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Photovoltaic-thermal (PVT) modules enable the simultaneous generation of
electricity and heat from roof and ground-mounted areas, thereby significantly
increasing energy Yyield per unit of area. Based on field data from real-world
installations and accompanying simulations, this paper examines the operation of
PVT collectors as the sole heat source for brine-to-water heat pumps during both
winter and summer periods.

This paper focuses on uncovered, uninsulated PVT collectors (WISC, wind and
infrared sensitive collectors) featuring a flat absorber fully bonded to the PV
laminate, such as the PX-1 model manufactured by Sunmaxx. This system is based
on highly efficient thermal management technology developed for the automotive
industry. This enables a high overall efficiency while effectively cooling the solar
cells. In addition, the module extracts heat from solar and long-wave infrared
radiation as well as from the ambient air. The collectors are also characterized by
a simple construction that allows for easy and reliable installation on standard PV
mounting systems, thereby reducing system complexity and costs.

The measurements demonstrate that stable source temperatures for the heat
pump can be achieved also in winter. With solar irradiation, source temperatures
are often significantly higher than the ambient temperature, while in the absence
of irradiation they remain only a few kelvins below ambient temperature. The PVT
systems investigated were sized between 2.0 and 4.5 m? per kW of heat pump
heating capacity (at BO/W35). Even during the cold heating season of 2025/26, a
seasonal performance factor (SPF) above 4.5 was achieved under monovalent
operation with a system sizing of 2.8 m2/kw.
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Introduction

Photovoltaic-thermal (PVT) collectors enable the use of roof and ground-mounted
areas for the simultaneous generation of electricity, heat, and cooling. This
significantly increases energy yield per square meter and makes an important
contribution to sector coupling in the building sector. In PVT modules such as the
Sunmaxx PX-1, the uncovered and uninsulated thermal absorber (WISC, wind and
infrared sensitive collector) is fully bonded directly to the PV laminate. This design
achieves an optical efficiency of approximately 60 %. As a result, the Sunmaxx PX-1
is currently the PVT WISC collector with the highest optical efficiency on the market,
achieving an overall efficiency (thermal and electrical) of more than 80 % (see
Figure 1).
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Figure 1: Efficiency curves of PVT WISC collectors

At the same time, the full-surface absorber provides effective cooling of the solar
cells. Due to the temperature-dependent performance characteristics of PV
modules, this can result in additional electrical yields of up to 10 % compared with
conventional PV systems. Figure 2 shows the uniform heat extraction across the
entire module surface.
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Figure 2: Thermographic image during heating operation
Top: Connected modules in operation. Bottom: Unconnected modules as a reference
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Heat can also be extracted from the ambient environment via the uncovered and
uninsulated absorber (WISC) on the rear side of the PV laminate, especially in the
absence of solar irradiation. This enables this type of collector to serve as the sole
heat source for heat pumps (HPs) [1, 2, 3, 4]. This operating mode is referred to as
monovalent operation (or monoenergetic operation when a backup direct-electric
heating element is used). In contrast, bivalent systems use additional heat sources
or seasonal thermal storages, such as borehole heat exchangers [5, 6, 7, 8, 9]. The
data presented here demonstrate that PVT enables efficient heat pump operation
even without additional heat sources. A key factor is the utilization of convective
heat gains as well as long-wave infrared radiation received through the front
surface. This is made possible by the thermally conductive connection between the
absorber and the PV laminate over the entire surface. Without such a connection —
i.e, if the thermal absorber is not directly bonded to the laminate — these heat gains
cannot be utilized. For the effective utilization of convective heat transfer, the
connection between the heat exchanger and the brine circuit is crucial. In flat
absorbers, the ambient air is directly coupled to the brine via a thin metal sheet. If
the heat exchanger area is increased relative to the collector gross areaq, for
example by using fins, the heat exchanger is not directly exposed to the brine flow.
This introduces additional thermal resistances in the transfer of heat from the
ambient air to the heat transfer fluid. Furthermore, the enlarged heat exchanger
area cannot be directly compared with the heat exchanger area of flat absorbers.
In finned structures, for example, convective heat transfer does not scale linearly
with the geometrical heat exchanger areq; instead, the effective heat transfer
increases at a significantly lower rate.

In cooling mode, heat is dissipated convectively to the ambient environment via the
rear side. In addition, heat is radiated from the front surface of the module toward
the cold night sky. These PVT modules can therefore also serve as a heat sink for
both passive and active cooling [10, 11].

The lightweight module design, with the absorber contained within the frame,
enables easy installation on standard PV mounting systems while keeping the
additional roof load low. Furthermore, the use of plug-in connectors makes
installation times only slightly longer than those of conventional PV systems.
Scalable mass production enables low manufacturing costs, while standardized
quality control ensures consistently high product quality. With a pressure drop of
only 29 mbar across the module, up to 24 modules can be connected in parallel to
a common collecting pipe. This further helps reduce installation time and system
complexity.

Furthermore, the flat absorber design is insensitive to icing and does not require any
specific airflow through the air masses behind the modules. Depending on the
module exposure and the design of the absorber and mounting system, airflow can
be significantly impeded in real-world conditions [12]. Convective heat gains in
alternative module types with an enlarged heat exchanger area on the rear side,
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for example through the use of fins, are therefore also limited under such conditions.
The following section presents representative field data from the large number of
installations already deployed in order to reflect real-world operating conditions.
For each installation, the location, installation type, and PVT system sizing in relation
to the heating capacity of the installed heat pump at BO/W35, expressed in m2/kW,
are provided.

The heat pump’s performance characteristic determines the heat demand placed
on the PVT system. Depending on the ambient conditions and the available PVT
areq, this results in a corresponding source temperature. The heat pump’s
performance curve provides a stabilizing effect in this regard: if the source
temperature decreases due to an increased demand by the heat pump, the heat
pump’s source demand decreases as a result of the lower COP, thereby stabilizing
the source temperature (see figure 3).

Source demand
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Figure 3: Schematic performance curves of the heat pump and PVT system

The critical threshold is the minimum evaporator inlet temperature permitted by
the heat pump. If the source temperature falls below this limit, the heat pump must
shut down. For typical Central European climate conditions, heat pumps capable of
operating at temperatures of -15 °C or lower are recommended [13]. With a larger
PVT array, both a greater surface area for radiative heat gains and a larger effective
heat exchanger area for convective heat gains can be utilized. As a result, the
source temperature is correspondingly higher, increasing the efficiency of the heat
pump. As a rule of thumb for sizing systems with flat absorbers, a PVT area of
approximately 4 m? per kW of heat pump heating capacity at BO/W35 is
recommended. This sizing value has been implemented in publicly accessible
reference installations using both collectors with enlarged heat exchanger areas
and collectors with full-surface absorbers.
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Under solar irradiation, the brine temperatures in the PVT module rise significantly
above the ambient temperature due to its high optical efficiency. The flat absorber
design and the associated low fluid volume give the system a high dynamic
response, directly converting solar irradiation into high source temperatures.

As a result, on sunny winter days, the heat pump coefficient of performance (COP)
is significantly higher than that of comparable air-to-water heat pumps (air HP).
The system also enables effective (intermediate) regeneration of seasonal thermal
storage systems. Through both mechanisms, the electricity demand for heating —
and consequently overall winter electricity demand — can be significantly reduced.

15

ambient HP off
1 10 ——PVT outlet
O T .
© ——PVT inlet
k=
o
S5 5 4
5
[0] /
Q
-5
500
1 | Irradiation onto collector area
. 400
S
~—
£ 300
£
C
2 200
kel
ko]
S 100
0 t t t t t
8:00 AM 8:30 AM 9:00 AM 9:30 AM 10:00 AM 10:30 AM 11:00 AM

time —

Figure 4: Sunny winter day (18/12/2025 | Ottendorf-Okrilla | ground-mounted | 4 m2/kw)

Figure 4 shows a representative sunny winter morning at a ground-mounted
installation during the 2025/26 winter season. At sunrise (8:30 AM), the source
temperature approaches the ambient temperature (approximately 1 °C). It then
rises above ambient, reaching around 8 K above the ambient temperature at an
irradiance level of approximately 400 W/m? (a source temperature of 13 °C at an
outdoor temperature of 5 °C at 10:50 AM). During an intermittent period of cloud
cover (9:40-10:20 AM), the source temperature decreases slightly but, due to the
system’s thermal inertia, does not fall below the ambient temperature. This
behavior highlights the advantage of the full-surface, direct thermal coupling of the
absorber to the PV laminate.
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Figure 5: Sunny winter day (13/01/2025 | Regensburg | pitched roof | 4.5 m2/kw)

Figure 5 illustrates this advantage at a PVT installation on a pitched roof, with an
outdoor temperature of -1°C during the 2024/25 winter season. In the morning, with
good solar irradiation on the module plane, the source temperature reaches 17 °C
at 11:20 AM, which is 18 K above the ambient temperature. In the afternoon, it initially
remains 11 K above ambient at 10 °C (1:20 PM). As the modules become shaded due
to the low solar elevation angle, the source temperature subsequently approaches
the ambient temperature (2:30 PM).
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Figure 6: Sunny winter week (2026 | Stuttgart | pitched roof | 3 m2/kw)

Figure 6 shows similar behaviour during a sunny winter week in early 2026. During
the day, source temperatures of 15 to 20 °C are reached at ambient temperatures
of around 5 °C. By scheduling heat pump operation during these periods, similar to
PV self-consumption optimization, efficiencies exceeding those of ground-source
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heat pumps can be achieved. In addition, during these sunny hours, the heat pump
can draw its electrical energy demand directly from the electricity generated by the
PVT system. The system is therefore not only highly efficient but also (partially)
energy self-sufficient. This has a positive impact on the building’s overall winter
electricity consumption.

In the absence of direct solar irradiation, the PVT module gains heat primarily
through convection from the ambient air. As a result, the source temperature drops
a few kelvins below the ambient temperature. Compared with an air-to-water heat
pump, it should be noted that heat transfer between the brine and refrigerant is
significantly more efficient than between air and refrigerant. Consequently, the
evaporation temperatures of PVT systems can remain higher even at slightly lower
source temperatures. The temperature difference between the PVT system and the
ambient environment is determined by two factors. On the one hand, effective wind
flow enhances heat transfer and therefore increases the PVT temperature. On the
other hand, the full-surface absorber is also sensitive to diffuse short-wave and
long-wave (infrared) radiation. Corresponding incoming or outgoing radiation
therefore also affects the source temperature, independently of wind conditions.
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Figure 7: Low-wind night (18-19/01/2025 | Regensburg | pitched roof | 4.5 m2/kw)

Figure 7 shows nighttime data without these beneficial factors. The wind speed,
according to a nearby weather station, was below 1m/s, and there was no daylight
— and therefore no diffuse solar irradiation — throughout the entire period. These
conditions represent the “worst-case” scenario and thus the design point of the PVT
system. The source temperature is approximately 4K below the ambient
temperature. The heat pump regulates the flow rate to maintain a 3 K temperature
differential in the brine circuit.
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Figure 8: Windy night (18-19/01/2025 | Regensburg | pitched roof | 4.5 m?/kw)

Figure 8 demonstrates the source temperatures of the same installation during a
windy night. The average wind speed was 4 m/s, with gusts exceeding 10 m/s. The
PVT outlet temperature reaches -3.0 °C, almost matching the ambient temperature
of -2.7 °C (12:30 AM). At a wind speed of 3 m/s, the temperature difference is likewise
less than 1K (3:30 AM). Toward the end of the night, the source temperature reaches
the ambient temperature of -2.9 °C (7:30 AM). At this time, the wind speed has
increased again to more than 4 m/s, while diffuse and long-wave radiation from
the approaching sunrise are already beginning to contribute as well.
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Figure 9: Nighttime operation (18/12/2025 | Ottendorf-Okrilla | ground-mounted | 4 m2/kw)

Figure 9 shows the nighttime operation of a ground-mounted installation in
December 2025. The source temperatures are between 1 and 3 K below the ambient
temperature.
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Figure 10: Winter day without sunshine (26/01/2026 | Essen | pitched roof | 2.8 m2/kw)

In figure 10, the temperature profiles of a relatively small PVT system (2.8 m?/kW) are
visualized. The modulating heat pump operates continuously at outdoor
temperatures around 0 °C. The source temperature ranges between -5 and -7 °C,
approximately 4 to 7 K below the ambient temperature. Despite the relatively small
system size, stable and efficient operation is ensured because the selected heat
pump is capable of operating with source temperatures down to -25 °C.

During the heating season, stable and efficient operation is particularly important
under conditions of snowfall and icing. Icing of the rear-side absorber can occur
when the brine temperature falls below 0 °C and below the ambient dew-point
temperature. If sufficient humidity is present, condensation forms on the absorber
and may freeze. Especially during snowfall or sleet, collector designs with enlarged
surface areas can promote the formation and accumulation of an ice layer. This ice
layer must be removed through defrosting to continue operation, which is not only
energetically inefficient but also technically complex.
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Figure 11: Ice layer under snow cover during continuous operation (03/01/2025 | Ottendorf-Okrilla)
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With flat absorbers such as those used in the Sunmaxx PX-1 module, there is little
potential for the formation of such an ice layer. The ice layer that does form is only
a few tenths of a millimeter thick and has little impact on heat transfer or the
operation of the PVT system. Figure 11 shows this ice layer, which formed under
complete snow cover (>5 cm) and continuous heat pump operation. Consequently,
complex defrosting processes, such as those required for air-to-water heat pumps,
are generally not necessary.
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Figure 12: Snow-covered night (13-14/01/2025 | Ottendorf-Okrilla | ground-mounted | 4 m2/kw)

Figure 12 shows the nighttime temperature profile under snow-covered conditions.
It is the same installation as the one shown in figure 9. Several centimeters of snow
covered the modules throughout the night. The source temperature was 2 to 3 K
below the ambient temperature, thus remaining in a similar range to that observed
under snow- and ice-free conditions.
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Figure 13: Snowy night (30-31/01/2026 | Regensburg | pitched roof | 4.5 m?/kw)

Figure 13 shows a snow-covered night at the installation presented in figure 7 and
figure 8. The temperature difference between the ambient temperature and the PVT
outlet temperature is likewise 2 to 3 K, thus remaining within the same range as
under snow-free conditions. Operation as a heat source for a heat pump is
therefore not impaired either by snow cover on the modules or by the minimal layer
of ice forming on the rear-side absorber.



Figure 14: Snow melting (bottom modules disconnected | 14 Feb. 2025 | Ottendorf-Okrilla)

However, snow cover can significantly reduce the electrical yield of PV systems,
particularly in regions with heavy snowfall. In PVT modules with a full-surface
thermal connection between the heat exchanger and the PV laminate, the snow
cover can be efficiently melted away (see figure 14). The module surface is then
available for electricity generation again—a major advantage, particularly during
the winter months when the supply of renewable electricity is low. To achieve this,
heat is transferred to the module via the brine circuit, similar to cooling operation.
This can be accomplished either by reversing the hydraulic flow or, in heat pumps
capable of reverse operation, by reversing the refrigerant cycle. As a result, the snow
cover either slides off or melts. The technical and economic feasibility of this
approach has been demonstrated, among other studies, in the award-winning
paper “Maximizing Winter Electricity Generation with Snow-Free PVT Modules”
(original title "Winterstrom maximieren mit schneefreien PVT-Modulen") [14]. The
additional electrical yield achieved through snow melting averages 34 % in regions
with heavy snowfall and can reach up to 61 %, depending on the location. The
thermal energy required is approximately 1.1 kWh/m?2 for a snow cover of 10 cm.
When using a heat pump in reverse operation with a seasonal performance factor
of 5.5, the corresponding electrical energy demand is only around 0.2 kWh/m?2. If the
source energy required for snow melting is drawn from a buffer storage tank, this
energy must subsequently be regenerated and stored again after the snow has
been removed.

The system data presented so far are derived from PVT heat pump systems with
different configurations. The PVT area was sized between 2.8 and 4.5 m? per kW of
heat pump heating capacity at the nominal operating point BO/W35. As a general
rule of thumb, a PVT area of approximately 4 m?/kW is recommended, although the
optimum system size is always project-specific. The sizing of the PVT system
therefore represents a design parameter within the overall system configuration
[15]. As shown in figure 3, the source temperature is established as the operating
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point at the intersection of the heat pump and PVT performance curves. The
thermal output of the PVT array scales almost linearly with its area. Accordingly, a
larger PVT array enables a higher source temperature and thus more efficient heat
pump operation.

Since heat pumps also provide higher heating capacity at higher source
temperatures, the heat pump’s coverage ratio can increase with a larger PVT
system. Depending on the heat pump’s permitted minimum evaporator inlet
temperature, correctly sizing the PVT system can also prevent shutdown periods
caused by a too cold heat source. This minimizes the operating time of an auxiliary
heat generator, such as a direct-electric heating element. Overall, increasing the
size of the PVT system therefore improves overall system efficiency.
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Figure 15: Variation in PVT system sizing (9/01/2026 | Ottendorf-Okrilla | ground—mounted).

To illustrate the impact of system sizing, the module array of an operating
installation was temporarily reduced by half on a cloudy day. Figure 15 shows the
measured temperature curves. In the morning (5:20-6:15 AM), the system operated
at the standard sizing of 4 m2/kW. Under steady-state conditions, the source
temperature was 2 to 3 K below the ambient temperature. After switching to
2 m2/kWw, this temperature difference increased to 4 to 5 K (12:40-1:40 PM). Halving
the module area therefore resulted, as expected, in approximately a doubling of the
temperature difference between the heat source and the ambient environment.

The influence of PVT dimensioning on overall system efficiency was also
investigated through a simulation-based analysis. Simulations were carried out
using the software Polysun with varying PVT array sizes. The model considered a
two-family house in Dresden equipped with underfloor heating (35/30 °C) and a
domestic hot water demand for eight occupants (50 °C, with daily thermal
disinfection at 60 °C). Figure 16 shows the corresponding Polysun schematic. The
PVT array size was varied between 2 and 6 mz/kW, while all other parameters
remained unchanged.

12



Maxx.

1
+a
-+

e

Figure 16: Polysun schematic for calculating system efficiency with varying PVT dimensioning

Figure 17 demonstrates the results of this simulation. With the standard sizing of
4 m2[kW, the heat pump achieves a seasonal performance factor (HP SPF) of just
under 4.5. The share of the electric heating element is only 1%. This represents the
proportion of the total heat generated that is supplied by the direct-electric heating
element as a backup heat generator. The PVT system can also directly provide part
of the heat pump’s electrical input. Without battery storage, the system achieves
an energy self-sufficiency rate of 37 %. If only electricity drawn from the grid for heat
generation is considered in the energy balance, the system seasonal performance
factor is 6.8 (PV-SPF).

5
T 4 -
o
g
£ 3
3
5 5 Share of
3‘ backup heater
['
o
o 1 — HP SPF
0

2m2fkw  3m2/kw  4m2fkw  5m2/kw 6 m2/kw
dimensioning of PVT —

Figure 17: Simulation results for different PVT system sizes (two-family house | Dresden)

With the PVT area reduced by half (2 m2/kw), the heat pump still achieves a HP SPF
of just under 4.0. The share of the electric heating element remains below 3 %. With
50 % more PVT area (6 m2/kW), this share decreases to 0.5 %, while the HP SPF
increases slightly to 4.75. The recommended guideline value of 4 m2/kW therefore
represents a good compromise between investment and operating costs. This
value can be adjusted depending on the location, building condition, system
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components, user comfort requirements, and heat demand. Each building and
construction project should be considered as an individual project and designed
accordingly. In general, the following applies: A larger PVT system increases overall
system efficiency. The reduced electricity demand resulting from the
correspondingly higher electricity generation capacity has not been taken into
account here.

As shown by the simulation and measurement data (see figure 15 and figure 17),
operation with a smaller PVT system is also feasible, even with the system size
reduced by half. Figure 18 shows the monthly measured efficiencies (HP SPF) of
single-family house in Essen during the cold winter of 2025/26. The building is
equipped with underfloor heating and has a domestic hot water demand with a
supply temperature of 50 °C.

The system demonstrates stable and efficient operation, even during the coldest
months. In Essen, the average ambient temperature in January was 2.5 °C, with a
minimum of -7.5 °C. Nevertheless, a SPF of 3.9 was achieved during this month.
During the transitional seasons, the SPFs were significantly higher. In October, the
average temperature in Essen was approximately 11 °C, and the SPF reached 4.7.
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Figure 18: Efficiency of a small sized PVT system in a single-family house
with underfloor heating and DHW | Essen | 2.8 m2/kwW

Over the course of the entire year, the seasonal performance factor is significantly
higher, as this example only shows the least favorable months of the heating
season. By utilizing solar irradiation through the full-surface absorber, such systems
benefit particularly during the transitional and summer months. Based on the data
presented so far, an annual seasonal performance factor close to 5 is expected for
the system sized at 2.8 m2/kW. As described above, a larger system size would
further improve this value significantly (also see figure 17).

The simulations presented in figure 17 are based on performance parameters of the
Sunmaxx PX-1 module determined through measurements. In accordance with the
ISO 9806 solar collector standard, these parameters were determined by the
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SPF Institut fUr Solartechnik. Besides the performance parameters, the module was
also tested for durability under extreme conditions. The results independently
confirmed the measurements conducted by the Fraunhofer Institute for Solar
Energy Systems ISE. The deviations in the performance parameters were minimal
(less than 5 % depending on the parameter) and do not significantly affect the
operation of the PVT module.
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The representative measurement data presented demonstrate that installations
using this type of PVT collector can enable efficient heat pump operation
throughout the year. Particularly during sunny periods, source temperatures
significantly above ambient temperature — by 10 to 15 K — can be achieved, even in
winter. During these periods, the PVT system also provides electrical energy to
power the heat pump [13]. However, even without solar irradiation, the PVT system
can serve as a heat source for a heat pump. Depending on system sizing and
ambient conditions, the source temperatures are typically around 2 to 4 K below
the ambient temperature. Due to the more efficient heat transfer between brine and
refrigerant compared with air and refrigerant, brine-to-water heat pumps can
achieve similar efficiencies at these operating points to those of air-to-water heat
pumps. During sunny periods, source temperatures — and consequently heat pump
efficiencies — are significantly higher, resulting in improved seasonal performance
factors [16]. With collectors featuring a flat absorber, complex defrosting cycles are
also eliminated. Furthermore, PVT heat pump systems operate quietly and are also
suitable for cooling buildings. The area used for the PVT system can therefore
provide not only heating but also cooling and electricity.
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