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Abstract

This paper introduces a modular plug & play heat pump concept designed to address key challenges in the decarbonization
of residential buildings, particularly in multi-family homes where conventional heat pump systems often face spatial,
acoustic or infrastructural limitations. The concept builds scalable system architecture and standardized components from
automotive thermal management, offering compactness, reduced refrigerant charge and potential for low-cost deployment.
In addition, the early integration of a fault detection and diagnostics (FDD) system and the direct integration of power
electronics for compressor drive and supply are introduced as part of the heat pump design process, in order to underline
the holistic design approach.

Based on the presented heat pump concept the paper focuses on two main aspects. First, experimental measurements of
key preliminary automotive components are conducted under typical building boundary conditions to show the general
suitability for stationary heat pump application. Second, a model-based design methodology is introduced to determine the
optimal heating capacity of a standardized module as well as component sizes by combining clustered weather data, annual
heating load profiles and a numerical heat pump model. The compressor displacement is identified as a key design
parameter and the proposed methodology enables an objective evaluation of how deviations from the optimal sizing affect
annual energy performance. The findings underline the feasibility of the approach and provide a foundation for further
optimization.
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1. Introduction

The decarbonization of the heating sector, particularly the replacement of fossil fuel-based heating systems
in multi-family buildings, represents one of the major challenges on the path toward a climate-neutral building
stock. In this context, heat pumps are widely regarded as a key enabler, offering a widely deployable solution
for the provision of low-carbon heat. However, for multi-family buildings, their deployment is still limited.
Existing heat pump solutions are typically centralized systems, which often face spatial, acoustic, technical or
regulatory constraints during integration into complex existing building infrastructures. Moreover, apartment-
based solutions are not yet standardized and widely available at scale. As a result, a technological gap persists
between the theoretical potential of heat pumps for large scale decarbonization and their practical applicability
in dense urban environments and heterogeneous building stocks.

To address these challenges, the research platform “Heat” within the research program “Transformation
des Energiesystems Niedersachsen” (TEN.efzn) investigates a novel concept of a compact, modular plug &
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play heat pump module, utilizing of-the-shelf components derived from automotive thermal management. The
core idea includes a standardized and scalable heat pump system architecture in which individual compact
modules can be flexibly combined — analogous to the modular stacking principle of battery storage systems —
to meet various heating demands. This modular approach enables broad applicability. In urban areas, a single
module can provide heat for an individual apartment, even where conventional centralized air-to-water systems
are infeasible due to noise or installations restrictions. In rural areas or less space-constrained environments,
multiple modules can be combined into a “heat pump stack” to achieve higher heating capacities suitable for
detached buildings.

The research primarily focuses on a water-to-water heat pump module, which can utilize multiple heat
sources such as air via an additional air-to-brine heat exchanger, geothermal probes, groundwater or “cold”
district and local heating. The concept allows integration into already existing district heating infrastructure by
enabling a reduction of flow temperature. Hybrid configurations using air as a heat source via a secondary
water/glycol circuit are being researched to extend applicability of the modular system. In the first step, the
heat pump only has to provide room heating to collect experience. Further into the project, the use case will be
expanded to also integrate domestic hot water provision.

Recent and ongoing research efforts investigated the general technical feasibility of compact heat pump
systems and the utilization in multi-family homes. The Fraunhofer Institute for Solar Energy Systems (ISE)
demonstrated within the “LC 150 research project that heating capacities of approximately 10 kW at 0 °C
brine temperature and flow temperatures between 24 °C and 35 °C can be achieved with less than 150 g of
R290 refrigerant, highlighting the potential low-charge propane heat pump systems [1]. Building upon these
results, the ongoing “LC R290” project at Fraunhofer ISE focuses on the research of a compact propane heat
pump system designed as a direct replacement for gas boilers in multi-family homes [2]. Similarly, the Austrian
Institute of Technology (AIT) in collaboration with Ochsner Warmepumpen GmbH explores drop-in propane
heat pump concepts for larger multi-family homes within the “Gasthermenersatz” research project [3].

On the heat pump market, several products targeting apartment-level heating have recently emerged. The
start-up HeatPump23 has introduced two small apartment air-to-water heat pump solutions with heating
capacities of 6 kW and 9.5 kW at 7 °C air inlet temperature and 35 °C flow temperature utilizing R32 as
refrigerant [4]. Similarly, Quantum Energy Technology ltd offers a 6 kW propane water-to-water propane heat
pump module [5], while REMKO GmbH & Co. KG provides a compact apartment heat pump with a nominal
heating capacity of 3 kW using R410a [6]. In addition, the Kensa Group provides a compact R134a heat pump
with nominal heating capacities of 3 kW and 6 kW at a brine inlet temperature of 0 °C and flow temperature
of 35 °C [7]. However, to date existing solutions do not combine modular scalability and the use of natural
refrigerants, which is required for widespread and future-proof deployment in multi-family and single-family
building configurations.

A key innovation of the present research project lies in transferring highly standardized automotive thermal-
management components to residential heat pumps. Automotive components are characterized by compact
design, high reliability and high dynamic performance range. These attributes suggest potential advantages in
terms of adapting control strategies under typical building operating conditions. In addition, the durability of
the components must be investigated, as they are not especially designed for stationary applications. In
particular the number of on-off-cycles and on time of the automotive compressor will be analyzed. Due to the
compact components of refrigerant cycles in automotive applications, there is also the potential to use easier
oil management solutions compared to domestic heat pumps. Furthermore, the compact design constraints of
automotive components offer promising opportunities for reducing refrigerant charge below 150 gram per
module, enabling safe indoor installation in accordance with current safety standards [8]. Moreover, from a
cost perspective the automotive industry provides mature supply chains and high volume production capacity,
which may lead to low-costs and rapid procurement of components.

In addition to the different hardware concept, the integration of fault detection and diagnostics (FDD)
functionality directly into the modular system architecture is considered from the early design phase. This
ensures reliable and efficient operation, as even minor deviations from normal operation can reduce efficiency,
shorten component lifetime, increase maintenance demands and compromise user safety. FDD allows for the
early identification of typical fault conditions either through targeted experiments, numerical simulations or
both. In heat pump systems, faults may originate from various mechanical, thermal or control-related causes
and often develop gradually during operation. Previous studies [9], [10] have shown that faults are common
across nearly all subsystems of heat pumps and can have a significant impact on performance if left
unaddressed. Common faults include compressor degradation and failures [11], refrigerant charge deviations
[12], leakage [12], fouling and corrosion of heat exchangers [12], malfunctioning expansion valves [13], sensor
drift and calibration errors [14] as well as failures in secondary circuits [13]. As part of the project, further

2


https://doi.org/10.23697/t722-7d74

15th IEA Heat Pump Conference 2026 - ICO8.3 - https://doi.org/10.23697/t722-7d74

investigations will be carried out to determine how these faults can be reproduced either through experiments
or numerical simulations in order to reliably identify and predict faults that occur during heat pump operation
before they lead to system failure.

Within the holistic heat pump design process, the power electronics driving and supplying the compressor
represent an important subsystem. Consequently, one key research area is integrating the compressor, its
integrated inverter, and the power factor correction (PFC) rectifier directly into the heat pump housing. This
functional integration enables optimal matching between the power electronics and compressor characteristics,
improving energy efficiency and reducing system volume compared to separated solutions. To realize such
integration, novel power electronic configurations and PFC-rectifier topologies are investigated.

For the implementation of a compact and modular system comprising power electronics and a compressor,
several system-level configurations are feasible. One approach would be individual modules, consisting of a
PFC rectifier, an intermediate direct current (DC)-link, and a compressor, as illustrated in Fig. 1a. This allows
the PFC to be optimized for a single compressor, with the option to add or remove modules as needed.
Alternatively, the system can employ a shared intermediate DC link, as shown in Fig. 1b, which enables higher-
level control to selectively operate power electronic converters under partial load, thereby improving
efficiency. However, additional diodes would be required to prevent current flow between PFC units [15],
potentially increasing losses. A third approach utilizes a high-power three-phase PFC supplying multiple
compressors, as depicted in Fig. 1c. While this concept reduces the number of required PFC rectifiers, it may
result in an oversized system when operating only part of the compressors. Considering the power demand of
the selected compressor and the overall goal of minimizing system complexity, the implementation approach
utilizing individual modules is identified as most promising.
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Figure 1. Conceptual block diagrams of the considered implementation approaches for the PFC-rectifier of the heat pump
compressor

Further research will investigate various PFC rectifier topologies for the selected approach through a
combination of numerical simulations and analytical calculations in order to identify optimal solutions for
stationary heat pump applications. The simulation and calculation results will subsequently be validated by
experimental investigations, first on the standalone power electronics prototype and subsequently through their
integration into a compact heat pump test bench.

This paper presents a first conceptual overview covering multiple aspects of the modular plug & play heat
pump system. Firstly, the feasibility of utilizing automotive-grade components for residential heat pump
applications is evaluated and supported by initial experimental measurements of selected key preliminary
components. Afterwards, a model-based design methodology for determining the optimal heating capacity for
an individual heat pump module including the design of the key components is introduced. First design results
based on generic simulation data are presented to demonstrate the applicability of the approach.

2. Measurement results of the automotive components

Initial experimental measurements were conducted using of-the-shelf components to assess the suitability
of automotive thermal-management components for residential heat pump applications and to evaluate their
performance under real world building operating conditions, which may differ significantly from the boundary
conditions typical of automotive systems. The tested components include a 34 cm? scroll compressor and two
Offset-Strip-Fin heat exchangers, serving as condenser and evaporator, both originated from current battery -
electric vehicle platforms of German automotive manufacturers. The electric expansion valve was selected to
match the system requirements, although it is not particularly designed for or used in automotive applications
explicitly.
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All experiments were carried out on a dedicated heat pump test bench at the facilities of TLK-Thermo
GmbH, enabling both individual component characterization and system-level performance evaluation.
Temperatures and pressures at the inlet and outlet of each component were recorded, along with the
refrigeration mass flow rate and oil circulation rate. In the secondary circuits (heat source and sink), the inlet
and outlet temperatures as well as volume flow rate were monitored. Due to the measurement of the oil
circulation rate, an additional subcooler behind the condenser is installed.

The refrigeration cycle operates with propane as the working fluid. The measurement equipment used,
including corresponding sensor ranges and uncertainties, is summarized in Table 1. In addition to the listed
instruments, the uncertainties introduced by the data acquisition chain must also be considered. Two separate
data acquisition system were employed. Thermocouples were connected to an analog input module with a gain
error of + 0.14 % of reading and + 0.02 % of full scale. All other sensors were connected to a second analog
input module with a gain error of + 0.03 % of reading and + 2 pV of full scale. A detailed uncertainty
propagation analysis was conducted but is not presented here for brevity.

Table 1. Measurement ranges and uncertainties of used instruments

Parameter Sensor Range Uncertainty
Refrigerant and secondary circuit temperatures ~ Thermocouple Type K, class 1 -40-375°C  + 1.5 K of reading
Refrigerant pressure Piezoresistive measuring element ~ 0-2.5 MPa +0.25 % of full scale
Refrigerant mass flow rate Coriolis mass flow meter 0-1202 kg/h £ 0.25 % of reading
Refrigerant-side pressure loss (evaporator) Metal membrane 0-0.3 MPa +0.15 % of reading
Refrigerant-side pressure loss (condenser) Metal membrane 0-0.3 MPa + 0.05 % of reading
Oil circulation rate Inline sound velocity sensor 0-10 wt% + 0.4 % of reading
Heat source circuit volume flow rate Magnetic-inductive flow sensor 0-40 I/min + (0.8 % of reading +

0.5 % of full scale)

Heat sink circuit volume flow rate Magnetic-inductive flow sensor 0-40 1/min +0.05 % of reading

All measurements presented here were conducted at oil circulation rates between 3 % and 5 %, with all
derived quantities corrected for oil content effects. The tested operating range reflects typical boundary
conditions for residential heat pump applications. The heat source circuit, using a water/glycol mixture featured
inlet temperatures between -10 °C and 15 °C as well as temperature differences between inlet and outlet of
3 K to 10 K. The heat sink circuit exhibited water inlet temperatures ranging from 30 °C to 70 °C, with outlet
temperature rises of approximately 4 K to 15 K.

Fig 2. presents the compressor map obtained from experimental measurements on the test bench. The x-axis
represents the refrigeration suction volume flow rate, while the y-axis indicates pressure ratio. Each operating
point is color coded according to the isentropic efficiency derived from the measured refrigerant outlet
temperature of the compressor and an isentropic compression as a comparative process (see Eq. 4). Brighter
colors denote higher isentropic efficiencies and darker colors lower ones. Dashed contour lines correspond to
the compressor speed. The compressor operates within a speed range of 800 1/min up to 8500 1/min, achieving
refrigerant volume flow rates between roughly 0.2 1/s and 4.7 I/s and pressure ratios between 2 and 11.

Overall, the compressor map reveals that low compressor speeds, corresponding to small suction volume
flow rates, result in comparatively low isentropic efficiencies of around 35 % to 40 %. This reduction may be
attributed to insufficient oil lubrication at low refrigerant volume flow rates. Similarly, for a given compressor
speed, increasing pressure ratios lead to declining isentropic efficiencies, which could be explained, for
example, by pressure conditions inside the chambers of the scroll spirals that deviate from the design
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conditions. This is supported by approximately equal isentropic efficiencies at a pressure ratio of 4 across all
listed compressor speeds.
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Figure 2. Compressor map resulting from the measurements, showing the isentropic efficiency as a function of pressure ratio and
volume flow rates.

Fig. 3 shows the measurement results for the evaporator and condenser. In both diagrams, the x-axis displays
the transferred heat flow, while the y-axis shows the resulting mean temperature difference (MTD) inside the
heat exchanger. The dashed lines denote linear regressions describing the heat transfer capability as a function
of MTD. To derive the MTD, each heat exchanger was discretized into a finite number of temperature-
difference segments. The MTD is then calculated for each segment and the overall mean value is obtained
from the segment distribution according to

. Q
Al = YA4Q/AT

1
The results for the evaporator show relatively large MTD’s of approximately 5 K to 7 K even at low heat
transfer rates. This behavior corresponds to a comparatively low heat transfer capability (k4-value) of about
410 W/K, resulting in MTD values up to 15 K at transferred heat rates of around 6.5 kW. In contrast, the
condenser exhibits a significantly higher heat transfer capability of approximately 1230 W/K. Consequently,
the derived MTD values are much lower, ranging from about 1.7 K at 1.2 kW to 9 K at 10 kW of transferred
heat flows.

In summary, the condenser demonstrates suitable thermodynamic characteristics and heat transfer
performance for the investigated operating range. However, the evaporator appears to be under-dimensioned,
as indicated by its comparatively low heat transfer capability and the resulting higher temperature differences
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Figure 3. Transferred heat flow as a function of the mean temperature difference for the used evaporator and condenser.
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3. Model-based design approach for heat pumps

In conventional heat pump development, manufacturers typically offer a series of products with different
nominal heating capacities to address various building types and heating demands. In contrast, the proposed
modular plug & play heat pump concept aims to research a single standardized module with a defined nominal
heating capacity, enabling different total outputs by combining multiple identical modules. Consequently,
determining the optimal heating capacity for an individual module and appropriately designing its key
components represent a challenging task. Addressing this, the novel model-based heat pump design approach
introduced in this work provides a systematic methodology to identify the optimal module configuration and
heating capacity. The general workflow starts with the use of weather data to generate annual heating load
profiles. These profiles and the weather data are then used as boundary conditions for the numerical heat pump
model. The model is used to compute annual hourly based duration curves and to derive performance indicators
such as energy consumption or cost. By iteratively adjusting the component parameters within the model, an
optimization process is performed until the most suitable configuration is obtained. The overall concept and
methodological steps of the model-based design approach are illustrated in Fig. 4.

The first step (1) focuses on the preparation and utilization of weather data. This weather data will be used
to generate annual heating load profiles (3) through TRNSYS [16] (2) and serves as a boundary condition for
the heat pump model (4) if air is used as a heat source. Typically, in engineering practice and building
simulations related to the design of heating and cooling systems, the 15 Test Reference Year (TRY) regions
are commonly used. This standardized weather dataset divides Germany into 15 climatic regions with similar
weather characteristics. Each TRY region represents a contiguous geographic area, even though weather
patterns and boundary conditions for the design and operation of heat pumps can be comparable across non
adjacent regions and may also differ within a climate region. Therefore, 13 new clusters from the TRY2017
dataset will be identified to represent regions with similar boundary conditions for an air sourced heat pump.
Each cluster will be represented by a location that best reflects the average boundary conditions within that

cluster.
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Figure 4. Graphical visualization of the different steps within the model-based heat pump design approach consisting of preparation and
utilization of weather data, generation of heating load profiles through TRNSYS, simulation of the heat pump and optimization of key
performance indicators (KPIs).

The newly selected weather data representing each cluster will then be utilized to generate load profiles (3)
from a dynamic building model within TRNSYS (2) by the project partner siz energieplus, based on the defined
uses cases [17]. In contrast to the standardized heating load calculation commonly used in practice in
accordance with DIN EN 12831-1:2017-09 [18], which assumes static boundary conditions and design
temperatures, the use of time-resolved weather data enables the determination of actual dynamic heating loads
as well as their annual frequency distribution in relation to the corresponding outdoor temperature and the
buildings thermal characteristics.

By combining the weather profiles (1) of each reference point with the respective annual heat load profile
(3) as boundary conditions for a static heat pump model (4), annual duration curves and heat pump operating
profiles are obtained (5). These results form the basis for a demand-based heat pump and component design.
For instance, reducing compressor displacement may decrease the annual coverage of the heating energy
demand but can extend system lifetime by lowering the number of on-off-cycles due to improved partial load
behavior.

The numerical heat pump model (4) is based on a simplified vapor-compression cycle consisting of four
main components: compressor, condenser, expansion valve and evaporator. Advanced cycle configurations
with an internal heat exchanger are not covered in this paper, but will be looked at in the future.
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Thermophysical fluid properties of the refrigerant propane are calculated using TILMedia Suite [23][24]
(Version 2025.1) from TLK-Thermo GmbH, enabling the calculation of the relevant properties at the
respective thermodynamic state points before and after each component. Flow-related pressure losses in the
heat exchangers are neglected in this paper. In this study, the compressor is represented by a model with
constant isentropic, effective isentropic and volumetric efficiencies (9isen, Misen,eff and 4). The mass flow rate
imposed by the compressor 1. is calculated as a function of refrigerant density p.er at the compressor
inlet, the volumetric efficiency A, compressor frequency n and compressor displacement Vaisp (Eq. (2)).

mref = pref,suc,comp “A-n- Vdisp (2)

The power transported to the refrigerant P..; is derived from the enthalpy difference between inlet and
outlet refrigerant states (Eq. (3)), where the outlet enthalpy h,,; is determined from the inlet enthalpy h;,
and the specified isentropic efficiency 7jse, in accordance to Eq. (4).

Pref = mref : (hout - hin) (3)
hou ,isen_hin
hout = hin + T 4)

The shaft power Pg,,q represents the mechanical power required to drive the compressor. Any deviation
between the shaft power and power transported to the refrigerant, which may be caused by friction losses, for
example, is accounted for by a heat loss to the ambient Q,,;, (see Eq. 5). To demonstrate the applicability of
this approach, it is assumed that there is no deviation between Py and Pres.

— A o houtisen—"in
Pshaft = Pref + Qamb = Myef - (5)

Nisen,eff

Generally, the heat exchanger is based on a constantly specified heat transfer capability (k4-value)
approach. The heat transfer is divided into a liquid phase, gas phase and vapor-liquid equilibrium region, as
each region is assigned with a single cell. The transferred heat is calculated using Eq. 6 with the help of the
thermodynamic mean temperature difference inside the heat exchanger, which is calculated with discretization
into two (evaporator) or three (condenser) regions (see Eq. 1). The thermodynamic mean temperature inside
one cell will be calculated using the logarithmic mean temperature due to low discretization.

Q=k-A-AT, (6)

The correlation for the expansion valve is based on an isenthalpic change of state. Therefore, the refrigerant
outlet temperature is calculated using the inlet enthalpy at the evaporating pressure.

To build an overall model for the refrigeration cycle two heat exchangers serving as the condenser and
evaporator, a compressor and an expansion valve are connected together to form a simple vapor compression
cycle. It is assumed that the superheating after the evaporator is identical with the temperature difference
between the inlet and outlet temperatures of the heat source circuit. The subcooling at the condenser outlet is
calculated to meet the pinch point inside the condenser. To incorporate air as a heat source with a secondary
circuit, a reduction of the outdoor air temperature over the secondary circuit of 5 K is applied. This accounts
for the temperature difference introduced by an additional air-to-brine heat exchanger. The flow and return
temperature are derived by a heating curve to account for the dependency of the outdoor temperature.

The suitability of a heat pump configuration can be assessed based on several criteria, including annual
delivered heating energy and electrical energy consumption to calculate the seasonal performance factor (SPF),
total cost of ownership — comprising both investment and operating cost — as well as service life of the
compressor, which can be evaluated through metrics such as the number of on-off-cycles and cumulative
operating time. Depending on the selected combination of performance indicators (5), the respective quantities
and decision variables are passed to an optimization framework (6). These variables are iteratively adjusted
(7) according to a cost function formulated to reflect the specific design objective until an optimum
configuration (8) is identified. In this manner optimal component dimensions and the heating capacity of a
single heat pump module can be determined via multi objective optimization.

Table 2 summarizes the set parameters for the compressor, heat exchanger and overall refrigeration cycle
used for the following described first design calculation. Parameters are based on market research into available
components and engineering experience.
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Fig. 5 presents the simulated annual thermal and electrical energy shares of the heat pump and auxiliary
electric heater for two compressor displacements with values of 20 cm? (left) and 34 cm? (right), derived from
annual duration curves. Each configuration comprises two plots in which the x-axis represents the cumulative
annual operating hours. The upper diagrams depict the provided heating power, with the green area
corresponding to the thermal energy provided by the heat pump and the red area to the thermal energy provided
by the auxiliary heater. The lower diagrams show the respective electrical power consumption and resulting
annual electrical energy shares. The instantaneous curve height represents the delivered or demanded power
at a given time, while the area under the curve corresponds to the accumulated energy share over the year. The
simulation over the span of a year is discretized in hourly time steps (up to 8760 steady state solutions) using
representative German weather data provided by the Deutsche Wetterdienst (DWD) for Potsdam and
employing the model parameters summarized in Table 2.

Table 2. Parameters for the numerical heat pump model

Parameter Value
Minimal compressor frequency 800 1/min
Maximal compressor frequency 8500 1/min
Compressor displacement 20 or 34 cm?
Isentropic efficiency 0.7
Effective isentropic efficiency 0.7
Volumetric efficiency 0.9
Evaporator brine inlet and outlet temperature difference 5K
Condenser k4-value 1200 W/K
Evaporator k4-value 800 W/K

A comparison of both compressor displacements reveals that the larger 34 ¢cm® compressor provides a
significantly higher annual thermal energy share of 96 % than the smaller 20 cm® compressor with 78 %.
Additionally, the smaller 20 cm?® unit fails to cover the required heating load for approximately 2000 hours a
year, as indicated by the red portions in the upper-left diagram, while the 34 cm® configuration requires
auxiliary support only during around 800 hours a year. Overall, the maximum resulting heating demand of the
used load profile is 13.8 kW, which cannot be provided by both heat pumps with different sizes. The system
with the smaller compressor reaches thermal capacities of approximately 7 kW, whereas the heat pump with
the 34 ¢cm® compressors achieves 10 kW of thermal output. Consequently, the 20 ¢m? compressor can be
considered undersized for the investigated boundary conditions, as the larger compressor more adequately
covers the annual demand from a thermal performance perspective.
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Figure 5. Visualization of the annual thermal and electrical energy share of the heat pump and auxiliary electrical heater, derived from
the respective annual duration curves.
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In addition, certain periods occur during the year in which the heat pump delivers more thermal power than
required by the building load profile. For the 20 cm?® compressor, this condition is observed for approximately
500 operating hours, when the minimum heating capacity of about 0.8 kW exceeds the heat demand. In the
case of the 34 cm?® compressor, this behavior extends to roughly 800 hours due to its higher minimum heating
capacity of around 1.5 kW, resulting from the larger displacement, even though both compressors operate at
the same minimum speed. During these periods, the system would operate in on-off-cycling mode, meaning
that the compressor would not run continuously throughout each one-hour simulation interval. Such cycling
operation negatively affects compressor lifetime and will therefore be explicitly considered in future
component optimization and capacity sizing of an individual heat pump module.

The electrical power demand illustrated in the lower diagrams underlines these findings. Higher electrical
power levels occur primarily during low ambient temperatures, coinciding with periods of elevated heating
demand. As seen in the upper diagrams, the smaller compressor exhibits a considerably higher share of
auxiliary heater operation, resulting in an increased electrical power demand and reduced system efficiency.
Furthermore, its electrical power curve indicates operation at maximum compressor speed for nearly 50 % of
the annual runtime, compared to only about 20 % for the 34 cm® compressor. This is indicated by the plateau
behavior within the electrical power consumption, as the compressor power remains nearly constant after the
heat pump reaches its maximum thermal output.

Moreover, when evaluating the SPF (Eq. 7) of the heat pump, the 20 cm? compressor heat pump has a SFP
of 3.51, compared to 3.38 for the 34 cm® compressor heat pump. The small difference refers to the different
heat flow rates of the heat exchangers. However, when extending the assessment to the overall system
performance, including both the heat pump and auxiliary heater, the difference becomes more pronounced. In
the smaller system, the auxiliary heater contributes a notably higher share of the annual electricity demand,
resulting in a lower SPF on system level compared to the system equipped with a larger compressor (2.26
versus 3.09).

_ Eel,HP _ Eel,HP+Ee1,sec,heater
SPFHP N Qup and SPFSyStem N Qup+Usecheater (7)

Efficiency variations depending on the compressor speed have not been implemented in the present model.
Therefore, potential performance degradation at particularly low and high compressor speeds is not captured.
Under the assumption of constant compressor efficiencies, the larger compressor predominantly operates under
partial-load conditions. This might be advantageous based on the preliminary measurements. Overall, the
results indicate that the 34 cm® configuration is more suitable, as the heat pump’s electrical energy share is
much higher than for the 20 cm?® configuration. This would be reflected in the operating costs, since the
efficiency of the heat pump itself is significantly better than that of the electric auxiliary heater, even under
unfavorable operating conditions.

Although economic considerations and optimization of KPIs are not yet included in the model, the results
demonstrate that the presented model-based approach is suitable for selecting the appropriate sizes of
components and heating capacity for a single heat pump module based on heat load profiles.

4. Conclusion

This work introduces a compact, modular plug & play heat pump concept that leverages components from
automotive thermal management. The proposed approach addresses key limitations of current residential heat
pumps by combining compact component integration, a scalable system architecture and the direct integration
of power electronics for driving the compressor directly within the heat pump housing. Furthermore, by
incorporating FDD functionality, typical faults in residential heat pumps and their auxiliary systems can be
identified at an early stage, enabling condition-based maintenance and increasing overall system reliability.

First experimental investigations using propane as refrigerant demonstrate that a refrigerant cycle based on
automotive components can operate under typical residential boundary conditions. However, the
measurements also indicate that the tested evaporator exhibits comparatively low heat transfer capability,
suggesting that alternative component selection may yield notable efficiency improvements.

Initial results from the model-based design approach show that an appropriate choice of compressor
displacement is essential to balance annual heating coverage and reliance on auxiliary heater operation without
oversizing key components. In the examined exemplary cases with varied compressor displacement but
constant compressor speed ranges, the heat pump system with the larger 34 cm? compressor demonstrates clear
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advantages in thermal performance, electrical energy consumption and seasonal system efficiency compared
to a smaller sized heat pump system.

In the future, the model-based design framework will be extended to include a more complex compressor
model, more detailed assessment of cycling behavior and economic optimization. Additional experimental
investigations of further component variants will support systematic component selection in accordance to the
results of the model-based design approach. The development of a dedicated test bench will help to
demonstrate and validate the compact modular system design. Furthermore, the impact of varying the cycle
topologies on the refrigerant charge, annual energy performance and compactness will be investigated.
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