilized to optimize the

scheduling process of multi-product plant. The optimal product
processing order is {3,8,2,5,6,1,4,7}. The minimum completion

Table 4
Comparison of heat integration results.

No integration Direct heat integration Direct + indirect heat integration

Hot utility/MJ 4700 3468 1600
Hot utility savings/MJ 0 1232 3100
Hot utility percentages of savings/% 0 26.2 65.9
Cold utility/MJ 5100 3868 2000
Cold utility savings/MJ 0 1232 3100
Cold utility percentages of savings/% 0 24.1 60.7
Total cost of utilities/USD 268906 198678 92197
Number of heat exchangers 4 6 7
Number of heat storage tanks 0 0 4
Total cost of equipment/USD 17762 38806 84054
Energy-saving annual profit/USD 0 31422 92655
Energy-saving annual profit ratio/% 0 11.6 34.4

Fig. 5. Gantt chart of processing time of product.

Fig. 6. Simultaneous optimization of heat exchanger network of direct heat
integration.

Fig. 7. Gantt chart of processing time of product.

Fig. 8. Simultaneous optimization of heat exchanger network of indirect heat
integration.
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time of the scheduling process being 411 min. The production
Gantt chart under the optimal production sequence is presented
in Fig. 9.

According to the results, the method of utilizing UIS tank is
more flexible in production time arrangement, and can obtain
shorter completion time, but at the same time, it will increase the
cost of equipment. After the production scheduling of the system
is optimized, the heat integration analysis of multi-product plants

is carried out. In this case, considering the minimum heat transfer
temperature difference of 10 ◦C. According to the literature, the
unit expenditure on utilities is presented in Table 2, and the
flowing stock data of the process is detailed in Table 7.

Sequential optimization step 2:
The product processing sequence, product processing

times, corresponding stock information and utility cost infor-
mation of multi-product plants under optimal scheduling are
known. The objective function is the minimum utility con-
sumption and EAP of heat integration under the optimal sched-
uling of multi-product plants. The heat exchanger network
structure (Figs. 10 and 11) include the start and end time of the
streams, the heat exchange in the heat exchanger during each
time period, the heat exchange in the storage tank and the uti-
lization of utilities. Table 8 presents a comparative analysis of the
results.

In this example, the cost of utilities required for each product
processing in a multi-product plant is 533.65 USD. Under the
optimal scheduling, the cumulative completion time of the system
is 6.85 h. The heat integration optimization of the process is car-
ried out within the production structure of the fixed optimal
scheduling. The direct heat integration of one scheduling can save
26489 MJ of hot utility and cold utility. The percentages of saving
hot utility and cold utility are 39.5% and 75.6% respectively. The
total cost of one scheduling of saving utilities is 215.46 USD, but
the EAP is increased by 170954 USD, resulting in an EAP ratio of
25%. The indirect heat integration of one scheduling can save
34906 MJ of hot utility and cold utility respectively. The percent-
ages of saving hot utility and cold utility are 52% and 99.7%
respectively. The total cost of one scheduling of saving utilities is
283.92 USD, but the EAP is increased by 190312 USD, resulting in
an EAP ratio of 27.8%. Compared with direct heat integration, in-
direct heat integration saves 8417 MJ of hot utility and cold utility,
thus increasing the EAP by 19358 USD and raising the EAP ratio by
2.8%.

Simultaneous optimization step 3:
After the simultaneous optimization of the circular solution

strategy, the direct heat integration scheduling sequence is
{3,5,8,6,2,1,7,4}. Fig. 12 illustrates the Gantt chart, and Fig. 13 de-
picts the simultaneous optimization direct heat integration heat
exchange network.

After the simultaneous optimization of indirect heat integra-
tion, the multi-product plant scheduling processing sequence
becomes {3,5,6,8,7,1,2,4}. Fig. 14 illustrates the Gantt chart, and
Fig. 15 depicts the simultaneous optimization of indirect heat
integration heat exchange network.

The initial conditions of the above examples are input into the
multi-product plant process scheduling and heat integration

Table 5
Comparison of simultaneous optimization of heat integration results.

No integration Simultaneous
optimization of
direct heat integration

Simultaneous
optimization of direct + indirect
heat integration

Hot utility/MJ 4700 1894 200
Hot utility savings/MJ 0 2806 4500
Hot utility percentages of savings/% 0 59.7 95.7
Cold utility/MJ 5100 2294 600
Cold utility savings/MJ 0 2806 4500
Cold utility percentages of savings/% 0 55 88.2
Total cost of utilities/USD 268906 106402 11307
Number of heat exchangers 4 7 8
Number of heat storage tanks 0 0 4
Total cost of equipment/USD 17762 55383 98010
Energy-saving annual profit/USD 0 107121 159589
Energy-saving annual profit ratio/% 0 39.8 59.3

Table 6
Processing time of product.

Product Equipment 1/min Equipment 2/min Equipment 3/min

1 61 2 56
2 42 32 42
3 1 31 71
4 46 98 42
5 11 14 20
6 35 89 75
7 66 8 25
8 25 46 44

Fig. 9. Gantt chart of processing time of product.

Table 7
Stream data for example 2.

Product Entry temp./◦C Outlet temp./◦C Heat transfer/MJ

1 100 70 20000
2 70 100 11000
3 100 70 15000
4 50 70 9000
5 70 100 11000
6 50 70 5000
7 80 90 7000
8 60 130 24000
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circular simultaneous optimization process, resulting in the
following Table 9.

In this example, after the process scheduling of multi-product
plant and the simultaneous optimization of heat integration, the
energy saving achieved through multi-product plant scheduling
and direct integration simultaneous optimization is 4799 MJ
higher than that of sequential optimization of hot utility and cold
utility, respectively. The percentages of saving hot utility and cold
utility are increased by 7.1% and 13.7%, respectively. The EAP is
increased by 43675 USD, and the ratio of EAP improvement is 6.4%.
Similarly, the energy saving from multi-product plant scheduling
and indirect heat integration simultaneous optimization is 94 MJ
higher than that of sequential optimization. The EAP is increased
by 31772 USD, and the ratio of EAP improvement is 4.7%.

Furthermore, when comparing multi-product plant scheduling
and indirect heat integration simultaneous optimization to direct
heat integration simultaneous optimization, the energy saving is
3712 MJ higher for hot utility and cold utility combined. The per-
centages of saving hot utility and cold utility are increased by 5.6%
and 10.7%, respectively. The EAP is increased by 7455 USD, and the
ratio of EAP improvement is 1.1%. In Tables 8 and 9, despite the
increase in equipment cost, the utility cost savings exceed 50%. The
root cause of the small difference between the direct heat inte-
gration and the indirect heat integration strategies in the example
2 lies in the process characteristics. In this case, the direct heat
integration's cold and hot stream matching accounts for the ma-
jority of the total stream matching, while the indirect heat in-
tegration's cold and hot stream matching accounts for a relatively

Fig. 10. Heat exchanger network of optimal scheduling of direct heat integration: (a) 0—2.45 h, (b) 2.3—6.85 h.
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Fig. 11. Heat exchanger network of optimal scheduling of direct heat integration: (a) 0—2.45 h, (b) 2.3—6.85 h.

Table 8
Comparison of heat integration results.

No integration Direct heat integration Direct + indirect heat integration

Hot utility/MJ 67000 40511 32094
Hot utility savings/MJ 0 26489 34906
Hot utility percentages of savings/% 0 39.5 52
Cold utility/MJ 35000 8511 94
Cold utility savings/MJ 0 26489 34906
Cold utility percentages of savings/% 0 75.6 99.7
Total cost of utilities/USD 682448 406909 319355
Number of heat exchangers 8 17 20
Number of heat storage tanks 0 0 3
Total cost of equipment/USD 32304 104585 172781
Energy-saving annual profit/USD 0 170954 190312
Energy-saving annual profit ratio/% 0 25 27.8
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Fig. 12. Gantt chart of processing time of product.

Fig. 13. Simultaneous optimization of heat exchanger network of direct heat integration: (a) 0—2.05 h, (b) 2.05—7.12 h.

Fig. 14. Gantt chart of processing time of product.
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Fig. 15. Simultaneous optimization of heat exchanger network of indirect heat integration: (a) 0—2.3 h, (b) 2.3—7.12 h.

Table 9
Comparison of simultaneous optimization of heat integration results.

No integration Simultaneous optimization of
direct heat integration

Simultaneous optimization of
direct + indirect heat integration

Hot utility/MJ 67000 35712 32000
Hot utility savings/MJ 0 31288 35000
Hot utility percentages of savings/% 0 46.6 52.2
Cold utility/MJ 35000 3712 0
Cold utility savings/MJ 0 31288 35000
Cold utility percentages of savings/% 0 89.3 100
Total cost of utilities/USD 682448 343452 306304
Number of heat exchangers 8 17 22
Number of heat storage tanks 0 0 3
Total cost of equipment/USD 32304 124367 154060
Energy-saving annual profit/USD 0 214629 222084
Energy-saving annual profit ratio/% 0 31.4 32.5
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small proportion. As a result, the improvement in EAP is minimal.
Similarly, there is little difference between the simultaneous
optimization method and the sequential optimization method in
the example 2. If the quality of solution is high, the local optimal
solution obtained through sequential optimization is closer to the
global optimal solution achieved by simultaneous optimization,
leading to a smaller improvement in EAP.

Through the above numerical results, the influence of
different heat integration strategies on the overall operating ef-
ficiency and cost can be summarized. Through the above nu-
merical results, the influence of different heat integration
strategies on the overall operating efficiency and cost can be
summarized. The direct heat integration method is suitable for
continuous production scenarios (such as petrochemical and
metallurgical) by directly matching cold and hot streams under
conditions of time synchronization and temperature differences
through heat exchangers. The heat recovery efficiency is 60% to
80%, which can save 15% to 25% compared to the investment of
indirect heat integration equipment. However, the maintenance
cost increases by 8% to 12% annually as the fouling rate of the heat
exchanger increases [37,38]. On the other hand, the indirect heat
integration method is suitable for multi-product batch produc-
tion (such as food and pharmaceutical) by buffering the heat
across time periods through heat storage tanks, allowing a syn-
chronous time. Although the initial investment is 30% to 50%
higher, the total cost can be reduced by 18% in the long term, and
the energy utilization efficiency can increase by 40% when pro-
duction fluctuates [39,40]. Therefore, in the context of carbon
constraints, the direct method is preferred for continuous pro-
duction systems to quickly reduce costs, while multi-product
plants need to combine direct + indirect hybrid strategies (such
as heat storage medium linkage) to balance economic resilience
and energy efficiency.

5. Conclusions

This paper proposes an optimal scheduling and heat integration
model for multi-product plants, solved using a bi-level program-
ming method based on the genetic algorithm. This model maxi-
mizes heat recovery, determines the optimal scheduling time and
minimum utility consumption, and optimizes heat storage for
indirect heat integration to achieve the maximum EAP. Two ex-
amples show that the EAP of indirect heat integration considering
the storage tank are 21% and 2% higher than that of the direct heat
integration, and EAP of the simultaneous optimization are 26% and
6% higher than that of the sequential optimization. The example
proves the feasibility and effectiveness of the algorithm and
model. At present, more researchers are focusing on the optimi-
zation of scheduling structures for batch process, yet research on
scheduling and heat integration for batch process remains insuf-
ficient. The dual carbon targets―carbon peaking and carbon
neutrality―are China's national strategies to address climate
change and promote green and low-carbon development. Pro-
moting the application and in-depth research of scheduling and
heat integration is an imperative measure in response to these
national strategic approaches. In view of the current research
status, the following problems still persist in the field of sched-
uling and heat integration for batch process: (1) Currently, most
researchers only consider economic profit as the objective, and the
content of multi-objective optimization, which takes into account
both economic profit and environmental factors, requires further
study. (2) At present, most researchers only consider equipment
failure and order changes in scheduling, and the expansion of heat
integration to account for these factors necessitates theoretical
research support.

CRediT Authorship Contribution Statement

Ke Li: Writing — review & editing, Writing — original draft.
Lingqi Kong: Conceptualization. Xinping Wang: Formal analysis.
Mengyu Liu: Formal analysis.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] M. Trafczynski, Handbook of process integration (PI). minimisation of energy
and water use, waste and emissions, J. Clean. Prod. 88 (2015) 385—386.

[2] J. Blanco, S. Malato, P. Fern�andez-Iba~nez, D. Alarc�on, W. Gernjak, M.I. Mal-
donado, Review of feasible solar energy applications to water processes,
Renew. Sustain. Energy Rev. 13 (6—7) (2009) 1437—1445.

[3] Y. Youqi, C. Siwei, Process systems engineering in knowledge economic
epoch–challenges and developing trends, Sys. Eng. theor. Pract. 22 (8) (2022)
1—15.

[4] C.A. Floudas, X.X. Lin, Continuous-time versus discrete-time approaches for
scheduling of chemical processes: a review, Comput. Chem. Eng. 28 (11)
(2004) 2109—2129.

[5] P.Y. Liew, T.G. Walmsley, S.R. Wan Alwi, Z. Abdul Manan, J.J. Kleme�s, P.S.
Varbanov, Integrating district cooling systems in Locally integrated energy
sectors through total site heat integration, Appl. Energy 184 (2016)
1350—1363.

[6] B. Linnhoff, E. Hindmarsh, The pinch design method for heat exchanger
networks, Chem. Eng. Sci. 38 (5) (1983) 745—763.

[7] R.W. Clayton, Cost Reductions on an Edible Oil Refinery Identified by a Pro-
cess Integration Study at Van Den Berghs and Jurgens Ltd, Report, Energy
Efficiency Office R&D, UK, 1986.

[8] P.R. Crump, Understanding Process Integration II : a Symposium, Institution of
Chemical Engineers, Distributed by Hemisphere Pub, Washington, US, 1988.

[9] I.C. Kemp, Applications of the time-dependent cascade analysis in process
integration, Heat Recovery Syst. CHP 10 (4) (1990) 423—435.

[10] I.C. Kemp, A.W. Deakin, Cascade analysis for energy and process integration
of batch processes. Part 2. Network design and process scheduling, Chem.
Eng. Res. Des. 67 (5) (1989) 510—516.

[11] I.C. Kemp, A.W. Deakin, Cascade analysis for energy and process integration
of batch processes. Part 3. A case study, Chem. Eng. Res. Des. 67 (5) (1989)
517—525.

[12] D.C.Y. Foo, Automated targeting technique for batch process integration, Ind.
Eng. Chem. Res. 49 (20) (2010) 9899—9916.

[13] D.K.S. Ng, D.C.Y. Foo, R.R. Tan, Targeting for total water network. 2. waste
treatment targeting and interactions with water system elements, Ind. Eng.
Chem. Res. 46 (26) (2007) 9114—9125.

[14] N.D. Chaturvedi, S. Bandyopadhyay, Indirect thermal integration for batch
processes, Appl. Therm. Eng. 62 (1) (2014) 229—238.

[15] N.D. Chaturvedi, S. Bandyopadhyay, Optimization of multiple freshwater
resources in a flexible-schedule batch water network, Ind. Eng. Chem. Res. 53
(14) (2014) 5996—6005.

[16] P. Shahane, S.S. Jogwar, A novel algorithm for design of mixed energy-
integrated batch process networks, IFAC-PapersOnLine 49 (7) (2016) 67—72.

[17] S.S. Mummana, S.B. Anne, R. Vooradi, A simple unit specific event based
modeling framework for short term scheduling and heat integration of batch
plants: design and optimization of heat storage vessels, Comput. Chem. Eng.
145 (2021) 107155.

[18] R. Vooradi, S.S. Mummana, Cyclic scheduling and heat integration of batch
process: design of heat storage vessels, Chem. Eng. Res. Des. 179 (2022)
130—142.

[19] S.S. Mummana, R. Vooradi, Heat integration and cyclic scheduling of multi-
purpose batch plants using three index unit-specific event based model,
Chem. Eng. Commun. 208 (8) (2021) 1167—1188.

[20] J.A. Vaselenak, I.E. Grossmann, A.W. Westerberg, Heat integration in batch
processing, Ind. Eng. Chem. Process Des. Dev. 25 (2) (1986) 357—366.

[21] M. Bozan, F. Borak, I. Or, A computerized and integrated approach for heat
exchanger network design in multipurpose batch plants, Chem. Eng. Process.
Process Intensif. 40 (6) (2001) 511—524.

[22] I. Halim, R. Srinivasan, Sequential methodology for scheduling of heat-
integrated batch plants, Ind. Eng. Chem. Res. 48 (18) (2009) 8551—8565.

[23] L.G. Papageorgiou, N. Shah, C.C. Pantelides, Optimal scheduling of heat-
integrated multipurpose plants, Ind. Eng. Chem. Res. 33 (12) (1994)
3168—3186.

[24] B. Lee, G.V. Reklaitis, Optimal scheduling of cyclic batch processes for heat
integration: I. Basic formulation, Comput. Chem. Eng. 19 (8) (1995) 883—905.

[25] H. Tokos, Z.N. Pintari�c, Development of a MINLP model for the optimization
of a large industrial water system, Optim, Eng. 13 (4) (2012) 625—662.

K. Li et al. / Chinese Journal of Chemical Engineering 87 (2025) 115—128 127



[26] J. Romero, A. Espu~na, F. Friedler, L. Puigjaner, A new framework for batch
process optimization using the flexible recipe, Ind. Eng. Chem. Res. 42 (2)
(2003) 370—379.

[27] P.M. Castro, B. Cust�odio, H.A. Matos, Optimal scheduling of single stage batch
plants with direct heat integration, Comput. Chem. Eng. 82 (2015) 172—185.

[28] A. Brook, D. Kendrick, A. Meeraus, GAMS, a user's guide, SIGNUM Newsl. 23
(3—4) (1988) 10—11.

[29] M. Marghany, Principles of genetic algorithm. Synthetic Aperture Radar
Imaging Mechanism for Oil Spills, Elsevier, 2020.

[30] M. Danish, S. Kumar, A. Qamareen, S. Kumar, Optimal solution of MINLP
problems using modified genetic algorithm, Chem. Prod. Process Model. 1 (1)
(2006), https://doi.org/10.2202/1934-2659.1010.

[31] A. Ponsich, C. Azzaro-Pantel, S. Domenech, L. Pibouleau, Some guidelines for
genetic algorithm implementation in MINLP batch plant design problems.
Advances in Metaheuristics for Hard Optimization, Springer, 2007, pp.
93—315.

[32] C.T. Young, Y. Zheng, C.W. Yeh, S.S. Jang, Information-guided genetic algo-
rithm approach to the solution of MINLP problems, Ind. Eng. Chem. Res. 46 (5)
(2007) 1527—1537.

[33] P. Van, M. Vanhoucke, A genetic algorithm for the preemptive and non-
preemptive multi-mode resource-constrained project scheduling problem,
Eur. J. Oper. Res. 201 (2) (2010) 409—418.

[34] C.X. Guo, X.K. Wei, Thermal Energy Storage Technology and Application,
Chemical Industry Press, Beijing, 2005. (in Chinese)

[35] R.J. Zhou, L.J. Li, W. Xiao, H.G. Dong, Simultaneous optimization of batch
process schedules and water-allocation network, Comput. Chem. Eng. 33 (6)
(2009) 1153—1168.

[36] Y.P.A. Zheng, Simulation, Optimize and Integration of heat-exchanger Sys-
tem, Chemical Industry Press, Beijing, 1992.

[37] I.C. Kemp, A.W. Deakin, The cascade analysis for energy and process inte-
gration of batch processes. I: calculation of energy targets, Chem. Eng. Res.
Des. 67 (5) (1989) 495—509.

[38] W. Wu, V.I. Christiana, S.N. Chen, J.J. Hwang, Design and techno-economic
optimization of a stand-alone PV (photovoltaic)/FC (fuel cell)/battery
hybrid power system connected to a wastewater-to-hydrogen processor,
Energy 84 (2015) 462—472.

[39] Y.X. Ding, Y.R. Liu, M.H. Wang, W.L. Du, F. Qian, Heat integration, simulta-
neous structure and parameter optimisation, and techno-economic evalua-
tion of waste heat recovery systems for petrochemical industry, Energy 296
(2024) 131083.

[40] J.J. Kleme�s, P.S. Varbanov, Z. Kravanja, Recent developments in process
integration, Chem. Eng. Res. Des. 91 (10) (2013) 2037—2053.

K. Li et al. / Chinese Journal of Chemical Engineering 87 (2025) 115—128128


	Scheduling and heat integration of multi-product plant based on genetic algorithm
	1. Introduction
	2. Problem Description
	3. Theoretical Modeling
	3.1. Determination of optimal scheduling sequence
	3.2. Heat integration under determined scheduling sequence
	3.3. The solution idea of sequential optimization and simultaneous optimization

	4. Results and Discussion
	4.1. Example 1
	4.2. Example 2

	5. Conclusions
	CRediT Authorship Contribution Statement
	Declaration of Competing Interest
	References


