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ARTICLE INFO ABSTRACT

Keywords: Industrial process heat is currently mostly generated by using fossil fuels. In order to reduce emissions,
Transient simulation heat pumps have been identified as a key technology to electrify a wide range of industrial processes. For
Hleat P;‘mp applications in the temperature range higher than 150°C, there is a high demand of bringing technologies
Electrification

to market maturity. This is one of the main purposes of the EU-funded project SPIRIT. As a part of this
project, a novel mechanical vapor recompression (MVR) system is integrated into the steam network of a paper
mill producing high pressured steam with temperatures up to 180°C using a prototype piston compressor.
Application of heat pumps with very high temperatures exceed state of the art technology. For this reason, the
demonstration in industrial environments is of high relevance and shows high research potential. Safe operation
and minimal risk for disruption of currently installed supply systems are crucial for these demonstrators. This
paper presents transient simulation studies of the MVR system in preparation for safe commissioning. A detailed
model is introduced considering volume dynamics and thermal inertia. The model is generated in Modelica
using the well-established library for thermal system simulations TIL. Component models are extended with
part load characteristics and heat transfer capability. The focus of this work is the investigation of adaptive
control concepts for the operating strategy during engine start-up, which is implemented by enabling automatic
binary decisions to activate controllers based on system states. A strategy for the start-up procedure is proposed
and it is found that the system can be heated up rapidly from initial ambient conditions to supply high pressure
steam after a time span of 800s. Steam is compressed from 2 bar total pressure at the compressor inlet to
6 bar at the outlet reaching a design pressure ratio of I = 3. Furthermore, technical feasibility of the control
concept to adaptively connect the MVR system to the steam supply network can be shown with stable and
safe operation during all phases of the proposed start-up procedure. In addition to the overall engine control
concept, a detailed study is performed to investigate controllers for optimal condensate injection. Feedforward
controls with constant and adaptive gain as well as feedback controllers are compared. A regression based
approach shows deviations of AT ~ +3K while adapting to varying operating conditions. Feedforward concepts
are easy to implement and are robust against disturbances. As a downside, the results indicate high sensitivity
to changes in the inlet conditions of the compressor, which requires very accurate predictions of injected mass
flows. A feedback controller is presented as an alternative reaching spot-on precision. It can be indicated that
the model is able to accurately capture physical state changes. The relative value of condensate injection of
8%, which is specified by the manufacturer, is reproduced with satisfactory agreement.

System controls
Start-up strategy

1. Introduction paper, the contribution can be significant [3]. Because of this, the
development of heat pumps with high sink temperatures and scaling to

In the context of the urgency to reduce carbon emissions, the the capacity of industrial applications is an important task in research,
electrification of heat in industrial processes shows high potential to as current technology operates only up to 150 °C [4,5]. There are many

contribute in a significant way to reach climate goals [1,2]. Specifically

studies that come to the conclusion, that high temperature heat pumps
in energy intensive industrial sectors like the production of pulp and

* Corresponding author.
E-mail address: jens.gollasch@dlr.de (J. Gollasch).

https://doi.org/10.1016/j.applthermaleng.2025.126941

Received 15 January 2025; Received in revised form 9 May 2025; Accepted 23 May 2025

Available online 7 June 2025

1359-4311/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/ate
https://www.elsevier.com/locate/ate
https://orcid.org/0000-0002-9825-4599
https://orcid.org/0009-0007-3147-243X
https://orcid.org/0009-0008-5501-7869
https://orcid.org/0000-0001-5068-4568
mailto:jens.gollasch@dlr.de
https://doi.org/10.1016/j.applthermaleng.2025.126941
https://doi.org/10.1016/j.applthermaleng.2025.126941
http://creativecommons.org/licenses/by/4.0/

J. Gollasch et al.

Nomenclature

Abbreviations

DLR German Aerospace Center

EU European Union

MVR Mechanical vapor recompression

SPIRIT Project name

TIL Modelica library for thermodynamic simu-
lations

VLE Vapor liquid equilibrium

Variables

m Mass flow [kg/s]

0 Heat flow rate [W]

A, Surface area [m?]

C Heat capacity [J/K]

h Specific enthalpic [kg m?/s?]

k Conductivity [kg m/(s® K)]

k, Eff. valve volume flow [m3/s]

e Filling level [-]

Iw Length [m]

m Mass [kg]

n Rotational speed [1/s]

p Pressure [Pa]

R Heat resistance [kg m?/(s® K)]

T Temperature [K]

t Time [s]

14 Volume [m?]

Greek symbols

a Heat transfer coefficient [W/(m? K)]
Part load factor [-]

n Isentropic efficiency [-]

Ay Volumetric efficiency [-]

p) Density [kg/(m?)]

Superscripts and subscripts

C Compressor

cond. Conduction

conv. Convection

d Displacement

eff. Effective

is Isentropic

| Liquid

nom Nominal value

PL Part load

are a crucial step to electrify process heat demands. Kosmadakis et al.
evaluated the techno-economic potential and found feasible configura-
tions up to sink temperatures of 150°C [6]. There is a large variety
of concepts with different working media and cycle architectures to
adapt to a wide range of process requirements [7]. For this reason, the
German Aerospace Center (DLR) focuses on innovative design methods
and demonstration of various heat pump concepts with air and water as
working medium. The reverse Brayton cycle is suitable for sensible heat
transfer and high temperature lifts [8,9]. For latent heat transfer, heat
pumps based on the Rankine cycle with multi-stage compression are in
focus [10]. Additional to the design, the most suitable integration into
the industrial process is an essential step [11]. Because of this, heat
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pump design and integration need to be experimentally investigated
to bring these technologies further to market maturity. This is exactly
what the EU funded project SPIRIT (https://spirit-heat.eu/) is aiming
for: Three full-scale (Q > 0.7 MWth) heat pump demonstrators are
implemented into operational production facilities of a sugar company,
a prawn processing plant and a paper mill. In addition to innovation in
the technological developments, the economic performance of the three
demonstrators will be evaluated so that potential users can estimate the
investment costs and amortization period. The third demo-case focuses
on electrified steam supply for paper drying by integrating a novel
mechanical vapor recompression heat pump (MVR) into the steam net-
work. This system will provide steam at temperatures of 180 °C, which
exceeds the sink temperatures of established heat pump technologies.
Heat pump demonstration on industrial sites serves various purposes:
The application potential for users is increased with investigation of
process integration, component development and testing as well as
development of control concepts. Therefore, the project aims to test
an innovative single stage 4-cylinder piston compressor in operation
on site [12]. A small scaled compressor is fit into a standard con-
tainer allowing for easier transport and installation with low risk to
disruptively interfere with processes and installed supply systems. It is a
prototype tested for serial production in future heat pump applications.
The compressor operates for inlet pressures from 2 bar to 4 bar and
is designed for pressure ratios of I = 3. A large operating range
with high part load efficiency is achieved. Condensate injection allows
outlet temperatures up to 180 °C. All industrial demonstration cases are
accompanied with digital twins (dynamic models) to investigate system
behavior and develop control concepts for the operation on site, which
is also the focus of this study.

1.1. High temperature heat pumps for electrification of process heat

Heat pumps for applications in the area of domestic heating are
widely demonstrated. For high temperature applications in industrial
use cases with high energy demands there is a very high potential for
further development of technological concepts. There are a wide range
of process requirements with regard to sink temperatures, available
heat sources and temperature lifts. Consequently, the best candidate
for a heat pump concept is very case specific. In general, heat pumps
are classified in open cycle and closed cycle approaches. Bless etal.
investigated different heat pump types for steam generation, which is
a typical heat carrier in several industries [13]. They compared closed
cycles with different working media, a reversed Brayton cycle and
MVR concepts to generate steam at 150 °C. The impact of the cycle
concept was clearly shown, whereby an open cycle heat pump similar
to the system in this work shows a promising performance. The number
of demonstration projects to advance technological developments in
this area increases. Prototype systems have been installed in differ-
ent industrial applications. The project Dryficiency investigates heat
pump concepts in the brick and tile industry. Open and closed cycle
heat pumps have been demonstrated for steam generation and brick
drying [14]. A steam producing heat pump that reaches 180 °C was
installed at AstraZeneca [15]. It can be concluded, that heat pumps will
be applicable to various industrial processes with advancements made
by demonstration of the technology. Subject to this paper is a paper
production facility, which is a typical use case with high potential for
electrification.

In paper production there is a high demand for process heat and a
large fraction is needed for paper drying. The solid paper material is
transported on the outside of rotating cylinders while vapor condenses
on the inside, thus transferring heat. There are several options to
improve energy efficiency of steam supply through heat recovery as
well as potential concepts for decarbonization. These include mainly
electrification using heat pumps and electric boilers or making use
of regenerative fuels [16,17]. Energy efficiency can be further im-
proved by optimizing the operation of supply systems like cogeneration
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Fig. 1. Simplified system layout of MVR and its connection to the steam supply network.

Table 1
Main data of the systems stations.
Parameter Value
Py 5.5bar
Ty, 155 °C
P2 flash 2 bar
Pé steam 6.1 bar
Tosteam 180 °C
1113 flash [0, 0.24] kg/s
its ¢ [0, 0.2916] kg/s

plants [18,19], increase the amount of recoverable heat e.g. with
heat pumps [20] or integration of thermal storages [21]. A virtual
battery concept with consideration of fluctuating renewables has been
introduced by Zauner etal. [22] and evaluated with regard to energetic,
environmental and techno-economic aspects. Detailed studies on the
integration of heat pumps in the overall paper production process
have been performed by Bakhtiari etal. [23], where two concepts of
heat pumps are investigated for hot water supply. Different heat pump
systems for paper drying are compared by Abrahamsson et al. [24]. This
is also what the project SPIRIT aims for, although in the present use
case of this paper, the focus is more on the demonstration aspect with
a simple system layout enabling high accessibility for the technology
users and on-site testing. The concept of the integrated MVR system is
introduced in the following section.

1.2. Demo case: Mechanical vapor recompression heat pump

The basic idea behind the integration approach of the MVR heat
pump is to apply a simple concept using electrical energy to generate
part of the required high-pressure steam. Fig. 1 shows the system layout
of the MVR system. Condensate returning from the drying cylinders of
the plant is flashed to mixed flow (1 — 2) and then separated in liquid
and gaseous phase (2 — 3). A piston compressor is used to compress
the saturated steam (4 — 5) to be fed back to the high-pressure steam
network (6 — 7). Upstream of the compressor, condensate is injected
(10 — 4) to lower the outlet temperature. During start-up of the system,
the steam draining valve (8) is opened until the pre-heating phase
is finished. Then, the draining valve is closed and pressure builds up
rapidly in the volume downstream of the compressor, until a threshold
is reached which activates valve 7 and the connection to the steam net
is opened. Accordingly, this valve also functions as a non-return flap
valve, as it is closed as soon as the pressure drops in this part of the
system below the target value. For testing purposes, the mass flow of
the compressor can be maximized by using the bypass (6 — 9). This
allows to increase the mass flow in the compressor to reach its nominal
operating point, which cannot be achieved with the flashed steam for
this demonstration case.
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Fig. 2. Simulation of thermodynamic state changes plotted in T — s diagram.

Table 1 gives an overview of the main data of the introduced
MVR system. The condensate returned from drying cylinders is flashed
from pl = 5.5bar to p, = 2bar total pressure. At nominal operation
conditions, the compressor delivers steam at p; = 6.1 bar and Ty =
180°C. For all investigations, the initial state of the system is set to
ambient conditions. Further details of the thermodynamic states at
each station throughout all operating points are discussed in the result
section below. The mass flow of flashed steam is limited to a maximum
value of m ~ 0.24kg/s. The bypass allows for an increase of the
maximum compressor mass flow to s ~ 0.29kg/s, which enables
experiments with nominal rotational speed of the piston compressor.

The thermodynamic system states under nominal operating con-
ditions are shown in the T — s-diagram in Fig. 2. The positions of
highlighted points are the results computed for a specific point of
time during transient simulation, when the system reaches steady state
operation. The first step of condensate flashing from 5.5 bar to 2 bar
mixed flow (1 — 2) can bee seen in the almost vertical line on the left
side. Steam is separated from the liquid phase (2 — 3) and led together
with injected condensate to the piston compressor inlet (3 — 4). These
thermodynamic state changes are indicated by the bottom horizontal
line. Now, the pressure is raised to ps = 6.1bar (4 — 5) to reach the
superheated steam condition as required in the steam network, which
is connected at position 6. The minor temperature drop downstream
of the compressor (5 — 6) is caused by heat losses in volumes and
piping. To reach the target temperature of Ty = 180 °C, the amount of
condensate injection upstream of the compressor has to be additionally
controlled.
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1.3. Research objectives and state of the art: Transient operation of heat
pump systems

Demonstration projects with innovative technology using prototype
components are a key factor to advance heat pump application in
industry. At the same time, a seamless integration and safe operation on
site needs to be guaranteed minimizing the risk to disrupt the processes.
To achieve this, detailed models or digital twins are applied for design,
operation and maintenance of such systems. This is the motivation
for the studies performed in this paper. The present work focuses on
the investigation of system controls with transient simulations using
a detailed model considering part load and heat transfer. A controller
setup for safe and energy efficient operation is proposed. A preliminary
start-up strategy is introduced with control of compressor speed and
logically activated valves. Three concepts for the control of the supply
temperature of the MVR system are compared. At the time of publishing
this paper no experimental data is available, which will be used later on
in the project for validation and model tuning during commissioning.
The following research questions are addressed in this paper:

+ Does the proposed controller setup ensure secure system start-up
and stable dynamic operation?

» How does the system respond to control inputs, and what are
the associated time scales for transitions between operating points
and thermal ramp-up?

+ Are feedforward controllers with constant or adaptive gain suit-
able to control the supply temperature?

Similar studies have been performed by Qiao etal. [25] with inves-
tigation of start-up transients and development of control strategies.
Their detailed modeling approach for a flash tank vapor injection heat
pump is described and transient results for simulations of start-up and
shutdown are presented. The model is validated with experimental data
and is able to approximate the impact of key system parameters. Start-
up and shutdown with dynamic models have also been studied by Li
etal. [26] with a dynamic model of a vapor compression cycle in Mat-
lab/Simulink. Their focus was on heat exchanger modeling switching
between different modes. It was shown with experimental validation
that the model is able to give accurate predictions of transient ma-
noeuvres. A general overview of heat pump controls is given by Goyal
etal. [27]. Research goals for system controls with steady-state and
transient modeling are discussed. They highlight that transient models
are crucial to develop advanced control systems. The difference be-
tween conventional controls, advanced controls and intelligent controls
is discussed. In conclusion, the important link between detailed models
and the development of control strategies is underlined.

2. Methodology: Transient modeling of the MVR system

The system is modeled using the object-oriented language Mod-
elica [28]. Dymola is used as the simulation environment and the
TIL library is applied and extended to model the components [29,
30]. The TIL suite is developed by TLK Energy for the simulation of
thermodynamic systems. The library mainly consists of the TIL model
library with various component classes and secondly TIL Media. In this
work, the VLEFluidComponents (VLE = vapor liquid equilibrium) are
applied to model the MVR system considering phase change, volume
dynamics and thermal inertia. The modeling concept for the main
components is introduced including extensions of existing models as
well as the creation of new classes aiming to meet the requirements to
simulate system start-up. Beyond that, compressor and valve controls
are proposed, which are partly logically activated in response to the
system state.

Applied Thermal Engineering 278 (2025) 126941

2.1. Extended compressor model

The piston compressor is the key component of the MVR system.
The TIL library contains different classes for compressor approximation
ranging from basic efficiency-based compressor to complex models with
physics-based correlations for friction induced losses in the cylinders.
In this work, the efficiency-based compressor class is extended to
match the requirements of approximating part-load rotational speed
and modeling heat transfer to the casing.

= Ay pncVy @

The mass flow is calculated as shown in Eq. (1) using the piston
frequency n, the displacement volume ¥V, and volumetric efficiency 4,,.
Displacement volume and volumetric efficiency are set according to the
geometrical specifications of the compressor developed by the project
partner Spilling that specializes in steam compression.

n

@

fpel, PL =
Mnom

The base class in TIL calculates the state changes based on a con-
stant isentropic efficiency. To include variable part-load performance,
a characteristic line for the efficiency as a function of the rotational
speed is integrated as the first modification to the compressor class.
In the extended class, a user defined nominal speed parameter is set as
shown in Eq. (2), which allows to compute the relative rotational speed
1,1 p1» Which indicates part-load operation.

Nis =Mis, nom épL 3
with &y =f (e, pr) @

With Egs. (3) and (4) the newly introduced part-load factor ¢{p; is
calculated to correct the isentropic efficiency for operating points that
deviate from nominal rotational speed. The function for ¢p; is defined
as a polynomial and can be derived with linear regression from known
operating points.

0
hs = (hs ;5 = hy) /s + hy + 7C ()

The second important modification for this work is the considera-
tion of heat transfer to the metal casing of the compressor. This is a
requirement to control the start-up, which identifies if the system is
in the pre-heating phase depending on the surface temperature of the
compressor casing. In order to include this aspect, heat flow between
the fluid side and the metal casing needs to be considered. A heat port is
added and the equation for energy balance is modified to now include
the source term for Q = Qc/m as shown in Eq. (5). An additional class
to approximate heat transfer mechanisms is then connected to this heat
port, which is introduced in the following section.

A simplified setup for controlling the compressor operation is shown
in Fig. 3. The mass flow of the steam is controlled by setting the
rotational speed. A Pl-controller is used to adapt the rotational speed
n according to a target mass flow rate to be reached. In order to set
the desired pressure ratio, a second PI-controller adjusts the opening
of a downstream valve. In this way, the flow resistance is controlled to
raise the measured pressure at the compressor outlet to a target value.
The last aspect of the compressor model is condensate injection, which
is not visualized here. This is considered by injection of condensate
upstream of the inlet. The injected mass flow is set as a specified
fraction of the primary steam mass flow and is adapted depending on
the flow conditions with a performance curve approach. In this way,
the outlet conditions of the high-pressure steam can be controlled and
high temperatures, that could potentially lead to damage e.g. of the
sealing, are avoided.
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Fig. 3. General setup of compressor controls without injection cooling. Model is
extended with regard to part-load capability and energy balance considering heat
transfer to the casing, which is considered as a capacitor.

2.2. Heat transfer class

The main requirement for the models in this work is to investigate
transient system response during start-up. Starting from initial ambient
conditions, the heat transfer from the fluid to solid bodies and con-
vective losses to the environment have to be modeled to approximate
thermal inertia. This is important for the metal parts like the separator
tank, the compressor and other volumes as well as piping.

To meet this requirement, a heat transfer class based on thermal
resistances R; and capacitors is introduced. In the overall system model,
the heat transfer class can be identified by the boxes in red and blue,
as can be seen in the lower center of Fig. 3. The basic structure of the
class is shown in Fig. 4. It accounts for the heat transfer mechanisms
of convection from fluid to metal, heat conduction within the solid
body and free convection to the environment, which is set by using
a temperature boundary. A heat port connects the class to compute
energy balances of attached models and the ambient temperature is set
as a boundary condition, as can be seen on the left side of the figure.

Tut_Ti

[
=%

In general, the transferred heat based on a thermal resistance is
calculated as shown in Eq. (6). It is dependent on the temperature
difference and the magnitude of R, which is specified according to
geometric and material properties.

1
Reony = 7—— ™

Ay Geony

(6)

For convection, the resistance is calculated according to Eq. (7) by
setting the heat transfer surface area A, and the heat transfer coefficient

aCCl’lV N

Iy

Reond A, keond (8)
For conduction of heat, the resistance is calculated in a similar way,
also considering the surface area and in this case a material specific
value for thermal conductivity kgqpq-

. dT dT

0o=C i mec, ar
The heat flow rate and the temperature change in the solid material
can then be computed as shown in Eq. (9). The capacitor C is the
product of the specific heat capacity ¢, and the mass of the component.
High masses and materials with large heat capacities potentially invoke
significant thermal inertia, meaning that heat is absorbed according to

©)]
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temperature gradients between fluid and solid bodies. This is an impor-
tant aspect to consider when transient operation and load changes need
to be investigated. In the MVR system model, heat transfer is considered
at three position: The separator flash tank, the compressor and the
volume downstream of the compressor. So, heat transfer is simplified by
lumping individual parts like piping and vessels into a smaller number
of solid bodies.

2.3. Valves

Valves are used in several positions in the MVR system to control
pressure levels or mass flows. The OrificeValve model is used from the
TIL library, which calculates the mass flow according to the equation
of Bernoulli:

= Aeg\ Ap2pin (10)

With a given mass flow e.g. set by the compressor speed, the
pressure change is determined by the opening of the valve. This also
works the other way around, so that mass flows can be set for a
specified pressure drop. In both approaches, the desired effective flow
area is varied by using the parameter k,, which is chosen to be set by
the controllers in this work:

/1000 (kg/s)
Aett = kv \| 5 T oar bgar an

The k, parameter is an equivalent value for the effective volume
flow occurring at a pressure drop of 1 bar. Pressure controllers are used
for the flash valve (1 — 2), the steam draining valve (6 — 7) and the
connection to the steam network (6 — 8). In case of the condensate
injection (10) and the bypass (6 — 9), the mass flow is controlled by
setting the k, value with the controllers, as pressure levels on both sides
are defined by the system.

2.4. Flow separator volumes

For the MVR system, a flash valve is used to expand condensate to
mixed flow, which needs to be separated in a downstream flash tank.
This tank is modeled with the TIL-Separator class. The separator has
an inlet port for mixed flow and separates the fluid to individual outlet
ports for gas and liquid phase. It is based on ideally mixed volume and
calculated with a transient energy balance. The model also contains a
heat port, so that heat transfer can be considered by connecting the heat
transfer class as introduced above. An important parameter to control
the tank is the filling level:
gy = g 12

This parameter is controlled by pumping out liquid water if a user
defined threshold value is reached. For this, a hysteresis control is
applied, which periodically activates the pumps if a threshold filling
level is exceeded. Two separators are used in the system model. The
first one is the flash tank of the system, where the vapor phase is
separated from liquid water to supply steam for the compressor. The
second one is used to approximate all volumes downstream of the
compressor. Volume and heat transfer dynamics are considered in this
way and condensate can be collected and removed, which occurs during
start-up.

The modeling approach in this work is based on well-established
methods that have proven to be of high accuracy in similar work.
In general, Modelica models are widely used in different disciplines.
Their capability to produce accurate results for the modeling of ther-
mofluid systems like heat pumps is widely studied [31]. Graeber etal.
performed simulations with the TIL library for a CO2 heat pump
system in a residential application [32]. The results are validated with
experimental data. A thermoelectric heat exchanger was modeled with
TIL by Junior etal. and also shows good agreement with experimental
results [33]. For the piston compressor, there are several modeling
approaches similar to this work calculating mass flows, losses and state
changes [34]. These studies indicate the feasibility of the results in this
paper.
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Fig. 5. System model and controller setup in Dymola using TIL library components and extended classes.

2.5. Controller setup

An overview of the system model and the controller setup can be
seen in Fig. 5. Feedback controllers (PI-controllers) are used to set valve
openings and compressor speed with constant or ramp target values.
For each controller, the lower and upper bounds of outputs have to
be set, as well as the initial value. The proportional gain and time
constant are chosen according to the dynamic characteristics of the
system. TIL provides features, so that the controllers can be activated
at a specific time or switched on and off during the simulation using
a boolean input. This is used to conditionally activate or deactivate
controllers depending on system states. As an example of this, the valve
that provides the connection to the steam network opens automatically
if a certain pressure level is reached. If this is not the case, the valve
remains closed to prevent the occurrence of reverse flow, which is real-
ized by setting an if-statement in the model, which is the boolean input
to activate this valve. If activated, outlet pressure of the compressor is
controlled to reach the desired value. As described above, this combines
the non-return flap and the pressure control valve in a single model.
Additionally, hysteresis controls are used to control filling levels of the
separators. To model the start-up behavior, ramp inputs and smoothing
functions are additionally applied to set mass flows or pressure rise
during transient operation within user defined time spans. Condensate
injection upstream of the compressor is controlled with a feedforward
approach, setting the mass flow as a specified fraction of the mass flow
of flashed steam. This is considered as a baseline setup. To investigate
suitable concepts to precisely control the outlet temperature of the
compressor, adaptive feedforward control based on a map input is
implemented. As a last step, the feedforward controllers are replaced
with a PI controller. Its performance and potential interaction with the
remaining controller setup during changes of operating conditions is
investigated in the result section.

2.6. Numerical setup and simulation performance

The model is assembled using the component classes introduced
above with the TIL library and the described extensions. In Model-
ica, a system of differential-algebraic equations (DAEs) is derived.
Steady-state initialization is used to provide a robust starting point
for dynamic simulations. The DASSL (Differential/Algebraic System
Solver) [35] algorithm is employed as the numerical solver, configured
with a relative tolerance of le—5 and a maximum simulation time
interval of 5000 s. The resulting DAE system consists of 3809 equations.
The computational performance of the simulation is efficient, with a
total integration time of approximately 2.4 s. The model demonstrates
stable performance with inputs including ramp functions and logically
activated controllers, confirming the reliability and robustness of the
implementation. The model performance is well suited to perform set-
point or trajectory optimizations in dynamic control problems of future
studies. Furthermore, rapid computation of detailed dynamic mod-
els will allow for software-in-the-loop integration to apply advanced
optimization based real-time control strategies.

3. Dynamic simulation of MVR operation

A transient system model is created in Dymola applying the main
components as described in the previous section. For this work, the
model is used to simulate a preliminary system start-up with all com-
ponents initialized with ambient pressure and temperature. The impact
of thermal inertia and volume dynamics can be studied in order to
validate the start-up strategy for the real-world demonstrator. The
component performance characteristics and geometrical data are partly
based on assumptions at this point and will be updated once the
commissioning of the system starts and experimental data is available.

The preliminary start-up procedure investigated with the present
model is shown in Fig. 6. The MVR system is initially set to 15°C and
1 bar pressure. When the flash valve is opened and the compressor is
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put into rotation, the system is flooded with saturated steam and is
starting to heat up. For this pre-heating phase, the draining valve is
open while the connection to the steam net is initially closed. For the
first period of time, the compressor is driven at low rotational speed,
which is ramped up after that. This invokes the pressure to rise in the
system. When the metal temperature on the outside of the compressor
reaches a temperature of approx. 100 °C, the draining valves are fully
closed. The system is now a closed volume, which has the effect that the
pressure jumps to the target level and the connecting valve (non-return
flap) to the steam net is opened. When the outlet temperature of the
compressor exceeds 180 °C, the injection cooling is activated to prevent
high temperatures, that could potentially cause damage. As a last step,
the bypass valve is opened to move a fraction of the steam in the inner
cycle, which allows the compressor to reach its nominal mass flow.
With this step, the start-up procedure is complete. The functionality
of this strategy is evaluated with the execution of transient simulations
and their results are discussed in the following section.

3.1. Simulation of system start-up

Fig. 7 shows the compressor speed control during the start-up
procedure. Initially, the compressor is kept at low speed and then
accelerated until the mass flow target of flashed steam is reached. The
system is kept in this state for a period of time until almost steady-
state operation is achieved and after 4000 s the bypass is activated.
This allows to further increase the mass flow and the compressor speed
is ramped up to its nominal value.
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Fig. 8 shows the mass flows as they occur during system start
together with the valve openings as a result if the control concept. The
dashed orange line is the mass flow of flashed saturated steam. For
the first 1000s when the compressor speed is ramped up, this mass
flow is identical to the compressor mass flow (solid black line). The
dotted orange line indicates the flow through the draining valve. This
valve remains closed for the initial flooding of the system and is then
opened until pre-heating of the system is complete. The deviation to
the compressor mass flow is due to volume dynamics and condensation
downstream of the compressor. After approx. 700s, this valve is closed
and the connecting valve to the steam net is opened. This flow is
represented by the solid orange line. The mass flow is slightly higher
compared to the flashed steam, as condensate is injected into the
compressor. That can be seen by the dash-dotted gray line at the
bottom. As indicated by the dashed gray line starting at 4000s, the
bypass is activated. As the compressor speed is again ramped up for
a period of time at this point, the flashed mass flow and steam net
mass flow first decrease and then rise again with higher rotational
speed until the final system state is reached. The compressor runs now
at nominal speed and testing is complete. Fig. 8(b) shows the valve
openings as set by the controllers and ramp functions. In general, the
smooth trajectories indicate stable operation and no instabilities or
overshooting are detected. In the starting period, only the flash valve is
opened to flood the system. A transition is visible after 800 s, when the
draining valve is closed (dashed black line) and the connection to the
steam net is opened, as indicated by the solid black line. This valve also
controls the flow resistance downstream of the compressor and sets the
pressure ratio. The dent after 4000 s is caused by the bypass (dashed
orange line) that splits the flow while the compressor speed is ramped
up. This first decreases the flow through this valve, which is why the
opening is smaller to uphold flow resistance. When the compressor
reaches its nominal speed, the overall mass flow is increased and the
valve opening is narrowed again.

The pressure levels of the system are plotted in Fig. 9. With the
initial flooding of the system, the pressure drops due to condensation
in the closed volume downstream of the compressor. This is partly
related to the fact, that the working fluid is water for all time steps
in the simulation. In the real world demonstrator, the engine will be
initially filled with air that is drained during start up. With increasing
compressor speed and control of the flow resistance by the setting the
opening of the draining valve, the pressure is raised until the draining
valves are closed at approx. 700s. This has the effect, that the pressure
jumps to the target value. The engine is now effectively a closed volume
and as mass is flooding in, the pressure rises quickly. At this point of
time, the connecting valve to the steam net is opened and pressure is
controlled afterwards to stay at the desired level. Controllers for flashed
steam as well as for the pressure ratio of the compressor invoke smooth
curves, which indicates stable operation and the functionality of the
start-up approach.

The temperature curves of fluid flows and solid bodies of the system
are visualized in Fig. 10. The solid black line is the outlet temperature
of the compressor. When steam compression leads to high temperatures
Ts > 200°C, the condensate injection is activated to control the
temperature of the steam fed to the supply net. The thermal inertia can
be seen by the time delay between fluid and solid body temperatures.
The temperature of the compressor casing is used to indicate the time
when the pre-heating phase of the system is finished and the condensate
draining valves are closed. This is reached after 700s and the surface
temperature of the compressor exceeds T > 100°C. As discussed
above, the input parameters remain unchanged until almost steady
state operation is reached. The temperature rise after 4000 s is caused
by the activation of the bypass. In the starting procedure used for
this work, the condensate injection is only slightly adapted with a
fractional value of the primary mass flow, which invokes higher outlet
temperatures of the compressor when the bypass is open, due to higher
energy at the inlet. In conclusion, it can be stated that the proposed
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start-up strategy and the controller setup enable to perform the system
start in a rather short time span and reach stable operation at all time
steps. The input parameters like the compressor rotational speed can
be further adapted in the future, so that load changes can potentially
be performed even faster.

3.2. Control concepts for condensate injection

The temperature of the steam produced by heat pumps is an impor-
tant set-point so that process demands can be accurately met. In the
present study, one key parameter to control the outlet temperature of
the compressor is the amount of injected condensate. There are several
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140 T, feedforward (adaptive)
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Fig. 11. Control concepts for condensate injection: Set-point temperature at the
compressor outlet.

control concepts to determine the correct mass flow to be injected.
The goal here is to set a constant temperature of compressed steam
while too high temperatures that could potentially lead to damage
have to be avoided at all times. In this study, three concepts are
investigated. First, a feedforward control which sets the condensate
mass flow as a constant fraction of the inlet mass flow, which is
directly proportional to the compressor rotational speed. This value is
kept constant independent of the inlet temperature. A second concept
replaces that constant with an adaptive gain which is calculated with
map based characteristics. The data for this is simulated beforehand
and a polynomial regression is performed to predict the optimal con-
densate mass flow: r,,; = f(T},, m;,). These feedforward controls are
known to be very robust and are functional for a wide range of control
problems. For this reason, they are currently the preferred choice of
the compressor supplier in the project. As a third option, a feedback
controller is applied.

Fig. 11 shows these three approaches and their effect on the outlet
temperature of the compressor. As seen in the results before, setting the
condensate injection as a constant fraction of the main mass flow leads
to varying temperatures. This is due to the fact, that during start-up
the inlet conditions of steam flow are not constant. When the bypass is
opened, temperatures are increased. This is clearly represented by the
solid gray line. Constant gain might not be a desired control concept in
industrial environments where the temperatures are usually precisely
set. The map based approach with an adaptive gain leads to better
results. The desired temperature is met after the initial pre-heating
phase but there are clearly some deviations. This is because the inlet
parameters are quite sensitive to the output and the database for the
regression is kept low for this study. A design of experiments (DoE) with
full factorial sampling is applied resulting in a database of 9 samples. If
the map based approach is further pursued, a more precise prediction
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Fig. 12. Control concepts for condensate injection: Controlled mass flow of condensate.

should be ensured. Another downside is, that feedforward approaches
hardly account for dynamic effects like heat loss that also contributes
to cooling effects. The solid black line shows the best results. This is
expected, as the applied PI-controller continuously adapts the mass
flow which leads to a very even temperature profile for the entire
trajectory.

Fig. 12 shows the trajectories of the injected condensate mass flows
for all three approaches. The feedforward controller with adaptive gain
and the mass flow set by the feedback controller are very similar.
Although there are only minor differences, its impact on the outlet
temperature is significant and results in deviations of several Kelvin.
This also shows the sensitivity of this parameter. The solid gray line
of the constant feedforward concept deviates during initialization of
the injection and after the bypass is opened. Condensate injection is
ramped up too slowly leading to a temperature peak near 800 s. The
increased energy at the compressor inlet induced by the bypass is also
not compensated as well as with the adaptive concepts. This results in
a temperature rise up to 200 °C, which should be avoided.

In summary it can be stated, that the correct choice of the control
concept for the MVR heat pump is a major factor for its operation
under variable inlet conditions. An interpolated map or regression
based approach with feedforward control is easy to implement and
shows promising results. But if measurement uncertainty, dynamic heat
loss or component wear are taken into consideration, the prediction of
the optimal condensate injection might be imprecise. This is especially
relevant in industrial environments. A feedback controller is the best
alternative to precisely meet the target temperature. As a downside,
feedback controllers require tuning and may lead to instabilities in
the presence of disturbances or interactive effects. The results of these
simulations highlight the relevance of dynamic models to investigate
preliminary control concepts in order to guarantee efficient and safe
operation. The compressor manufacturer names an approximated value
of riy,q/Mm;, =~ 8% in the nominal operating point. Aerodynamic loss
mechanisms and heat losses over the compressor have a high impact
on the temperature rise and are represented by simplified parameters
in this study. The model predicts a relative value of ~ 7%, which is
a satisfactory agreement and indicates that physical state changes and
heat losses are accurately captured.

4. Conclusions and outlook

This study presents a concept for demonstration of a novel high-
temperature mechanical vapor recompression (MVR) system within the
steam network of a paper mill, showing its potential for reducing emis-
sions in industrial process heat supply. These demonstration cases for

Applied Thermal Engineering 278 (2025) 126941

industrial heat pumps are highly relevant to increase market potential
and enable user acceptance by proving the functionality directly on
site. Several challenges occur in this process, which are addressed
by this study: The integration concept aims for retrofitting into an
existing supply systems with a non-disruptive plug and play installa-
tion of the compressor module. Additionally, development and testing
of innovative components can be performed. A prototype 4-cylinder
piston compressor for efficient steam compression is investigated in
an industrial use case. For this reason, detailed transient models and
concepts for system controls are introduced. Simulation studies for the
start-up have proven the systems ability to safely and rapidly heat up
from ambient conditions, reaching the required high-pressure steam
compression within 800 s. With an inlet pressure of 2 bar, flashed
steam is compressed and the target conditions are reached with a
pressure ratio of IT. = 3 under nominal operating conditions. A start-
up procedure is proposed together with a control strategy that includes
logic based activation of controllers based on boolean decisions de-
pending on system states. The results underline that stable operation
throughout all phases of engine start-up is ensured. Furthermore, the
detailed evaluation of three control methods for optimal condensate
injection reveals that feedforward control strategies are sensitive to
compressor inlet conditions. It can be derived that accurate predictions
are required to set the optimal injection flow in order to achieve a
constant temperature of 180 °C for varying inlet conditions of the com-
pressor. Using feedback control instead offers a viable alternative for
temperature control, which is potentially beneficial when measurement
uncertainties are also taken into account. Those are not compensated
with adaptive feedforward, which relies on the accuracy of its prelimi-
nary generated database and prediction quality. The system model uses
well established component classes and it can be indicated that physical
state changes are accurately captured. A satisfactory agreement with
the value of 8% relative condensate injection under nominal operating
conditions supports the feasibility of the simulations. With additional
tuning of the model parameters when experimental data is available, a
high level of accuracy is expected. The presented results are valuable
to gain an understanding of system response and its time scales for
safe and efficient operation. These findings contribute to highlight the
application of detailed transient models to support the development
of efficient, safe, and adaptable control strategies for high-temperature
heat pumps in industrial applications. Projects with technology demon-
stration will accelerate the path to electrify industrial process heat
demand.

Parameters of component performance and geometrical data will
be updated once the commissioning is starting. Experimental data will
be used to validate and further calibrate the model accordingly. In a
last step, it will be used to perform set-point optimizations for energy
efficient operation. Future heat pump concepts for paper drying can
built up on the presented results. Based on this, scaled versions and
more complex heat pump designs can be integrated in steam generation
making use of available heat sources to improve energy efficiency while
offering a significant potential for electrification of process heat.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Jens Gollasch reports financial support was provided by Horizon Eu-
rope. Maximilian Kriese reports financial support was provided by
Horizon Europe. Nancy Kabat reports financial support was provided
by Horizon Europe. If there are other authors, they declare that they
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.



J. Gollasch et al.

Acknowledgments

The research for this work received funding from the Horizon
Europe Framework Programme under grant agreement No. 101069672.
The authors thank all involved project partners. Views and opinions ex-
pressed are however those of the author(s) only and do not necessarily
reflect those of the European Union or CINEA. Neither the European
Union nor the granting authority can be held responsible for them.

Data availability

Data will be made available on request.

References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91]

[10]

[11]

[12]

[13]

[14]
[15]

A. Marina, An estimation of the european industrial heat pump market potential.
Stephan Wolf, Jochen Lambauer, A.V. Markus Blesl, Industrial heat pumps in
germany: Potentials, technological development and market barriers, in: ECEEE
2012 SUMMER STUDY on EnERgY EffiCiEnCY in InDUSTRY, 2012.

M. Wei, C.A. McMillan, S. de La Rue Can, Electrification of industry: Poten-
tial, challenges and outlook, Curr. Sustain./Renew. Energy Rep. 6 (4) (2019)
140-148, http://dx.doi.org/10.1007/540518-019-00136-1.

C. Arpagaus, F. Bless, M. Uhlmann, J. Schiffmann, S.S. Bertsch, High temperature
heat pumps: Market overview, state of the art, research status, refrigerants, and
application potentials, Energy 152 (2018) 985-1010, http://dx.doi.org/10.1016/
j.energy.2018.03.166.

B. Ziihlsdorf, F. Biihler, M. Bantle, B. Elmegaard, Analysis of technologies and
potentials for heat pump-based process heat supply above 150 °C, Energy
Convers. Manag.: X 2 (2019) 100011, http://dx.doi.org/10.1016/j.ecmx.2019.
100011.

G. Kosmadakis, Estimating the potential of industrial (high-temperature) heat
pumps for exploiting waste heat in eu industries, Appl. Therm. Eng. 156 (2019)
287-298, http://dx.doi.org/10.1016/j.applthermaleng.2019.04.082.

G. Kosmadakis, C. Arpagaus, P. Neofytou, S. Bertsch, Techno-economic analysis
of high-temperature heat pumps with low-global warming potential refrigerants
for upgrading waste heat up to 150 °C, Energy Convers. Manage. 226 (2020)
113488, http://dx.doi.org/10.1016/j.enconman.2020.113488.

J. Gollasch, M. Lockan, P. Stathopoulos, E. Nicke, Multidisciplinary optimization
of thermodynamic cycles for large-scale heat pumps with simultaneous compo-
nent design, J. Eng. Gas Turbines Power 146 (2) (2024) http://dx.doi.org/10.
1115/1.4063637.

N. Kabat, E. Jende, E. Nicke, P. Stathopoulos, Investigation on process archi-
tectures for high-temperature heat pumps based on a reversed brayton cycle.
http://dx.doi.org/10.1115/GT2023-102497.

M. Kriese, S. Kloppel, N. Setzepfand, R. Schaffrath, E. Nicke, Part-load behavior
and start up procedure of a reverse rankine high temperature heat pump with
water as its working medium. http://dx.doi.org/10.1115/GT2023-103410.

J.V. Walden, B. Wellig, P. Stathopoulos, Heat pump integration in non-continuous
industrial processes by dynamic pinch analysis targeting, Appl. Energy 352
(2023) 121933, http://dx.doi.org/10.1016/j.apenergy.2023.121933.

Piston compressor by spilling technologies, 2023, URL https://spirit-heat.eu/
technologies/piston-compressor-by-spilling-technologies/.

Frédéric Bless, Cordin Arpagaus, Stefan Bertsch, Theoretical investigation of high-
temperature heat pump cycles for steam generation, in: 13th IEA Heat Pump
Conference, 2021.

Dryficiency, URL https://dryficiency.eu/home.

Iea hpt annex 58: High-temperature heat pumps. task 1 report: Technologies:
High temperature heat pump for steam production at astrazeneca. URL http:
//www.heatpumpingtechnologies.org/annex58/.

10

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]
[31]

[32]

[33]

[34]

[35]

Applied Thermal Engineering 278 (2025) 126941

K. Rademaker, M. Marsidi, Decarbonisation Options for the Dutch Paper and
Board Industry, Manufacturing Industry Decarbonisation Data Exchange Network,
20109.

S. Lipidinen, K. Kuparinen, E. Sermyagina, E. Vakkilainen, Pulp and paper
industry in energy transition: Towards energy-efficient and low carbon operation
in Finland and Sweden, Sustain. Prod. Consum. 29 (2022) 421-431, http://dx.
doi.org/10.1016/j.spc.2021.10.029.

D.J. Marshman, T. Chmelyk, M.S. Sidhu, R.B. Gopaluni, G.A. Dumont, Energy
optimization in a pulp and paper mill cogeneration facility, Appl. Energy 87 (11)
(2010) 3514-3525, http://dx.doi.org/10.1016/j.apenergy.2010.04.023.

1. Shabbir, M. Mirzaeian, Feasibility analysis of different cogeneration systems
for a paper mill to improve its energy efficiency, Int. J. Hydrog. Energy 41 (37)
(2016) 16535-16548, http://dx.doi.org/10.1016/j.ijhydene.2016.05.215.

K. Treppe, R. Zelm, L. Schinke, S. Kuitunen, S. Pinnau, R. Kamischke, O.
Dixit, H. Groffmann, N. Mollekopf, Energetische optimierung der trockenpartie:
Wiérmetechnische bewertung zur steigerung der energieeffizienz, 2012.

S. Puschnigg, S. Knéttner, J. Lindorfer, T. Kienberger, Development of the virtual
battery concept in the paper industry: Applying a dynamic life cycle assessment
approach, Sustain. Prod. Consum. 40 (2023) 438-457, http://dx.doi.org/10.
1016/j.spc.2023.07.013.

C. Zauner, R. Hofmann, B. Windholz, Increasing Energy Efficiency in Pulp and
Paper Production By Employing a New Type of Latent Heat Storage, Vol. 43,
pp. 1359-1364, http://dx.doi.org/10.1016/B978-0-444-64235-6.50238-2.
Bahador Bakhtiari, Louis Fradette, Robert Legros, Jean Paris, Opportunities for
the integration of absorption heat pumps in the pulp and paper process.

K. Abrahamsson, S. Stenstrom, G. Aly, A. Jernqvist, Application of heat pump
systems for energy conservation in paper drying, Int. J. Energy Res. 21
(7) (1997) 631-642, http://dx.doi.org/10.1002/(SICI)1099-114X(19970610)21:
7%3C631::AID-ER223%3E3.0.CO;2-W.

H. Qiao, X. Xu, V. Aute, R. Radermacher, Transient modeling of a flash tank
vapor injection heat pump system — part II: Simulation results and experimen-
tal validation, Int. J. Refrig. 49 (2015) 183-194, http://dx.doi.org/10.1016/j.
ijrefrig.2014.06.018.

B. Li, A.G. Alleyne, A dynamic model of a vapor compression cycle with shut-
down and start-up operations, Int. J. Refrig. 33 (3) (2010) 538-552, http:
//dx.doi.org/10.1016/j.ijrefrig.2009.09.011.

A. Goyal, M.A. Staedter, S. Garimella, A review of control methodologies for
vapor compression and absorption heat pumps, Int. J. Refrig. 97 (2019) 1-20,
http://dx.doi.org/10.1016/j.ijrefrig.2018.08.026.

H. Elmgqvist, F. Boudaud, J. Broenink, D. Briick, T. Ernst, P. Fritzson, A. Jeandel,
K. Juslin, M. Klose, S.E. Mattsson, et al., Modelica - a unified object-oriented
language for physical systems modeling, Tutor. Ration. Versiéon 1 (1999) 1-75,
URL http://www.rt.el.utwente.nl/bnk/papers/Modelical.html.

Dassault Systems, Dymola. URL https://www.3ds.com.

Til Suite, Til Suite, TLK EnergyThe Library for Thermodynamic Systems, URL
https://tlk-energy.de/en/software/til-suite.

Y. Zhang, M. Liu, Z. Yang, C. Calfa, Z. O’Neill, Development and validation
of a water-to-air heat pump model using modelica, 2024, pp. 119-126, http:
//dx.doi.org/10.3384/ecp207119.

M. Gréber, K. Kosowski, C. Richter, W. Tegethoff, Modelling of heat pumps with
an object-oriented model library for thermodynamic systems, Math. Comput.
Model. Dyn. Syst. 16 (3) (2010) 195-209, http://dx.doi.org/10.1080/13873954.
2010.506799.

Christine Junior, Christoph Richter, Wilhelm Tegethoff, Nicholas Lemke, Jiir-
gen Kohler, Modeling and simulation of a thermoelectric heat exchanger using
the object-oriented library til, in: Proc. 6th Int. Modelica Conf., 2008.

M.-E. Duprez, E. Dumont, M. Frére, Modelling of reciprocating and scroll
compressors, Int. J. Refrig. 30 (5) (2007) 873-886, http://dx.doi.org/10.1016/
J.IJREFRIG.2006.11.014.

Linda Petzold, A description of dassl: A differential/algebraic system solver,
1982.


http://refhub.elsevier.com/S1359-4311(25)01533-9/sb2
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb2
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb2
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb2
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb2
http://dx.doi.org/10.1007/s40518-019-00136-1
http://dx.doi.org/10.1016/j.energy.2018.03.166
http://dx.doi.org/10.1016/j.energy.2018.03.166
http://dx.doi.org/10.1016/j.energy.2018.03.166
http://dx.doi.org/10.1016/j.ecmx.2019.100011
http://dx.doi.org/10.1016/j.ecmx.2019.100011
http://dx.doi.org/10.1016/j.ecmx.2019.100011
http://dx.doi.org/10.1016/j.applthermaleng.2019.04.082
http://dx.doi.org/10.1016/j.enconman.2020.113488
http://dx.doi.org/10.1115/1.4063637
http://dx.doi.org/10.1115/1.4063637
http://dx.doi.org/10.1115/1.4063637
http://dx.doi.org/10.1115/GT2023-102497
http://dx.doi.org/10.1115/GT2023-103410
http://dx.doi.org/10.1016/j.apenergy.2023.121933
https://spirit-heat.eu/technologies/piston-compressor-by-spilling-technologies/
https://spirit-heat.eu/technologies/piston-compressor-by-spilling-technologies/
https://spirit-heat.eu/technologies/piston-compressor-by-spilling-technologies/
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb13
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb13
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb13
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb13
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb13
https://dryficiency.eu/home
http://www.heatpumpingtechnologies.org/annex58/
http://www.heatpumpingtechnologies.org/annex58/
http://www.heatpumpingtechnologies.org/annex58/
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb16
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb16
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb16
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb16
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb16
http://dx.doi.org/10.1016/j.spc.2021.10.029
http://dx.doi.org/10.1016/j.spc.2021.10.029
http://dx.doi.org/10.1016/j.spc.2021.10.029
http://dx.doi.org/10.1016/j.apenergy.2010.04.023
http://dx.doi.org/10.1016/j.ijhydene.2016.05.215
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb20
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb20
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb20
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb20
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb20
http://dx.doi.org/10.1016/j.spc.2023.07.013
http://dx.doi.org/10.1016/j.spc.2023.07.013
http://dx.doi.org/10.1016/j.spc.2023.07.013
http://dx.doi.org/10.1016/B978-0-444-64235-6.50238-2
http://dx.doi.org/10.1002/(SICI)1099-114X(19970610)21:7%253C631::AID-ER223%253E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1099-114X(19970610)21:7%253C631::AID-ER223%253E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1099-114X(19970610)21:7%253C631::AID-ER223%253E3.0.CO;2-W
http://dx.doi.org/10.1016/j.ijrefrig.2014.06.018
http://dx.doi.org/10.1016/j.ijrefrig.2014.06.018
http://dx.doi.org/10.1016/j.ijrefrig.2014.06.018
http://dx.doi.org/10.1016/j.ijrefrig.2009.09.011
http://dx.doi.org/10.1016/j.ijrefrig.2009.09.011
http://dx.doi.org/10.1016/j.ijrefrig.2009.09.011
http://dx.doi.org/10.1016/j.ijrefrig.2018.08.026
http://www.rt.el.utwente.nl/bnk/papers/Modelica1.html
https://www.3ds.com
https://tlk-energy.de/en/software/til-suite
http://dx.doi.org/10.3384/ecp207119
http://dx.doi.org/10.3384/ecp207119
http://dx.doi.org/10.3384/ecp207119
http://dx.doi.org/10.1080/13873954.2010.506799
http://dx.doi.org/10.1080/13873954.2010.506799
http://dx.doi.org/10.1080/13873954.2010.506799
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb33
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb33
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb33
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb33
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb33
http://dx.doi.org/10.1016/J.IJREFRIG.2006.11.014
http://dx.doi.org/10.1016/J.IJREFRIG.2006.11.014
http://dx.doi.org/10.1016/J.IJREFRIG.2006.11.014
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb35
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb35
http://refhub.elsevier.com/S1359-4311(25)01533-9/sb35

	Numerical investigation of a heat pump demonstrator for partial electrification of the steam supply for paper drying
	INTRODUCTION
	High temperature heat pumps for electrification of process heat
	Demo case: Mechanical vapor recompression heat pump
	Research objectives and state of the art: Transient operation of heat pump systems

	METHODOLOGY: Transient MODELING OF THE MVR SYSTEM
	Extended compressor model
	Heat transfer class
	Valves
	Flow separator volumes
	Controller setup
	Numerical setup and simulation performance

	DYNAMIC SIMULATION OF MVR OPERATION
	Simulation of system start-up 
	Control concepts for condensate injection

	Conclusions AND OUTLOOK
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


