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Abstract:

This paper investigates the economic potential of flexible, price-driven operation of residential heat pumps us-
ing real measurement data from 2024. A data-based optimization model was developed in Pyomo to simulate
various system configurations, considering building thermal inertia, heating systems (radiators and underfloor
heating), buffer storage, and PV coupling. Hourly dynamic electricity prices were applied to identify cost-
minimizing operating strategies. Results indicate that flexible operation enables significant load shifting and
cost reductions of up to 30% in idealized scenarios, while realistic strategies yield savings between 5% and
20%. Building mass was identified as the dominant factor influencing flexibility. Buffer storage offered only
marginal advantages, particularly for underfloor heating. PV coupling proved beneficial for self-consumption
and grid independence. The findings demonstrate that price-based heat pump control can enhance house-
hold economics and provide a foundation for dynamic tariff models and demand-side flexibility in future energy
systems.
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1. Introduction

Heat pumps are widely regarded as a key technology for the decarbonization of the residential heating sector
and play a central role in achieving climate neutrality targets in Europe and Germany in particular. In recent
years, their market penetration has increased significantly, especially in new residential buildings, where heat
pumps have become the dominant heating technology [1} 2]. This development is driven by rising prices for
fossil fuels, regulatory measures targeting greenhouse gas emissions in the building sector, and the increasing
availability of renewable electricity generation [3].

Despite their high theoretical efficiency, the adoption of heat pumps in existing residential buildings remains
constrained by economic concerns. Surveys among homeowners consistently identify high and volatile electricity
prices as one of the main barriers to investment in heat pump systems [4]. Since the operating costs of electrically
driven heating systems are directly linked to electricity prices, households face uncertainty regarding long-term
affordability, particularly in liberalized electricity markets with increasing price volatility [5]. Improving the
economic performance of heat pumps under real market conditions is therefore a key factor for their broader
acceptance.

At the same time, the transformation of the electricity system towards a high share of variable renewable energy
sources, such as wind and photovoltaics (PV), increases the need for flexibility on the demand side [6]. Flexible
electricity consumers can help balance generation and demand, reduce curtailment of renewable energy, and
mitigate stress on electricity grids [7]. Residential heat pumps represent a promising source of demand-side
flexibility, as their electricity consumption can be shifted in time by exploiting the thermal inertia of buildings and
heating systems, while maintaining acceptable indoor comfort levels [8].

Several studies have demonstrated that flexible or price-driven operation of heat pumps can generate economic
benefits for households and contribute to system-level efficiency [9-11]. However, many existing analyses rely



on simplified building models, synthetic demand profiles, or idealized control strategies that neglect practical
constraints such as thermal comfort bands, cycling behavior of compressors, or realistic system sizing. Moreover,
the achievable savings depend strongly on building characteristics, heating system types (e.g. radiators versus
underfloor heating), and the integration of additional system components such as thermal buffer storage,
photovoltaic systems, or battery storage [12,|13]. The interaction of these factors is often insufficiently addressed
in a unified modeling framework.

Another limitation of the current literature is the frequent use of generic input data or typical meteorological years,
which may not adequately capture real operational conditions and actual electricity price dynamics. Analyses
based on real measurement data are still relatively scarce, despite their importance for assessing realistic
savings potentials and operational feasibility [14]. In particular, recent years have shown increased electricity
price volatility, making it necessary to reassess flexibility potentials under current market conditions [15].

1.1. Aim of work, paper structure, and data availability

This paper addresses these gaps by quantifying the economic potential of flexible, price-driven operation of
residential heat pumps using real operational data from 2024. A data-driven optimization model is developed
to represent different building thermal masses, heating system configurations, and optional components such
as thermal buffer storage, PV systems, and battery storage. Hourly dynamic electricity prices are applied to
determine cost-optimal operating strategies under explicit comfort and technical constraints. Both theoretical
maximum savings and more realistic operating strategies, including limitations on excessive cycling, are
analyzed.

The main contributions of this work are threefold. First, it provides a quantitative assessment of cost savings
achievable through flexible heat pump operation under real electricity market conditions. Second, it identifies the
key system and building parameters that govern flexibility and economic performance, with a particular focus on
building thermal inertia. Third, it evaluates the additional value of thermal and electrical storage within integrated
residential energy systems.

The remainder of this paper is structured as follows. Section 2 describes the modeling approach, optimization
framework, and investigated scenarios. Section 3 presents the data sources and parameter assumptions.
Section 4 discusses the results of the economic and sensitivity analyses. Section 5 provides a critical discussion
of the findings in the context of existing literature. Finally, Section 6 concludes the paper and outlines directions
for future research.

Data used in this study are real measurement information from a residential heat pump manufacturer. An
anonymous and normalized dataset and the source code is available on request.

2. Methodology, system design, and parameters
2.1. System modeling

The system under investigation represents a single-family residential building equipped with a heat pump-based
heating system. The building thermal behavior is described by a single-zone model with an effective heat
capacity ce, which captures the thermal inertia of the heated interior while maintaining computational tractability
for annual simulations. Under the assumption of hourly stationarity, the indoor air temperature 6; evolves
according to the energy balance

O = 01 + Qup(t) — Odemand(t), )

Ceff

where Qup(t) denotes the heat delivered by the heat pump and Quemang(t) the measured hourly heat demand.
When supply matches demand exactly, the indoor temperature remains constant; deviations cause temperature
drift bounded by a seasonal comfort band.

To represent buildings of differing construction quality, three thermal mass categories—light, medium, and
heavy—are parameterized following DIN EN ISO 52016-1, assuming a floor area of 150 m?. The effective heat
capacity per zone is derived from the area-specific heat capacity Careq and the floor area Ag:

Careal - A
Cait = o105 [KWH/K], @)

yielding values of 4.58, 6.88, and 10.83 kWh/K for light, medium, and heavy buildings, respectively. For systems
with underfloor heating (UFH), screed mass provides additional thermal storage capacity. This is accounted for
by applying a construction-class-specific scaling factor fygy:

Ceft = Cefipase * TUFH, )



with fypy € {1.6, 2.0, 2.2} for light, medium, and heavy buildings, respectively. For radiator systems, fyry = 1
applies. Two heat pump types are included: air-to-water (ASHP) and brine-to-water (GSHP) units.

The heat pump is modeled using a data-driven coefficient of performance COP, derived directly from real
operational measurements:
Q
P = — 4
COP; p,’ (4)

where @ is the measured thermal output and P; the measured electrical power consumption at time step t.
This formulation implicitly captures the effects of ambient temperature, supply temperature level, and part-load
behavior without requiring an explicit thermodynamic model. Operational bounds constrain the heat pump to
deliver between 20% and 100% of its observed peak thermal output during heating hours, representing the
physical modulation range of the compressor:

0.2 - Prmax

- PmaX
~cop, < Qup(t) <
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where Pnax denotes the maximum electrical power observed in the measurement dataset over the full year.

An optional thermal buffer storage is modeled as a water tank with a volume of 400 L, a usable temperature lift
of 5K, a resulting storage capacity CAP of approximately 2.27 kWh, and a proportional heat loss coefficient
kioss- Its state of charge evolves as:

SOC; = SOC;_1 + Qrp—Tank(1) — Qrankssh(t) — Quoss (1), (6)
where heat losses are proportional to the current charge level:

SOC;_
Qloss(t) = kloss ) CTF (7)

Discharge is constrained by the energy available at the previous time step, i.e., Qu_su(t) < SOC;_;.
Parameters are derived from manufacturer datasheets.

For configurations including a photovoltaic system and battery storage, the electrical energy balance is extended
to:

Qup(t)

PVsed + BAM + GR{®® = HH; + coP.

+ BAD, ®)

where BA; denotes electric power in and out of the battery, GR; the electric power from the grid, and HH; the
measured household electricity load excluding the heat pump. The battery state of charge and power constraints
are given by:

. out .
SOCP = SOCP2, + 1) - BAI — Bi‘;, 0 < SOCPa < CAPP, 0 < BAP, BAM < BAmax, 9)

with a round-trip efficiency of n = 0.95, a usable capacity of CAPPa = 10 kWh, and a maximum charge/discharge
power of BAmnax = 4kW. Feed-in remuneration for surplus PV generation is not modeled, as typical German
feed-in tariffs lie substantially below retail electricity prices; only self-consumed PV generation is therefore
credited.

2.2. Optimization framework

System operation is optimized by minimizing total electricity costs while satisfying thermal comfort and technical
constraints over a full calendar year. The optimization is performed on a rolling daily horizon, with the indoor
temperature and storage states at the end of each day carried forward as initial conditions for the following day,
ensuring temporal consistency of temperature trajectories and storage levels across the simulation period.

For configurations without PV and battery storage, the objective function minimizes heat pump electricity costs:

. OHP_>SH(t) + QHPaTank(t)
min Z;: (( coP, ) P+ \- offPenaItyt> , (10)

where py is the hourly spot market electricity price and A a weighting factor for the optional short-cycling penalty
term. For PV-coupled configurations, the objective is extended to minimize total grid electricity costs of the
household:
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The cycling penalty term offPenalty, discourages excessive compressor start-stop behavior and is linked to the
binary on/off state variable y; € {0, 1} of the heat pump through:

offPenalty; > 1 — y;. (12)

The penalty is applied only in designated scenarios with cycling constraint active (mTV variants) and is excluded
from final cost reporting; only actual energy costs enter the evaluation metrics.

The optimization is subject to the following constraints. The indoor temperature must remain within a seasonally
adjusted comfort band in accordance with DIN EN ISO 7730:

20°C <6, <22°C (heating season: October—April), (13)
17°C < 6; <25°C (non-heating season). (14)

A daily energy balance constraint ensures that the total heat supplied by the heat pump over each day equals
the measured daily heat demand, preventing the optimizer from systematically exploiting comfort band flexibility
to underprovide heat:

> (OHPHSH(t) + OTankeSH(t)) =Y Quemana(t), (15)
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where T4 denotes the set of hourly time steps within day d. Additional constraints enforce the heat pump
modulation bounds Eq. (§), the buffer storage dynamics Egs. (6) and (7), battery dynamics Eq. (9), and the
maximum observed heat pump output as an upper bound on thermal power.

The model is formulated as a mixed-integer linear program (MILP), with one binary variable per time step
representing the on/off switching state of the heat pump. The implementation uses Python with the Pyomo
algebraic modeling framework; the CBC solver is employed for all simulation runs.

2.3. Data sources and parameter assumptions

Measurement data were provided by a German heat pump manufacturer and cover the full calendar year 2024.
The dataset contains hourly time series of thermal energy output, electrical energy consumption, PV generation,
battery state of charge, household electricity load, and grid exchange for real residential heat pump installations.
Data preprocessing comprised removal of erroneous measurements, hourly aggregation using a proprietary
manufacturer function, and imputation of missing electricity price values with a fallback price of 0.30 €/kWh.

Hourly day-ahead electricity prices for the DE-LU bidding zone were retrieved from the ENTSO-E Transparency
Platform for 2024, reflecting real spot market conditions including pronounced morning and evening price peaks
that correlate inversely with wind and solar generation. The cost assessment is based exclusively on spot
market prices and does not include grid fees, levies, or taxes, which are fixed components independent of hourly
dispatch decisions.

The data-driven COP time series, Eq. (4), is computed from the measurement records for each system
individually. The measured operational baseline—the actual hourly dispatch observed in the field—serves as
both the reference cost benchmark and the source of key system parameters, including peak thermal output
and annual heat demand. Thermal building parameters follow DIN EN ISO 52016-1 for effective heat capacities
and DIN EN ISO 7730 for comfort temperature ranges. Buffer storage parameters are based on manufacturer
datasheets; battery parameters represent typical residential lithium-ion specifications. An overview of the key
model parameters is given in Table [3|in appendix.

2.4. System scenarios and sensitivity analysis

A total of 48 system configurations are systematically evaluated, covering all combinations of heat pump
type (ASHP, GSHP), heat distribution system (radiator, underfloor heating), optional thermal buffer storage
(with/without), and building thermal mass class (light, medium, heavy). For PV-coupled scenarios, air-to-water
heat pumps are combined with a 10 kWh battery and a rooftop PV system. An overview of all considered system
combinations is given in Table [f]

Each system configuration is analyzed in four operational variants: without buffer storage and without cycling
constraint (0SP/oTV), representing the theoretical maximum of achievable cost savings; without buffer storage
but with cycling constraint (0SP/mTV); with buffer storage but without cycling constraint (mSP/oTV); and with both
buffer storage and cycling constraint (mSP/mTV). The oSP/oTV variant thus defines an idealized performance



Table 1: Overview of investigated system combinations.

System Distribution Buffer storage Building mass

ASHP Radiator with / without light / medium / heavy
ASHP Underfloor heating  with / without light / medium / heavy
GSHP Radiator with / without light / medium / heavy
GSHP Underfloor heating  with / without light / medium / heavy
ASHP + PV + Battery Radiator with / without light / medium / heavy

ASHP + PV + Battery Underfloor heating  with / without light / medium / heavy

upper bound, while variants including the cycling constraint reflect more realistic operating conditions by
suppressing excessive compressor switching.

Sensitivity analyses are conducted by systematically varying the effective thermal heat capacity (representing
uncertainty in building characterization), the buffer storage volume and loss coefficient, the thermal comfort
band width, and historical electricity price profiles spanning 2019-2024. All other parameters are held constant
in each sensitivity run, permitting the marginal influence of individual model assumptions to be assessed in
isolation. Results are reported on both hourly and daily aggregation levels to capture seasonal as well as
intra-day flexibility patterns.

2.5. Model validation

Model validity is assessed along three dimensions. First, the daily thermal energy balance is verified across all
simulated days to confirm that the optimizer does not systematically exploit comfort band flexibility to reduce
heat supply below measured demand. Second, modeled indoor temperature trajectories are checked against
the defined comfort bounds throughout the full year. Third, simulated cost reductions and energy flows are
cross-checked against empirical baseline data for plausibility, and the sensitivity of results to key parameter
variations is used as an indicator of model robustness.

Several limitations of the modeling approach must be acknowledged. The single-zone formulation neglects
spatial temperature gradients within the building. Hydraulic distribution losses, domestic hot water provision,
defrost cycles of air-to-water heat pumps, and utility-imposed grid lock-out periods are not represented. Feed-
in compensation for PV surplus is not modeled. Accordingly, the reported savings potentials represent
technically achievable upper bounds under the stated assumptions. Practical implementation additionally
requires deployment of a smart meter and a home energy management system (HEMS) capable of real-time
price-based dispatch.

3. Results
3.1. Cost savings and load shifting

Price-driven flexible operation enables significant temporal load shifting toward low-price periods across all
system configurations. In the idealized scenario without cycling constraint (0SP/oTV), heat generation is strongly
concentrated during hours of lowest day-ahead spot prices, achieving maximum cost reductions. For the
air-to-water heat pump with underfloor heating (ASHP + UFH), the optimized dispatch shifts 5.5 to 7.5 MWh of
annual heat production into low-price windows depending on building mass, yielding electricity cost savings of
22.5% 1o 34.4%. The corresponding reduction in electrical energy consumption reaches up to 8.3% in the most
favorable cases, as load shifting concentrates operation at higher COP conditions.

Under the more realistic cycling-constrained variant (0SP/mTV), shifted heat quantities decline to approximately
4.4 t0 5.8 MWh per year, while cost savings range from 11.7% to 19.4% for the same system type. Load profiles
are visibly smoothed, with reduced peak amplitudes and more uniform intra-day heat generation, while cost
reductions are largely retained. Across all system types and building mass categories, realistic savings (mTV
variants) consistently fall in the range of 5% to 21%, as summarized in Table 2|

The mean daily load profiles confirm that flexible operation systematically shifts heat generation away from
morning and evening price peaks toward midday and nighttime low-price windows. In winter, this leads
to pronounced pre-heating cycles preceding peak price hours. In the shoulder season, frequent start-stop
sequences characterize the unconstrained variants, while the cycling-constrained operation produces a smoother
redistribution. Summer profiles show minimal shifting activity due to low heating demand.

3.2. Influence of building thermal mass

Building thermal mass is identified as the dominant factor governing flexibility potential across all system
configurations. The effective heat capacity of the building, ranging from 4.58 kWh/K for light to 10.83 kWh/K for



Table 2: Cost savings given in % under cycling constraint (mTV) for all systems by building mass and buffer
storage (0SP = without buffer, mSP = with buffer storage). ASHP = air-to-water heat pump, GSHP = brine-to-
water heat pump.

System Distribution Light Medium Heavy
oSP mSP oSP mSP oSP mSP
ASHP Underfloor heating 11.7 125 16.6 16.8 19.4 19.3
ASHP Radiator 11.3 124 13.0 138 143 147
GSHP Underfloor heating 5.2 6.2 10.1 105 121 119
GSHP Radiator 9.4 7.0 10.0 7.3 10.7 7.4
ASHP + PV + Battery Underfloor heating 18.6 19.8 19.2 20.8 20.3 21.8
ASHP + PV + Battery Radiator 17.0 158 170 154 176 16.0

heavy construction (DIN EN ISO 52016-1), determines the extent to which heat generation can be temporally
decoupled from heat demand.

For the ASHP + UFH system in the idealized scenario, cost savings increase from 22.5% (light) to 29.6%
(medium), and 33.8% (heavy building). Under the realistic cycling-constrained operation, the spread narrows but
remains substantial: 11.7% (light) versus 19.4% (heavy). The same monotonic trend is observed for all other
heat pump and distribution system combinations. Heavy buildings allow heat loads to be shifted over longer time
windows, enabling the optimizer to exploit price differentials more effectively. Sensitivity analyses confirm that
the effective thermal capacity is the most influential single model parameter: a £50% variation of the building
heat capacity produces savings changes of up to +6 to 8 percentage points, depending on the operating variant.

Underfloor heating systems benefit from additional thermal inertia provided by screed mass, captured via
construction-class-specific scaling factors (fyey = 1.6 to 2.2). This effectively increases the available heat
storage capacity compared to radiator systems, contributing to higher shifting potential for UFH configurations.
In contrast, radiator systems exhibit more pronounced load peaks and a narrower time window for effective load
shifting.

3.3. Effect of thermal buffer storage

The contribution of the 400-liter buffer storage (approximately 2.27 kWh usable capacity) to overall cost savings
is limited and varies by system configuration. For ASHP + UFH, the addition of buffer storage yields only
marginal improvements: savings under the mSP/oTV variant differ from the oSP/oTV baseline by less than 1
percentage point in most building mass categories, and in several cases the buffer storage slightly increases
costs due to thermal losses. This redundancy arises because underfloor heating systems already provide
substantial inherent thermal inertia through screed mass, effectively rendering the additional water storage
superfluous.

For radiator systems, the picture is more differentiated. The ASHP + radiator combination shows a moderate
positive effect of buffer storage under idealized conditions (e.g., savings increase from 18.4% to 20.1% for light
buildings in the oTV variant). However, for GSHP + radiator systems, buffer storage consistently reduces net
cost savings across all building mass categories and operating variants, as the optimizer shifts heat generation
into favorable low-price but COP-unfavorable hours, and storage losses negate any additional gains. In PV-
coupled configurations, the buffer storage yields a clear positive effect for UFH systems (savings improving by
approximately 1 to 2 percentage points), but has neutral or slightly negative effects for radiator systems. The
sensitivity of results to buffer storage volume and loss coefficient is low in all configurations, confirming that the
storage size is not a critical design parameter within the simulated range.

3.4. PV and battery coupling

Integration of a rooftop PV system and a 10 kWh battery storage unit substantially enhances the economic
performance of flexible heat pump operation by enabling self-consumption of solar electricity and reducing grid
interaction costs. For the ASHP + PV + Battery + radiator configuration, cost savings under realistic operating
conditions (mTV) range from 15.3% to 17.6% across building mass classes, compared to 11.3% to 14.7% for
the standalone ASHP + radiator system. The most favorable outcomes are achieved for the ASHP + PV +
Battery + UFH combination, with idealized savings reaching 37.4% to 39.8% and realistic savings of 18.6% to
21.8%, the highest of all investigated configurations.

The synergistic effect of PV coupling is most pronounced during summer and transition seasons, when midday
solar generation coincides with low spot market prices. The optimizer concentrates heat pump operation in
these hours, simultaneously exploiting self-consumption and price advantages. In the unconstrained variant,
net grid consumption is reduced by 3.8% to 6.9% on average, while cost reductions reach 35% to 41%. The



cycling-constrained variant, however, leads to grid consumption increases of 19% to 23% due to more uniform
operation across extended low-price periods, while still yielding savings of 15% to 22%. Battery storage
contributes to smoothing PV feed-in and enabling time-shifted self-consumption, particularly on cloudy days and
during evening hours.

3.5. Sensitivity and volatility analysis

Sensitivity analyses confirm the robustness of the results with respect to key model parameters. The effective
thermal heat capacity of the building zone exerts the strongest influence on achievable savings, followed by
buffer storage volume, while storage loss coefficients have negligible effects. Across all four operating variants,
a 50% reduction in effective heat capacity reduces savings by 4 to 8 percentage points for UFH systems,
underlining the central role of building construction quality.

The volatility analysis covers GSHP + UFH operation across the years 2019 to 2024, using historical day-ahead
spot prices from the DE-LU bidding zone. The results do not show a strong direct correlation between annual
price volatility (measured as average daily standard deviation) and achieved savings. Notably, savings in
2022—the year of highest price volatility—are lower than in 2020; this is attributed to higher energy price
levels and the constraint that daily heat demand must be fully met. For unconstrained variants (0SP), a slightly
negative correlation with annual volatility is observed, while constrained variants with buffer storage (mSP) show
a weak positive relationship. This indicates that the instantaneous price level at the time of heating demand and
the structure of intra-day price differentials in adjacent hours are more decisive than aggregate annual volatility
metrics for determining realized savings.

4. Discussion
4.1. Technical and practical feasibility

The results demonstrate that price-based flexible heat pump operation is technically feasible and economically
beneficial under real market conditions, provided that appropriate control infrastructure is in place. The un-
constrained operating variants define a theoretical performance ceiling that would require accepting very high
compressor cycling rates—on the order of several start-stop cycles per hour during transition seasons—which
would cause excessive wear and efficiency losses not captured in the present model. The cycling-constrained
variants, which approximate realistic smart control behavior by penalizing frequent switching, show that mean-
ingful savings of 5% to 21% remain achievable with smoother load profiles, while reducing mechanical stress on
the compressor.

Implementation of such strategies requires a smart electricity meter and a home energy management system
(HEMS) capable of retrieving hourly day-ahead prices and dispatching the heat pump accordingly. Both
components are increasingly available in the German residential market, with smart meter rollout progressing
under regulatory mandates. Dynamic electricity tariffs, directly linked to spot market prices, are a prerequisite
for households to capture the modeled savings. While such tariffs are currently offered by a growing number
of suppliers, broad consumer adoption remains limited, partly due low smart meter penetration rate across
Germany, to risk perception, and finally the lack of awareness of potential benefits. Practical deployment must
also account for utility-imposed grid lock-out periods and local network constraints, which were not modeled
here and may reduce available flexibility windows.

A key finding with practical implications is the dominant role of building thermal mass. Unlike buffer stor-
age—which can be added as a hardware component—building mass is largely determined by construction
type and is difficult to modify in existing stock. This suggests that flexible heat pump control is most valuable in
medium and heavy-mass buildings, which includes a large share of the existing German building stock, while
light-mass construction imposes inherent limitations on shifting potential. For new constructions and deep
renovations, this finding supports designing for higher thermal mass as a co-benefit for demand-side flexibility.

The limited and configuration-dependent value of buffer storage is a notable finding that diverges from some
prior assessments. While small buffer tanks can provide marginal benefits in specific configurations—particularly
for radiator systems with low inherent thermal inertia—they introduce heat losses and in some cases reduce net
savings. This result suggests that buffer storage sizing and deployment should be carefully evaluated in the
context of the specific heating system and building type, rather than assumed to be universally beneficial.

4.2. Market and policy implications

Dynamic electricity tariffs emerge as the key enabling mechanism for household-level flexibility, creating direct
financial incentives aligned with system-level needs. The demonstrated savings potential of 5% to over 20%
under realistic assumptions represents a meaningful contribution to reducing household heating costs, which
could materially improve the economics of heat pump adoption and address one of the main barriers identified
in consumer surveys. Virtual power plant (VPP) operators could additionally monetize residential heat pump



flexibility in intraday energy markets or balancing markets, providing another revenue stream that was not
quantified in this study.

4.3. Comparison with literature

The reported savings range of 5% to 21% under realistic operating conditions is broadly consistent with findings
from prior modeling studies, which typically report flexibility-driven savings of 5% to 25% for residential heat
pumps under various European price regimes. The upper range of 30% or more in the idealized scenarios
aligns with maximum values reported in the literature for unconstrained optimization. A direct comparison with
Ali et al. [16], who report savings of up to 46%, reveals methodological differences: their analysis focuses on
single representative days, whereas the present work evaluates full annual operation, which inherently reduces
average savings due to periods of low price spread and binding thermal comfort constraints. Furthermore, the
present study identifies the buffer storage effect as configuration-dependent and sometimes negative for GSHP
systems, a nuance not consistently addressed in prior work. The use of real operational COP data from 2024
measurements, rather than modeled or synthetic efficiency curves, is a key differentiator that captures actual
part-load behavior and seasonal variation under current market conditions.

5. Conclusion

This study quantifies the economic potential of flexible, price-driven operation of residential heat pumps using
real operational data from 2024, covering 48 system configurations across heat pump types, heat distribution
systems, building mass categories, and optional system components. The results confirm that price-based
load shifting yields cost savings of up to 30% in idealized scenarios and 5% to 21% under realistic operating
conditions that limit compressor cycling. Building thermal mass is identified as the dominant driver of flexibility
potential, with heavy-mass buildings outperforming light-mass constructions by up to 8 percentage points in
achievable savings. Buffer storage provides only marginal or occasionally negative contributions, particularly
for underfloor heating systems where the inherent thermal inertia of screed already provides sufficient shifting
capacity. PV coupling proves most beneficial for self-consumption optimization and achieves the highest overall
savings of up to 41% in combined configurations. These findings provide a quantitative foundation for the design
of dynamic tariff models, smart home energy management systems, and demand-side flexibility programs, and
demonstrate that flexible heat pump control is both technically feasible and economically attractive under current
German market conditions.

Future work should address the integration of occupant behavior and probabilistic comfort models, the incorpo-
ration of CO intensity signals alongside price signals for carbon-aware dispatch, the extension to additional
flexible loads such as domestic hot water preparation and electric vehicles, and the development of real-time
control prototypes validated against measured operational data. Increasing the time resolution to 15-minute
intervals would additionally enable assessment of intraday market participation opportunities beyond day-ahead
price optimization.
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Nomenclature
Abbreviations

ASHP Air-to-water heat pump
GSHP Brine-to-water heat pump
mSP With buffer storage

mTV With cycling constraint
oSP Without buffer storage

oTV Without cycling constraint



PV Photovoltaic
UFH Underfloor heating

Letter symbols

A Floor area, m?

BA Electric power in and out of the battery, W
¢  Heat capacity, kWh/K

CAP Storage capacity, kWh

COP Coefficient of performance, —

f  Construction-class-specific scaling factor, —
GR Electric power from the grid, W

HH Measured household electricity load, W

k  Coefficient, —

p  Spot market electricity price, €/kWh

P Electrical power, W

Q Heatrate, W

SOC State of charge, kWh

t Time, h

V' Volume, L

y  Binary variable, —

Greek symbols

A Difference, —

n  Round trip efficiency, —

A Weighting factor, —

6  Indoor air temeperature, °C

Subscripts and superscripts

0 Initial

bat Battery

eff Effective

HP Heat pump

in  To storage

loss Heat loss

max Maximum

out From storage
SH Space heating
t  Time step index
Tank Water tank
used Used electricity
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A Appendix

Table 3: Key model parameters and their values.

Parameter Symbol Value Unit
Building thermal model

Effective heat capacity (light) Ceff light 458 KkWh/K
Effective heat capacity (medium) Ceff medium 6.88 kWh/K
Effective heat capacity (heavy) Ceff,heavy 10.83 kWh/K
UFH scaling factor (light/medium/heavy) fygn 16/20/22 —
Buffer storage

Tank volume v 400 L
Temperature lift AT 5 K
Storage capacity CAP 2.27 kWh
Loss coefficient Kioss 0.075 KkWh/h
Initial state of charge SOCy 0.5- CAP kWh
Battery storage

Usable capacity CAPPat 10  kWh
Max. charge/discharge power BAmax 4 kW
Round-trip efficiency n 095 —
Initial state of charge olors 0.5- EPat  kWh
Optimization

Time resolution At 1 h
Fallback electricity price Praliback 0.30 €/kWh
Initial indoor temperature fo 21 °C

Solver — CBC
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