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Heat Pumps in Battery-Electric Agricultural
Machinery for the Utilisation of Waste Heat

Benjamin Wilk, Jan Wieckhorst, Philipp Heymann, Ludger Frerichs

This paper investigates the potential of heat pumps with secondary circuits for utilising waste
heat in battery-electric agricultural machinery, as well as their impact on the machine’s
operational duration, particularly regarding the heating of the vehicle cabin and traction
battery. A compact R134a heat pump system with a water-glycol secondary circuit is con-
structed on a test bench, characterised through measurements, and balanced regarding
temperatures, pressures, and volume flows. From the measurement data, coefficients of
performance (COP) and thermal outputs are derived and processed via k-Nearest Neigh-
bours interpolation (k-NN) into lookup tables based on evaporator and condenser inlet tem-
peratures for a 0D/ 1D simulation. On this basis, a 100 kW /100 kWh tractor is analysed, and
the heat pump is compared to a resistive heater in realistic operating scenarios. The study
thereby reveals potential and limitations of waste heat utilisation and derives implications
for design, integration, and operation of future thermal management systems in electrified
agricultural machinery.
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In contrast to vehicles with internal combustion engines, where the range issue is hardly relevant
due to the high energy density of liquid fuels, electromobility in the agricultural and construction
machinery sector presents new challenges. In combustion engines, the abundant waste heat is used
to heat the passenger compartment. Battery-electric vehicles, on the other hand, generate only lim-
ited waste heat, which means that conventional heating concepts based on resistive heating in these
vehicles can lead to reductions in both range and service life. Therefore, the electrification of the
agricultural and construction machinery sector requires innovative solutions with high energy effi-
ciency to minimize these limitations (PRAETORIUS 2018, MARKETS and MARKETS 2025). In the passen-
ger car sector, measures such as infrared-reflective glazing, heat pumps, and waste heat recovery in
interior ventilation achieve range advantages of approximately 10-30% (Suck and SPENGLER 2014).
In the field of battery-electric tractors, the use of a heat pump system for cabin heating as well as
battery conditioning was demonstrated in a development vehicle presented by FENDT in 2017 (BREU
and PicHLMAIER 2017), however, this concept has not yet been implemented in series production
vehicles (AGCO GmBH 2026). By comparison, the Rigitrac SKE 40 series vehicle is equipped with
an integrated heat pump system. Additionally, the option of heat recovery at low temperatures is
mentioned, although it remains unclear whether the waste heat is used solely within the heat pump
system or can also be used directly (AGROFOSSILFREE 2020, RIGITRAC TRAKTORENBAU AG 2025). Heat
pumps represent a promising alternative to conventional resistive heating for electrified agricultural
machinery because they utilize waste heat from electrical components such as the electric motor,
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inverter, and drivetrain. The focus of this work is on the analysis of heat pump systems with second-
ary circuits, as extensively described by WEUSTENFELD (2018) for battery-electric vehicles, as well as
on a comparison with conventional resistive heating.

Heat pump test bench

To determine the specific characteristics of a heat pump, a cold vapor process with a water-glycol
secondary circuit is set up. The system is equipped with sensors that measure the temperature and
flow rate of the heat exchangers under investigation. Additionally, combined pressure and temper-
ature sensors are installed in the cold vapor process. These sensors are necessary for controlling
the electronic expansion valve as well as the refrigerant compressor. Furthermore, the refrigerant
pressure and temperature values recorded at the measurement points provide important information
for calculating the internal thermal performance (DoHMANN 2016). The heat pump system is com-
pactly integrated into a common frame, which, in addition to the heat exchangers, also includes the
high-voltage heater and the pumps (Figure 1).

V: 4-way valve HX: Heat exchanger

EXV: Electric
expansion valve

CMP: Refrigerant
compressor

CON: Condenser CHL: Chiller
Figure 1: Layout and components of the heat pump test bench

Figure 2 illustrates the schematic system layout for heat pump operation and the corresponding
sensor placement for measuring characteristic system parameters. Especially important are measure-
ments of volume flow and temperature differences across the plate heat exchangers CHL (evaporator)
and CON (condenser). The electrical power consumed by the refrigerant compressor (CMP) is drawn
from the power supply. The COP (Coefficient of Performance) is calculated as the ratio of generated
thermal power to electrical input power (Joos 2004).
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CHL: Chiller MPn: Media pump
CON: Condenser SPn: Storage tank
CMP: Refrigerant compressor PTn: Press/temp sensor
ELE: Electronic circuit heat exchanger Qn: Volume flow sensor
EXV: Electronic expansion valve Tn: Temperature sensor
HX:  Finned Heat Exchanger Vn:  4-way valve

HVH: High-Voltage Heater

Figure 2: System diagram for heat pump operation of the test bench; red = secondary circuit of refrigerant condenser,
blue = secondary circuit of refrigerant evaporator; triangle = flow direction

Figure 3 shows the system state during refrigeration operation. The valves V1-V4 are switched so
that cooled heat transfer fluid arrives in the storage tank SP1 from the evaporator. The temperature
in the tank drops until the refrigerant mass flow can no longer be fully evaporated in the evaporator.
To protect against liquid slugging in the refrigerant compressor, the system operation is stopped at
this operating point.

Va4
CHL: Chiller MPn: Media pump
CON: Condenser SPn: Storage tank
CMP: Refrigerant compressor PTn: Press/temp sensor
ELE: Electronic circuit heat exchanger Qn: Volume flow sensor
EXV: Electronic expansion valve Tn: Temperature sensor
HX:  Finned Heat Exchanger Vn:  4-way valve

HVH: High-Voltage Heater

Figure 3: System layout for refrigeration operation of the test bench; red = secondary circuit of refrigerant condens-
er, blue = secondary circuit of refrigerant evaporator, triangle = flow direction
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Table 1 presents an exemplary data set for heat pump operation at three different refrigerant com-
pressor speeds (n in 1/min). Measured values include inlet and outlet temperatures of the heat ex-
changer on the cold side (T1, T2) and the warm side (T3, T4), coolant volume flow (V and V2) in litres
per minute, thermal power (01 and Q2) in kilowatts, electrical compressor power consumption (P) in
kilowatts, and the calculated COP. The data demonstrate how thermal power and efficiency vary with
increasing compressor speed and temperature conditions. For instance, at constant speed, increasing
cold-side temperature (T1) leads to higher heat output (Q2) on the warm side and an improved COP.

Table 1: Example of a measurement dataset for heat pump operation with three different refrigerant compressor
speeds. Heat output (positive), heat input (negative)

n . T T2 v af T3 T4 V2 Q2 P COP
in 1/min in °C in°C inl/min  in kW in °C in°C inl/min  in kW in kW
2500 6 4.7 17.5 -1.35 44.3 46.9 20 3.08 1.8 1.61
2500 10 8.4 17.5 -1.66 47.7 50.8 20 3.68 2.0 1.73
2500 15 12.6 17.5 -2.49 49.4 53.4 20 4.74 2.2 2.03
3500 5 4.1 18.6 -0.99 451 47.3 23 3.00 2.4 1.18
5000 15 12.2 19.5 -3.24 56 61.1 24 7.26 5.1 1.34

The lookup table in Table 2 enables the determination of the generated thermal power, which is
defined at each operating point and can be assigned to an electrical refrigerant compressor power.
The data from Table 1 are interpolated using the k-NN method and plotted in the lookup table with
a constant step size for the evaporator and condenser inlet temperatures (ERTEL 2025). Each lookup
table corresponds to a fixed coolant volumetric flow rate in both coolant circuits and a fixed refriger-
ant compressor speed.

Table 2: Evaporator performance table Q2 in kW for a refrigerant compressor speed of n = 2500 1/min and a cool-
ant volumetric flow rate of V1= 20 I/min with variation of the evaporator inlet temperature (T1) and the condenser
inlet temperature (T3)

T1in°C
29.5 29.6 29.7 49.4
6 5.3 5.3 5.2 2.2
f,: 6.3 5.3 5.3 5.2 2.2
© 6.6 5.3 5.3 5.3 2.2
70 6.4 6.4 6.5 6.7

If the evaporator capacity is to be provided for different compressor speeds or refrigerant volu-
metric flow rates, a separate lookup table must be created for each operating point. The described
measurement data and lookup tables form the basis for a numerical simulation of the heat pump op-
eration. By using the k-NN method, continuous characteristic curves can be generated from discrete
measurement points, which represent the behaviour of the heat pump in a simulation under varying
inlet and outlet temperatures as well as varying compressor speeds and refrigerant volumetric flow
rates. For each defined operating point, the producible thermal capacities and electrical power con-
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sumption are determined using the lookup tables. From this, the COP is derived, characterizing the
efficiency of the system under the respective operating conditions.

By simulating over a time course with varying environmental conditions, the dynamic perfor-
mance and efficiency of the heat pump system can thus be predicted. Moreover, the computational
effort of the simulation is low because no complex calculations are required to determine efficiency
and performance within the framework of a two-phase process.

Thermal efficiency and temperature limits

The COP is the ratio of produced heat to input electrical energy. A COP of 3 means 3 kWh of heat are
generated per 1 kWh electrical energy consumed. Measurements on an R134a heat pump with sec-
ondary circuit revealed an overall COP exceeding four at the optimum point (Figure 4).

60 5
)
= & 50 4
2c
c— o) <
5 £40 34
E
< 330 —e— Condenser inlet temperature 2
S E 20 cop 1
Poly. (COP)
10 0

Chiller inlet temperature
Figure 4: Coefficient of Performance of an R134a heat pump with secondary circuit (Korrr 2024)

Heat pumps exhibit a higher efficiency compared to resistive heating systems, which typically
have a COP of 1. In particular, the utilization of waste heat from the secondary circuit can further in-
crease efficiency, if available in sufficient quantities. For a quantitative comparison of heating system
architectures, the temperature-dependent usable battery capacity must also be considered. Figure 5
shows the temperature-dependent discharge curves of the battery cell. At a cell temperature of 0 °C,
the end-of-discharge voltage is reached after extracting about 85% of the capacity available at 20 °C,
whereas at 20 °C the entire capacity (nominal capacity) of the battery cell is usable (DOPPELBAUER
2025). The Depth of Discharge (DOD) describes the ratio between the extracted charge and the nom-
inal capacity. However, for assessing machine usage duration, the usable energy is decisive, which
is determined by the integral of the voltage over the extracted capacity. Since the voltage curve at
0 °C runs overall at a lower level, a reduction in the DOD by 15% does not necessarily correspond
to a proportional decrease in usable energy. The order of magnitude is comparable, however, so this
assumption is used for the following estimates.
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Figure 5: Cell voltage over discharged energy at different ambient temperatures (DoPPELBAUER 2025)

An important aspect when utilizing waste heat is the temperature limit of the available heat sourc-
es. In cold environments (low evaporator inlet temperatures and high condenser outlet temperatures),
the efficiency of the heat pump can decrease, involving a hybrid solution with additional heating
methods. For this purpose, a resistance heater is used at low temperatures to heat the cabin and the
battery. However, not only low evaporator inlet temperatures but also high inlet temperatures offer
challenges. At high evaporator inlet temperatures, the electric compressor may fail because the com-
pressed refrigerant can reach temperatures well above 100 °C. Commercially available electric refrig-
erant compressors shut down when a temperature is exceeded to protect themselves from damage.
The maximum temperature limit depends on the refrigerant compressor used.

Secondary circuit for waste heat utilisation
Figure 6 shows a possible thermal management system (TMS) that couple’s multiple subsystems via
plate heat exchangers. At the centre of the setup is the thermodynamic cycle of the heat pump (in
subsystem A), which is connected to the other subsystems through the secondary circuit. The plate
heat exchangers ELE and GBX couple the circuits of the electrical components (subsystem D) and the
drivetrain (subsystem C) to the secondary circuit of the heat pump. This allows the waste heat gener-
ated there to be used as a heat source for the heat pump cycle and to provide heating for other com-
ponents. The battery conditioning circuit (subsystem B) is integrated into the overall system via the
plate heat exchanger BAT. Thus, depending on the operating condition, the battery can be both heated
and cooled. For this reason, fully coupled system architecture enables efficient thermal integration
of all main heat sources and sinks. It allows demand-oriented temperature control of all subsystems.
The possible operating states of the TMS include various heating and cooling functions for the vehicle
components. The optimal temperature range for the battery is between 25 and 30 °C. The possible
TMS functions, with the shown setup, are generally defined as follows:
= Cool battery using refrigeration system: The battery is actively cooled with a refrigeration system
to ensure optimal operating temperatures.
= Cool battery to ambient: Heat is directly released to the ambient environment to lower the battery
temperature.
= Heat battery with high-voltage heater: The high-voltage heater warms the battery at low outside
temperatures.
= Heat battery with heat pump: The heat pump uses thermal energy (waste heat flow) to efficiently
warm the battery.
= Heat battery with waste heat: Direct waste heat utilization from other components serves to heat
the battery.
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= Cool cabin with refrigeration system: The vehicle cabin is cooled using a refrigeration system.

= Heat cabin with high-voltage heater: The high-voltage heater provides rapid and targeted heating
of the vehicle cabin.
= Heat cabin with heat pump: The heat pump uses thermal energy (waste heat flow) to efficiently
warm the vehicle cabin.
= Heat cabin with waste heat: Waste heat from the system is used to heat the cabin (as known from
combustion engine vehicles).
= Cool oil to ambient: The lubrication and hydraulic oil is maintained at an optimal temperature by
releasing heat to the ambient environment (via HX3/HX1).
= (Cool electronics to ambient: Electronic components are actively cooled by releasing heat to the
ambient environment (via HX1).
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Figure 6: Layout of a thermal management system for a battery-electric agricultural machine
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Comparison of machine operational duration using two heating methods

An electrified tractor is considered as the base vehicle. Based on the typical usage profile, the poten-
tial for energy savings using a heat pump will be demonstrated in the further course of this work. To
classify the vehicle power class and energy storage size, a maximum power of 100 kW with a usable
energy storage capacity of 100 kWh is assumed for the following investigations. For better illustration
of the application scenarios and machine utilization, Figure 7 exemplarily shows the utilization of a
battery-electric tractor depending on the work to be performed.

Farm side Front Mixer Manure Plough
work loader wagon spreader

S B M .mdl wil
very easy easy moderate heavy very heavy

Figure 7: Machine utilization based on a tractor

The comparison example in Figure 8 illustrates various operating scenarios for a tractor. In this
case, the vehicle is started cold at 0 °C, and both the battery and cabin are heated to 20 °C. The
comparison shows the potential extension of the maximum machine operating time when the vehicle
is heated using a heat pump with different COP values, compared to resistance heating. Since the
heating process starts at 0 °C, a usable battery capacity of 85% is assumed. Under light machine load,
savings of approximately 7% at a COP of 2 and up to 11% at a COP of 4 can be achieved (Figure 8, left
chart). The right chart in Figure 8 further illustrates the possible extension of machine operating time
in minutes for better understanding. Under light machine workload, the extension can range from 14
to 22 minutes. The maximum total operating time of the tractor is thus 3.3 hours.
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Figure 8: Comparison of machine operating time between heat pump and resistance heating in the case of a cold
start, COP: Coefficient of Performance

Figure 9 illustrates the machine operating time of the tractor at a starting temperature of 0 °C
and a usable battery capacity of 85%. Various scenarios are shown with and without heating of the
vehicle components (cabin and battery). The bottom group of bars represents the reference case with-
out heating, achieving a maximum operating time of over 4.3 hours. The use of a high-voltage heater
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(HVH), which corresponds to a COP of approximately 1 due to its efficiency, significantly reduces the
operating time because a substantial portion of the electrical energy must be consumed for heat gen-
eration. As the COP increases, meaning a higher efficiency of heat generation (using a heat pump),
the possible operating time extends again.
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with HP, COP4
heating operation [T

with HP, COP3 M very easy
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heating operation F heavy

with HVH very heavy
operation without —
heating

0 1 2 3 4 5 6
Machine operating time in h.

Figure 9: Machine operating time with variations in heating and machine load; battery 85% DOD, HVH = high-voltage
heater, HP = heat pump, COP = Coefficient of Performance

With a COP of 4, the machine operating time comes very close to the reference scenario without
heating. It is noticeable that the potential for extending the machine operating time increases as the
machine load decreases. The reason for this is the constant heating demand of the cabin, which never
fully disappears at an ambient temperature of 0 °C. At low machine loads, this constant heat flow
represents a larger proportion of the total energy consumption, making efficiency improvements in
the heating system more significant.

Figure 10 presents various operating scenarios for a tractor with a preheated system (cabin and
battery). In this case, the machine is started cold at an outside temperature of 0 °C, while the battery
and cabin are preheated to 20 °C (warm start). The electrical energy for this is drawn from the power
grid and not from the battery. Additionally, due to the preconditioning of the battery via the power
grid, its full capacity is usable. The comparison shows that at low loads, the extension of the machine
operating time is reduced to about 2.6% at a COP of 2 and to 3.9% at a COP of 4. The extension of the
machine operating time is then 6 to 10 minutes, resulting in a total operating time of approximately
4 hours.
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Figure 10: Comparison of machine operating time between heat pump and resistance heating in the case of a warm
start, COP = Coefficient of Performance

Figure 11 illustrates that with 100% usable battery capacity (preheated battery and cabin) and
very light load, a machine operating time of 5 hours is achieved. Due to the preconditioning of the
battery and cabin, which takes about 30 minutes and requires approximately 4.75 kWh of energy,
these components no longer need to be heated during operation but only maintained at temperature.
As aresult, the heat demand for heating during the machine operating time is low. Consequently, the
machine operating time changes only marginally at a COP of 4.
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Figure 11: Machine operating time with variations in heating and machine load; battery 100% DOD, HVH = high-volt-
age heater, HP = heat pump, COP = Coefficient of Performance

Conclusions
Heat pumps represent a promising technical solution for improving the energy efficiency of electric
vehicles, particularly under conditions where grid-side preconditioning is not possible. The use of
waste heat from vehicle systems can save energy and thereby extend the operating duration of a trac-
tor, provided that sufficient waste heat is available and the temperature of the waste heat medium is
high enough to effectively supply the required heat to the heat pump.

In the case of a cold start at 0 °C without preconditioning (with 85% usable battery capacity) as
well as a warm start with grid-side preconditioning (100% usable battery capacity), measurements
and analyses revealed best values for the Coefficient of Performance (COP) of over 4 at low load. This
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results in a machine operating time gain of approximately 7-11% or 14-22 minutes (COP 2-4) in the
cold start scenario, and an increase of about 2.6-3.9% or 6-10 minutes in the warm start scenario.
The positive effect of heat pumps increases with decreasing machine load, as the heating demand of
the cabin remains constant.

Overall, the obtained results underline the potential of heat pumps as a solution to improve energy
efficiency and extend the operating time of battery-electric agricultural machinery, especially under
real operating conditions without grid-side preconditioning. However, the increased system complex-
ity requires further investigations to comprehensively assess long-term reliability and the resulting
impacts on operation.
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