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ABSTRACT

Heat pumps offer the possibility of reducing CO2-emissions in the chemical industry. However, the
integration of heat pumps, especially in non-continuous processes, faces several challenges. En-
ergy storage facilitates a way to enhance heat integration by providing a continuous supply of
heat flows. By doing so, the question arises as to whether this implementation should be applied
to the process or to the utility level. At the process level, there is usually more freedom, as one is
not bound by the existing temperature levels of the utility system, which are mostly difficult to
retrofit. Therefore, this study presents an approach that generates heat integration concepts at
the process level based on two different criteria. These criteria influence which process streams
are grouped for a storage implementation and therefore influence the heat integration. The aim is
to maintain the heat flows as continuous as possible by integrated heat storages. Finally, the pos-
sible heat integration concept is evaluated in terms of energy efficiency by a know method for
continuous process streams, here the pinch analysis.
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INTRODUCTION

The CO2-emissions of the chemical industry must be
reduced significantly to meet Europe’s climate goals of
zero net-emissions by 2045 [1]. A large proportion of the
heat demand in process industry is still met by burning
fossil fuels such as natural gas which results in significant
amount of CO2-emissions to the atmosphere [2]. There-
fore, the supply of process heat from fossil fuels should
be reduced. This can be achieved by improving the effi-
ciency of chemical processes or using alternative, low-
carbon sources of heat supply. Compression heat pumps
offer a possibility of providing heat with low CO2-emis-
sions when powered by electricity with a low CO2-emis-
sion factor [3]. The use of formerly unused waste heat
which is lifted to a higher temperature level by the heat
pump can substitute process heat provided by fossil
fuels.

Despite the advantages of heat pumps for providing
process heat with low COz2-emissions, heat pump inte-
gration into chemical processes is still limited by major
challenges. Especially non-continuous processes with
fluctuating waste heat supply and process heat demand
https://doi.org/10.69997/sct.140728

add an additional challenge for heat pump integration [4].
Furthermore, a heat pump can be integrated at either util-
ity or process level. A heat pump integration at utility level
can have a negative effect on the heat pump due to a
higher temperature rise, resulting in a lower coefficient of
performance (COP). The reason for that is, that the tem-
perature lift depends on the temperatures of the utilities.
An adjustment of the temperatures of the utilities is only
possible to a limited extend, because in a chemical site
other plants would be influenced by this adjustment as
well. Therefore, a heat pump integration at process level
can be reasonable. Because of the fluctuating nature of
the heat flows in non-continuous processes, energy stor-
ages offer the possibility of reducing fluctuations and
they should be considered as additional possible heat in-
tegration concepts. The integration of energy storages
would increase the operation time of heat pumps as well
[5].

Within the scope of this study, the energetic influ-
ence of the number and size of thermal energy storages
is analyzed, particularly under the assumption that heat
flows are not stored in an ideal manner from an energetic
standpoint. Although energetically optimal storage, as
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applied in the time average model (TAM), for example,
can serve as a reference or benchmark, it may result in
heat flows with similar temperature levels being stored in
separate energy storages. The question arises to what
extent the number of storage units can be reduced and
according to which principles heat flows should be ag-
gregated.

To address this issue, the present study provides a
concise overview of various methods for heat integration
in non-continuous processes with fluctuating waste heat
supply at the process level. Furthermore, a systematic
procedure is introduced from which different heat inte-
gration concepts can be derived based on two distinct
criteria that specify which process streams are stored to-
gether. The influence of these criteria-particularly with
respect to the aggregation and storage of heat flows is
analyzed. Finally, one selected variant of these heat inte-
gration concepts is evaluated in terms of its energy effi-
ciency.

LITERATURE REVIEW

Different types of methods were developed to re-
ceive heat integration concepts. One the on hand there
are graphical methods like the pinch analysis. This is a
method, which determines the theoretical maximal inter-
nal heat exchange based on the cold and hot process
streams [5]. This method assumes that alle streams are
continuously available and have a constant start and end
temperature. Based on the pinch analysis, the time aver-
age model (TAM) was developed for non-continuous pro-
cesses. The result of the TAM is a maximal threshold of
possible internal heat exchange. To use this method, the
non-continuous process is overdriven into a continuous
representative process, by averaging the duties over the
process time. A pinch analysis can now be performed us-
ing the average heat flows. The results of the TAM are
used to design thermal energy storages conceptually. [6]
In addition to TAM, there is also the time slice model
(TSM). This is a conceptual method which, in contrast to
the TAM approach, attempts to take into account the
temporal influence on heat integration. To do this, the
batch process is divided into time slices so that continu-
ous behavior occurs in these slices. The external utility
demand can now be determined in each interval, by using
the pinch analysis for each slice. The sum of the external
utility over the entire observation period also represents
a minimum threshold value. [6] Other approaches to de-
termining heat integration concepts for batch processes
use mathematical optimization. A hybrid approach, which
is a combination of a graphical and an optimization part
takes time slices into account and also considers the in-
tegration of a heat pump. A grand composite curve is
generated for each time slice. Based on this, the heat
pump is dimensioned once so that surplus heat can be
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stored on the source or sink side by means of an energy
storage and released again in times of deficit. [7] Of
course, recurring patterns for the slices must first be
found. At the same time, the complexity of possible heat
transfer networks increases with an increased number of
slices. Walden et al. also consider mathematical optimi-
zation as an approach for heat pump integration. The
grand composite curve for each hour is used as input and
then a heat pump is integrated with the help of a mathe-
matical optimization problem. The integration is carried
out for different heat outputs: Either for averaged values
(TAM), for each hour an optimization, or an optimization
over the entire period under consideration. Using this op-
timization approach it was possible to reduce the heat
pump size and thus the operating costs. Thermal stor-
ages were not taken into account in this work. [8] Prendl|
et al. use a linearization of the operating pattern of the
heat pump. At the same time, storage and the heat ex-
change network are taken into account so that a mini-
mum TAC can be achieved. The linearization of MINLP
problems has the advantage that MILP problems are not
dependent on start values and still achieve a global opti-
mum; and MILP problems enable lower computing times
[9, 11]. Becker et al. also use a mathematical optimization
problem, which can be used to optimally integrate a heat
pump [10]. In addition to dimensioning the relevant
equipment for heat integration, the extent to which the
scheduling of non-continuous processes affects heat in-
tegration was also investigated. Optimization problems
were solved for this purpose [12, 13]. Fluctuating heat
supply occurs not only in the process industry, but also
in the residential sector. Renaldi et al. develop a mathe-
matical optimization model, which considers the design
and the operation flr a heating system within a heat
pump and a thermal energy storage [14]. Furthermore,
cluster algorithms were also used, which, for example,
aim to identify recurring operating conditions. Wick-
ramasinghe et al. use the k-means algorithm to group
temperature time series for commercial buildings [15].
When using heat pump systems, operating data was also
used to determine representative load and temperature
profiles. For this purpose, the patterns were extracted
using dynamic time warping [16].

PROBLEM STATEMENT

We consider a case study involving hot and cold
process streams for which heat integration is investi-
gated. Heat integration at the utility level is not the first
choice due to unfavorable temperature levels, so we
have started with heat integration at process level. To
this end, a potential study was carried out in advance to
identify low-hanging fruits, i.e., the process streams that
are interesting for direct heat integration. The influence
of simultaneous availability, temperature difference, and

Syst Control Trans 5:334-341 (2026) 335



the ratio of heating supply to heating demand were taken
into account in the potential study. The process streams
identified by the preliminary potential study as suitable
for direct heat integration are not considered in the fol-
lowing problem formulation, thereby reducing the num-
ber of process streams and slightly simplifying the prob-
lem. The remaining process flows are now to be inte-
grated at the process level. Because there are many pos-
sible combinations, an optimization problem that consid-
ers heat pumps and storage systems simultaneously was
ruled out.

METHODOLOGY

The method aims to determine the impact of the
number of storage units on the heat integration concept.
The purpose of the storage units is to achieve steady-
state conditions, thereby facilitating subsequent, con-
ventional heat integration. For example, heat integration
for steady-state conditions can be carried out using well-
known analysis methods such as pinch analysis. The
question arises which streams should be stored together.
To address this question, the method introduces two cri-
teria, each grouping the process streams according to a
different objective. These two criteria each have an influ-
ence on the grouping of process streams and thus also
on the size of the thermal energy storage. The structure
of this method is shown in Figure 1. The method starts
with a pre-analysis to check the process data for con-
sistency and group them into hot and cold streams. Af-
terwards it is possible to choose between two different
criteria according to which the hot and cold streams are
grouped. An energy storage is designed for each of these
groups so that stationary conditions are achieved and a
following-up pinch analysis is possible. The following
section discusses the criteria and storage dimensioning
in more detail. The entire methodology is implemented in
Python.

Criteria
i
Pre- Pinch
. Storage -
analysis . ERENEIS
Q(t)

Figure 1. Structure of the method.

Criteria 1: Temperature

This first of the two criteria follows the approach of
clustering process streams into groups so that the pro-
cess streams within a group have similar temperatures.
The k-means cluster algorithm is used for grouping [17].
Data points, in our case temperatures, should be grouped
so that they are as similar as possible within a cluster and
as different as possible between clusters. To use the
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algorithm, one needs to specify how many clusters the
data will be grouped into. The benefit of k-means is that
it is easy to implement. This criterion actively influences
the temperature prevailing in the energy storage.

Criteria 2: Temporal heat duty

The second criterion aims to ensure that, if several
energy storages are available, the process flows are
grouped in such a way that they fluctuate less over the
time horizon. This has the advantage that the thermal en-
ergy storage can be smaller in size, as it needs to buffer
less thermal energy. To determine how the streams are
grouped, a small optimization problem is solved. This is a
MINLP problem, as the objective function takes variance
into account. The objective function minimizes the total
variance of all groups over the entire time horizon. At the
same time, the constraints must be met, e.g., that each
stream may only be assigned to one cluster, and that
each cluster should be filled with at least one stream. In
the optimization problem, the number of clusters is pre-
defined and varied iteratively within an identical cluster
range to maintain comparability with the first criterion.
The detailed calculation is provided in the supplementary
material. The optimization problem was set up and solved
in Gurobi [18].

Storage

Once the groups have been selected, a storage di-
mension can be determined based on the selected pro-
cess streams. A two-layer storage is selected as thermal
energy storage, as this allows start and end temperatures
to be specified and then used for pinch analysis. The
temperature level within the layers are determined in
such a way that, for example, in the case of hot streams
that need to be cooled, the temperature in the top layer
corresponds to the minimum temperature to which it
must be cooled minus a temperature difference for heat
transfer. Then for the energy storage, a temperature dif-
ference of 10 K is assumed for the temperature of the
second layer. This value naturally influences the required
storage capacity and can of course be adjusted. The out-
put duty of the energy storage is calculated from the sum
of the total energy flowing into the storage device. For a
specified storage medium, in this case water, the respec-
tive heat capacity results in a mass balance that is accu-
mulated over time and then set to a start value so that
the storage content is never negative. Figure 2 shows the
structure of the storage system. The specific calculation
can be found in the supplementary material. The fluctu-
ating process flows are shown on the right-hand side and
are grouped together for a storage. In this case, these
heat flows are cooled by the storage and the heat flow
on the left-hand side remains constant.
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Figure 2. Schematic structure of the energy storage.

Pinch Analysis

The pinch analysis is then performed for a different
number of clusters for the hot and cold streams respec-
tively. A minimum temperature difference of 10 K is as-
sumed in each case. The result of the pinch analysis ulti-
mately serves, for example, as the basis for a percentage
saving of the total heating requirement. Based on this a
final heat integration concept can be derived.

CASE STUDY

The case study involves a batch process comprising
13 cold streams and 23 hot streams, with a temperature
range extending from 5 °C to 144 °C. Due to the absence
of a periodic operating pattern, the heat duties do not fol-
low a consistent or recurring behavior, thereby compli-
cating heat integration. The dataset used for analysis is
provided at 5-minute intervals over a continuous period
of 7 days and captures process- and apparatus-level
heat duties for each of the 36 streams. This case study
originates from real plant data that was anonymized ac-
cordingly.

RESULTS

The results of the two different criteria are pre-
sented below. The subsequent results, such as storage
dimensioning and pinch analysis, are only presented for
one criterion. All results refer only to the cold process
streams.

Criterion 1:

The first criterion considers the final temperatures
to which the streams are heated or cooled. Figure 3
shows the distribution of the different temperatures de-
pending on the number of clusters. The range in which
the clusters were varied extends from one cluster to
seven different clusters. This is because a maximum of
seven different temperatures occur. This does not nec-
essarily mean that there are only seven streams, as
streams can also be heated to the same temperature. It
is noticeable that the three temperatures around 90 °C
are grouped together for most of the clusters tested. The
different colors of the temperature data points indicate
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the cluster and therefore the storage, to which each tem-
perature belongs. The number of clusters corresponds to
the number of available storages. For instance, if two
clusters are defined, two storages (S1 and S2) are used.
In this example, two distinct colors represent the cluster-
ing: all streams with temperatures below 100 °C are as-
signed to one cluster, while those above 100 °C are as-
signed to another. Consequently, all streams below 100
°C (yellow markers) are grouped together and stored in
S2, whereas the remaining streams-requiring tempera-
tures above 100 °C (purple markers)-are grouped into the
other cluster and assigned to storage S1. This criterion is
used to assign process streams to storage based on the
number of available storages, with the objective of mini-
mizing temperature differences among process streams
within the same storage. In general, an increasing number
of available storages leads to a reduction in temperature
variability within each storage.

140 ° ° ° ° ° ° ° Storage
® s1
1301 s2
o ° ° ° ° ® S3
< 120 e sS4
S ® S5
E 1107 @ ® ® ® ® ® ® S6
u e s7
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£ ° ° °
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Figure 3. Cold Streams Clusterdistribution for criterion 1.

Criterion 2:

As with criterion 1, the process streams were
grouped into a predefined number of clusters. The num-
ber of clusters was varied over the same range as for cri-
terion 1. Figure 4 illustrates the composition of a single
cluster when the total number of clusters is four. The
clusters were chosen such that the variance in the sum
of their values was as small as possible. For example,
stream W-12 complements the other two streams (W-3
and W-15) very well from approximately hour 80 to hour
130. Nevertheless, there may also be overlaps between
the individual streams. The average duty of the streams
of this cluster is approximately 380 kW. The presence of
overlapping streams arises from the lack of alternative
combinations that would result in a lower total variance
for the specified number of storages (and corresponding
clusters), which is four in this example. The resulting
stream distribution is strongly dependent by the individ-
ual heat duty profiles.
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Comparison of the criteria

As previously mentioned, the cluster criteria have a
direct influence on energy storage. Figure 5 shows the
influence of the two cluster criteria on the total storage
mass and the average maximum temperature difference
of the flows belonging to a single thermal storage. It is
noticeable that an increase in the number of clusters and
therefore also in the number of storages leads to an in-
crease in the total mass of all storages used for both cri-
teria. If only one storage is used, the total storage mass
for both criteria is approximately 900 kg. If considering
only one cluster, the criterion is irrelevant, as all process
flows must be included in one cluster and therefore one
storage. If the number of clusters and thus also the num-
ber of storage tanks is increased, the total mass of all
storages used increases. For criterion 2 (dashed red line),
the total mass is always below the solid red line. This is
reasonable, as criterion 2 selects the clusters in such a
way that the total mass is minimized. The difference be-
tween the two red curves also increases with an increase
in the number of clusters, as there are now many more
possible combinations, meaning that the solutions can
deviate more strongly from each other. The average
maximum temperature difference of the process flows
assigned to each cluster shows a different trend. The
temperature difference is determined as follows. For ex-
ample, for two possible clusters, the maximum tempera-
ture difference between the process streams flowing into
the storage units is 35 °C and 25 °C. The average of
these two temperatures is 30° C. As the number of clus-
ters increases, the maximum temperature difference be-
tween the storages decreases. This is reasonable, as
more clusters or storage units lead to a finer distribution
of the temperature. The solid blue line reaches a temper-
ature difference of zero for seven clusters, as there are
seven different temperature levels for the cold process
streams, and if the corresponding number of storages are
Wiloch et al. / LAPSE:2026.0244

used, only one temperature level flows into each storage.
The fact that the two blue curves for one cluster have the
same total temperature difference is due to the same
reason as for the red curve.
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Figure 5. Influence of the number of clusters on the total
storage mass and on the total deltaT depending on the
cluster criterion.
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Figure 6. Resulting storage temperatures and duties for
cold streams exemplified for criterion 1.

Storage for Criterion 1:

The following section examines the extent to which
the number of clusters affects relevant storage sizes and
therefore the continuous heat duty. This is illustrated us-
ing cluster criterion 1 as an example. Figure 6 shows both
the influence on the heat duty, which is then stationary,
and on the temperatures inside the energy storage. Since
these are storages for heating of cold streams, the tem-
perature of the hotter layer was selected. Basically, the
sum of the outgoing duty across the different cluster or
storage numbers must be identical. This is because, for
all cluster cases, the total energy required to heat the
streams over a constant observation period must be
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provided. In addition, it can be seen that the temperature
levels used for heating run towards a limit value based on
the number of storage. For example, the 169 °C requires
a storage with a heating capacity of over 4000 kW. The
heating capacity required for this temperature decreases
when the number of clusters or storage is increased, as
the process streams can now be distributed more finely
in terms of temperature distribution (criterion 1), and thus
fewer process streams are heated with this temperature
level.

Pinch Analysis for Criterion 1:

Once the relevant storage variables have been de-
termined and the heat flows are in steady-state, a pinch
analysis can be performed based on this information. The
pinch analysis is performed iteratively for all clusters of
hot and cold flows. The results can be seen in Figure 7.
This shows the percentage savings in heating duty com-
pared to the case where no heat is integrated. If there are
more clusters and thus more storage tanks, greater sav-
ings can be achieved. This is because the heating and
cooling requirements are at more suitable temperature
levels, enabling heat integration without a heat pump.
The corresponding grand composite curve for the com-
bination of 9 clusters for the hot process flows and 7
clusters for cold process flows is shown in Figure 8. On
the one hand, the pocket shows where heat integration
can take place. It is now up to the user to decide whether
they also want to integrate storage outside the pocket in
order to provide stationary conditions outside of possible
heat integration. This can be particularly interesting if, for
Wiloch et al. / LAPSE:2026.0244

example, a heat pump can be integrated. In this case, a
heat pump could be suitable for the two temperature lev-
els of 40 °C and 120 °C.
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Figure 8. Grand Composite Curve for 9 clusters of hot
streams and 7 clusters of cold streams.

CONCLUSION

In this study, we analyzed the influence of the num-
ber and size of thermal energy storages, by introducing
two different grouping criteria for heat integration of
batch process streams at the process level. It was shown
that both criteria fulfil the purpose. The first criterion em-
ploys k-means clustering to group process streams with
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similar temperatures and assign them to the same stor-
age tank. As aresult, streams directed to a single storage
exhibit comparable temperatures. However, the required
storage mass may increase due to mismatches in the
heat duty of the grouped process streams. With the sec-
ond criterion, it was exactly the opposite. To this end, a
small optimization problem was solved, which minimizes
the variance of the flows belonging to an energy storage.
Accordingly, the total mass of all storage tanks was
smaller than that of the storage tanks grouped according
to temperature. The use of energy storage aimed to com-
pensate for fluctuations in heat flows in batch processes,
thereby establishing steady-state conditions that enable
the application of established heat integration methods.
An energy assessment was carried out using pinch anal-
ysis for a storage combination of hot and cold flows. It
was shown that internal heat exchange is possible. The
remaining heating demand can then be covered by a heat
pump. From our point of view, it is important that further
possible evaluation criteria are found. Perhaps one that
allows a weighting between temperature focus and stor-
age size focus. In addition, it makes sense to identify not
just two, but also more layer within an energy storage as
integration options. This can be an interesting approach,
especially when streams are grouped according to tem-
perature. Finally, it should be added that this is not the
optimal heat integration solution. This would involve a
larger mathematical optimization problem. Instead, this
approach aims to identify promising heat integration con-
cepts at an early stage. These solutions can also be used
as starting values for optimization.

DIGITAL SUPPLEMENTARY MATERIAL

The specific calculation of the storage model and
the optimization model can be found in the appendix.
LAPSE:2026.0028
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