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Abstract:

Due to an increasing share of renewable energy in the energy mix, large-scale, long duration energy storage
systems are becoming essential to ensure secure and stable energy supply. Carnot batteries, a combination
of a power-to-heat, a thermal storage and a heat-to-power system, could provide a solution. Vapor
compression heat pumps can be used as the power-to-heat technology in these systems. Techno-economic
studies often consider load-shifting of solar PV as the main revenue stream for Carnot batteries. While its
financial benefits have been analyzed, the technical feasibility has not been studied in detail. In financial
appraisals, the system operation is optimized based on quarter-hourly or hourly timescales. However, it is
known solar PV fluctuates at significantly smaller timescales, even down to the timescale of seconds. It should
thus be verified whether the heat pump dynamics are sufficiently fast to follow these variations. A 1.5 MWe
vapour compression heat pump, suitable for integration in a Carnot battery, is modelled dynamically and a
control strategy suitable for load-following is proposed. Based on test samples, it is concluded that the heat
pump dynamics are indeed suitable for direct load-following of solar PV. Assuming optimized control, the power
uptake closely follows the setpoint with an aggregated absolute error of only 0.66 % for solar PV. The TES
delivery temperature fluctuates around its setpoint and quickly returns to this point in stable power periods, as
required for Carnot battery operation.
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1. Introduction

The share of renewables in the European power generation has increased steadily over the past years,
reaching 51.2 % in 2024 [1]. This increasing trend can be attributed mainly to the increase in variable
renewable energies (VRE) like wind and solar, which accounted together for 28.5 and 15 % of the European
[2] and worldwide [3] electricity mix in 2024, respectively. The intermittency of VRE challenges the stability of
the electrical grid. Energy storage can address these problems by power and voltage smoothing, energy
management, frequency regulation, peak shaving, load leveling, seasonal storage and standby generation
during a fault [4].

Carnot batteries (CB) are an emerging storage concept that might contribute to these services. The storage
concept involves thee energy processes. First, electrical energy is converted into heat (or cold) using a power-
to-heat system. Then, this heat (or cold) is stored in a thermal energy storage system. Finally, a heat-to-power
technology is used to convert the heat back to electricity when needed. A wide range of technologies fit this
definition. Dumont et al. [5] were among the first to give an overview of different possible technologies and
configurations of Carnot batteries, the state-of-the-art in experimental prototypes and key performance
indicators. One of the Carnot battery’s subsets is pumped thermal energy storage (PTES), in which an
electrically driven heat pump elevates the temperature of heat coming from a cold source and delivers this to
a thermal storage system at higher temperature [6]. Vecchi et al. [7] collected and compared the theoretical



performance data of different Carnot batteries, and discussed the applications of Carnot batteries at energy
system scale.

The literature reveals that PTES has been considered mainly for load-shifting and arbitraging services. In
particular, local load-following of solar PV production is almost always assumed [8, 9, 10, 11]. While the
financial benefits of this service have been demonstrated, the technical feasibility is not studied in detail.
Techno-economic studies often use quarter hourly or even hourly timesteps. While such timesteps are useful
to evaluate the financial appraisal over one or multiple years, it is known that solar PV fluctuates at significantly
smaller timescales, even down to the timescale of seconds [12, 13]. Resistive heaters can modulate power
flexibly. However, it should still be verified explicitly whether vapour compression heat pumps can modulate
sufficiently fast to follow these variations.

This contribution presents a dynamic model of a 1.5 MWe variable-speed, vapour compression heat pump to
explicitly verify whether direct load-following of solar PV is feasible for large-scale heat pumps in PTES, as is
typically assumed in techno-economic studies. For this service, the electrical response of the heat pump is of
interest, in contrast to traditional heat pump applications where the thermal response is studied. Although the
boundary conditions of the heat pump are selected based on a PTES case study, the results obtained are
generally applicable to large-scale variable-speed heat pump applications where the power response is
important. This study thus also applies to the corresponding research gap within the field of industrial heat
pumps.

2. Methodology
2.1. Carnot battery lay-out and heat pump boundary conditions

In literature, several lay-outs for Rankine-based PTES have been proposed. The topology assumed here is
schematically represented in Figure. 1. The complete system consists of the vapour compression heat pump
of interest, two-tank liquid thermal energy storage (TES) and an organic Rankine cycle (ORC). Such a topology
is commonly evaluated in techno-economic studies, making this assessment align to the state-of-the-art.
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Figure. 1. Schematic representation of a thermally integrated Rankine-based PTES.

Rankine-based PTES typically takes advantage of a low-grade heat source to boost the electrical round-trip
efficiency of the system [14]. This study assumes residual heat from a 200 m*h waste water stream at 60 °C
in a paper pulp plant, based on personal communication with a paper manufacturer. However, significant
amounts of residual heat at similar temperature and power level are available in other sectors [15], making the
results more applicable. The waste water stream is currently cooled down to 40 °C by a cooling tower, resulting
in an available thermal heat source of 4.57 MWth.

Considering this available heat source and the operational limits of commercial heat pumps currently available
[16], storage temperatures up to 100 to 130 °C could be considered. Within this temperature range, sensible
liquid heat storage is often applied in Rankine-based PTES as it is reliable, mature and cost-efficient. A two-
tank configuration guarantees almost constant charge and discharge profiles [17]. It was thus selected instead



of a single tank solution, despite the cost of doubling the storage volume [18]. Water tanks were opted for as
they are cheap, have low environmental impact, are suitable for the temperature range of interest and are
commercially available for large capacities [5]. The hot tank temperature was chosen at 95 °C, while a cold
tank temperature of 70 °C was assumed. This specific hot temperature was chosen to avoid pressurizing the
tanks, which reduces the investment and maintenance costs [19]. The cold tank temperature of 70 °C was
considered based on the trade-off between efficiency and storage density [20].

The basic heat pump topology in this work consists of four main components: an evaporator, a compressor, a
condenser and an expansion valve. A topology with separate heat pump and ORC has been chosen over an
alternative configuration using a single thermal machine as compressor (during charging) and expander
(during discharging) or sharing heat exchangers between both operation modes. This was done because these
reversible systems are currently less mature and limited to smaller system sizes, despite their lower investment
cost [5]. In the literature, several advanced heat pump cycles have been proposed [16]. Although advanced
cycles result in high efficiencies, the additional components increase the thermal capacitance of the system
and are thus expected to slow down the system’s dynamic response. Moreover, complex cycles require
careful, simultaneous coordination of different control loops, which may further limit the obtainable ramping
rates. Therefore, a basic system was assessed first. More complex topologies can be addressed in follow-up
studies.

2.2. Nominal operating conditions and refrigerant selection

The boundary conditions above impose the temperature range of the heat pump. R1233zd(E) was chosen as
working fluid as it shows good thermodynamic performance in the intended operating range, and has a low
global warming potential and ozone depletion potential compared to refrigerants commonly used [21, 22].
Once the refrigerant was selected, the nominal operating conditions of the heat pump were determined using
the steady-state cycle simulation tool CBSim developed by Laterre et al. [20]. Fluid property data were
imported from REFPROP 10.0 [23]. Table 1 provides an overview of the boundary conditions and assumptions
applied and the resulting nominal conditions. A more elaborate discussion on the assumptions can be found
in [24].

Table 1. Nominal operating conditions: modelling assumptions and results.

Assumed Value Unit Output Value Unit
parameter parameter

Twater,source,in 00 °C Pevaporator 1.83 bar
Twater,source,out 40 °C Dcondenser 10.10 bar
Thot tank 95 °C Pressure ratio  5.51

Teota tank 70 °C Tevaporation 35.0 °C
Ptank 1 bar Tcondensation 98.5 °C
PPyy 5 °C Msource 45.3 kg/s
Appx 0 Pa My p 34.6 kg/s
SHcompressor,in 7.5 °C mTES 50.35 kg/s
Mis,compressor 0.75 - Qevaporator 3.79 MW
PHP,net 1.5 MWe Qcondenser 5.29 MW
Refrigerant R-1233zd(E) 00) 3.5 -
TES fluid water

2.3. Component selection and modelling

Components were selected based on the nominal conditions above and dynamically modelled. The dynamic
model was programmed in the object-oriented language Modelica, using Dymola 2022 [25] and the TIL-library
3.14.0 [26]. The components of this library were used, and extended when necessary. Fluid properties were
calculated using the REFPROP-database [23]. A detailed breakdown of the models and adaptations is
provided in [24].

2.3.1. Heat exchangers

Plate heat exchangers (PHE) were selected for the evaporator and condenser because they are relatively
cheap, very compact and have a modular design [18, 27]. Gasketed PHEs with capacities up to 30 MWth and
volume flow rates up to 4500 m3h are available [28]. The cross-sectional flow area and surface area in a PHE
are interdependent, making precise matching of the thermal and hydrodynamic load difficult [29]. The rather



high volumetric flow rates make the heat exchanger pressure drop the dominant sizing constraint for the
current application. Therefore, smaller plates and more parallel flow channels were selected to increase the
cross-sectional area and thus reduce the pressure drop. Funke FP205 plates were chosen [28]. As the internal
geometry is not published by the manufacturer, a reasonable assumption was made based on the literature.
Typical corrugation depths of (industrial) heat exchangers range from 1.5 to 5.4 mm, resulting in identical plate
spacing [29]. The inside geometry tested by Lee et al. [30] was used. It has a pattern amplitude of 0.97 mm, a
pitch length of 7.5 mm and a chevron angle of 60 °. The pattern amplitude and pitch length were doubled to
deal with the high volume flow rates, while the chevron angle of 60 ° was maintained. These updated
dimensions still fall within the common range. The PHEs were modelled using the finite volume (FV) model
available in the TIL-library [26], assuming countercurrent flow. FV-models have proven reliable for the dynamic
simulation of evaporators and condensers [27]. Moreover, this PHE-model of the TIL-library was successfully
used to simulate the dynamic behaviour of large-scale thermal cycles [31, 32]. On the refrigerant side, following
heat transfer correlations were applied: Lee et al. [30] for evaporation, Zhang et al. [33] for condensation and
Chisholm and Wanniarachchi [34] for single phase flow. Heat transfer at the water side was modelled by the
Martin correlation [35]. Finally, refrigerant evaporation and condensation pressure drops were calculated by
[30] and [33] respectively. [35] was used for all single phase pressure drops.

2.3.2. Compressor

A rotary screw or centrifugal compressor would be the most suitable compressor type taking the required flow
rates and pressure ratio into account [36]. The operating conditions lie on the interface between volumetric
and turbocompressors. Variable-speed twin-screw compressors maintain a high off-design efficiency in a wide
range of part-load conditions, which makes them suitable for flexible operation [37]. Moreover, a recent market
study illustrates that volumetric machines are often opted for in high temperature heat pumps with comparable
capacity [22]. On the other hand, turbomachines have higher nominal efficiencies and their behaviour is
scalable to higher capacities. Considering the focus on flexible operation in this work, a variable-speed twin-
screw compressor was opted for. It is interesting to extend this methodology to turbocompressors in future
work.

A performance-map based approach was followed to model the compressor due to the lack of detailed
calibration data for more advanced semi-empirical models. Performance data of a suitable twin-screw
compressor with variable internal volume ratio was retrieved from the manufacturers [38]. Isentropic and
volumetric efficiency polynomials were than fitted to this data, as described in [32]. The off-design
characteristics take the part-load compressor performance into account, but neglect the rotational inertia and
thermal capacitance of the component. The rotational inertia is commonly neglected in dynamic modelling of
Rankine-based thermal systems [27, 31]. This practice is followed in this paper. However, this assumption has
been explicitly verified due to the interest in the electrical response [24]. This work focuses on power
modulation during operation of the cycle and it is thus assumed that the system is warm. Given that the thermal
capacitance of the compressor is small compared to the thermal capacitance of the heat exchangers, it was
assumed negligible during power ramping. The influence of the compressor thermal capacitance on the
system’s startup behaviour should be assessed in future work.

2.3.2. Valve

The expansion valve is used to control the pressure levels in the heat pump cycle. Therefore, a valve with a
controllable throughflow area is selected. In this work, no specific valve type is selected. Instead, common flow
characteristics are assumed. The maximum opening is selected so that it never becomes limiting during
operation. The expansion valve in the heat pump is modelled using the OrrificeValve-model from the TIL-
library. It assumes that the internal volume of the valve is negligible and expansion is isenthalpic. The mass
flow rate through the valve is related to the pressure drop across it using Saint-Venant and Wantzel correlation
because of its applicability to compressible fluids.

2.3.3. Other components

A separator was added to the heat pump to extend the part-load operation range, as it helps buffering the
varying refrigerant charge in the heat exchangers under different operating conditions. The separator splits the
incoming refrigerant in a liquid and gas phase. It has been added at the high-pressure side, at the condenser
outlet. As such, the separator imposes saturated liquid conditions at the valve inlet. At this position, the
separator is useful for handling large refrigerant hold-up fluctuations [39]. It is modelled using the existing
Separator-model of the TIL-library assuming and ideal separation characteristic.

The two-tank sensible storage system was not modelled in detail. Instead, it is represented by boundary
models. This is a common approach to model two-tank storage in studies focusing on power modulation of
PTES [32, 40]. The temperature at the condenser inlet was assumed constant at 70 °C, while the mass flow
rate coming from the cold tank boundary could be controlled. Moreover, the water pressure at the condenser



outlet was assumed constant and imposed with another boundary. The water temperature at the condenser
outlet is thus not imposed, but follows directly from the heat pump operation.

2.4. Controller design

The heat pump should respond quickly to a desired power uptake, while maintaining the set storage
temperatures and maximizing operational efficiency. Moreover, a low part-load ratio is desirable to maximize
the capacity available for flexibility services.

The control strategy implemented to realize this is visualized in Figure 2. It uses three Pl-controllers steering
the compressor rotational speed (blue), valve throughflow area (red) and water mass flow rate in the condenser

(green).

Variable-speed control of the compressor is an effective way to modulate the electrical power uptake [31, 32].
Therefore, the compressor Pl-controller compares the desired power uptake (Pdrive,set) with the effective
one (Pdrive,m) and changes the rotational speed accordingly. The minimum and maximum saturation values
of the compressor speed were set as 25 Hz and 60 Hz, corresponding to the minimum and maximum indicated
by the manufacturer [38].

As the operating point is determined by the intersection of the compressor and valve characteristic, a change
in compressor speed influences the pressure levels in the cycle. Therefore, a second Pl-controller for the valve
is used to control its effective throughflow area to maintain a suitable superheat level at the compressor inlet.
A setpoint of 7.5 °C is implemented (instead of lower values of 3 and 5 °C often assumed in thermodynamic
optimizations) to increase the part-load range and avoid condensation during power ramping.

Finally, the water mass flow rate in the condenser was adapted by the TES PI-controller to maintain a hot
storage temperature of 95 °C by comparing this setpoint to the measured temperature at the condenser outlet.
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Figure. 2. Schematic representation of the heat pump control strategy.

All Pl-constants were determined based on step-response analysis using an in-house tuning tool based on the
Mathworks System Identification Toolbox. The Pl-control settings are summarized in Table 2.

Table 2. Heat pump Pl-control settings.

Controller k[—] T; [s] Min sat value Max sat value
Compressor 3.0927e-05 0.3681 25 [Hz] 60 [Hz]
Valve 3.4773e-05 1.2029 0.2 - Apom[m?] 2 - Apom[m?]




Water 771 1.4515 4.5859 0.2 - Myom [kg/s] 2 - Mpem [ke/s]

2.5. Solar PV load-following test

When integrated locally, the heat pump have a sufficiently fast response to follow the instantaneous
fluctuations of solar PV production. Testing this thus requires high resolution (1 to 5 s) representative solar PV
data or output predictions, which is hard to find. Most open-source models predict solar PV production based
on 10 min or hourly samples.

The heat transfer and alternative energy system group at NIST recognized this issue and made available 1
second and 1 minute data of their photovoltaic testbeds [41]. In this study, online power measurements of a
271 kWp DC ground-mounted PV array in Gaithersburg (MD) USA (39.1319 °, -77.2141 °) were used.
Instantaneous data was collected with a sampling time of 1 s for the years 2016-2018. The 2018 data was
used in this work. Note that the 271 kWp peak capacity is smaller than the 1.5 MW charge power of the heat
pump modelled. Therefore, the data will be scaled to a peak capacity of 1.5 MW (see Section 2.5.2.). As
demonstrated by Marcos et al. [12] the PV power fluctuations are not only influenced by the intermittence of
cloudiness but also by the plant size. Larger PV plant sizes tend to smooth out power fluctuations, which is
especially noticeable at short sampling times. Scaling this data to higher system sizes is thus a conservative
approach to validate the system dynamics.

To limit the simulation time, the power gradients were calculated from the annual data and the day with the
highest power gradient was further analyzed. For this dataset, the highest power gradients occurred on June
4th. The corresponding power profile is shown in Figure 3 (a). The solar power profile shows the expected
average evolution. Before sunrise and after sundown the production equals zero. The solar production peaks
around noon corresponding to the periods with maximum solar irradiation. Despite this expected average
trend, the power fluctuates significantly around this average, illustrating the importance of checking the
dynamic compatibility.
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Figure. 3. Representative solar PV production of a 271 kWp installation. a) shows the daily profile and b) the
selected 10 min test sample.

The data has also some zero values during the day, which are typically caused by faulty signals or curtailment
due to excessively high grid voltage. The maximum gradient found is caused by one of these sudden zero
values. After the profile scaling discussed in Section 2.5.2., a 10 min interval around this maximum reduces to
a constant power with three peaks. Therefore, a more representative 10 min test interval close to this maximum
was selected. The highest gradient in this test sample equals 98 % of the overall maximum, while it better
represents the typical subsequent power fluctuations. This test sample is shown in Figure 3 (b).

Note that this analysis aims to provide primary insights in the technical potential of large-scale heat pumps
only. A more thorough assessment based on high resolution data from multiple locations and PV plant sizes
and selection of statistically relevant scenarios is recommended to formulate a decisive general conclusion.



2.5.1. Limitations of PTES and the current modelling approach

The profiles above illustrate that solar PV production regularly has periods with low or even no power
generation. The zero production before sunrise and after sundown is expected and predictable. Therefore,

the heat pump startup and shutdown can be planned in this case. However, in previous analysis the part-load
range of the heat pump in nominal operation has been determined as around 50 % of its nominal capacity [24].
If the VRE fluctuations exceed this range, perfect uptake of the power profile would thus require regular startup
and shutdown of the heat pump during the day as well. Depending on the envisaged operating scenario, even
switching between charge and discharge mode might be required. As an example, such switching is needed
when the storage is used to smooth the VRE power ramping rate at the grid connection point or when provision
of constant grid power at an average value would be envisaged, as illustrated for Li-ion batteries in [42].

Switching between charge and discharge mode is typically assumed immediate in techno-economic studies,
which is reasonable if the startup and shutdown time are short compared to the 15 min or 1 h timestep.
However, the realistic power profiles highlight that more frequent and fast startup might be required in some
load-shifting scenarios. Moreover, these studies often assume the full power capacity can be used and thus
neglect the limited part-load range of real heat pumps and ORCs. Careful sizing of the VRE and cycle capacity
and operational planning should thus be considered. These considerations illustrate the need for a detailed
look at the startup and shutdown behaviour of PTES and further inclusion of technical limitations in techno-
economic studies.

2.5.2. Scaling procedure of the solar PV profile to heat pump operating range

The control structure and modelling approach presented in this paper focus on the heat pump power
modulation while in use. Therefore, it can be used only to verify the dynamics during nominal operation. The
heat pump part-load range is limited between 750 kW and 1.5 MW. Starting from the measured data above,
dynamic test profiles are constructed as follows:

= The collected PV data contains values below zero due to measurement errors for almost zero production.
Therefore, these negative values are replaced with zero values first.

= The original power profile is normalized with the peak capacity installed. The normalized power thus
remains between zero and one.

= The normalized profile is scaled to the nominal heat pump capacity by multiplying all values with 1.5 MW.

= The scaled profile might contain fluctuations exceeding the modulation range of the heat pump. Therefore,
all values below 750 kW are replaced with this value.

= Finally, a sufficiently long initial settling period is added to the profile to ensure the results are independent
of the model initialization. This settling period is added at the initial power of the VRE test sample to ensure
steady-state at the test start.

A schematic of this procedure and the resulting test profiles is provided in Figure 4. Practically, the resulting
profile corresponds with a situation where the VRE production is complemented by grid electricity to maintain
a minimum base load for the heat pump. Passing clouds, sudden drops in wind, and curtailment due to
excessive grid voltage are local phenomena. It is thus reasonable to assume that sufficient VRE generation is
available globally when the heat pump is used to charge, which corresponds to low grid electricity prices. This
assumption allows to verify whether the heat pump dynamics can satisfy the fast response during nominal
operation. The model could be extended to include startup and shutdown behaviour to evaluate these
dynamics in alternative operating scenarios.
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Figure. 4. Visualization of the VRE test profile.

3. Results

The solar PV measurement data for the load-following test is shown in Figure 3 (b). The scaled power profile
fitting the heat pump operating range and the system power response are shown in Figure 5.
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Figure. 5. Power response of a 1.5 MW heat pump during a load-following test for solar PV.

The solar PV fluctuations exceed the modulation range and grid electricity is thus used to maintain a base load
during 140 s. Overall, the heat pump dynamics match well with the solar PV generation as the black power
setpoint is almost fully covered by the red simulated response. The maximum relative power deviation equals
19.3 % and occurs after 565 s. This deviation corresponds with the maximum power gradient of 318 kW/s,
caused by a sudden drop to base load. At this rate, it would only take 2.36 s to ramp between 1.5 MW and
750 kW. Direct load-following of solar PV thus requires rather high ramping rates. The observed deviations
can be placed into context by the grid balancing requirements issued by the TSO. The Belgian TSO allows a
relative power deviation margin of 7.5 % of the desired capacity during the load-following test for secondary
frequency reserve services, which might be exceeded for maximally 30 timesteps of 4 s during the 90 min test
[43]. In this load-following test, the maximum deviation exceeds this margin but this happens only during one
1 s timestep. The overall match is confirmed by the aggregated absolute error between the setpoint and actual
HP power uptake of 1.263 kWh, which corresponds to 0.66 % of the planned power uptake.



Interestingly, the instantaneous HP power uptake is sometimes higher and sometimes lower than the setpoint.
It slightly lags the bidirectional fluctuations, which means the error averages out over the test interval. In fact,
the net aggregated error over the full test interval equals only -0.0172 kWh or -0.009 % of the requested energy
uptake. From an energetic point of view, the actual heat pump power uptake thus marginally exceeds the
desired one over the 10 min test interval, indicating the dynamic compatibility within the heat pump modulation
range.

Suitable TES temperatures should be maintained during the test. This temperature response is visualized in
Figure 6. The maximum absolute TES delivery temperature deviation equals 4.38 °C. Although this exceeds
the expected accuracy of platinum RTDs (0.1 to 1 °C), it just remains within the typical measurement accuracy
of industrial thermocouples (0.5 to 5 °C) [44]. It can be seen the TES delivery temperature fluctuates around
its setpoint due to the fast fluctuating power. The temperature response lags the power response and quickly
returns to the setpoint when the power uptake stabilizes. The deviations average out over the test interval and
the mean delivery temperature equals 94.99 °C. These deviations are thus certainly acceptable.
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Figure 6. TES delivery temperature response of a 1.5 MW heat pump during a load-following test for solar
PV.

To conclude this feasibility analysis, the operating conditions of the different components were briefly verified.
The main challenge observed was maintaining superheated conditions at the compressor inlet. During the test,
the minimum superheat at the compressor inlet and outlet became 1.34 and 7.70 °C during the sudden drop
to base load at the end of the test. Except for this one instance the superheating at the compressor inlet and
outlet remained above 4 °C. While this is acceptable for the volumetric machine used, it thus illustrates the
importance of an adequate control strategy or additional countermeasures to avoid two-phase conditions
during fast ramping. According to literature [31, 45], preheating the suction line or implementation of an internal
heat exchanger could further mitigate the condensation risk.

4. Conclusion

This paper verified the technical feasibility of load-following solar PV production with variable-speed vapour
compression heat pumps. The solar PV profile is based on measured data of a 271 kWp installation which is
scaled to the 1.5 MW system in this study. As power fluctuations caused by clouds are dampened more with
increasing PV plant size, the scaled fluctuations are thus higher than would be expected for an actual
installation with increased peak capacity. This is thus a conservative estimation. The results indicate the heat
pump dynamics are suitable for direct load-following of solar PV. Although the maximum relative power
deviation for solar PV equals 19.3 %, it only happens with the maximum power gradient caused by a sudden
drop of the PV production to zero, and thus of the heat pump setpoint to base load. The relative deviation
remains below 7.5 % for the remainder of the test. Moreover, the aggregated absolute error between the
setpoint and actual heat pump power uptake accounts for only 0.66 % of the desired uptake. The TES delivery
temperature fluctuates around its setpoint and quickly returns to this point in stable power periods. A maximum
temperature deviation and average TES-delivery temperature of 4.38 °C and 94.99 °C were determined,
respectively. The PTES dynamics are thus suitable for direct load-following of variable solar PV during



charging. However, a more thorough assessment based on high resolution data from multiple locations and
plant sizes and selection of statistically relevant scenarios is recommended to formulate a decisive general
conclusion. Moreover, inclusion of startup and shutdown behaviour would allow to evaluate these dynamics in
alternative operating scenarios. Finally, an extension of this analysis to wind generation would be valuable to
cover both main VRE electricity sources.

Nomenclature
A area, m?
COP  coefficient of performance, -
m mass flow rate, kg/s
p pressure, Pa
PP pinch point, K
0 heat transfer rate, W
SH superheat, K
T temperature, K
Greek symbols
A difference
n efficiency
Subscripts and superscripts
eff effective
HP heat pump
HX heat exchanger
in inlet
is isentropic
m measured, sensor value
max  maximum
min minimum
nom  nominal
out outlet
set setpoint
TES thermal energy storage system
WF working fluid
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