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ABSTRACT

A key advantage of geothermal power generation is its
reliability and base-load capability. However, the
future energy system requires reliable energy sources
that can also respond quickly to changes in demand.
Reversible Organic Rankine Cycles (ORCs), which can
also operate as high-temperature heat pumps (HTHPs),
enable geothermal systems to operate more flexibly.
Combined with a district heating system and/or heat
storage systems (e.g. ATES), reversible ORCs can react
to the needs of the electricity grid and either produce
electricity from the geothermal brine or consume power
within the HTHP mode. Through the implementation of
a storage system, the high-temperature heat produced
during the HTHP operation can be used for increasing
the geothermal power output at a later time.

This work provides an overview of the application
potential of reversible ORCs for geothermal systems
and their high flexibility capability. Furthermore, first
experimental insights from a novel 20 kWel reversible
ORC test rig, which started operation in autumn 2024
at the Technical University of Munich will be
presented. Finally, the work will present a potential
roadmap for the market entry of the reversible ORC
technology within the next years. In the framework of
the European research project FlexGeo, a TRL 7
demonstrator of a reversible ORC will be developed
and demonstrated at a real district heating network. The
demonstrator, which is built by the modular ORC
manufacturer ORCAN Energy, will have the capacity
of a few hundred kWel and will already represent the
size off@ future modular system.
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1. INTRODUCTION

The future role of deep geothermal in the European
energy sector is characterized by two main aspects:
First, the increasing capacities of fluctuating renewable
energy sources such as wind or PV result in a growing
demand for reliable and efficient storage systems which
can provide the required flexibility to the electric grid.
Second, geothermal energy is mainly required as a
potential backbone for the decarbonization of the
European heating sector.

While in the past, one highlighted key advantage of
geothermal heat and power generation was its
reliability and base-load capability, research and
industry are now focusing more and more on the
flexibility potential of geothermal energy (Millstein et
al. 2021). For example, the recent work by Ricks et al.
(2024) studies the role of flexible Enhanced geothermal
systems (EGS) in a decarbonized electricity system.
The authors found for the western United States that a
load-following generation combined with in-reservoir
energy storage substantially increases the geothermal
penetration and reduces bulk electricity supply costs
compared to systems with inflexible EGSs. Also the
developed  “Flexible = Geothermal  Economics
Modeling” tool FGEM by Aljubran und Horne (2024))
investigates several promising potential dispatch
strategies, such as wellhead throttling and energy
storage. Ricks et al. (2022) highlight the value of in-
reservoir storage for flexible geothermal power, which
can provide storage durations above 100 hours.
Furthermore, also the combination of geothermal
energy with district heating systems and heat pumps
can be a promising approach to provide flexibility with
geothermal energy (Liu et al. 2024).
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Next to the focus on geothermal power generation,
there is an increasing focus on the installation of large-
scale high-temperature heat pumps (HTHP) in deep
geothermal projects. Their purpose is the so-called
capacity enhancement, meaning that the HTHP is used
to cool down the geothermal brine further during the
cold winter months in order to provide additional heat
to the district heating network (Zosseder et al. 2023;
JeBberger et al. 2024). This can result in a complete or
at least significant reduction of the fossil fuel peak load
coverage. However, one main challenge of those
systems is the low capacity factor of the installed
HTHP, which can result in a potential challenging
economic business case (Kaufmann et al. 2025).

As outlined in the following paper, the so-called
reversible Organic Rankine cycle (ORC) / high-
temperature heat pump (HTHP) can be a promising
solution for future geothermal projects in order to
enhance the flexibility potential of geothermal power
generation and enhance the economic viability of large-
scale geothermal HTHP systems. In the second half of
the paper, recent results from a novel rev. ORC/HTHP
test-rig as well as the potential future scale-up activities
are presented.

2. THE REVERSIBLE HTHP/ORC
TECHNOLOGY AND ITS POTENTIAL
INTEGRATION IN GEOTHERMAL SYSTEMS

2.1 Technological concept of a reversible HTHP/ORC
system

As the name reversible HTHP/ORC indicates, the
technology concept combines a high-temperature heat
pump on the one hand and an Organic Rankine Cycle
on the other (Dumont et al. 2014). For geothermal
applications in particular, the temperature requirements
often exceed those of conventional heat pumps
(Schlosser et al. 2020). For this reason, a high-
temperature heat pump is required for use. The exact
implementation of these two systems in one system is
shown in Figure 1. The ORC contains four major
components. Two of these are heat exchangers. In the
evaporator, the working medium is converted from a
liquid state to a superheated vapor state by means of
heat input. The vapor is then expanded to a low pressure
level in the turbine, thereby extracting work from the
system in the form of electrical energy. After the
turbine, the vapor is condensed in the second heat
exchanger and heat is dissipated at a significantly lower
temperature level than previously supplied in the
evaporator. In the last process step of the cycle, the

liquid working medium is pumped back up to a higher
pressure level before it re-enters the evaporator. A
significant advantage of the ORC in contrast to
conventional Rankine cycles is that the organic
working medium has a significantly lower boiling
temperature compared to water and is therefore ideal
for the use of low temperature heat or geothermal
excess heat.

While the ORC system is a right-hand process and can
convert low-temperature heat into electricity, the
operation of the HTHP system is left-hand controlled.
This means that the heat is pumped from a lower
temperature level to a higher temperature level by using
electricity. As shown in figure 1, the heat pump also
contains two heat exchangers for the evaporation and
condensation of the working medium.

However, in HTHP mode, the heat is supplied to the
system at a significantly lower temperature level.
Following evaporation, the vapour is compressed,
which leads to an increase in temperature. A
compressor is therefore required for the heat pump
instead of the turbine. The heat can then be released at
a higher temperature level than that supplied in the
condenser. After condensation, the working medium
passes through a throttle instead of a pump. As a result,
the temperature of the medium is reduced to a lower
temperature level, in parallel with a reduction in
pressure. In the next step, the working medium can
absorb heat again in the evaporator. The ratio of power
used to useful heat can be described by the coefficient
of performance (COP).

Both systems are combined by interconnecting them
using three-way valves so that the heat exchangers can
be used for both operating modes with the same
function. An innovation in the technology is the
reversible twin-screw compressor, which can be
operated as a compressor and expander. This means
that only a throttle needs to be integrated in addition to
the feed pump.

This reversible HTHP/ORC approach exhibits an
operational range of twice its nominal capacity being
able to provide either electricity during times of excess
heat or to further utilize the geothermal brine return in
case of an insufficient geothermal heat supply or peak
load heat demands. To further demonstrate the potential
of such HTHP/ORC systems, three application
scenarios are characterised in the following.
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Figure 1: Schematic representation of the reversible HTHP/ORC technology, illustrating the integrated configuration of an
Organic Rankine Cycle (ORC) and a High-Temperature Heat Pump (HTHP) within a single system architecture.

2.2 Application scenario 1: Varying heat demand an
established DHS — solving the dilemma of the low capacity
factors

While the demand for heat is subject to seasonal
fluctuations high heat demand in winter and low heat
demand in summer geothermal energy is referred to as
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the climate-neutral base load. The reason for this is the
constant supply of heat throughout the year. One way
to solve this dilemma is to use an HTHP/ORC system.
Figure 2 illustrates this more explicitly (Kaufmann et
al. 2022).
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Figure 2: Schematic representation of the reversible HTHP/ORC technology, illustrating the integrated configuration of
an Organic Rankine Cycle (ORC) and a High-Temperature Heat Pump (HTHP) within a single system architecture.

The proposed concept enhances system flexibility by
utilizing a High-Temperature Heat Pump (HTHP) to
cover peak heat demands, thereby reducing or even
substituting the need for a gas-fired peak load boiler.
During periods of low heat demand, when geothermal
capacity exceeds consumption, the surplus heat can be
effectively utilized by an Organic Rankine Cycle

(ORC) for additional energy recovery. This approach is
particularly advantageous when the heat demand
profile ensures a sufficient number of operating hours
for both the HTHP and ORC, supporting economic
viability. However, in cases with insufficient operating
hours, continued partial use of the gas boiler may be
necessary to maintain cost-effectiveness.
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2.3 Application scenario 2: Expanding DHS - solving the
dilemma between sufficient heat for the ORC and a fast
DHS expansion

The second application scenario deals with the
expansion of a district heating system for geothermal
projects with a brine temperature of e.g. at least 100°C.
While a sole heating project would face the challenge
of very low revenues during the first years due to small
heat demand, the raising heat demand decreases the
available heat for a potential ORC system if a
conventional ORC is installed as part of a geothermal
combined heat and power project (Eyerer et al. 2020).
On top of that the roll out and implementation of a
district heating system is linked with a high upfront
investment. To further guarantee a safe investment the
use of an ORC in the first years thus is not neglectable,
yet after some years the use of a heat pump or gas boiler
to cover the peak load demands gets mandatory. As a
solution to this dilemma a reversible ORC/HTHP is a
highly promising approach.
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Figure 3; Typical expansion scenario of a geothermal
greenfield district heating project.

2.4 Application scenario 3: Flexibility enhancement —
solving the dilemma of high electricity prices during dark
doldrums

Another possibility to react to the electricity market and
adjust the operational mode to the current electricity
prices. Especially if the reversible HTHP/ORC system
is coupled either with a small surface buffer heat
storage or even a large-scale UTES system, the rev.
system can operate as an HTHP to charge the storage
system during periods with very low or even negative
electricity prices and boost the power production during
periods with high electricity market prices. This would
enable higher revenue streams for the geothermal plant,
since low electricity prices can be used to store extra
heat at a high temperature level, and periods with high
electricity prices are used to achieve higher incomes.

Hourly day ahead prices in Jan. 2022 in Germany

r v 1 . v y v y v -
Increased ORC operation (Discharge storage)

Electricity price [€/MWh]

HTHP mode in order to use cheap electricity
A A A i i i A J

100 300 500 700 900

Hours

Figure 4; Potential operational modes of a rev.
ORC/HTHP system depending on the fluctuating
electricity prices.

3. EXPERIMENTAL DEMONSTRATION

The reversible ORC test rig was constructed at TUM
over the last years and started its operation in the middle
of 2024. In the following section the test rig will be
described and results of the first successful
experimental campaigns will be given.

3.1 Test rig description

The following Figure 5 shows a picture of the reversible
ORC test rig at the Technical University of Munich
without insulation on the significant components. On
the upper left side, the reversible 20 kWpech twin-screw
machine coupled to a synchronous reluctance motor
can be observed. The working fluid used is the synthetic
low-GWP  refrigerant R1233zd(E), which is
characterized by a low Global Warming Potential
(GWP) compared to conventional working fluids, such
as R245fa (Heberle et al. 2016).

Figure 5: Picture of the rev. ORC test rig at TUM without
insulation.

Figure 5 shows a simplified P&ID of the test rig
highlighting the two individual operation modes as well
as the corresponding control loops. The test rig is
supplied by a 200 kW, hot water heating circuit, which
serves as heat source and simulates the geothermal
brine. Additionally, a closed-loop intermediate cooling



circuit (ICC) allows simulating a district heating
network (DHN). In HTHP mode the reversible machine
is operated as compressor and therefore compressing
working fluid to achieve higher temperature levels by
adding electrical power. The high-temperature heat is
then transferred to the ICC where corresponding mass
flows of the cooling water can be adjusted. With that,
thermal outputs can be easily set. A throttle valve
expands the working fluid in order to absorb low-
temperature heat and close the thermodynamic cycle. In
ORC mode the machine is operated as expander,
generating electrical power via a coupled generator.
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The heat source supplies heat at elevated temperature
levels up to 140 °C. A working fluid pump adjusts mass
flows and pressurizes the system. In both operation
modes the two main heat exchangers (HEX) keep their
nature. Evaporator will in both modes stay the unit of
heat input and condenser for heat output. This is mainly
due to the given parallels to real-life applications in
geothermal plants, where it cannot be switched between
a HEX in contact with geothermal suspension to a HEX
coupled to a DHN.
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Figure 6: Simplified P&ID of the constructed reversible ORC test rig with parts of the heating circuit. Main control loops for

ORC (red) and HTHP (blue) operation.

3.2 Experimental results

In the first months of operation initial experimental
campaigns were conducted mainly focusing on
energetic  efficiencies such as coefficient of
performance (COP) in HTHP mode and thermal
efficiency (M¢henet) in ORC mode. Here, the COP
gives the ratio of supplied heat into the DHN to the
electrical power consumed by the compressor. In
contrast, M elnet gives the ratio between the net
generated electrical power - supplied to the electrical
grid - to the thermal input by the geothermal brine.

To assess the performance of the system, multiple
parameters were varied in the entire study. Both modes
were analysed independently from each other with
focus on their individual performance indicators. In

HTHP mode, two approaches were chosen - an
application-based and lift dependent approach. In this
work it is mainly focused on the lift-dependent
approach since high temperature lifts with efficient
COP are favourable. Here, the heat source temperature
was held constant at 75 °C while adjusting the DHN
return temperature, holding a constant temperature
spread of 10 K. The DHN mass flow rate was adjusted
between 0.5 kg/s, 1.0 kg/s and 1.5 kg. For a detailed
description of the experimental methodology, the
reader is invited to have a look into the publication of
Kaufmann et al. 2024. Figure 7 visualizes the
corresponding results for COP over temperature lift
(ATyic). Here, the temperature lift is defined as the
difference between the saturation temperatures of the
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working fluid at condensation and evaporation
pressure.
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Figure 7: COP over temperature lift for given operation
conditions (adapted from Kaufmann et al. 2024)

It can be seen that for rising temperature lifts the COP
decreases. Values from 6.5 to 3 could be achieved for
temperature lifts from 25 K to 57 K. These findings
show similar values to comparable heat pump
applications in research and industry (Arpagaus et al.
2018; Schlosser et al. 2020; Weitzer et al. 2025).

For the ORC analysis, hot water mass flow rates were
adjusted (0.5 kg/s, 1.0 kg/s and 1.5 kg) while the supply
temperature was set at either 110 °C or 130 °C, marking
real application conditions. The evaporation pressure
was tested at different levels while holding
condensation pressure constant. The working fluid
pump speed was varied at 25%, 35% and 45% of its
maximum achievable capacity of 1800 rpm. Higher
pump speeds were not possible due to strong vibrations
of the pump, restricting mass flow to a certain limit.
Figure 8 shows the results of the thermal efficiency
over the pressure ratio over expansion (Ipexp) only for a
heating circuit mass flow rate of 1.0 kg/s to match the
scope of this work.
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Figure 8: Thermal efficiency over pressure ratio for given
operation conditions (adapted from Kaufmann et al.
2024))

It can be observed that, depending on pressure ratio and
pump speed, the thermal efficiency strongly varies. For
the highest pump speeds and optimum pressure ratios,
the highest thermal efficiencies of approximately 5% to
6% can be achieved. Maximum efficiencies for
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pressure ratios between 3 and 3.5 match the built-in
volume ratio of the expander of 3.1.

The findings indicate efficient operation of the
reversible ORC without any significant losses in
performance of one operation mode. This builds a
strong base for the further development of reversible
ORC systems.

4. CONCLUSIONS & OUTLOOK

The present work exhibits three promising operational
and application modes of a reversible ORC/HTHP
system. Furthermore, promising recent experimental
results from a novel test rig are presented,
demonstrating the technical viability of the technology.
During the next months, further improvement
measures, especially addressing the lubrication oil
management system, will be carried out. It is expected
that those adaptions will further increase the
performance indicators in both operational modes
further and provide valuable insights for the scale-up of
the technology.

In the framework of the European research project
FlexGeo, a TRL 7 demonstrator of a reversible ORC
will be developed and demonstrated at a real district
heating network. The demonstrator, which is built by
the modular ORC manufacturer ORCAN Energy, will
have the capacity of a few hundred kWel and will
already represent the size of a future modular system.
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