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Abstract

Industrial process heat in the temperature range up to 200 °C accounts for around 40% of industrial final energy
demand. The heat pump is a core technology for decarbonisation thanks to its Coefficient of Performance
(COP) > 1. A large-scale market ramp-up is currently still being prevented by a lack of knowledge of sensible
application options and a lack of standardisation. This paper presents a novel integration framework that
characterises and classifies process requirements and matches them with technological concepts and their
application limits and efficiencies in order to make recommendations for meaningful integration concepts. On
the one hand, the method relies on thermodynamic modelling and uses pinch analysis approaches to describe
the process requirements. On the other hand, the application areas and efficiencies of the heat pump
technologies are modelled. A targeting algorithm scans the modelled requirements and provides technological
recommendations and COPs for various areas of application - classified according to temperatures, media,
temporal production behaviour and unit operations. The results are integration concepts for clusters of
processes with similar requirements, such as drying, the thermal activation of solid and fluid products, and
thermal separation. Suitable integration points and COP estimates are provided for various heat pump
technologies.
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1. Introduction

Increasing energy costs, reliance on fossil fuels and growing pressure on reducing carbon footprints are
driving companies to explore decarbonization strategies for process heat. Among these, heat pumps utilizing
renewable electricity to upgrade waste heat, offer an energy-efficient alternative to traditional heating methods.
Technologies on different levels of maturity are capable of reaching up to 200 °C and beyond [1]. This makes
them adaptable to a range of industrial processes. For temperatures below 100 °C the effectiveness of industrial
heat pump applications has already been well established with 155 demonstration cases in the Annex 48
[2].The temperature range between 100 °C and 200 °C accounts for 26% of industrial process heat, which is
still predominantly supplied by fossil fuels [3]. The market uptake of High-temperature Heat Pumps (HTHP)
supplying temperatures above 100 °C remains limited. Only 40 demonstration cases in the range from 100 °C
to 300 °C could be documented [1]. The economic feasibility is limited by the COP as function of the
temperature lift increasing with rising target temperatures [4]. The level of COP is constrained by the Carnot
COP as the ideal comparison process. It is therefore particularly important to improve integration efficiency.
Second law efficiency summarises all losses in a heat pump cycle fulfilling any process requirements. The
better the thermodynamic state changes in the heat pump cycle match the temperature-load requirements of
the heat sink or heat source, the higher the second law efficiency [5]. Therefore, in-depth knowledge of the
process requirements on the one hand and the adaptation of heat pump concepts on the other is essential.
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Kreitlein [6] classified manufacturing processes and distinguished between drying, thermal activation and
thermal separation processes. The energy demand is primarily determined by the mass and specific heat
capacity of a substance that is heated or cooled from one temperature level to another. Naumann et al. [7]
introduced a loss term that primarily accounts for transmission heat losses across the surface of the system,
highlighting the relevance of including such effects in a comprehensive modelling approach. While the
fundamental principles for estimating thermal energy demand are well known, current models are typically
limited to specific unit operations or individual process steps. A generalizable and scalable energy demand
building block model that systematically incorporates both basic thermodynamic requirements and process-
related losses across multiple industrial thermal processes has not yet been established.

Andersen et al. [8] investigated 16 refrigerants in 10 heat pump cycles under various temperature conditions
with the aim of optimal adaptation to a wide range of temperature demands without any specific reference to
a process. Transcritical heat pumps are especially well-suited for applications that involve significant
temperature changes on the heat sink side, such as in drying processes [9]. According to Mateu-Royo et al.
[10], two-stage cascade systems are appropriate for applications requiring temperature lifts exceeding 60 K,
whereas single-stage cycles incorporating economizers and parallel compression are more efficient for lifts
below 60 K. However, a generalizable framework that systematically links industrial temperature-load profiles
with optimal HTHP configurations across multiple processes is still lacking in current literature.

To identify suitable integration points for heat pumps within industrial processes, pinch analysis offers a
graphical method — namely, the Grand Composite Curve (GCC) — which enables the determination of target
values for appropriately sizing heat pump heating and cooling capacities, along with the associated temperature
levels. The correct integration of heat pumps based on pinch analysis was first introduced by Townsend and
Linnhoff [11]. Their guideline specifies that the heat pump should extract heat exclusively from below the
pinch point and deliver it above. If this integration rule is not followed, the system may experience an increase
cooling load due to the heat pump’s electricity consumption, without achieving any reduction in heating
demand. The COP curve, which facilitates the integration of heat pumps in batch processes, was introduced
by Stampfli et al. [12]. Process-specific integration concepts have been developed based on this approach for
a range of industrial case studies, including applications in meat and dairy processing, metal treatment,
electroplating, paper production, sterilization and manufacturing lines, as summarized by Schlosser et al.[13].
Schlosser et al. [14] utilized the regression models provided by Jesper et al. [15] to estimate the performance
of heat pumps available on the market at temperatures up to 160 °C. Although pinch analysis and the GCC
have proven effective in identifying heat pump integration points, most existing case studies rely on idealized
process conditions or case-specific implementations. A generalized method that systematically determines
suitable integration points for HTHPs based on a structured representation of process heat demand is still
lacking.

The objective of this paper is to develop and present a generic model and framework to calculate the energy
demand of various industrial thermal processes. The aim is to facilitate the integration of heat pump into
processes such as distillation, sterilization, cooking, drying, galvanization and pasteurization, targeting suitable
integration points and determining the most efficient heat pump concepts. To achieve this, it is necessary to
model the process requirements and represent them using the GCC, so they can be aligned with the change of
states and performance characteristics of heat pump cycles. Based on that, the framework focuses on key
process parameters to derive energy demand and identify the optimal heat pump cycle, refrigerant, size and
integration point.

2. Approach

In this section, the methods used to develop energy demand models and to identify potentials of heat pump
integration are outlined. It includes a description of the selected industrial processes, the modelling approach
and the thermodynamic and process parameters applied in the analysis.

2.1. Classification of industrial thermal processes

Industrial thermal processes encompass a wide range of applications where heat is used to induce physical
or chemical changes in materials. In order to systematically assess energy demand and identify potentials for
heat pump integration, a classification framework is required that captures the diversity of relevant process
types across industry sectors. The hierarchical structure of industrial thermal processes is illustrated in Figure
1. Accordingly, thermal processes are classified into four main process types based on their dominant physical
principles and heat transfer mechanisms: drying, thermal activation of solid products, thermal activation of
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fluids and thermal separation. Each process is further subdivided into subcategories and specific industrial
processes. The classification reflects not only the type of thermal operation, but also the typical application
contexts and the nature of the processed products.
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Figure 1. Classification of Industrial Thermal Processes

For instance, the main process type drying includes the categories convective drying and conductive drying.
Convective drying comprises processes such as spray drying, granulate drying, ring drying and flash drying,
which are typically used for powder or particle-based products. In contrast, conductive drying includes belt
drying, textile drying and contact drum drying, commonly applied in sheet-based or textile processing. The
process type thermal activation of solid products is divided into autoclaving, including applications like
sterilization, hardening and small-scale boiling, and continuous bath heating, which covers galvanization,
washing and large-scale boiling operations. The third category, thermal activation of fluid products, includes
continuous heating processes such as pasteurization and continuous sterilization, often found in food and
beverage industries. Finally, thermal separation includes operations based on thermal phase change, such as
distillation, evaporation and stripping, which are prevalent in chemical processing and purification systems.
At the lowest level of the hierarchy, each specific process is associated with example product types to
contextualize the classification and support subsequent modelling steps. The classification provides the
structural basis for the development of generic process models and the identification of thermal integration
opportunities, as detailed in the following sections.

2.2. Generic Process Energy Demand Modelling

This section outlines the methodological framework used to develop generic energy demand models for
industrial thermal processes. By abstracting representative thermal processes into simplified energy models,
the approach enables a scalable and comparative analysis across different sectors and applications. The
modelling is based on thermodynamic principles and standardized process assumptions, focusing on relevant
parameters such as temperature, mass flows and enthalpy changes. The subsections present the thermodynamic
modelling assumptions, describe the classification of industrial thermal processes and detail the development
of generic energy demand models for each process type. All energy demand models in this study are based on
the First Law of Thermodynamics for open systems, which describe the conservation of energy including mass
and heat flows as shown by Eq. (1). In addition to the energy balance, the modelling approach fundamentally
relies on the principle of mass conservation, expressed through the mass balance equation, shown in Eq. (2),
which ensures that mass flow rates entering and leaving the control volume are accurately accounted for.
Together, these conservation laws form the foundation for representing the thermal and material changes
within industrial processes. To simplify the modelling approach and focus on thermal energy flows, the
following assumptions are applied: No mechanical work is performed; Kinetic and potential energy
contributions are neglected; Steady-state conditions are assumed; Homogeneous temperature distribution;
Based on these assumptions, the equation is reduced to a steady-state enthalpy balance between incoming and
outgoing mass and heat streams. In its simplified form the energy balance for a control volume is written as:

d_fzzQin_ZQout_leoss +Zmi" * hin _Zmout * hout (1)
z Mip, = z Mout )
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The generic energy demand models developed here focus on the minimum thermodynamic energy required
to drive the specific thermal transitions, as well as characteristic process losses such as thermal dissipation or
heat exchanger inefficiencies. These simplified models provide a scalable framework to evaluate different
process types based on representative operating conditions. The following subsections outline the modelling
approach for each process type, highlighting required input parameters and relevant assumptions.

2.2.1. Drying

According to Figure 1, a distinction can be made between convective and conductive dryers. While air
serves as the heating medium in convective dryers (see Figure 2 (a)), steam is used in conductive dryers
(see Figure 2 (b)). In both dryers, the moist, warm exhaust air can then be used as a heat source. Convective
drying processes involve the removal of moisture from a product by means of a heated air stream 7y, 4;,-; that
flows over or through the material. The drying air (cf. Eq. (4)) is first conditioned to a specific desired drying
temperature (7;) from a defined initial temperature (7)), often using ambient air as the starting condition. The
energy demand needed for the heating is calculated with Eq. (3). This air stream enables drying under
approximately isenthalpic conditions, meaning that the total enthalpy of the air remains constant throughout
the drying process minus transmission heat losses via the surface of the dryer (hy = h, + qo55) [16]. This is
the case because the energy required for the evaporation of moisture from atomized droplets is almost entirely
supplied by the thermal energy of the incoming air. As air cools down due to heat transfer to the droplets, water
simultaneously evaporates, consuming this heat. These opposing effects balance each other, resulting in
minimal change of the total enthalpy of the air-vapor mixture.

Qheating,eonvective = mh,air (xl) ' (hl (Tlﬂxl) - hO (TO'xl)) (3)
mh,air = Mg - (14 ;) 4)
a) Convective drying b) Conductive drying
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Figure 2. Schematic (a) convective and (b) conductive drying process

In both dryer types, an air stream is used to transfer the vapor away from a product flow (1Mfeeq). The
removed water can be calculated with Eq. (5). The outlet air humidity (x.) can be calculated like on convective
drying with Eq. (6). As a result of moisture transfer from the product to the air, the outlet humidity (x.)
increases while the air temperature (7?) typically decreases. This simplification of quasi-isenthalpic behavior
enables the calculation of the outlet conditions as shown in Eq. (7).

mHZO, removed = mfeed C(wy —wy) &)
mHZ 0, removed

mair
_ mh,air(xl) : hl (Tl' xl) - mfeed *Cp.feed (Tv - TO) -U-A- (Twall - Tamb)

T, = :
2 mh,air(xz) : (Cp,air + x5 - Cp,v) (7)
xZ * hv

(Cp,air + x5 Cp,v)

x2=x1+

(6)

The heat source of the outlet air consists of the ‘sensible’ cooling down to the dew point temperature,
followed by the ‘latent’ cooling due to condensation as the air is further cooled to the final temperature T;.
These calculations are shown in the equations Eq. (8) to (10).
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Qsensible = mh,air (xz) : (hZ (Tz'xz) = Rgew (xz)) (8)
Qlatent = mh,air(xz) * Rgew (x2) — mh,air(xs) “haew (T3) 9
Qexhaust air = Qdew + Qlatent (10

In conductive drying (cf. Figure 2 (b)), heat is transferred directly from a heated surface to the wet product
through conduction. In contrast to convective drying, no air stream is used to supply the drying energy; instead,
the product is in direct contact with a heated surface, such as a plate, drum or belt, which provides the necessary
thermal input for moisture evaporation. The drying process typically occurs under quasi-steady state conditions
and is driven by the temperature gradient between the hot surface and the product. Moisture evaporates at the
product surface, and depending on the system configuration, the resulting vapor is removed either by forced
convection or by evacuation under reduced pressure. The energy required for conductive drying (Eq. (14)) is
determined by calculating the heat necessary to raise the temperature of the wet product and the transport air
to the evaporation temperature T,,, like shown in Eq. (11), to evaporate the required moisture as shown in
Eq. (12) and to compensate the heat losses via the surface of the dryer (cf. Eq. (13)).

Qsensivle = (Mfeea * Cpfeea T Mnuqir(X1) * (Cpair + %1 * Cpp)) * (T, — Tp) (1D
Qlatent = mfeed ©(wy—wy) - hy (12)

Qloss =U - A" (Twan = Tamp) (13)

Qheating,conductiue = Qsensivte + Quatent + Qross (14)

Table 1. Required parameters and variables for modelling of drying processes

(a) Convective drying (b) Conductive drying

Mass flow rate my,.q, specific heat capacity ¢, feeq, Wy and final w, moisture content of the feed

Mass flow rate dry 1i1,;,, initial temperature T, drying air temperature T;, absolute humidity x; of drying air, specific heat capacity
of air ¢y 4; and vapor cp, and evaporation enthalpy h,

Evaporation temperature T,

UA-values of heat transfer areas; external wall temperature Ty,,q;;, ambient temperature T

2.2.2. Thermal activation of solid products

Essentially, a distinction is made between two overarching processes for this process group: batch
autoclaving and continuous bath heating. Batch heating processes are frequently used in the sterilization of
packaged products, typically within autoclaves. The process consists of three distinct phases: heating, holding
and cooling, during which the product follows a defined temperature-time profile. Continuous thermal
activation processes, such as those used in galvanization or textile treatment baths, involve maintaining a
stationary fluid medium at a defined setpoint temperature. In contrast to batch processes, the energy demand
in steady state arises not from heating up the fluid from ambient conditions, but for two main purposes: thermal
losses to the environment and heat absorbed by the product as it is immersed in the bath. Figure 3 illustrates
the system configuration of both processes.

a) Autoclaving b) Continuous bath heating
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Figure 3. Energy and mass balance around (a) autoclaving and (b) continuous bath heating processes
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The energy demand for autoclaving (cf. Figure 3 (a)) is calculated based on the total thermal mass that must
be heated and cooled including the product, packaging and autoclave. It is the sum of each component, where
m is the mass and ¢, the specific heat capacity. The heating demand and cooling demand are calculated using
Eq. (15). To calculate the heating and cooling demands, the respective process durations # and the start and
target temperatures need to be considered for heating and cooling phase. During holding phase, only the second

term of heat losses need to be applied. During the cooling phase, the sign of the loss term changes, reducing
the cooling demand.

. aT
Q) = Zmi “Cpi d—(tt) TU-A-(T(t) — Tamp) (15)

For continuous bath heating (cf. Figure 3 (b)), each product, typically at ambient temperature, is dipped into
the heated bath and must be brought to thermal equilibrium with the fluid. This energy must be continuously
supplied to offset the thermal load introduced by product immersion and to ensure stable bath operation. In
addition, thermal losses to the surroundings, which occur through bath walls and bath cover, are estimated.

Table 2. Required parameters and variables for modelling of processes for thermal activation of solid products

(a) Autoclaving (b) Continuous bath heating

Mass m of product, packaging and autoclave Mass m of product

Specific heat capacities ¢, of each mass Specific heat capacities ¢, of product

Actual product temperature T'(t), initial product temperature T;  Actual product temperature T'(t), initial product temperature T,
and target temperatures T, and target temperatures Tpgaep

Process time t (heating, holding and cooling phases) Process time ¢t

Inlet temperature T, of the utility stream (e.g. steam, hot water, Inlet temperature Tj, of the utility stream (e.g. steam, hot water)
cooling water)

UA-values of heat transferring areas, ambient temperature T,

2.2.3. Continuous heating of fluids:

Figure 4 illustrates the process flow, of continuous heating of fluids such as pasteurization. The primary
thermal load results from the need to heat the product stream from its inlet temperature to the defined
pasteurization temperature and subsequently cool it to a desired outlet temperature after the process. In some
configurations, the pasteurization time is slightly exceeded to ensure thermal safety margins. The required
thermal load for heating or cooling during pasteurization is calculated using Eq. (16) and (17).

Continuous heating of fluids

Losses
P.rod uct !_T amb I Product
Mfeed Ty, o | mT,
—P>
utility | UAT, . | utility
¢ Tout I t | TL’
e ——— 4

Figure 4. Schematic continuous heating of fluid process
Qheating = mfeed " Cpfeed (Tt - Tl) +U-A- (Twall - Tamb) (16)

Qcooling = mfeed " Cp,feed * (Tt - TZ) -U-A- (Twall - Tamb) (17)

Thus, the total thermal energy involved in the process is defined by the combined heating and cooling steps.
Since the utility system is not the primary focus, no detailed utility data is required for the energy model.
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Table 3. Required parameters and variables for modelling processes for continuous heating of fluids

Continuous heating of fluids

Mass flow rate 1iis,qq, specific heat capacity ¢ reeq and inlet temperature Ty, of the fluid product

e.g. pasteurization temperature Ty = Tpastenr

UA-values of heat transferring areas, external wall temperature Ty,,4;;, ambient temperature T,

Outlet temperature after cooling T,

2.2.4. Thermal separation:

In such processes, a product stream — a liquid mixture with known composition — is partially evaporated,
e.g. in a distillation column. The energy demand is primarily driven by two components; the sensible heat
required to raise the product stream to boiling temperature and the latent heat needed to evaporate the low-
boiling component from the mixture (cf. Figure 5). The heating load is typically supplied by steam. To model
the energy demand, the inlet and outlet temperatures of this steam must be known, as well as the latent heat of
vaporization. After separation, the two product streams — residual product and distillate — are cooled down if
necessary. The energy required to heat the incoming mixture to the boiling point and evaporate the component
with the lower boiling point is calculated according to Eq. (18). The energy removed during cooling and
condensation is calculated by Eq. (19).

Qheating = mfeed : (Cp,feed : (Tv - Tl) +w- hv) +U-A- (Twall - Tamb) (18)

Qcooling = mfeed “(w - (hy + Cpa * T, - TZ)) +(1- W) " Cp2 (T, — TZ))) —U-A- (Tyau
- amb)

19
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Figure 5. Schematic thermal separation process

Table 4. Required parameters and variables for modelling processes for thermal separation

Thermal separation

Mass flow rate iy, specific heat capacity ¢y, ¢,,, mass fraction w as well as inlet and outlet temperature T; and T, of the feed
stream and the resulting products

Boiling temperature T, latent heat of h,, of evaporated component
UA-values of heat transferring areas, external wall temperature T, 4;;,ambient temperature T

Inlet temperature T, of the utility stream (e.g. steam, cooling water)

2.3. Targeting of Process-Integrated Heat Pump Concepts

To identify integration points for heat pumps in industrial processes, a systematic targeting workflow
following Figure 6 is applied. This methodology combines generic energy demand modelling, pinch analysis
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and heat pump cycle simulation to support the selection and optimization of heat pump integration concepts.
It provides a structured method to assess technical feasibility across different process types and operating
conditions.

1. Generic Energy
Demand Modelling

4. Heat Pump 5. Integration

—»| 2. Pinch Analysis | p| 3.COP-Targeting | | Simulation —> Concept

A
Iteration with updated
Lorenz Efficiency

Figure 6. Workflow diagram of targeting method

To systematically identify viable integration points for HTHPs in industrial thermal systems, pinch analysis
is applied to the outputs of the generic energy demand models developed for each thermal process type. These
models provide representative heating and cooling loads along with associated temperature levels, enabling
process-level targeting heat pump integration opportunities without high measurement efforts. The GCC is
used as the primary tool for identifying suitable integration points. For each process, the GCC represents the
net thermal surplus or deficit across temperature intervals. In this work the targeting method of Schlosser et al.
[4] based on the Lorenz-COP according to Eq. (20) with a second law efficiency of 0.55 is used [8]. This
provides a physics-based upper benchmark for evaluating the feasibility of integration points identified. Figure
7 illustrates how the heat input Q, is determined by iteratively executing Eq. (21) for source temperatures
T, starting from pinch temperature until source capacity is equal to the calculated evaporator capacity for
given heating capacity Q) and sink target temperature Tg;.

T.
COP =Nana * COPiorenz =Mznd * 77— (20)
si — Iso
. . 1
Qe(Ts)=0Qn - A—75—)7! (21)
st " COPLorenz
r
*
Stout Tsi,in Tsi,out
Qcond
COP
cop
.;o,in .
Qev
> Tso,in Tso,out

Figure 7. Targeting of integration points using the GCC and schematic illustration of heat pump parameters

In the second step, the assumed second law efficiency is refined using heat pump simulation results. For
this study, the results of Andersen et al. [8] are incorporated, which provide the second law efficiencies for
16 refrigerants across 10 different HTHP cycles. Their analysis covers both subcritical and transcritical cycles
for source temperatures ranging from 0 °C to 100 °C and temperature lifts from 20 K to 150 K. The refined
second law efficiency from simulation is then fed back into the targeting step in an iterative loop, where the
updated efficiency is used to reassess the integration point. This approach improves accuracy and robustness
of the integration concept, ensuring that both thermodynamic potential and practical constraints are considered.
To avoid unnecessary computational effort, the iterative targeting process is terminated once the change in
Lorenz efficiency between two successive iterations falls below a defined threshold. In this study, an absolute
deviation of 0.01 is used as the convergence criterion. If this condition is met, no further iteration is performed,
and the current COP is accepted as the maximal achievable COP based on the corresponding simulation data.
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3. Results and Discussion

In this section, the results of the energy demand models and the targeting methodology for heat pump
integration into various industrial processes are presented and discussed. The analysis includes process-specific
thermal energy demands, identified integration points and calculated performance indicators such as COP.

3.1. Validation of Process Demand Models

To verify the accuracy and applicability of the developed energy demand models, a validation was
performed by comparing the model outputs with simulation-based models and measurements from literature.
Table 5 contains all necessary model parameters from which the necessary material properties can be
determined using material databases. One challenge lies in estimating the heat transfer loss factor, which was
only available in the literature for the autoclaving example (UA = 0.208 kW /K). In all other examples, both
the proposed and the reference modelling approaches calculate the heat demand without considering heat
losses. The comparison focuses on key thermal parameters, including overall energy demand and the shape
and alignment of GCCs. For example, the corresponding gradients allow the identification of the ‘sensitive’
and ‘latent’ heat source ranges in the convective drying example in Figure 8 (a). For a quantitative evaluation,
the RMSE and relative deviation is used to assess the differences in enthalpy flow values across the relevant
temperature intervals. Across the different process types, the results demonstrate strong alignment between the
modelled and reference energy profiles, indicating their suitability for early-stage energy assessments and
integration studies.

Table 5. Summary of model parameters and validation results

Parameter/ Convective Conductive Autoclaving Bath heating Fluid heating Thermal
Results drying drying separation
Process Spray drying Paperdrying  Batch sterilisation Metal processing  Pasteurization Distillation
Reference [17] [18] [19] [20] [21] [22]
Mass flow feed 3.4 kg/s 30.0 t/h 1,114 kg/batch 6.99 kg/s 3,135 kg/h 3.33 kg/s
Temporal pattern continuous continuous batch =3600 s continuous continuous continuous
w; of feed 0.497 0.5 0.25

w, of feed 0.05 0.075 0.75

¢, of product 1 39kl/kg K 2.7kJkgK 4.0kJkgK 0.9kl/kg K 3.89kl/kg K 2.353 kJkgK
¢, of product 2 2.321 kl/kgK
h, 2,256.6 kl/kg 2,256.6 kl/kg 503 kl/kg
T, of feed 15.0 °C 15.0 °C 25.0°C variable 4.0°C 25.0°C
T, of product 40.0°C variable 7.0°C 30.0°C
Mass flow air: 55.7 kg/s 29.5 kg/s

Toof it/ Tymp: 15.0 °C 15.0°C 15.0°C 15.0°C 15.0°C 15.0°C
xo of air: 6.43 g/kg 6.43 g/kg

Target 210.0 °C 140.0 °C 121.1°C variable 90.0 °C 138.0°C
T, of air 78.1°C 70 °C

X, of air 34.35 g/kg 120 g/kg

T of air 15.0 °C 25.0°C

Energy demand 10,915.8 kW 9,472.0 kW 1,546.6 kW 603.0 kW 291.3 kW 1,370.0 kW
Reference 11,1344 kW 9,996.3 kW 1,500.0 kW 597.0 kW 278.8 kW 1,488.0 kW
RMSE 218.6 kW 5243 kW 46.6 kW 6.0 kW 12.5 kW 118.0 kW
Rel. deviation 2% 55% 3.0 % 1.1 % 4.3 % 8.6 %

3.2. Targeting Results

This section presents the results of the targeting methodology for process-integrated heat pump concepts.

For each process type, the thermal energy demands generated by the models were used to derive the GCCs by
Pinch Analysis. For targeting integration points according to Eq. (21), an initial Lorenz efficiency value of
0.55 is assumed. Figure 8 shows a multiplot of the targeting results visualized in the GCC.
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(a) Convectivedrying — milk spraydrying (b) Conductivedrying — paper drying
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Figure 8. GCCs and integration points (square marker) of targeted HTHP cycle concepts for (a) milk spray drying, (b) paper drying, (c)
autoclaving, (d) bath heating, (e) pasteurization and (f) distillation

Table 6 summarizes the targeting results as well as the process-integrated heat pump concepts.The
targeting analysis across all process types demonstrates that HTHPs can effectively recover waste heat and
upgrade it to meet process heat demands. Depending on the required temperature lifts and the shape of the
GCC, both single stage and cascade heat pump cycles were found to be suitable, with final COP values ranging
from 1.86 in distillation to 3.15 in batch sterilization. For the spray drying process with its large temperature
glide, a single staged transcritical CO2-based cycle with COP of 1.93 is suitable. In contrast, the paper drying
process involved a partial heat sink coverage and a small temperature glide, which required a cascade system
using isopentane and water. The iterative approach led to a final COP of 2.50 and a converged Lorenz
efficiency of 0.59, highlighting the value of the methodology for optimizing system configuration. In both
thermal activation cases, the integration points occurred at sink temperatures above 110 °C, demanding
cascade cycles for the high temperature lifts and small temperature glides. In contrast, complete coverage
cannot be achieved for the continuous bath heating example. For batch sterilization, the heat pump
configuration provided full substitution of external steam during the sterilization phase. However, since the
heat sink and the heat source are not concurrent, thermal energy storage systems are required to buffer the heat
and enable effective integration of heat pump. The pasteurization and distillation processes both exhibited
strong internal heat recovery, leading to relatively low net heat demands in the GCC. Despite this, the
remaining heating requirement could be effectively met by heat pump systems. In both cases, a dual-stage
cascade was selected, enabling efficient operation even with low source temperatures and high sink
temperatures. These configurations demonstrate the versatility of HTHPs in processes with both low- and high-
temperature constraints.
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Table 6. Summary of targeting results for process-integrated HTHP concepts

Process type Process example COP  7Mypa HTHP cycle concept Refrigerants
Convective drying Spray drying 1.93 0.55 Transcritical single-stage cycle R-744
Conductive drying Paper drying 2.50 0.59 Cascade cycle with IHX (bottom) R-601a, R-718

Autoclaving Batch sterilization 3.15 0.55 Cascade cycle with IHX (bottom) R-602, R-718

Continuous bath heating Bath heating 2.56 0.65 Cascade cycle with IHX (both) R-600, R-601a
Continuous fluid heating Pasteurization 2.68 0.6 Cascade cycle with IHX (both) R-600, R-601a
Thermal separation Distillation 1.86 0.5 Cascade cycle with IHX (both) R-600, R-601a

The iterative COP refinement method based on Lorenz efficiency proved to be a useful tool for convergence
assessment and cycle type selection. In processes with steep or narrow temperature glides, multiple iterations
were sometimes needed to reach convergence and optimal design. These findings emphasize that accurate
estimation of both heat source/sink characteristics and thermodynamic performance is essential to avoid under-
or oversizing of the heat pump system. Moreover, while the current study leverages literature-based heat pump
simulation data to refine COP estimates, future work should prioritize conducting dedicated cycle simulations
tailored to the process-specific energy demand. This approach would enhance the accuracy of performance
predictions and allow for more precise optimization of cycle configurations and refrigerant selection,
ultimately improving the reliability of the integration assessments.

While the results demonstrate strong potential for HTHP integration, several limitations must be noted. The
models do not account for transient effects, control system dynamics or equipment fouling, which may impact
real-world performance. The general assumptions regarding heat loss terms and homogeneous temperature
distribution also lead to deviations between real and model behavior. However, the moderate RMSE values
suggest sufficient accuracy for an initial feasibility assessment. Future research should extend the methodology
to dynamic process modelling, include techno-economic assessments and prioritize dedicated heat pump cycle
simulations based to the generic energy demand models developed here to enhance performance accuracy.

4. Conclusion

This study presents a methodological framework for assessing the integration potential of high-temperature
heat pumps across various industrial thermal processes, supported by validated generic energy demand models.
The validation against reference data from literature and case studies demonstrated that the models reliably
capture process-specific thermal energy demands, enabling accurate early-stage evaluations of heat integration
opportunities without high measurement efforts. The targeting methodology revealed that HTHPs can
effectively recover and upgrade waste heat streams, with feasible configurations ranging from single cycles
for lower temperature lifts over transcritical operating heat pump for large temperature glides to advanced
cascade systems for processes demanding high temperature lifts.

Future work should focus on advancing the simulation of heat pump cycles directly tied to the developed
generic energy demand models, moving beyond literature-based data to improve the fidelity and applicability
of performance predictions. Additionally, incorporating dynamic process modelling and techno-economic
assessment will be crucial steps for practical application of stakeholders accelerating market uptake of HTHPs.
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