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REVERSIBLE HEAT PUMP-ORC PILOT PLANT - EXPERIMENTAL
RESULTS AND FLUID CHARGE OPTIMIZATION
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ABSTRACT

The reversible operation of the heat pump process and the organic Rankine cycle as a Carnot battery
has gained attraction of the scientific community in recent years. Despite numerous publications
investigating the potential of such systems as a new energy storage technology, experimental results are
scarce. The present work presents the outcomes on process level of a first experimental characterization
of a reversible heat pump — organic Rankine cycle (HP-ORC) pilot plant designed for a maximum
charging capacity of 15 kW in heat pump mode and discharging capacity of 9 kW, in ORC mode. The
experimental campaign comprised 150 stationary operating points. The plant yielded a maximum COP
of 9.5 and a maximum ORC net efficiency of 4.4% for the defined boundary conditions of this
experimental campaign. While the heat pump favors low temperature lifts for a high COP, high
temperature gradients are favorable for ORC operation. Moreover, limitations on component and
system level were determined. The challenging aspect of a proper fluid management of such reversible
systems was identified as a crucial factor. Finally, the impact of fluid charge on ORC operation was
experimentally evaluated and revealed significant optimization potential by means of an adequate fluid
management.

430

1 INTRODUCTION

Balancing the fluctuating production of renewable energies with the demand is a key challenge in
today’s energy systems and requires large energy storage capacities. Carnot batteries are an emerging
energy storage technology that potentially provides large capacities for several days up to few weeks.
Surplus electrical energy charges a thermal energy storage, preferably by means of a heat pump process
(HP) together with low-grade waste heat (Figure 1). For discharging, the thermal energy is transferred
back to electrical energy by a power cycle, e.g. an organic Rankine cycle (ORC).

Carnot batteries in terms of heat pump — ORC systems rely on technically mature components (Vecchi
et al., 2022). Moreover, such system allow a straightforward heat source integration and the storage
capacity is scalable and low-cost as simple hot water storages can be used for typical operating
temperatures up to 200°C (Frate et al., 2020; Weitzer et al., 2022b). Although the primary purpose of
Carnot batteries is electrical energy storage (Dumont et al., 2020), several authors proposed heat pump
— ORC systems as cogeneration units, e.g. in geothermal applications (Kaufmann et al., 2021; Weitzer
et al., 2022a) or in building energy systems (Dumont et al., 2015; Palomba et al., 2021). The idea of
reversible HP-ORC systems was initially proposed for building energy systems in combination with a
solar roof and geothermal heat (Quoilin, Sylvain and Lemort, 2013). Although numerous simulative
studies investigated different configurations of this concept, only few prototypes have been realized so
far. Recently, a review paper comprehensively summarized current commercial developments in the
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field of Carnot batteries where most of the projects are in concept stage or pilot operation while few
commercial installations exist (Novotny et al., 2022).

Combining a heat pump process and an ORC in a reversible configuration significantly reduces the
machinery costs as both processes share major components. However, the design of a reversible
configuration is not trivial and must pay particular attention to an appropriate choice of components,
lubrication concept and fluid selection amongst others (Eppinger et al., 2021; Steger et al., 2020).

The present work presents the findings of a first experimental characterization of a reversible heat pump
— ORC pilot plant at FAU Erlangen-Niirnberg. Additionally, the challenging aspect of fluid
management in reversible systems is presented in terms of experimentally evaluating the impact of fluid
charge on system operation. As experimental results of such systems are still scarce in literature, the
outcomes of this work bridge the gap between simulative modelling and experimental validation of
reversible heat pump — ORC systems.

heat pump ORC
volatile power heat heat
thermal
energy
storage
exergy losses storage exergy losses

heat source heat pump losses ORC to the ambient

Figure 1: Working principle of a Carnot battery system based on heat pump and ORC.

2  EXPERIMENTAL SETUP AND METHODOLOGY

2.1 Carnot battery pilot plant

The detailed design process as well as the proof of concept and first launch of the reversible heat pump
— ORC pilot plant were presented in previous studies (Steger et al., 2020, 2021). The prototype is
designed for up to 15 kW in HP mode and up to 9 kW in ORC mode with two hot water storages with
a storage capacity of 270 kWhy. The pilot plant includes a screw machine that can be operated
reversibly and an additional piston compressor that is not investigated in the present study. As shown
in the simplified P&ID in Figure 2, the pilot plant is a fully reversible configuration, thus heat pump
and ORC share all major components and pipes, beside pump and throttling valve. The brazed plate
heat exchangers HEX 1 (state points 3<»4) and HEX 3 (1<»6) serve as condenser and evaporator in
heat pump mode and vice versa in ORC mode. Another heat exchanger HEX 2 recuperates heat in both
modes (2+»3 and 5+6). A reversible screw machine is utilized as compressor and expander (4<5),
respectively. In both modes, a reversible oil separator at the high pressure vapor side extracts lubricant
oil from the cycle and injects it into the screw machine. Moreover, a liquid receiver is included before
the throttling valve (pneumatic needle valve) (2—1). A centrifugal pump circulates the working fluid
in the ORC (1—2). Pneumatic valves allow switching between heat pump and ORC mode. The
refrigerant R1233zd(E) is used in the experiments. Auxiliary water cycles allow heating or cooling
through the heat exchangers, depending on the operating mode. Basic PID control loops for the auxiliary
cycles are set up in the programmable logic controller (PLC) to ensure comparable heating and cooling
boundary conditions. Furthermore, the PLC logs the data of temperature, pressure and flow sensors in
an interval of 2 seconds.
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Liquid receiver

__________________

| Cooling/heating | | Thermal energy
i water cycle . storage i
\401/
Oil
separator
Figure 2: Simplified P&ID of the reversible HP-ORC pilot plant.
2.2 Methodology 432

In this experimental campaign, 150 stationary operating points were recorded in total, 92 in ORC mode
and 58 in heat pump mode. Defined stationary criteria that compare the current 30-second mean values
with those from 15 minutes ago ensure equal stationary conditions. The maximum deviation of these
mean values is defined at 0.5 K for temperatures and 2% for pressures and flows. 15-minute mean
values of the measured data were calculated at stationary conditions for all operating points. An
auxiliary water cycle substituted the thermal energy storage.
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Figure 3: Phase change temperatures of all operating points for heat pump and ORC mode.
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In heat pump mode, heat source temperatures from 50°C to 90°C were investigated in steps of 10 K,
with upper storage temperatures between 60°C and 110°C and storage temperature glide of 10 K or
20 K. As the motor/generator unit was originally designed for ORC mode, the maximum motor torque
limited the temperature lift of the heat pump process which barely exceeds 25 K (Figure 3). Thus, in
case of a required high temperature lift, several consecutive heat pump runs might be necessary to reach
a certain storage temperature. Moreover, the maximum temperature of the water cooling cycle did not
allow exceeding a storage temperature of 110°C. For each heat source temperature, the compressor
speed was increased stepwise until the maximum torque was reached. The opening of the throttling
valve was adjusted to ensure slightly superheated conditions at the compressor inlet.

A similar methodology was applied for the ORC mode. As illustrated in Figure 3, the ORC reached a
broader range of operation compared to the heat pump. Hot storage water with a temperature between
100°C and 120°C and a storage temperature glide of 10 K or 20 K supplied heat to the evaporator. For
each heat source temperature, pump speed and expander speed were varied within the component and
system limits. Table 1 summarizes the main set and controlled parameters of the experiments.

Table 1: Ranges of set and controlled parameters of the experiments.

HP parameter Operating range | ORC parameter Operating range
Heat source temperature 50...90°C | Upper storage temperature 100...120°C
Storage temperature glide 10...20 K | Storage temperature glide 10...20 K
Heat source volume flow 73 I/min | Storage volume flow 20...82 1/min
Upper storage temperature 60...110°C | Cooling water temperature 15...25°C
Storage volume flow 6...42 I/min | Cooling water volume flow 44...51 /min
Mass flow working fluid 0.05...0.36 kg/s | Mass flow working fluid 0.14...0.36 kg/s
Throttling valve opening 59...99 % | Pump speed 2000...2800 rpm
Compressor speed 600...1800 rpm | Expander speed 1000...3100 rpm

3 EXPERIMENTAL RESULTS

3.1 Heat pump mode
The main performance indicator to assess the cycle efficiency of a heat pump process is the coefficient
of performance (COP) defined in equation 1.

Qstorage _ gy * (hs1 — hsz)

Pel,compressor Pel,compressor

COP =

(1

Figure 4 shows the electrical power consumed by the compressor and the COP plotted against the
temperature gradient. The temperature gradient describes the difference between condensation and
evaporation temperature (see Figure 3). Generally, an increasing power consumption and decreasing
COP were observed for an increasing rotational speed of the compressor and a corresponding higher
temperature gradient. As the motor/generator was originally selected for ORC operation, the maximum
motor torque limited the rotational speed and power of the compressor. Due to that limitation, the
temperature gradient did not exceed 25 K. Two sets of experiments were performed. For the upper left
group of operating points, the storage water temperature was 10°C higher than the heat source
temperature, thus the water temperature lift (i.e. external temperature lift) was around 10 K. These
conditions resulted in a COP between 4.9 and 9.5. For the group of operating points at the lower right
side, the storage temperature was 20°C above the heat source temperature, leading to a COP between
1.4 and 6.4. Thus, an increasing water temperature lift generally yields lower COP values. However,
the COP also depends on the absolute temperature level and the rotational speed leading to scattered
values within the two groups of operating points.

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain

433



Paper 1D #72, page 5 0f 9

= Heat source 1
=5 r . temperature 0 r ’
5 50°C  60°C hd N
§ N +70°C = 80°C 8 | »
E‘ b oF . 2 ¢ [ ®90°C ., "
S = L L
[&] [ ] a Q.I
>3 . B *e S i, Pand
5 oo ‘o u 4 I Heat source > 4
S n
— | ]
© [ ] temperature o
g 72 + * L] * o ) L 500C BUOC .-..
S . +70°C = 80°C
o ®90°C
‘I 1 1 1 1 U I I 1 1
5 10 15 20 25 30 5 10 15 20 25 30
Temperature gradient / K Temperature gradient / K

Figure 4: Electrical power consumption of the compressor and COP plotted against the temperature
gradient for all heat pump operating points.

Table 2 summarizes the resulting process conditions for heat pump mode. An exemplary T-s diagram
with a heat source temperature of 80°C is illustrated in Figure 5. It shows that phase change in condenser
and evaporator were often not finished at the heat exchanger outlet. Thus, phase change partly occurred
in the recuperator. Experimental tests with another compressor and motor are envisaged to overcome
the limited temperature gradient of the current setup.

Table 2: Range of process conditions during the experimental campaign.

HP parameter Operating range | ORC parameter Operating range
Storage thermal power 4...31 kW | Storage thermal power 24...67 kW
El. power compressor 1.6...5.1 kW | El power expander 0.3...3.7kW
Condensation pressure 58...106°C | Evaporation pressure 6.0...10.3 bar
Evaporation pressure 43...88°C | Condensation pressure 1.7...4.8 bar
Max. COP 9.5 | Max. net efficiency 4.4 %
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Figure 5: T-s diagram of heat pump and ORC process for upper and lower storage temperature of
100°C and 80°C respectively (state point numbers refer to the P&ID in Figure 2).
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3.2 ORC mode
The global efficiency of the ORC is evaluated in terms of the net electrical efficiency as described in
equation 2.

Pel,net _ Pel,expander - Pel,pump

Nelnetorc = 7 = . (2)
ehmetore Qstorage Mgy * (hsz = hs1)
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Figure 6: Electrical power of expander and pump and ORC net efficiency plotted against the
temperature gradient for all ORC operating points.

Figure 6 shows the electrical power generated by the expander and consumed by the pump as well as
the ORC net efficiency against the temperature gradient. For some operating points with low
temperature gradients, the pump consumption exceeds the generated power of the expander. This results
from a comparably low efficiency of the axial centrifugal pump and could be solved by replacing it
with a volumetric pump. The generated power increases with increasing temperature lift. In contrast to
the heat pump, a high temperature gradient is beneficial for the ORC efficiency.

Altogether, the ORC yielded a maximum net efficiency of 4.4%. Again, Table 2 summarizes the process
conditions and Figure 5 exemplarily illustrates a T-s plot at upper and lower storage temperatures of
100°C and 80°C. A comparatively high degree of subcooling of around 20 K across all operating points
indicates that the fluid charge of the ORC was too high. Further potential is thus expected from a fluid
charge optimization. The generated power did not reach design conditions due to a limited pump
performance, limited cooling capacity of the cooling water grid and refrigerant excess in the condenser.
The impact of the latter aspect is investigated in the following section.

4 FLUID CHARGE OPTIMIZATION

4.1 Concepts of reversible fluid management

A challenging aspect in the design of reversible HP-ORC systems is an adequate fluid management in
order to supply both processes with the required amount of working fluid at all operating conditions.
Excess fluid typically accumulates in the condenser, increases the condensation pressure and reduces
the power output in ORCs while too low fluid charges lead to pump cavitation (Dickes et al., 2020). A
recent experimental study varied the fluid charge of a 1 kW, reversible HP-ORC test rig and concluded
that the fluid charge has a significant impact on overall efficiency, reversible machine performance,
system stability and obtainable operation points (Tassenoy et al., 2022). A common measure is the
integration of a liquid receiver before the throttling valve in heat pumps and before the pump in ORCs.
However, for reversible systems there are several concepts for the integration of liquid receivers
(Figure 7). In the first option (a), the liquid receiver is bypassed in both processes. Thus, the fluid charge
can only be adapted between operating times or the liquid valve can permanently remain open to the
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process. The fluid charge and lower system pressure can be actively controlled by adding a membrane
charged with inert gas or a piston in the receiver vessel. In option (b) at least one receiver is directly
integrated in the process. Receiver A corresponds to the current setup of the pilot plant. If only one
receiver is integrated, the receiver is bypassed in the other operating mode. A reversible utilization of
the receiver (c) allows integrating the same receiver in both modes.

a) Bypass liquid receiver b) Integrated liquid receiver(s) C) Reversible liquid receiver

XX

><]

1o Throttling
E% valve

HP

4______

Figure 7: Different configurations of liquid receiver integration in reversible HP- ORC systems.

4.2 Experimental fluid charge evaluation

In the current experimental setup (Figure 2), a liquid receiver is integrated in the heat pump process
before the throttling valve. During operation, the integrated liquid receiver stores surplus working fluid
and ensures that the process is supplied with the suitable amount of fluid. This principle works as long
as the vessel is neither flooded nor emptied. Therefore, a careful selection of proper liquid receiver
volume is crucial. Figure 8 shows the balancing role of the liquid receiver during an experimental day
with different compressor speeds and throttling valve openings.
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Figure 8: Self-regulating fluid charge due to the liquid receiver in heat pump mode.

In ORC mode, the liquid receiver is bypassed and thus cannot balance the fluid inventory in the cycle.
In order to determine the impact of the fluid charge on ORC operation, a separate experimental
campaign was started. An excerpt of the results is shown in Figure 9. On the left side, the T-s diagram
for eight different ORC fluid charges between 16.3 kg and 22.7 kg at constant operating conditions
(mass flow 0.25 kg/s, evaporation temperature 90°C) is given. The results show that the fluid charge
mainly affects the condensation temperature. Surplus liquid working fluid accumulates in the condenser
and occupies the heat exchange area. This results in high condensation temperatures and a high degree
of subcooling. Due to the lower pressure gradient, less power can be generated in the expander (Figure 9
right). The lowest condensation temperature and highest power generation was observed for the lowest
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fluid charge. However, even lower fluid charges were not possible due to pump cavitation that prevented
a proper ORC operation.
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Figure 9: T-s diagram (left) and performance indicators (right) for various ORC fluid charges.

S CONCLUSION AND OUTLOOK

The first experimental characterization of a reversible heat pump — ORC pilot plant comprised 150
stationary operating points. The pilot plant reached a maximum COP of 9.5 and a maximum ORC net
efficiency of 4.4% for the defined boundary conditions of this experimental campaign. While the heat
pump favors low temperature lifts for a high COP, high temperature gradients are favorable for ORC
operation. The maximal motor torque mainly restricted the operating range of the heat pump. Therefore,
experiments with another compressor and motor are envisaged. In ORC operation, the comparatively
high consumption and maximum capacity of the centrifugal pump limited the net efficiency. Despite
those limitations, the reversible operation of the components worked well and disclosed optimization
potential on component and system level. The fluid management of reversible systems was identified
as a crucial optimization lever to improve efficiency. Different configurations to optimize the fluid
charge for both operating modes were presented. In this context, the liquid receiver in the heat pump
process proved its function to balance the working fluid charge. As no liquid receiver is included in the
ORC, the ORC efficiency is highly sensitive to the fluid charge in this setup.

Upcoming work will further analyze the experimental results on component and system level in order
to identify further optimization potential. Moreover, the optimal fluid charge and optimal fluid
properties will be studied in detail and taken into account for upcoming experiments, including different
working fluids and fluid mixtures. The results will feed a simulation model of the plant that will also
consider fluid charge sensitivity.

NOMENCLATURE
COP  Coefficient of performance - Subscript
h Specific enthalpy kJ/kg el electric
HP Heat pump th thermal
m mass kg
ORC  Organic Rankine Cycle
P Electrial power kW
Q Thermal energy kJ
s Specific entropy kJ/(kg K)
t Temperature °C
n Efficiency %
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