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A B S T R A C T

A key strategy for the transition towards a low-carbon economy is the electrification of industrial heat. Heat
pumps can recover and upgrade excess or waste heat. They present a highly efficient component to decarbonize
process heating. In Pinch Analysis, most approaches to design the heat recovery system as well as the utility
system are based on a single operating point or a couple of operating point. In the past, this was due to the lack
of temporally detailed process data. However, the available process data is expected to increase drastically by
the use of transient process simulation models. Thus, a method is needed which interprets the data correctly
and assists with design choices.

This study proposes a methodology for the design and sizing of a heat pump based on the simulated annual
process data of an industrial process. Three approaches are explored: (1) the conventional approach for heat
pump integration by application of the Time Average Model (TAM), (2) an approach that investigates the
optimal heat pump parameters for each data point by the principles of Pinch Analysis and mathematical
optimization and (3) an optimization method, which considers the entire annual process data as well as
thermo-economic objectives such as net present value (NPV) and internal rate of return (IRR).

The new methodology compared to the conventional TAM approach is able to design a 33 % smaller heat
pump, which reduces the annual operating cost by an additional 2.2 %. The NPV and IRR are more than
tripled.
1. Introduction

Decarbonizing the industry is a crucial step towards mitigating
the effects of anthropogenic climate change, as industrial processes
contribute significantly to global greenhouse gas emissions [1]. The
majority of the energy in industrial processes is demanded in the
form of heat [2]. Consequently, heat usage as well as heat supply are
essential to lower the greenhouse gas emissions. The overall systematic
optimization of heat in industrial processes has been developed by
Linnhoff and Flower [3]. The methodology is commonly referred to as
Pinch Analysis.

∗ Corresponding author.
E-mail address: jasper.walden@dlr.de (J.V.M. Walden).

1.1. State of the art

The development of Pinch Analysis presents a milestone in the
systematic analysis of thermodynamic requirements within industrial
processes. There have been a large number of contributions to the
methodology within the past 40 years [4,5]. In reality, many industrial
processes involve dynamic behaviour, such as start-up, shut-down,
changes in production rate, batch processes and multi-product pro-
cesses. The application of Pinch Analysis to non-continuous processes
has been thoroughly developed based on the first works of Linnhoff [6].
Common approaches are the time-slice model (TSM) and the time-
average model (TAM). The TAM averages the heat loads over the batch
period and allows for basic targeting. The TSM divides the process into
306-2619/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access
c/4.0/).

https://doi.org/10.1016/j.apenergy.2023.121933
Received 3 July 2023; Received in revised form 22 August 2023; Accepted 6 Septe
article under the CC BY-NC license (http://creativecommons.org/licenses/by-
mber 2023

https://www.elsevier.com/locate/apenergy
http://www.elsevier.com/locate/apenergy
mailto:jasper.walden@dlr.de
https://doi.org/10.1016/j.apenergy.2023.121933
https://doi.org/10.1016/j.apenergy.2023.121933
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Applied Energy 352 (2023) 121933J.V.M. Walden et al.
Nomenclature

Acronyms

CAPEX Capital expenditure
COP Coefficient of performance
CU Cold utility
DLR German Aerospace Center
GCC Grand Composite Curve
HO-HP Hourly-optimized heat pump
HP Heat pump
HU Hot utility
IEA International Energy Agency
IRR Internal rate of return
NPV Net present value
OPEX Operational expenditure
R Cash flow
TAM Time average model
TO-HP Temporally-optimized heat pump
TSM Time slice model

Latin symbols

�̄� Optimization variables
�̇� Heat flow rate
E Cost function exponent
f Cost function factor
m Degression exponent
𝑐 Cost
𝑄 Heat
𝑇 Temperature
s Operational cost savings

Greek symbols

𝛼, 𝛽, 𝛾, 𝜁 Function coefficients
𝜂 Efficiency

Subscripts

boiler Boiler
carnot Carnot
coverage Heat coverage by heat pump
el Electricity
fuel Fuel
Lang Lang factor
lifetime Lifetime
lift Lift
om Operating and maintenance
PI Planning and installation
sink Heat sink side of the heat pump
source Heat source side of the heat pump
sys System integration and peripherals

discrete time intervals based on the process schedule. These models
are specifically suitable for cyclic production. Several studies [7,8]
included variations in process streams and renewable energy sources
by applying the time slice model. The challenges of heat integration
in a non-continuous milk powder process have been investigated by
Atkins et al. [9]. Eiholzer et al. [10] investigated the integration of solar
energy into a brewery process by application of the TAM.

Apart from providing an approach on how to optimize the heat
recovery system, the methodology offers a thermodynamic viewpoint
2

on the correct integration and placement of a heat pump within an
industrial process [11]. By application of the methodology a large
variety of heat pump integration studies have been carried out. Becker
et al. [12] investigated two different integration strategies for the
integration of a heat pump in a cheese factory. The integration of a
hybrid compression–absorption heat pump for convective dryers was
investigated by Walmsley et al. [13]. Schlosser et al. [14] reviewed the
integration of vapour-compression heat pumps for various industries
and processes based on the Grand Composite Curve (GCC). The work by
Wallerand et al. [15] demonstrated the optimal heat pump integration
by mathematical optimization of the heat pump features. Additionally,
some heat pump integration studies deal with non-continuous pro-
cesses. Such as Stampfli et al. [16], who investigated the integration
of a heat pump storage system into a non-continuous process by a
hybrid method based on the insights of Pinch Analysis and mathemat-
ical optimization. Furthermore, Agner et al. [17] proposed a practical
workflow for heat pump integration in non-continuous processes based
on the Indirect Source Sink Profiles (ISSP). In the study conducted by
Seevers et al. [18], the dimensioning of a heat pump storage system
was demonstrated using a production line as a case study. The work
by Becker et al. [19] presented a MILP method for targeting heat
recovery and heat pump integration in multi-period problems. Most
of the research on non-continuous processes is based on the TAM or
the TSM. These models have been sufficient because commonly there
is a lack of temporally resolved process data. However, there is no
approximation of the induced error in design by the use of the TSM
for scarce process data.

To tackle the scarcity of existing process data, several studies have
combined simulation models and Pinch Analysis [20,21]. The term
Dynamic Pinch Analysis has also been used for the application of
Pinch Analysis to integrate ventilation waste heat in a greenhouse
by Ghaderi et al. [22]. Furthermore, the work by Hosseinnia [23]
points in a similar direction by conducting hourly energy targeting in
buildings. Precise process simulations are increasingly prevalent and
are capable to generate large datasets of process data. Additionally,
the continuous integration of renewable energy sources in industrial
processes will further amplify the need to have time-dependent process
data to account for the availability of the energy sources during the
operation of the system. Besides, the full knowledge of the process data
can suggest different system designs in comparison to a scarce dataset.
The work by Lal et al. [24] showed the impact of fluctuating process
streams on the selection of the heat exchanger network.

Nevertheless, existing literature lacks a methodology for heat pump
integration, which combines thermodynamic insights from Pinch Anal-
ysis and incorporates highly resolved simulated process data to propose
optimal process integration strategies.

1.2. Research objective

The present study compares three different approaches for selecting
the most economic parameters of a heat pump based on the annual pro-
cess data. The three approaches include: (1) a conventional heat pump
integration based on the TAM, (2) a statistical approach of calculating
the optimal heat pump parameters for every process state and (3) an
overall mathematical optimization, which considers all process states as
well as thermo-economic objectives such as the net present value (NPV)
and the internal rate of return (IRR). The following research questions
are addressed:

• How do current heat pump integration methods change with the
increasing knowledge about process data?

• How can the economically-optimal and thermodynamically fea-
sible heat pump integration be determined for a large dataset of
process data?

• What are the main parameters that significantly impact and con-
strain the performance of industrial heat pumps?
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2. Methods

This section provides a detailed description of the conventional
stationary heat pump integration, along with an overview of the
three examined approaches for integrating a heat pump into a highly
time-resolved and non-continuous simulated industrial process. The
schematic representation of the approaches is depicted in Fig. 3.

2.1. Conventional heat pump integration

Townsend and Linnhoff [11] derived a methodology for the correct
placement of energy conversion units such as heat engines and heat
pumps. They formulated the Appropriate Placement Principle based
on the GCC. The GCC is a visual representation of the net heat flow
requirement at any given temperature after the implementation of all
heat recovery measures. The Pinch Temperature represents the point
where there is no net heat flow requirement, dividing the heat cascade
into cooling and heating regions. Only by positioning the heat sink of
the heat pump above the Pinch Temperature and the heat source below
it, system improvement can be achieved. The heat pump integration can
be determined and visualized by use of the GCC as shown in Fig. 1(a).
𝑇sink describes the condenser temperature and �̇�sink the emitted heat
flow of the heat pump. Conversely, 𝑇source is the temperature in the
evaporator and �̇�source the absorbed heat flow.

Mechanically driven heat pumps consume electricity to supply heat,
which is generally more costly than fossil fuels, thus they must compen-
sate for the extra operational expenses (OPEX) through their efficiency
to ensure economic viability. According to Schlosser et al. [14], a
Coefficient Of Performance (COP) greater than the ratio of electricity
to reference fuel cost is required for economic feasibility:

𝐶𝑂𝑃𝑟𝑒𝑎𝑙 >
𝑐el

𝑐fuel∕𝜂boiler
. (1)

The maximum achievable temperature lift of the heat pump is
utomatically constrained by the price ratio of electricity to reference
uel, as it directly influences the COP. As shown in Fig. 2 and described
y Eq. (4), a higher temperature lift leads to a decrease in COP and an
ncrease in the delivered heat �̇�sink by the heat pump. This relationship
s derived by combining Eq. (2) and the first part of Eq. (3). Therefore,
he temperature lift represents a trade-off between the heat flow rate
overed by the heat pump and its performance. While Eq. (1) provides
lower limit for the COP, it does not indicate the optimal COP.

̇ sink = �̇�source + 𝑃HP (2)

OP =
�̇�sink
𝑃HP

= 𝜂carnot
𝑇sink

𝑇sink − 𝑇source
(3)

�̇�sink =
COP ⋅ �̇�source

COP − 1
(4)

.2. Investigated approaches

In this study, three distinct methodologies are assessed and con-
rasted to ascertain the most favourable parameters and dimensions
or integrating a heat pump into the specified industrial process. The
nvestigated approaches are designed to accommodate the dynamic
eat requirements of the process and consider the economic constraints
nd considerations associated with the integration.

Mathematical optimization is employed to find the optimal balance
etween temperature lift and the heat flow rate covered by the heat
ump. This optimization process is common to all three approaches.
he subsequent section outlines the formulation of the optimization,
ollowed by a description of the three distinct approaches for dynamic
eat pump integration.
3

Fig. 1. Visualization of heat pump integration by Pinch Analysis. a) demonstrates the
correct integration across the Pinch Temperature. b) shows a incorrect integration that
is violating the heat sink constraint defined by the optimization problem formulated
in Section 2.2.1.

2.2.1. Modelling and optimization
All of the three approaches use a similar optimization formulation.

The optimization problem is shown in Eq. (5)–(8). The objective is
to minimize the operating cost (OPEX). However, the objective of the
temporally-optimized heat pump (TO-HP) is the summed annual OPEX,
because the TO-HP approach allows to factor in the time dimension.
Furthermore, the TO-HP optimization has been expanded to include
total cost as the objective value. This is not possible for the TAM HP
and the hourly-optimized heat pumps (HO-HPs), because the dimension
of time is averaged or not considerable, respectively.

The source & sink temperatures of the heat pump and the heat
pumps source heating capacity are the optimization variables (6).
Constraints of the optimization are the temperature-dependent heat
flow rates demanded by the process’ GCC. The heat pumps heat source
cannot uptake more heat than the currently available cooling demand
by the process (8). Analogous for the heat flow rate of the heat sink
(7). A violation of the heat sink constraint (7) is depicted in Fig. 1(b).
The Figure illustrates that the heat pump’s supplied heat flow rate
surpasses the process demand at the heat sink temperature of the heat

pump. The energy balance will be closed, however, this is a second law
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Fig. 2. The connection between the heat sink heat flow rate and the COP of a heat
ump with constant heat source heat flow rate.

iolation, since there is a temperature crossover and the process heat
emand cannot be fulfilled by the heat pump. Consequently, there will
e a hot utility demand, while the heat pump is producing excess heat,
hich introduces a cooling requirement. This case is infeasible and thus

onstrained in the optimization problem.

min
�̄�

(

𝑐HU�̇�HU + 𝑐CU�̇�CU + 𝑐el𝑃HP
)

(5)

�̄� = [𝑇source, 𝑇sink, �̇�source] (6)

. t. �̇�sink ≤ �̇�h,GCC (7)

�̇�source ≤ �̇�c,GCC (8)

The heat load of the heat sink is calculated by Eq. (4).
Furthermore, the heat pump model is based on a regression model,

ecause it provides a higher precision than conventional Carnot heat
ump models [25]. Eq. (9) and the regression parameters (a = 1.9118,
= 0.044189, c = −0.89094, d = 0.67895) are taken from [25].

OP = 𝑎 ⋅ (𝑇lift + 2𝑏)𝑐 ⋅ (𝑇sink + 𝑏)𝑑 (9)

The optimization problem’s bounds are provided in Table 1, while
he specific energy prices can be found in Table 2. Additionally, Ta-
le 4 presents the parameters for the heat pump cost functions. The
arameters are identical for all three approaches. It should be noted
hat the upper bounds for the sink temperature and the heat flow
ate of the heat pump are deliberately chosen to be large to keep the
olutions less constrained. However, for the heat source temperature,
he lower bound was set to 10 ◦C due to the fact, that if the cooling
emand by the process drops below 10 ◦C it is preferable for the
eat pump to use an ambient heat source. Also, in the case study no
ubzero temperatures are demanded by the process, consequently the
old utility (CU) should be able to cover this temperature region. The
ost of CU 𝑐CU is significantly lower because within the temperature
ange, where CU is required, cheap CU such as river water or cooling
owers can be used.

The price ratio between electricity 𝑐el and hot utility (HU) 𝑐HU is
selected to be 2, which should favour the integration of heat pumps
with a COP higher than 2 as described in Eq. (1).

The temperature difference 𝛥𝑇min,hp between the heat pumps’ str-
eams and the GCC is calculated similarly as described by Stampfli
4

Table 1
The bounds of the optimization variables.

Value

𝑇source (◦C) [10, 40]
𝑇sink (◦C) [40, 250]
�̇�source (kW) [0, 5000]

Table 2
Parameters for the economic evaluation.

Value

𝑐HU 80 (e/MWh)
𝑐CU 40 (e/MWh)
𝑐el 160 (e/MWh)

nlifetime 20 (y)
i 7 (%)

et al. [16]. The heat pump is commonly connected to the process by
a heat recovery loop (HRL). A 𝛥𝑇HEX is required between the process
stream and the heat recovery loop. Furthermore, the latent heat transfer
between the heat exchangers of the heat pump to the HRL requires
a smaller temperature difference of 3∕4𝛥𝑇HEX, because of the higher
eat transfer coefficient. In the GCC, the process streams are already
hifted by 1∕2𝛥𝑇HEX. This adds up to a remaining temperature difference
f 5∕4𝛥𝑇HEX. 𝛥𝑇HEX is chosen to be 5 K. Consequently, 𝛥𝑇min,hp is
quivalent to 6.25 K.

The optimization is implemented in Python utilizing the SciPy
ptimization library [26]. The problem is solved with a differential evo-
ution algorithm [27]. The definition for the heat pump heat coverage
s given by (10).

coverage =
∫ 𝑡
0 �̇�sink 𝑑𝜏

∫ 𝑡
0 �̇�HU 𝑑𝜏

⋅ 100 (10)

2.2.2. Optimized TAM HP integration
The TAM averages the process stream data over the investigated

period. The mathematical optimization procedure, described in Sec-
tion 2.2.1, is applied to the TAM GCC and results in heat pump
parameters, which are optimal based on the given TAM GCC.

Consequently, the heat pump is evaluated along all 8759 GCCs.
Each GCC corresponds to a time slice of an hour, thus representing a
year of 8759 h. By evaluating the entire year, the amount of operating
hours in which the heat pump is operable can be calculated according
to the chosen feasibility criterion. Furthermore, the total yearly heat
demand, the percentage of the heat that is covered by the heat pump,
the residual cost and total OPEX are calculated.

The feasibility criterion used in this study is based on the GCC. The
optimized heat pump is evaluated for each of the 8759 GCCs. The heat
pump is rendered as infeasible, if the heat pumps heat sink heat flow
rate is exceeding the GCC at the heat sink temperature. Analogous, the
heat pump is considered infeasible for the GCC or time-slice, if the heat
source heat flow rate exceeds the GCC at the heat source temperature.

For each GCC, where the heat pump is feasible, the OPEX are
calculated based on the electricity consumption of the heat pump and
the residual HU & CU, that has to be supplied. The OPEX parameters
can be found in Table 2. Furthermore, whenever the heat pump is
considered feasible, it is added to the count of operating hours. Part-
load of the heat pump, with a shift in thermal output or operating
temperatures, is not considered in the scope of this work. If the heat
pump is infeasible, the OPEX are solely based on the heating and
cooling demand which has to be covered by utility.
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Fig. 3. Overview of the three investigated approaches for the heat pump integration.
2.2.3. Hourly optimized HP integration (HO-HP)
This approach is similar to the optimized TAM HP integration except

that for each GCC the optimal heat pump parameters are determined.
However, some GCCs do not have a region below the Pinch Tempera-
ture or the placed heat pump would exceed the bounds, thus no heat
pump can be placed. For each hour one heat pump is created, which
is then evaluated for each existing GCCs. The evaluation of the heat
pump is analogous to the previously described TAM HP evaluation
including the same feasibility criterion. The OPEX for each heat pump
is determined by summing the resulting OPEX based on each evaluated
GCC.

Without full knowledge of all time slices, one would measure pro-
cess data for one or a couple of points in time and place a heat pump
accordingly. However, by analysing all heat pumps for all time-slices,
a trend of the heat pump parameters can be derived. Thus, the amount
of cases in which i.e. the heat pump source temperature is chosen
to be a certain value can be quantified. Through this approach, it is
imperative to analyse whether the frequently occurring values also
serve as optimal selections for heat pump parameters. Additionally,
the distribution of heat pump parameters also serves as context for the
other two approaches.

2.2.4. Temporally optimized HP integration (TO-HP)
As a logical consequence of the hourly-statistical approach, the

third approach calculates an optimal set of heat pump parameters
by mathematical optimization for all time slices. Additionally, three
different objectives are investigated. One objective of the optimization
is to minimize the summed OPEX over the whole year (11) to create a
comparable case with the TAM HP and the HO-HPs.

min
�̄� ∫

𝑡

0

(

𝑐HU�̇�HU + 𝑐CU�̇�CU + 𝑐el𝑃HP
)

𝑑𝜏 (11)

The second objective, Eq. (12), is to maximize the NPV of the heat
ump investment [28,29]. This objective also respects the CAPEX that
re associated with the integration of a heat pump. The CAPEX increase
ith the size of the heat pump. Thus, this objective includes a trade-off

or the dimension of the chosen heat pump.

ax
�̄�

NPV =
𝑁
∑

𝑥=0

𝑅𝑥
(1 + 𝑖)𝑥

(12)

The third objective (13) is to maximize the internal rate of return
(IRR) of the heat pump investment. Although these metrics are closely
connected, there are some distinct differences.

Maximizing the NPV returns the investment with the highest ab-
solute value based on the lifetime. On the other hand, by maximizing
the IRR, the investment with the highest rate of return will be chosen.
5

Which means, the investment that returns a positive NPV in the quick-
est possible way, which can result in a different investment or in this
case, a different heat pump.

max
�̄�

IRR (13)

with 0 =
𝑁
∑

𝑥=0

𝑅𝑥
(1 + IRR)𝑥 (14)

The interest rate i is chosen to be 7% and the economic lifetime
𝑁 to be 20 years. The cash flows R are assumed to be constant. The
initial CAPEX are described in Section 2.3. The cash inflows of the
investment are the annual savings s in OPEX by using a heat pump
instead of fulfilling the entire heat demand with utility (15).

s = 𝑐opex,no hp − 𝑐opex,hp (15)

2.3. Industrial heat pump cost functions

Several different approaches to estimate the cost of process equip-
ment or entire units can be found in the literature [30]. Commonly
models such as the Lang factor method [31] or modifications of the
six-tenths rule [32] are utilized. Furthermore, regression models of
existing installations and devices are used [33]. Some works estimate
the total unit cost of a heat pump by its component costs [16,34]. Fig. 4
compares different specific heat pump cost functions. The cost functions
and their references can be found in Table 3, while their parameters are
listed in Table 4. It should be noted, that Table 3 presents the total cost
functions, however, Fig. 4 shows the specific cost.

The compared functions consist of a function for large-scale heat
pumps by Schlosser et al. [35], a Lang factor cost function [31], a
regression on large-scale district heating heat pumps with flue-gas as
heat source by Pieper et al. [33], the cost projection of the European
Commission [36] and cases which have been documented in the IEA
Annex 35 [37].

A key similarity between all compared functions is the decreasing
specific unit cost with increasing installed heat pump capacity. This
effect is associated with the economies of scale. The greatest differ-
ences in cost estimations are below 500 kWth of installed heat sink
capacity. The cost function of Schlosser et al. makes a distinction at
210 kWth which increases the steepness of specific cost for units with
heat capacity below 210 kWth. The authors modified the cost function
by Schlosser et al. slightly by addition of an operation and maintenance
factor, which is estimated to be 1% of the CAPEX.

The present work calculates the CAPEX of the heat pump with the
correlation provided by Schlosser et al. [35]. Nevertheless, it should
be stated that every cost function comes with great uncertainty and is
often strongly dependent on the site-specific conditions.



Applied Energy 352 (2023) 121933J.V.M. Walden et al.
Table 3
Functions for the investment cost of large-scale heat pumps.

Name Function Reference

Schlosser et al. fHP ⋅ �̇�EHP
sink ⋅ fPI ⋅ fsys ⋅ fom [35]

Pieper et al. 𝛼 ⋅ �̇�sink + 𝛽 [33]
Lang factor 𝑐base ⋅

(

�̇�sink
�̇�ref

)𝑚
⋅ fLang [31]

European Commission 𝛾 ⋅ �̇�𝜁
sink [36]

Table 4
Parameters of the heat pump cost functions presented in Table 3.

Schlosser et al. [35]

fHP

{

1521 (𝑒∕kWth) if �̇�sink ≤ 210 kWth

349.5 (𝑒∕kWth) if �̇�sink > 210 kWth

EHP

{

0.637 if �̇�sink ≤ 210 kWth

0.912 if �̇�sink > 210 kWth
fpi 1.25 (–)
fsys 1.8 (–)
fom 1.01 (–)

Pieper et al. [33]

𝛼 0.43686 (Me/MW)
𝛽 0.094874 (Me)

Lang factor method [31]

𝑐base 50,000 (e)
�̇�ref 100 (kW)
fLang 3 (–)
m 0.42 (–)

European Commission [36]

𝛾 0.352 (Me/MW)
𝜁 −0.122 (–)

Fig. 4. Comparison of specific cost functions for large-scale heat pump installations.

3. Case study

This study utilizes a transient simulation dataset of an automotive
paint shop, similar to the work conducted by Giampieri et al. [38]. The
analysis assumes that the process operates on an hourly basis through-
out the entire year, with the simulated process data encompassing
all 8759 h. The variations in heating and cooling demands primarily
arise from weather conditions. The aim of this paper is to outline and
compare different approaches to solve dynamic heat pump integration,
the specifics of the underlying process are not addressed in this work.
6

Fig. 5. Visualization of the Grand Composite Curves throughout the 8759 process
states.

The basis of the present work are 8759 GCCs, which are presented
in Fig. 5. The GCC based on the TAM is also visualized. Each of the
GCCs represents an individual operating point.

A heat pump placement, according to the appropriate placement
principle and the bounds described in Table 1, is feasible in 7574 h,
which amounts to 86.5% of all investigated GCCs.

4. Results

The investigated approaches are put into relation to each other. A
histogram in Fig. 6 presents insights about the occurrence of parameters
of the hourly optimized heat pumps. Count refers to the number of
cases in each bin. So in this case, the number of cases of a certain value
indicated on the horizontal axis.

The expectation was, that the most frequently chosen values for the
optimization parameters are optimal. However, in Fig. 6a) it can be
seen, that the most common heat source temperature is approximately
16 ◦C. Similarly, the TAM HP resulted at 15 ◦C temperature as source
temperature. The source and sink temperatures of the temporally-
optimized heat pumps (TO-HPs) are slightly higher. The TAM HP is
in the region of the most frequently chosen values except for the
sink temperature. However, the TO-HPs, which are optimized with
knowledge over the entire year, have different heat pump dimensions.
The heat sink and heat source capacities of the TO-HPs are similar
as most frequent chosen hourly-optimized HPs (HO-HPs). Additionally,
the TO-HPs heat sink temperatures are intermediate in comparison to
the HO-HPs, while the COPs are again aligning with the most frequently
chosen COP by the HO-HPs. Fig. 6d) shows that for the most operating
points, a heat pump with a COP of 2.5 is optimal. The OPEX and
NPV TO-HPs show a similar COP, however, with different source and
sink temperatures. By changing the heat pumps temperatures more
operating hours and a greater heat coverage by the heat pump is
accomplished, which results in a lower annual OPEX as it will be shown
in the following.

The COP value is expected to be bigger than 2 in any case, since
the price ratio of HU and electricity was chosen to be 2. The COP has
to make up for the higher cost of electricity, which the heat pump
consumes to provide a more economical case (see Eq. (1)).

It should be noted, that the TO-HP, with the objective to maximize
the IRR, selects a significantly smaller heat pump with a greater COP.
This increases the return of the investment, due to a lower initial
investment required for a smaller heat pump. Fig. 7 presents the source
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Fig. 6. Histogram of the hourly-optimized heat pump results, with coloured vertical lines representing the optimized parameters obtained through the integration approaches.
Fig. 7. The HP heat source and heat sink temperatures by integration approach. The
scattered distribution represents the hourly-optimized heat pumps for each time step,
with darker colours indicating higher density.

and sink temperatures of the three approaches. At a 𝑇source of 15 ◦C the
ensity of points is increased strongly, which is indicated by a darker
olour. The black lines in Fig. 7 show that the majority of the heat
umps have a temperature lift between 50 K and 70 K, which includes
he TO-HPs.

Fig. 8 shows that COPs of 3.6 and higher are optimal for some GCCs,
ut overall a higher temperature lift and lower COP is preferable with
he objective to reduce the total annual OPEX. Commonly, heat pumps
ith a high COP would be considered more economical, but the higher

emperature lift of the TO-HPs leads to the heat pump being feasible
n more operating points and thus, it can operate during more hours
n the year (see Fig. 9). As a result, the summed OPEX of the entire
ear is lower. Furthermore, the TAM HP provides a fairly economical
it in terms of annual OPEX, which is unexpected, since the TAM GCC
7

Fig. 8. Coefficient of performance of the heat pumps in relation to the annual operating
expenditures.

was calculated solely on the basis of the mean values of each process
stream. A larger COP does not imply lower OPEX when considering an
entire year.

In Fig. 9, the proportion of the total annual heat demand fulfilled by
the heat pump is plotted against the operating hours of each heat pump.
The definition of the heat pump coverage can be found in Eq. (10).
Logically, if the heat pump covers more operating hours, its annual heat
coverage is increasing likewise. Thus, a linear correlation between the
increase in operating hours and the amount of heat coverage provided
by the heat pump is observed. Furthermore, the NPV & OPEX TO-HP are
feasible in more operating points and thus, their economic performance
is beneficial. A similar finding has been made in [39], in which the
levelized cost of heat of a heat pump is reduced by more operating
hours.
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Fig. 9. The annual feasible operating hours and the total amount of heat demand
covered by each heat pump. The definition of the heat coverage can be found in
Eq. (10).

The heat pump, that is optimized for a maximized IRR presents an
outlier. As previously stated, it operates on different source and sink
temperatures with a lower temperature lift and higher COP. The opti-
mization found a combination, which is feasible in 7556 h. However,
it is still able to provide 4.78% of the annual heat demand.

The heat coverages of the optimized heat pumps of approximately
4.7%–10% are low. This is partly due to the selected feasibility crite-
rion. The operating points in which the heat pump is operable, strongly
depend on the previously described feasibility criterion (Section 2.2.2).
A heat pump with a heating capacity greater than the current heat
demand is rendered infeasible. However, if the heating capacity is
smaller than the current demand, the heat pump is feasible. In other
words, the investigated heat pumps do not have a part-load capability
and only design points are considered. This generally favours smaller
heat pumps. Consequently, the heat coverage is low even though the
operating hours are high, because of the small heating capacity of
the heat pumps. Additionally, the steepness of the GCCs, as presented
in Fig. 5, does not favour large phase change heat pumps. Because
a greater heating capacity requires a larger temperature lift, which
in turn decreases the COP. Generally, for steep GCCs transcritical or
sensible heat pumps are beneficial, because the temperature glide can
be matched by the heat pump.

Fig. 10 shows why the IRR TO-HP provides a lower coverage with
equally high operating hours — its heat sink is significantly smaller.
Essentially, the IRR TO-HP is a smaller heat pump with a higher COP.
Which results in higher annual OPEX compared to larger heat pumps
as the NPV and OPEX TO-HPs, because of the smaller heat coverage.
In comparison, the HO-HPs are designed with greater heat sink dimen-
sions, albeit with higher annual OPEX. This is mostly due to their low
feasibility and consequently low yearly operating hours. A larger heat
pump does not necessarily mean less OPEX — the integration is crucial.

Fig. 11 presents the total annual OPEX in relation to the CAPEX.
Most HO-HPs are in a region of high CAPEX and OPEX. However, the
TO-HPs provide smaller CAPEX and especially, OPEX. On the basis of
this Figure the difference between NPV TO-HP and IRR TO-HP can
be explained. The IRR TO-HP is maximizing the rate of return of the
investment. This is reflected by accepting higher OPEX than the NPV
TO-HP, but lower CAPEX. Thus, recovering the investment quicker. On
the other hand, the NPV TO-HP is maximizing the future value and
consequently, a minimum of OPEX is reached. The choice of metric
depends on the intentions of the investor. However, with regards to
8

w

Fig. 10. The total annual operating cost in relation to the installed heating capacity
of each heat pump.

Fig. 11. The economic trade off between operating expenditures and capital
expenditures.

environmental aspects and CO2 pricing, the NPV TO-HP should be
favoured.

Additionally, the effect of the temperature difference 𝛥𝑇min,hp has
een investigated. The parameter has been varied for the TO-HP opti-
ization with the NPV as the objective value. Fig. 12 emphasizes the

mportance of the temperature difference 𝛥𝑇min,hp. The impact on the
PV cannot be understated. The NPV nearly doubles by decreasing the
𝑇min,hp from 12.5 K to 2.5 K. The star marks the 𝛥𝑇min,hp value of 6.25
, which is applied in this study.

The chosen dimensions and results of the techno-economic as-
essment of the resulting heat pumps is depicted in Table 5. It be-
omes clear, that neither the largest heat pump nor the heat pump
ith the highest COP provides the best economic and thermodynamic
erformance.

The integration of the TAM HP can already provide OPEX savings
f 1.75% but has very high CAPEX due to its large heating capacity.
ith an IRR of 18.4% and an NPV of 167,183 e, it is already a very
orthwhile investment.
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Table 5
Techno-economic assessment of the resulting heat pumps.

Without HP TAM HP OPEX TO-HP NPV TO-HP IRR TO-HP

�̇�sink (kW) – 347 252 234 122
COP (–) – 2.56 2.41 2.48 3.17
CAPEX (e) – 162,925 121,671 113,936 72,893
Operating hours (h) – 2,180 7491 7545 7556
OPEX (e) 1,824,157 1,792,844 1,754,963 1,755,150 1,772,224
Abs. OPEX savings (e) – 31,314 69,194 69,007 51,933
Rel. OPEX savings (%) – 1.75 3.94 3.93 2.93

IRR (%) – 18.4 56.3 60 70.5
NPV (e) – 167,183 610,155 615,989 476,556
Fig. 12. The impact of 𝛥𝑇min,hp on the NPV of the heat pump integration.

The TO-HPs can fully exploit the knowledge of the entire process
data and thus determine the optimal parameters. Optimizing solely for
the OPEX provides good results with a high number of operating hours.
However, to thoroughly optimize the CAPEX need to be considered.
The IRR of the NPV TO-HP and IRR TO-HP are very high with 60% and
70.5%, respectively. The previously described discrepancy between the
IRR and NPV as optimization objectives is emphasized by the data.

Furthermore, the specific investment cost curves presented in Fig. 4
differ especially in the region of smaller heating capacities. The applied
cost estimation provides a lower specific cost in the mentioned region,
which leads to the choice of smaller heat pumps. Consequently, the
application of a different CAPEX estimation function potentially results
in larger heat pumps.

5. Conclusion

The present work compares and demonstrates three approaches to
integrate heat pumps into industrial processes with simulated data of
the process’ operating points. Furthermore, it contributes a new method
for dynamic heat pump integration, which selects the optimal design
parameters of a heat pump for non-continuous processes. The findings
highlight that by utilizing the new methodology, a 33% smaller heat
pump with more economic parameters is found, leading to a reduction
in annual OPEX by 3.93% compared to the 1.75% OPEX reduction of
the TAM HP. The smaller size and greater savings shows particularly in
the evaluation of the profitability of the investments. The NPV and IRR
have been more than tripled by the optimization. The increase in the
heat pump’s operating hours is identified as the primary contributing
9

factor to the observed improvements.
The current study includes some assumptions. The present work
assumes GCCs with a fixed amount of heat recovery. However, in reality
the heat recovery is also subject to process fluctuations. Methods, such
as the adapted GCC or the modified energy transfer diagrams could
aid this assumption in the future. Furthermore, the applied heat pump
model and the feasibility criterion do not consider part load. The
heat pumps part load performance is likely to impact the HPs design
parameters. Additionally, in the present study only latent heat pumps
are considered, but the proposed methodology could also handle the
choice of heat pump type for the given process.

The inspiration for future work is plentiful. The methodology will
be expanded by part load modelling and heat pump type selection.
To explore the flexibility potential further, it would be beneficial to
incorporate heat source & sink storages.
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