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Abstract

This study explores the use of time-resolved process data to support the design of flexible and efficient
industrial heat pump systems. Building concepts from dynamic process integration, such as Dynamic Pinch
Analysis, the work proposes a method to quantify the flexibility requirements for heat pump operation under
varying process conditions. In addition to informing operational strategies, the time-resolved data are shown
to be valuable for the design of heat pump storage systems. A typical configuration includes thermal storage
tanks on both the source and sink sides, allowing the system to buffer fluctuations in heat availability and
demand. By stabilizing the source temperature, storage improves heat pump efficiency, increases heat
coverage, and raises the degree of electrification. The presented approach outlines how time-resolved data and
mathematical optimization can guide the sizing and integration of such systems to enhance both energy and
economic performance in industrial electrification strategies. The methodology was applied to an automotive
paint shop process showing large potential by reducing operational expenditures by 27.4 %.
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1. Introduction

Electrification of sectors such as buildings, transport and industry has been outlined as major pathway to
decarbonization [1,2]. Within industry, most energy is consumed to generate process heat. Particularly, process
heat below 300 °C can be electrified highly efficiently by industrial heat pumps [3,4] employing direct
electrification [5]. However, in the EU currently only 3 % of industrial process heat is electrified [6]. Barriers
to industrial electrification mainly come from four pillars: economic, technological, infrastructural and
knowledge-based concerns [7]. While OPEX parity can be reached in some countries due to favorable
electricity-to-fuel/gas price ratios [8], concerns include the ability of industrial heat pumps to supply
fluctuating process demands.

Of course, present Process Integration literature has already addressed heat pump storage integration.
Schlosser et al. [9] investigated the integration of a heat pump storage system (HPS) into a manufacturing
process by using the time-average model and source-sink profiles to size the HPS and the heat recovery loop
(HRL). The study found that 83 % of heating and 48 % of cooling demands can be covered by the HPS. To
avoid expensive mathematical formulations, Stampfli et al. [10] investigated the integration of a HPS by
applying an insight-based hybrid method to restrict the solution space of the mathematical optimization
problem. The method was applied to a dairy site and has shown that the introduced hybrid method achieves
realistic approach temperatures in the condenser and evaporator of the heat pump in contrast to the insight-
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based method. The Indirect Source Sink Profiles (ISSP) are an engineer-centered method to practically
integrate thermal energy storage (TES) into industrial processes. Agner et al. [11] extended the ISSP
methodology to heat pump integration to result in a heat exchanger storage network (HESN) design. Agner et
al. [12] also investigated the control challenges in such a system and proposed a two-layer control strategy,
which tested with a dynamic simulation model. Furthermore, a variety of studies exist that employed HPS
combined with operational optimization to leverage dynamic electricity tariffs and reduce the overall cost of
heat supply [13—16]. Furthermore, a variety of studies on the process integration of TES [17,18] and studies
on the flexibility of heat pumps [19-23] exist.

Previous studies often lack operational optimization, fail to account for the part-load capability of the heat
pump, or neglect the optimization of the TES and HRL temperatures. Consequently, the present work
introduces a two-stage, insight-based optimization model that determines the design parameters of the heat
pump system (HPS) and optimizes its operation. The model explicitly considers the heat pump’s part-load
behavior in response to varying process heat demands across different temperature levels.

The approach consists of two stages:

1. At the design stage: optimization of the four source- and sink-side temperatures of the HPS HRL, the
capacities of both TES units, and the nominal heating capacity of the heat pump.
2. At the operational stage: optimization of the heat pump load, as well as the charge and discharge
profiles of the sink- and source-side TES units at each timestep.
The next chapter introduces the methodology, including system design, problem formulation, and constraints
to guarantee technical feasibility across all operating points.

2. Approach

The heat pump storage system suggested in this work is shown in Figure 1 and is very similar to the HPS
presented in [9,10,12]. At its core a heat pump drives cold and hot utility system. To buffer fluctuations to and
from the process at both, heat pump source and sink side, a heat storage is installed. The heat pumps heat
exchangers inlet/outlet temperatures match the storage temperatures. Any additional heating or cooling
requirements higher or lower than that of the intermediate heat pump storage loop can be achieved by
additional hot or cold utility (Qgy/Qcy). The required process heating or cooling demand is given by a
temperature heat load profile indicating the heating demand at each temperature and vice-versa for process
cooling.

The design variables at the system levels are, consequently: heat sink inlet/outlet temperature, heat source
inlet/outlet temperature, mass of the storages and the heating capacity of the heat pump.
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Figure 1: Investigated heat pump storage system configuration.

2.1. Optimization approach

Analogous, the optimization is set up. The system is thought to provide additional flexibility and due to the
process fluctuating, a new operating condition is set at every time step. Thus, after selecting design variables,
the operation of the system needs to be solved for minimal operating expenditures (OPEX). This has an
influence on the choice of design variables as there is a trade-off between capital expenditures (CAPEX) and
OPEX. Due to this, the optimization problem was set up two be solved in two-stages: (1) the design stage and
(2) the operational optimization. The design stage maximizes net present value (NPV).

A flowchart of how the optimization progresses is shown in Figure 2. The input parameters are shown in
Table 1 & 2. The design optimization runs a few pre-calculations based on the design parameters, such as a
temperature feasibility check, pinch temperature violations and calculates the maximum heat that can be
delivered by the heat pump storage system at each timestep while still maintaining heat transfer. These are the
constraints within the design optimization carried out through SciPy’s differential evolution [24]. This then
passes the Q.x and design vector p to the operational optimization, which is carried out by Pyomo [25,26]
minimizing OPEX and determining the used heat loads of the TES and HP respective to its part load efficiency
[22].
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Figure 2: Flowchart of the optimization decomposition strategy.
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The design optimization problem can be written as:

max

NPV 1
N (1)
p= [Tsource,in: Tsource,out' Tsink,out' Tsink,in' QHP' mTES,sinkv mTES,source] (2)

subject to:

Tsource,in = Tsource,out (3)
Tsink,out = Tsink,in (4)
Tsink,in > Tsource,in (5)
Tsink,in > PTt + ATmin,hp (6)
PTt + ATmin,hp > Tsource,in (7)

The maximum heat load that can be provided by the HPS without temperature crossover

(QmaX,Hpsrsmk Jsource) 18 determined by the intersection between sink (or source) temperature-heat load
profile and the HPS system (see Eq. 10). For simpler notation, the usually piecewise-linear temperature-heat
load profile is written as  ggemanda (X)

Tsink,out=Tsink,in
fups(2) = WZ + Tsink,in (3)
h(z) = fHPS(Z) — Jdemana (2) )
h(Qmax,HPS,sink/source) =0 (10)

The operational optimization problem is:

m;” OPEX (11)
p= [QHP,op' QTES,sink,op: QTES,source,op] (12)

Subject to:
Qmax,HPS = QHPS,op (13)

Where Eq. 13 applies to both sink and source side.

2.2. Modelling

The heat pump modelling was based on a Lorenz efficiency approach in which T logarithmic mean
temperature difference. To model the efficiency change in part load the polynomial developed in [22] was
used.

Tsin
COPdesign = Nror m (16)
CoP}, = corp ith np, = f (2222
op — NpL " design with 7p;, = f Q—I-IP (17)
wy, = dirop (18)
HP cop

The TES was assumed to be a fixed volume stratified tank. Consequently, there is no heat transfer but rather
mass going in and out of the tank. For now, no heat loss of the tank was considered in modelling. The heat
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flow (QTES,op) was considered positive, when the TES is discharging and negative when charging. This
convention was chosen as it is adding or removing heat to the heat pump HRL. Thus, the TES modelling was
an simple energy balance and the state of charge of the TES is determined by Eq. 19.

S0C[t] = SOC[t — 1] — Qrgsop (19)

The energy balance determined the remaining process requirements by hot and cold utilities, as per Eq. 20-
21.

Q'It{U = Q.Ii,demand - (Q;{P,op + QTES,sink,op) (20)

et - .
QCU - Qc,demand - (QHP,source,op + QTES,source,op) (21)

The CAPEX of the TES’ and heat pump were calculated using Eq. 22 & 23.

CAPEXrps = args* Vigs' (22)
CAPEXyp = ayp - Qup (23)
The OPEX were determined by summing up the OPEX of each timestep.
OPEXyp = Lo Wiip,op * Petec (24)
OPEXyy = Xio Qhu * Puu (25)
OPEXcy = Yoo Qby - Peu (26)

2.3. Parameters

The above equations are used along with the economic parameters presented in Table 1.

Table 1. Economic parameters.

Petec Pru Pcu Oyp rgs Discount rate  Fin. Lifetime
(€/MWh) (€/MWh) (€/MWh) (E/kW) (€/m?) (%) )
Value 113 72 38 500 7450 7 20
Reference [27] [28] [27] [23] [29] [30]

Furthermore, the efficiency and TES parameters are shown in Table 2. The TES fluid is assumed to be water.

Table 2. Heat pump and TES parameters.

NLor Cpres Pfluid
% (kJ/kgK) (kg/m)
Value 60 4.184 997
Reference [31] [32] [32]

2.4 Case Study

The method was applied to the simulation of a top-coat line of an automotive paint shop. The line includes
a base coat spray booth, a flash-off dryer, a clear coat spray booth, and a final drying oven. In the base coat
booth, the visible color layer is applied, followed by a flash-off stage operating at 60—80 °C to allow controlled
drying of the water-based paint without boiling. The clear coat is then applied in a second spray booth and
cured in a high-temperature drying oven operated between 140—180 °C.
Spray booths require tightly controlled air temperature and humidity and have large air volume flow rates
which leads to high HVAC energy demand. The drying ovens similarly operate with large airflows and
elevated temperatures, contributing to the overall thermal energy consumption. The production schedule
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follows a continuous three-shift operation from Monday to Friday, with each shift lasting eight hours and
including short breaks for shift changes and lunch. HVAC and heating systems are started two hours before
the first shift to ensure adequate flushing and temperature stabilization before coating operations begin. The
paint shop was modelled in Modelica and simulated for an entire year with a timestep of an hour.

In this work, the Grand Composite Curve is used with a ATy,;, of 20 K. The GCC already shifts the
temperatures by %2 ATpin, consequently that is considered the approach temperature for the HP-TES-HRL.

3. Results & Discussion

After running the optimization for the entire year, the results of the optimization variables are analyzed
below. Firstly, the design variables (Eq. 2) are presented in Table 3.

Table 3. Resulting design variables.

Tsource,in Tsource,out Tsinkout Tsink,in QHP MrEssink  MTESsource  COPrmeanimax
O 0 O O (kW) ® ® )
HP -10.1 -13.6 108.4 34 1993 0.0 0.0 2.1/2.5
HP+TES -6.7 -6.8 43.6 36.5 1921 10.1 2.4 3.2/4.0

The operational optimization and the selection of decision variables across all 8 760 timesteps are illustrated
in Figure 3. The upper part of the figure shows the source side, while the lower part represents the sink side.
The overall cooling demand (dark blue) follows a seasonal pattern with lower cooling requirements in winter,
whereas the heating demand is slightly reduced in summer.

The zoomed section of Figure 3 shows the operating variables for a two-week period. At the beginning of

the first week, a start-up peak in heat demand occurs. During this week, several fluctuations can be observed.
For instance, at hour 6250, the heating demand drops while the cooling demand increases, which reduces the
cooling supplied by the HPS and raises the demand for cold utility. As a result, the heat pump operates in part
load during this period. The purple line indicates the maximum deliverable heat of the HPS (QmaX’HpS’Sink),
constrained by feasible heat transfer. Around timestep 6300, the HPS reaches this limit, and the remaining heat
demand must be covered by hot utility.
In contrast, the second zoomed week exhibits more stable heating and cooling demands. Here, the heat pump
operates continuously at design load, and any residual fluctuations are balanced by hot and cold utility. On the
sink side, the TES shows buffering capabilities, alternating between charging and discharging with loads of
around 200 kW over the analysed two-week period. On the source side, TES heat loads of approximately 20
kW are almost negligible in this interval.
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Figure 3: Annual time series of operating variables for the heat pump system, including process heating and cooling demands, utility
use, and thermal energy storage operation.
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Flgure 4 depicts a load duration curve of both sink- (left) and source (right) sides. At ~ 4700 hours,

QmaX Hps,sink becomes lower than the heating demand (Q}1 demand)> Which means for about 1500 hours the
HPS can deliver less heat due to the temperature heat transfer constraint (Eq. 8-10). In other words, the process
requires less heat at the temperature of the HRL than what the HRL could provide. Besides, the HP operates
about 2000 hours at base load. From the right side of the Figure, it becomes apparent that the heat pump
operation is mainly constrained by the available source heat or source cooling demand. Particularly when there
is not enough source heat available, the HPS is forced into part load operation.

Over the analysed year, the HPS supplies 28.5 % of the total process heating requirement and 74.5 % of total
process cooling requirement. This sums to 7393 MWh of heating; 1943 MWh of electricity and 5449 MWh of
cooling.
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Figure 4: Load duration curves of heat- and cooling demand and supply.

Besides the dependencies prescribed by the model equations, examining the correlations between the
resulting variables provides additional insight. Top left in Figure 5, a correlation between overall heating and
cooling demand is shown. As previously discussed, cooling demand increases at higher ambient temperatures,
while the corresponding heating demand decreases.

The bottom-left plot illustrates the strong correlation between cooling demand and heat pump operation. As
cooling demand rises, the heat pump load increases until it reaches its design capacity; any further increase in
cooling demand must then be met by additional cold utility. For even higher cooling demands, the heat pump
load decreases again because the associated reduction in heating demand pushes the heat pump back into part-
load operation.

The right-hand side of Figure 5 illustrates the behaviour of the TES in relation to heat pump load. The top-
right plot links the source-side TES to the heat pump heat-source load and shows no clear correlation, reflecting
the generally small source TES heat flows and its primarily buffering role. The sink-side TES, in contrast,
exhibits higher charging and discharging rates as the heat pump is operated at higher loads, which is consistent
with larger surplus or deficit heat quantities at the sink.
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Figure 5: Correlations between operating parameters.

Regarding the choice of heat pump and heat pump cycle, the determined temperature levels point to a two-
stage configuration with R601 as refrigerant, as identified from the simulation database of Andersen et al. [33].

The maximum charge and discharge heat loads of the sink-side TES are 84 kW and 83 kW, whereas the
corresponding values for the source-side TES are 0 kW. To quantify utilization, the sink-side TES cycles 21
MWh of thermal energy over the year, while the source-side TES cycles only 26 kWh. This shows that the
sink TES is actively used as an operational buffer, whereas the source TES provides very limited smoothing
of the heat source.

Finally, Table 4 breaks down the resulting economic parameters. The key point is the absolute savings in
OPEX when using the suggested HPS, these add up to roughly 1,896 k€ annually. At CAPEX of 997,7 k€; this
corresponds to a simple payback period of approximately 1.9 years, indicating a highly attractive investment.
This displays in the high 20-year NPV of 4.5 ME.

Table 4. Economic evaluation.

NPV PBP OPEX Abs. Rel. Rel. CAPEX CAPEX CAPEX
OPEX OPEX CO2 TESink TESsource HP
savings savings  savings
k€) ® (k€) (k€) (%) (%) k€) (k€) (k€)
No - - 2,416 - - - - - -
Action
HP+TES 4,508 1.9 1,896 519.7 27.4 14 25,5 12 960,3

4. Conclusions

This work shows that time-resolved process data are a powerful basis for designing and operating flexible
industrial heat pump storage systems. The proposed approach exploits Dynamic Pinch Analysis and
mathematical optimization to determine how the heat pump should be dispatched and how source- and sink-
side storage should be used under realistic, time-varying conditions. The approach also determines the optimal
design temperatures for the HPS, while sizing heat pump and storages.
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Over the analysed year, the proposed HPS supplies 28.5 % of the total process heating and 74.5 % of the
total process cooling, corresponding to 7,393 MWh of heating delivered from 1,944 MWh of electricity and
5,449 MWh of cooling. The sink-side TES reaches charge/discharge powers of 84 kW and 83 kW and cycles
21 MWh annually, while the source-side TES is limited to 26 kWh, indicating that storage on the sink side acts
as an actively used operational buffer, whereas the source-side storage provides modest smoothing of heat
availability.

Economically, the integrated HPS—-TES configuration achieves annual OPEX savings of roughly 1,896 k€
for a CAPEX of 998 k€, resulting in a simple payback time of roughly three years and a 20-year NPV of
4.5 M€, making the solution highly attractive under the given boundary conditions.

A key limitation of the current work is that ambient air (or other environmental sources) was not considered
as an additional heat source, which could further improve heat coverage by the heat pump and its efficiency.

The inspiration for future work is manifold. The trade-off between heat pump temperature lift and required
storage capacity should be examined in more detail. Furthermore, quantifying the benefits of allowing the HRL
temperatures to vary dynamically during operation would provide deeper insight into flexibility and efficiency
potential. Finally, to draw broader conclusions on industrial HPS design, the proposed methodology will be
applied to a wider range of processes and boundary conditions.
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