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A B S T R A C T   

The increasing share of renewable energies in the electricity grid requires storage technologies to balance energy 
supply and demand. Thermally integrated pumped thermal energy storage systems are considered a promising 
technology for medium to large-scale storage applications. Among these, compressed thermal energy storage in 
particular has been identified in numerous theoretical studies as a promising candidate. Despite these studies, the 
feasibility of the thus far theoretical concept has not yet been proven experimentally. To overcome this gap this 
publication presents for the first time the entire setup and experimental results of the world’s first CHESTER 
(Compressed Heat Energy Storage for Energy from Renewable Sources) laboratory prototype at a representative 
scale consisting of a high-temperature heat pump and an organic Rankine cycle coupled by a combination of a 
sensible and a novel dual-tube latent heat storage as a high-temperature thermal energy storage system. The 
stable operation of a fully integrated CHEST system on a 10 kW scale was demonstrated and the stable function of 
the latent heat storage unit as both a condenser and an evaporator was confirmed. With the current prototype, 
which combines three first of its kind subsystems, efficiencies of up to 37 % have been achieved. The presented 
results confirm the practical feasibility of the thus far theoretical concept and provide guidance for further 
optimization of the components and more importantly the interaction between the individual subsystems.   

Nomenclature  

Variables 
COP coefficient of performance [-] 
E Energy [kWh] 
h specific enthalpy [kJ/kg] 
L fill level [m] 
ṁ mass flow rate [kg/s] 
n rotational speed [1/m] 
P electrical power [W] 
p pressure [bar] 
Q̇ heat flow rate [W] 
s specific entropy [kJ/(kgK)] 
T temperature [◦C] or [K] 
V̇ volume flow rate [m3/s] 
Greek 
εnet net power ratio [-] 
ηRT roundtrip efficiency [-] 

(continued on next column)  

(continued ) 

ηnet roundtrip utilization rate [-] 
ϱ density [kg/m3] 
Abbreviations 
CB Carnot battery 
CHEST 

(ER) 
compressed heat energy storage (for Energy from Renewable Sources) 

DLR German Aerospace Center 
HT-HP high-temperature heat pump 
HT-TESS high-temperature thermal energy storage system 
LH-TES latent heat thermal energy storage 
ORC organic Rankine cycle 
PCM phase change materials 
SH-TES sensible heat thermal energy storage 
(TI-)PTES (thermally integrated) pumped thermal energy storage 
TMES thermo-mechanical energy storage 
Subscripts 
C heat input process/cycle 

(continued on next page) 
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(continued ) 

LH LH-TES 
SH SH-TES 
so heat source 
co compressor 
D dispatching process/cycle 
si heat sink 
off offset 
in inlet 
out outlet 
ex expander 
pu pump 
i time period 
j seconds 
ht hot water tank 
ct cold water tank 
wat water 
ref refrigerant 
TESS thermal energy storage system  

1. Introduction 

Following the Paris Agreement, the European Union aims to achieve 
an economy with net zero greenhouse gas emissions by 2050 with the 
European Green Deal [1]. In this context, a strategy is being pursued to 
reduce greenhouse gas emissions, improve energy efficiency and in
crease the share of renewable energy by 2030 [2]. Integrating fluctu
ating renewable energy sources, e.g. photovoltaics and wind power, into 
the electricity grid of the energy system is one major challenge [3]. In 
addition, efforts to substitute fossil fuels with renewable energy sources 
for the heating and cooling sector must also be increased, e.g. with heat 
pumps, to achieve the climate targets [4]. For integrating a very high 
share of renewable energy sources into the electricity grid, heating and 
cooling sectors, energy storage systems are essential [5]. In particular, 
cross-sector solutions coupling the electricity and heat sectors with 
smart energy storage systems are seen to offer great potential for 
increasing the flexibility of the electricity grid [6]. For this purpose, the 
development and investigation of thermo-mechanical energy storage 
(TMES) have become an important research focus in terms of grid scale 
and long-duration energy storage systems [7]. A categorisation of the 
different types of TMES is provided by Olympios et al. [8]. In recent 
years, the term Carnot Battery (CB), a concept that includes a cluster of 
TMES has been introduced [9]. The publications that most thoroughly 
define the term and the technologies under the Carnot Battery umbrella 
were published by Dumont et al. [10]. 

One of the most promising CB solutions in terms of system efficiency 
and flexibility has turned out to be the pumped thermal energy storage 
(PTES) [11]. It is also referred to pumped thermal electricity storage 
[12]. The PTES is characterised by the use of a heat pump for creating a 
temperature lift for energy conversion and storage. When dispatching 
the energy, a heat engine converts thermal to electrical energy. This can 
theoretically be realised either by an additional thermodynamic cycle or 
by a reversible heat pump / organic Rankine cycle system [13]. A 
combination of a heat pump with thermal energy storage can achieve an 
ideal round-trip efficiency of up to 100 % [14]. Zhao et al. [15] show 
that the roundtrip efficiency of their PTES model is higher in a combined 
heat and electricity mode as an energy management system supplying 
electricity and multi-grade thermal energy than in a pure electricity 
storage mode. If the heat pump uses waste heat, district heat, solar 
thermal heat or other heat supply systems at low and medium temper
ature levels for operation, it is referred to as thermally integrated PTES 
(TI-PTES) [16]. Theoretical studies show that especially TI-PTES have 
great potential. Dumont and Lemort [17] compare TI-PTES with other 
energy storage technologies and conclude that TI-PTES theoretically 
have a high potential because of their high roundtrip efficiency, low 
specific price and long lifetime. While PTES have no geographical re
strictions, TI-PTES have a low geographical dependency due to thermal 
integration, which is usually associated with a good connection to the 

electricity grid or district heating networks. In contrast, pumped hydro 
energy storage is strongly dependent on the topography and compressed 
air energy storage on the underground geological conditions. Frate et al. 
[18] show in a thermo-economic study that TI-PTES may be economical 
as large-scale and long-duration energy storage. In another thermo- 
economic study, Hu et al. [16] found that in terms of minimum stor
age costs, TI-PTES are better suited for coupling with waste heat than for 
coupling with district heating networks or solar thermal scenarios. A 
recent literature overview of TI-PTES system configurations is given by 
Zhang et al. [19], who created a configuration selection map. Benato 
and Stoppato [20] distinguish the PTES technologies between closed 
Brayton or reversible Brayton cycles, the transcritical organic Rankine 
cycle with CO2 as the working fluid, and the compressed heat energy 
storage (CHEST). In a review of TI-PTES, Frate et al. [21] summarise 
that while there is a lot of theoretical work done with conceptual studies 
and simulations, there is a lack of experimental data for validation 
because there are no existing TI-PTES prototypes. Steinmann [22] points 
out that there is a lack of PTES prototypes because essential components 
such as efficient high temperature compressors or efficient CO2 engines 
are not commercially available. Based on this finding, Steinmann [22] 
introduces the first CHEST approach as a PTES with conventional 
subcritical Rankine cycles and state-of-the-art components. 

The CHEST concept, which can be designed as a PTES or TI-PTES, is, 
according to Steinmann [22], characterised by latent heat thermal en
ergy storage using phase change materials (PCM) to increase efficiency 
by minimizing the temperature differences during the evaporation and 
condensation process between the working fluid and the storage me
dium. The thermal energy storage can be combined with a sensible unit 
to achieve effective use of the sensible heat after the condensation 
process by subcooling and before the evaporation process by preheating 
the working fluid. Tafone et al. [23] investigated numerically the CHEST 
system with a cascade of multiple PCMs and calculated a round trip 
efficiency of 47.6 % for their model. In the first CHEST approach, 
Steinmann [22] suggests a cascaded compression with six stages 
(ammonia and water as the working fluids) and a combination of sen
sible and latent heat thermal energy storages at temperatures between 
200 and 400 ◦C. Later, Jockenhöfer et al. [24] further developed the 
CHEST concept with a low temperature thermal integration, able to 
convert electrical and thermal energy and with an optional connection 
to a smart district heating network. The authors use butene as the 
working fluid for the heat pump and the heat engine and a combination 
of sensible and latent heat thermal energy storage with a eutectic 
mixture of potassium nitrate and lithium nitrate having a melting point 
at 133 ◦C. The numerical results show a net energy ratio of 125 % at a 
heat source temperature of 100 ◦C and a heat sink temperature of 15 ◦C. 
The maximum exergetic efficiency of 59 % is achieved when thermal 
and electrical energy is supplied. For the same CHEST concept, Hassan 
et al. [25] found, after several parametric studies, that R1233zd(E) and 
R1234ze(D) are the most promising working fluids when the same fluid 
is used for the heat pump and the heat engine sides. For the use of two 
different working fluids, it was determined that R1233zd(E) achieves 
the best system performance for the heat pump side and butene for the 
heat engine side. Frate et al. [26] also found in their simulations that 
R1233zd(E) is the most promising fluid for their TI-PTES concept. These 
theoretical studies show the possibilities of the TI-PTES system. Systems 
that use separate working fluids for the two conversion cycles have, on 
the one hand, the advantage that each of the thermodynamic cycles can 
be optimised. On the other hand, the use of one working fluid can lead to 
fewer components. Lund [27] addresses the advantages of the CHEST 
concept as part of a smart energy system in combination with a district 
heating system, allowing the utilisation of synergy effects between the 
operation of the heat and electrical side of the storage system. The 
author investigates the benefits of the CHEST concept in a theoretical 
energy system scenario for Germany for the year 2050, where the power 
production is characterised by a large share of renewable energy in the 
form of wind power and photovoltaic and compares the concept with a 
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Li–ion battery. The CHEST concept was analysed in different model 
configurations, without district heating and using district heating in an 
electric heating scenario via heat pumps or in a fuel heating scenario via 
fuel boilers. Regarding the reduction of the primary energy supply, the 
preferred application use case is the electrical district heating scenario. 
Another energy system scenario with the CHEST concept based on a high 
temperature heat pump is presented in Sánchez-Canales et al. [28] for 
potential integration with a 26 MW wind farm in the Spanish electricity 
market, also considering the technical constraints. By varying the ther
mal energy storage capacities and the size of the CHEST model, ac
cording to the simulation, the system provides up to 20 % of the power 
plantś total energy contribution. A recent publication by Novotny et al. 
[29] maps the PTES technologies under commercial development and 
places them in the perspective of related scientific works. In 2020, Frate 
et al. [21] stated that there are no existing TI-PTES prototypes tested in 
the laboratory or demonstrated with pilot systems. For this reason, and 
to push the technological level of TI–PTES, the innovative system 
concept CHESTER (CHEST for Energy from Renewable Sources) was 
developed to create a very flexible and smart renewable energy man
agement system. 

Based on the identified lack of PTES prototypes, the present work 
presents for the first time an entire setup and experimental results of the 
first laboratory prototype of a CHEST system. The aim is to assess the 
feasibility of integrating three first of its kind subsystems into a single 
system as well as the stability of the entire system. The experimental 
results obtained provide insights and an understanding of the interac
tion of the individual subsystems. Although the laboratory prototype 
cannot make any statement about the maximum efficiency of the 
concept due to the downscaling and the maximum temperatures limited 
to the current development level of the heat pump, this work is never
theless an important milestone that will help drive further technical 
development of the CHEST concept. 

2. Description of the laboratory prototype 

CHESTER is an energy storage and management system based on the 
TI-PTES technology, which converts electrical energy and low- 
temperature heat to high-temperature heat via a heat pump. The high- 
temperature heat is stored and, when necessary, converted back to 
electrical energy by a power cycle. In addition to providing dispatchable 
electrical energy, both electrical and thermal energy for heating or 
process heat can be provided. The conversion of electrical to thermal 
energy with the use of a heat pump also offers flexibility for thermal 
integration. Different scenarios and application use cases for the 
implementation of the CHEST concept, each with characteristic values, 
are given in detail by Steinmann et al. [30]. As an example, a general 
scenario of the CHESTER energy storage and management system with a 
smart district heating system is shown in Fig. 1. Smart district heating 
systems use solar thermal energy or other energy sources to supply do
mestic heat. The time discrepancy between availability and demand can 
be compensated by short-term water storages or by seasonal thermal 
energy storages, as currently operating in several systems in Denmark. 
In the example scenario, CHESTER uses excess electricity from wind and 
solar energy to drive a heat pump (Fig. 1, left), converting this electricity 
to heat and storing this heat in the storage system. Seasonal thermal 
energy storage can be used as a heat source for the heat pump. During 
dispatching (Fig. 1, right), an organic Rankine cycle generates electricity 
for the power grid from the thermal energy transferred out of the storage 
system and transports excess heat back into the seasonal thermal energy 
storage [30]. 

2.1. System integration in the laboratory 

Fig. 2 shows a simplified flow diagram of the CHESTER laboratory 
prototype, installed in the DLR (German Aerospace Center) laboratories. 
The prototype is designed for an electrical power output of 

approximately 10 kWel and combines for the first time three innovative 
subsystems: a high-temperature heat pump (HT-HP) operating up to 
150 ◦C, a high-temperature thermal energy storage system (HT-TESS) 
with a novel directly integrated dual-tube latent heat storage as a 
condenser and evaporator and an organic Rankine cycle (ORC) with a 
variable volume ratio expander. 

For the heat upgrade and energy input cycle on the left, the HT-HP 
upgrades the heat of the low-temperature heat source to a tempera
ture above the melting temperature of the PCM used in the LH-TES, 
thereby charging the storage system. For the prototype, the electrical 
network of the laboratory is used. The heat source is a hot water tank 
with an electric heater with a power of 100 kWel and a temperature 
range of 40 to 100 ◦C. In the middle, the HT-TESS is shown, consisting of 
latent heat thermal energy storage (LH-TES) and sensible heat thermal 
energy storage (SH-TES). In the LH-TES, the working fluid is condensed 
during the HT-HP operation, which transfers heat and charges the 
storage system. During the energy dispatching operation of the ORC and 
thereby discharging the HT-TESS, the LH-TES serves as an evaporator. 
The sensible heat for subcooling in the HT-HP cycle and preheating in 
the ORC cycle is stored in and provided by the SH-TES. For the energy 
dispatching cycle on the right, the ORC transforms heat into electricity. 
The electricity generated by the prototype is fed directly into the elec
trical grid. The cooling water network of the laboratory is used as the 
heat sink for the ORC condenser, which enables temperature regulation; 
in the experiments, the inlet temperature was regulated to 25 ◦C. 
Furthermore, there is no communication between the heat sink and the 
heat source in the laboratory. Fig. 3 shows a picture of the CHESTER 

Fig. 1. CHESTER with smart district heating system, showing the system 
charging with heat upgrade on the left and system discharging with energy 
dispatch on the right. 

Fig. 2. Simplified flow diagram of the CHESTER laboratory prototype.  
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prototype in the laboratory from the perspective of the HT-HP. The ORC 
is behind the LH-TES and depicted in an inserted frame. 

2.2. Selection of phase change material, refrigerants and lubricants 

The PCM used in the LH-TES was selected to have a melting tem
perature below 160 ◦C, due to the limitation in available HT-HPs 
operating above that limit [31]. A eutectic mixture of LiNO3 and 
KNO3 with a theoretical phase change temperature of 133 ◦C was 
selected. The PCM mixture ratio was 33 wt% LiNO3 and 67 wt% KNO3, 
following Guizane et al. [32] and Tamme et al. [33]. During commis
sioning, it was observed that the PCM melts in a temperature range from 
approximately 128 to 136 ◦C, showing that the eutectic mixture was not 
attained. This may be due to incorrect mixing or inaccurate literature 
data. Roget et al. [34] show in their publication that the composition of 
the eutectic mixture of LiNO3 and KNO3 in the literature is inconsistent 
and dispersed. 

As can be seen schematically in Fig. 2, a dual-tube design of the 
LH–TES should be used when the thermodynamic cycles use two 
different refrigerants as working fluids. This way, the refrigerant can be 
optimally matched to the thermodynamic cycles of the HT-HP and ORC 
subsystems respectively, and lubricant migration or mixing can be 
avoided [35]. The selection of the refrigerant determines the shape of 
the two-phase area in the T-s diagram of the nominal charging and 
discharging cycles, as shown in Fig. 4. R1233zd(E), with a critical 
pressure of 36.2 bar and a critical temperature of 166.5 ◦C, is selected for 
the HT-HP; R1336mzz(E), with a critical pressure and temperature of 
31.5 bar and 137.7 ◦C, respectively, is selected for the ORC [36]. 

R1233zd(E) was selected for the heat upgrade and energy input cycle 
with the HT-HP to obtain the best possible thermodynamic performance 
for the nominal boundary conditions [25]. To avoid large superheating 
for the ORC, which requires additional heat transfer area and has an 
impact on performance, a so-called dry fluid (R1336mzz(E)) was used 
with the slope of the saturation curve sloped inwards. R1233zd(E) on 

the other hand is an isotropic fluid with a semi-vertical slope of the 
saturated vapour curve on the T-s diagram (Fig. 4, top). It has a global 
warming potential of 1 and an ozone depletion potential of nearly 0 
[31]. It belongs to the Hydro-Chloro-Fluoro-Olefins group and is non- 
flammable. The HT-HP compressor lubricant is the Reniso Triton 
SEZ320. It is a synthetic polyolester oil specifically designed to be used 
with fluorinated hydrocarbons. Experimental pre-tests to investigate the 
interaction between R1233zd(E) and Reniso Triton SEZ320 show that 
the refrigerant-lubricant mixture meets the criteria for viscosity well. 

For the energy dispatching cycle with the ORC, R1336mzz(E) was 
selected as the refrigerant. It belongs to the Hydro-Fluoro-Olefins group. 
This refrigerant has favourable chemical properties such as low toxicity, 
low flammability, and a global warming potential of 18 with an ozone 
depletion potential of 0 [31]. Within the refrigerants with suitable 
chemical properties, R1336mzz(E) was selected based on thermody
namic cycle simulations to maximize the expander power output and 
cycle efficiency in the expected operating range. The ORC expander 
lubricant is Reniso Triton SEZ220. This lubricant was selected based on 
its miscibility with the refrigerant, having a viscosity suitable for 
expander operation at higher temperatures. 

Fig. 3. CHESTER laboratory prototype. © DLR (CC BY-NC-ND 3.0).  

Fig. 4. T-s diagrams for the nominal heat upgrade and energy input (top) and 
energy dispatching (bottom) cycles of the CHESTER laboratory prototype. 
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2.3. High-temperature heat pump 

For an optimal heat upgrade and energy input cycle in the CHESTER 
laboratory prototype, the HT-HP is designed by the research centre 
TECNALIA for heat source temperatures ranging from 60 to 100 ◦C, 
approximately, a design heat sink temperature above 133 ◦C and elec
trical consumption of 10 to 15 kWel. A description of the detailed HT-HP 
design can be found in Hassan et al. [37] and the analysis of the first 
experiments for different operating conditions in Ramirez et al. [38]. 
Fig. 5 shows a simplified P&I diagram of the whole CHESTER laboratory 
prototype. The components of the HT-HP are shown on the left: a high- 
temperature compressor, the LH–TES serving as condenser, a subcooler 
connected to the SH–TES, an expansion valve and an evaporator con
nected to the heat source. 

The high-temperature compressor is a single-piston reciprocating 
type model HBC511 manufactured by Viking Heat Engines (now Heaten 
AS). It is designed to operate under high-temperature conditions and is 
compatible with all common refrigerants of the 3rd and 4th generation. 
This includes R1233zd(E), although this had not been experimentally 
tested before this laboratory prototype [39]. The compressor speed can 
be varied between 600 and 1500 rpm for the regulation of the heating 
capacity of the HT-HP. The evaporator and the subcooler are commer
cially available brazed plate heat exchangers from the manufacturer 
SWEP, with 70 and 50 plates respectively. The nominal heating capac
ities for these are 46 and 23 kWth. The control loop on the water side of 
the evaporator attempts to maintain a temperature difference of around 
5 K between the water inlet and outlet temperature by varying the speed 
of the water pump. In the subcooler of the HT-HP, the pump of the cold 
water tank operates at a constant speed, while the flow rate required to 
achieve a water outlet temperature of approx. 120 to 130 ◦C under 
steady-state conditions is regulated with a 3-way valve. The expansion 
valve was selected based mainly on its compatibility with the refrigerant 
and the maximal allowable operating temperature. An algorithm for 
controlling the expansion valve was developed for the general control 
routine of the prototype, as the working conditions differ from the 
original working conditions of the manufacturer. The expansion valve is 
controlled to maintain a refrigerant superheating of around 10 K at the 
suction line of the compressor. In addition to these components, a 

suction line accumulator, an oil separator, a solenoid valve and pressure 
switches and valves are included within the circuit. The HT-HP control 
routine includes automatic start-up and shutdown routines and special 
subroutines for temperature control of the compressor cooling water 
circuit and lubrication temperature control. More detailed information 
about the HT-HP is given by Hassan et al. [37]. 

2.4. High-temperature thermal energy storage system 

The HT-TESS, designed by DLR, is a combined system consisting of 
an LH-TES and an SH-TES (Fig. 5, centre). The boundary conditions for 
the heat upgrade and energy input process are defined by the thermal 
output and thermodynamic conditions of the refrigerant at the optimal 
operation point of the HT-HP with approx. heat flow rates of 30 kWth for 
the LH-TES and 25 kWth for the SH-TES. The energy dispatching process 
was matched to the requirements of the ORC with the approx. heat flow 
rates of 43 kWth for the LH-TES and 72 kWth for the SH-TES. The storage 
capacity of the HT-TESS was chosen to allow for a full charging and 
discharging cycle within one working day. Due to the transient effects in 
the phase change material (PCM) during charging and discharging, the 
numeric modelling of the HT-TESS was mainly focused on the LH-TES 
unit. For the detailed design of this component, a thermodynamic 
analysis of the internal heat exchanger and a parameter study to 
determine the required storage configuration was carried out similar to 
Johnson et al. [40]. To enable the use of different refrigerants and lu
bricants in the HT-HP and ORC circuits as well as tight requirements for 
the temperature gradients, the LH-TES was designed and built as a novel 
dual-tube finned tube (Fig. 6) vertical shell and tube type storage unit. 
With this innovative design, an uncontrolled transport of lubricants 
between HT-HP and ORC and thus a lack of lubrication can be avoided. 
The shell and tube type storage is considered one of the most popular 
devices for commercial and industrial applications in medium and high 
temperature thermal energy storage [41]. It is characterised by its 
simplicity, especially when the pressurised heat transfer fluid flows in
side the tubes and the PCM in the shell is depressurised. In addition, the 
number and height of the heat exchanger tubes allow for easy scal
ability. The storage consists of two tube registers connected thermally 
and physically by an aluminium fin. To achieve a constant heat output 

Fig. 5. Simplified P&I diagram of the CHESTER laboratory prototype.  
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while maintaining a low temperature difference between PCM and 
refrigerant, heat transfer structures made of extruded axial aluminium 
fins were developed in an iterative process with a manufacturer, taking 
techno-economic aspects into account. The extruded aluminium 6060 
fin halves are attached to the tubes with 1.4310 spring steel clips. The 
fin-pair structure is hexagonal, allowing for an optimal packing density. 
For more information about the attachment method, see Johnson et al. 
[42]. 

In total, 56 finned-tube pairs are inserted in the storage container. 
The tubes in the tube registers each have an outer diameter of 17.3 mm 
and a wall thickness of 2.3 mm. The tube-pairs are aligned in rows of 
seven by eight. The rows of seven are connected to two subheader sets, 
each with an outer diameter of 42.4 mm and a wall thickness of 3.0 mm. 
The resulting eight pairs of subheaders are connected to two main 
headers, each with an outer diameter of 139.7 mm and a 4.0 mm wall 
thickness. The material used for the tubes and outer shell of the LH-TES 
is 16Mo3. The outer shell of the LH-TES is a rectangular containment 
with an inner volume of 1000 × 1070 × 3000 mm3. The total height of 
the LH-TES, including the base, is 4646.7 mm. The storage unit is filled 
with approx. 4450 kg of PCM. To investigate the temperature distribu
tion in the LH–TES, 10 multipoint thermocouples with 6 measurement 
levels each (Fig. 5, T230 to T290) were placed at different horizontal 
positions in the PCM, using the multipoints to provide a measurement at 
six heights. During the energy input cycle, charging the storage, the 
R1233zd(E) flows inside a tube register from the top to the bottom of the 
LH-TES, allowing the condensing refrigerant to flow according to gravity 
and the PCM on the shell side to melt and thermally expand at the top of 
the storage first. On the contrary, during the energy dispatching cycle, 
discharging the storage, the R1336mzz(E) flows inside the second tube 
register from the bottom to the top of the LH-TES. This allows the 

evaporating liquid with lower density to leave the LH-TES at the upper 
part, while the PCM on the shell side solidifies and thermally shrinks at 
the bottom of the storage first. In Fig. 5, a connection to another test 
infrastructure (Prosteam) can be seen on the HT-HP piping side. Pros
team is a refrigerant evaporation and condensation unit, currently also 
filled with R1233zd(E), that allows for the preconditioning of the LH- 
TES for the experiments with the CHESTER laboratory prototype. For 
the operation of the CHESTER laboratory prototype, preconditioning is 
required, as the HT-HP is not able to preheat the LH-TES from ambient 
temperatures due to the design-point temperature level. In real appli
cations, direct preheating with a low-temperature heat source or with 
electrical resistance heaters could be used for this purpose. 

The layout of the SH-TESS is based on the nominal point operation. 
Since the operation parameters in this component are almost constant 
during charging and discharging no transient simulation was required. 
The SH-TES is a closed pressurised loop with two water tanks, connected 
to both the subcooler and preheater of the HT-HP and ORC, respectively. 
In this loop, water is used as the heat transfer fluid under a nitrogen 
atmosphere of approx. 5 bar. A connection line between the tanks en
ables a pressure balance and sequential charging and discharging 
without mixing the hot and cold fluids. The system was designed for a 
charging and discharging time of about 4 h each. A schematic view of 
the SH-TES can be seen in Fig. 7. Each tank is designed as a pressure 
vessel with a maximum operating pressure of 6 bar, resulting in a water 
saturation temperature of 159 ◦C and a maximum fill volume of 1.9 m3. 
For the initial start-up and preconditioning between experiments, each 
tank can be preconditioned with 9 kWel immersion heaters as well as 
with internal heat exchangers with a cooling power of 15 kWth that are 
connected to the lab cooling network. During the energy input cycle and 
charging of the SH-TES, water from the cold water tank is pumped via 
the subcooler of the HT-HP to the hot water tank. During the energy 
dispatching cycle and discharging of the SH-TES, hot water from the hot 
water tank is pumped via the preheater of the ORC to the cold water 
tank. 

2.5. Organic Rankine cycle 

The ORC is designed by the University of Ghent with a design power 
of 10 kWel and is used to convert the heat stored in the HT-TESS to 
electricity and low temperature heat, thereby discharging the CHESTER 
laboratory prototype. The LH-TES serves as the evaporator for the 
refrigerant and the SH-TES as a preheater. The further components of 
the ORC are in Fig. 5 on the right: the expander, a pump and two further 
heat exchangers for the condenser and the subcooler. 

The volumetric piston expander has an internally variable valve 
timing mechanism that can be used to control the internal expansion 
ratio. Having the flexibility to control the internal expansion ratio 

Fig. 6. Novel dual-tube finned tube design for the LH-TES. © DLR (CC BY-NC- 
ND 3.0). 

Fig. 7. Schematic view of the SH-TES.  
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directly improves the ability of the ORC to perform well under partial- 
load conditions and adapt the internal process conditions to the 
external process conditions of the HT–TESS. The rated electrical power 
output of the expander, as indicated by Viking Heat Engines (now 
Heaten AS), is 15.5 kWel and can operate at a maximum inlet pressure 
and temperature of 30 bar and 215 ◦C. An automatic bypass valve is used 
to bypass the expander during start-up when the refrigerant is not within 
the design expander inlet conditions. The ORC power output can be 
modulated using the speed control of the expander and the pump. The 
refrigerant pump is a G10-X diaphragm pump from Wanner with a ca
pacity of 30.6 l/min. The pump is capable of reaching pressures up to 69 
bar at 1450 rpm and is connected to a 2.2 kWel electric motor from WEG. 
A B400T brazed plate heat exchanger from SWEP with a nominal ca
pacity of 120 kWth and 120 plates is used as the condenser. The 
condenser is connected to a cooling water network, which enables 
temperature regulation. After the condenser, the refrigerant is directed 
to a liquid receiver and further cooled in the ORC subcooler, which is 
connected to the cooling water network and guarantees a completely 
liquified refrigerant at the pump inlet. The subcooler is a B28 brazed 
plate heat exchanger with 34 plates from SWEP. After the pump, the 
refrigerant is preheated in the preheater connected to the SH-TES. This is 
another brazed plate heat exchanger from SWEP, with a capacity of 
120 kWth and 120 plates as well. This is sized for operation as an 
evaporator during stand-alone testing of the ORC and is oversized for the 
CHESTER laboratory prototype, in which the LH-TES is the evaporator. 
The ORC is controlled using a Siemens PLC to communicate the desired 
setpoint to the setup components. More detailed information about the 
ORC is given by Couvreur et al. [43]. 

2.6. Measurement devices and accuracy 

The simplified P&I diagram in Fig. 5 shows only the measuring 
points and valves relevant to the following analysis. Since it is derived 
from the detailed P&I diagram, the numbering is not consecutive. 
Table 1 lists all measuring sensors and measuring devices whose 
measured values were used for the data reduction with type designation, 
measuring principle and accuracy. Different measurement devices are 
used for each component of the CHESTER laboratory prototype, as the 
three subsystems were designed and built in different research institutes 
and partially use different measurement methods. 

3. Methods 

To test the CHESTER laboratory prototype, different experiments 

were carried out to investigate the performance of the overall system 
and the subsystems. To this end, parameter variations during the heat 
upgrade and energy dispatching processes enabled the characterisation 
of the three subsystems in interaction with each other, the investigation 
of their dynamic behaviour and the identification of optimal operating 
parameters. Due to the focus on the overall system in this publication, 
one experiment during the heat upgrade and energy input and one 
during the energy dispatching process are presented, each without 
additional manual parameter variation. Since the three subsystems were 
designed and constructed separately and used separate control systems 
and data acquisition, the data acquisition rate and clock times were 
dissimilar. For this reason, the data was summarized in an overall syn
chronization table after each test with a time discretization of 1 Hz. 

3.1. Calculation method 

For the calculation of the energy balance, most of the energy flow 
rates were determined on the water side of the heat exchangers, 
balancing the energy flowing into and out of the system; this analysis is 
most relevant for upscaling and future analyses. All fluid properties were 
calculated with REFPROP [36]. 

The heat flow rate Q̇ can be calculated from the mass flow rate ṁ and 
the enthalpy difference Δh. The water in this system is single-phase and, 
according to Gibbs’ phase rule, two intensive state variables such as 
temperature T and pressure p are sufficient to determine the specific 
enthalpy h at a specific point. 

On the refrigerant side, some parts of the circuits are two-phase, so 
the two measured state variables are not sufficient for the determination 
of the specific enthalpy. Since the LH-TES can only be balanced using the 
refrigerant, having refrigerant in a single phase at the inlet and outlet of 
the storage was aimed for. The refrigerant entered the LH-TES super
heated during charging/condensation and subcooled during discharg
ing/evaporation, each by about 5 to 10 K. 

Starting with the heat upgrade and energy input cycle, which charges 
the system (C) the heat flow rates at the LH-TES (LH) and the subcooler 
heat exchanger at the SH-TES (SH) can be calculated by the Eq. (1) to 
(2): 

Q̇LH(C) = ṁ130*
[
hLH(C),out(T203, p202) − hLH(C),in(T202, p202)

]
(1)  

Q̇SH(C) = ṁ201*
[
hSH(C),in(T160, p207) − hSH(C),out(T161, p207)

]
(2)  

The heat flow rate of the evaporator heat exchanger at the heat source 
(so) of the HT-HP is calculated from the refrigerant side, since the error 
analysis has shown that, especially for small temperature differences, 

Table 1 
Overview of all measurement devices and their accuracy.  

Parameter Sensor Accuracy 

T119,T161,T160,T115 PT1000 RTD, 2-wire sheath sensor fixed in immersion sleeves IEC 60751 Class B±(0.3 ◦C + 0.005 × T) 
p116,p120 piezoresistive relative pressure sensor, (0…40 bar), (− 1…15 bar) 1 % FS, ±400 mbar, ±150 mbar 
ṁ130 Coriolis mass flow meter 

±(0.001 × ṁ) 
P100(H) power measurement terminal + AC Current Transformer, (0…50 A), (0…500 V) 0.5 % FS, ±0.25 A, ±2.5 V 
T202,T206,T203,T207 PT100 RTD, 4-wire spring fixed sheath sensor in immersion sleeves 1/10 Class B±(0.3 ◦C + 0.005 × T)/10 
T230⋯T290 Type K Multipoint-Sheath-Thermocouple Class 1, ±1.5 ◦C 
p202,p204 piezoresistive absolute pressure sensor, (0…40 bar) 0.05 % FS, ±20 mbar 
p207 piezoresistive absolute pressure sensor, (0…6 bar) 0.25 % FS, ±15 mbar 
ṁ201, ṁ202, Coriolis mass flow meter 

±(0.001 × ṁ) 
T308,T310,T319,T317 PT100 RTD, 3-wire inflow sheath sensor IEC 60751 Class B±(0.3 ◦C + 0,005 × T) 
ṁ329 Coriolis mass flow meter 

±(2.7 kg/h + 0.0015 × ṁ) 

V̇002 magnetic inductive flow meter 
±(0.005 × V̇) 

P300(O) control unit + smart line module + motor module assumed negligible  
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small measurement uncertainties in the temperature measurement on 
the water side of the heat source can cause significant errors in the 
calculated heat flow rate. Thus, a 1 K measurement error in the tem
perature measurement can cause an error in the heat flow rate of over 
12 kWth. In the balance of the refrigerant side, a temperature measure
ment error of 5 K can result in a maximum error of up to 3 kWth. Since 
the refrigerant is in the two-phase state before entering the evaporator, 
an isenthalpic expansion within the expansion valve is assumed. 
Therefore, the enthalpy values before the expansion valve and after the 
evaporator are used for the calculation of the transferred thermal en
ergy. The equation for the heat flow rate therefore reads as Eq. (3). 

Q̇so(C) = ṁ130*
[
hso(C),out(T119, p120) − hso(C),in(T115, p116)

]
(3)  

For the calculation of the electrical power of the compressor during the 
charging process Pco(C) with the compressor speed nco, the current and 
voltage are measured and permanently logged for each phase of the 3- 
phase engine. 

For the energy dispatching process (D), the heat flow rates at the LH- 
TES, the preheater heat exchanger at the SH-TES and the heat sink (si) 
can be defined in Eq. (4) to (6): 

Q̇LH(D) = (ṁ329 − ṁoff )*
[
hLH(D),out(T206, p204) − hLH(D)(T207, p204)

]
(4)  

Q̇SH(D) = ṁ202*
[
hSH(D),out(T317, p207) − hSH(D),in(T319, p207)

]
(5)  

Q̇si(D) =

[

ϱ002(T308,100 kPa)*V̇002

]

*
[

hsi(D),out(T308,100 kPa)
− hsi(D),in(T310,100 kPa)

]

(6)  

The mass flow rate ṁ of the LH-TES includes an offset ṁoff of 0.28 kg/s, 
which was set in the Coriolis mass flow meter. For the pressure on the 
water side of the heat sink, 100 kPa was assumed. As the magnetic- 
inductive flow meter, F308 measures the volumetric flow rate V̇, the 
density ϱ was determined with the temperature and pressure to calculate 
the mass flow rate. Within the overall comparison of the energy flows, 
only the heat rejected in the condenser is considered useful. The heat 
rejected in the subcooler is considered heat loss due to the low tem
perature level. The electrical power of the expander during the dis
charging process Pex(D) is retrieved from the drive controlling the 
expander speed nex using the PLC. The power of the refrigerant pump 
Ppu(D) and the pump speed npu are retrieved similarly. The drives them
selves measure DC voltage and current. 

The total transferred energy E during a certain period of time can be 
calculated by the integral of the heat flow rates and the electrical power. 
Since these data are logged every second, the transferred energy in kWh 
is calculated by 

Ei =

∑j=i
j=0Q̇j

3600
(7)  

for every second j within the period of i seconds. 
For a proper visualization of the experimental results, the logged 

data are smoothed with a moving average in a 10 s time window. This 
allows the results to be better analyzed by the viewer without losing 
data. 

3.2. Key performance indicators 

In literature, the roundtrip efficiency ηRT is determined based on 
steady-state thermodynamic cycle analysis or steady-state experimental 
testing. The roundtrip efficiency is commonly calculated as the product 
of the efficiencies: COP(C) for the heat upgrade and energy input cycle, 
η(TESS) for the HT-TESS and η(D) for the energy dispatching cycle. 
[10,17,26] 

ηRT = COP(C)⋅η(TESS)⋅η(D) (8)  

Since the experiments with the CHESTER laboratory prototype are 
transient processes, the arithmetic means, maxima and minima for the 
individual efficiencies were determined during time-limited quasi-sta
tionary points of the whole measurement campaign. For the HT-HP, the 
quasi-stationary COP values were calculated using the time-averaged 
temperatures, pressures and mass flow rates of 10 min operating in
tervals in which no significant parameter fluctuations were observed. 
Between 8 and 9 quasi-stationary points were determined for each of the 
analysed experiments of the whole measurement campaign. For the 
ORC, the LH-TES outlet temperature of the refrigerant depends on the 
state of charge and is thus transient and not directly controllable. The 
quasi-stationary points were thus calculated by dividing this LH-TES 
outlet temperature in 2 ◦C intervals into periods where other inputs 
were kept the same. The quasi-stationary points correspond to the time- 
averaged value over the time interval corresponding with the 2 ◦C 
temperature interval. 

The ratio of supplied electrical power to useful electrical power ε is 
an important parameter to characterise an energy management system 
for converting and storing electrical energy. The calculation of the net 
power ratio εnet includes the electrical power fed into the compressor as 
well as the parasitic power of the pump and reads: 

εnet =

∑
Eel(D)

∑
Eel(C)

=

⃒
⃒Eel,ex(D)

⃒
⃒ −

⃒
⃒Eel,pu(D)

⃒
⃒

⃒
⃒Eel,co(C)

⃒
⃒

(9)  

This calculation does not consider the transient phases of the experi
ments as well as different setpoints or states of charge so these will in
fluence the net power ratio. As the charging and discharging periods are 
not the same length of time, the electrical energy is used for the calcu
lation instead of the average power. 

The overall roundtrip utilization rate ηnet is the ratio of the net energy 
produced during the energy dispatching process to the energy sum 
needed during the heat upgrade and energy input process and is defined 
as: 

ηnet =

∑
E(D)

∑
E(C)

(10)  

The evaluation of roundtrip efficiency in CHEST systems was discussed 
by Jockenhöfer et al. [24]. The definitions apply to simultaneous energy 
input and dispatching processes. Therefore, the calculations are adapted 
for separate subsystem operations to 
∑

E(D) =
⃒
⃒Eel,ex(D)

⃒
⃒+

⃒
⃒Eth,si(D)

⃒
⃒ −

⃒
⃒Eel,pu(D)

⃒
⃒ (11)  

∑
E(C) =

⃒
⃒Eel,co(C)

⃒
⃒+

⃒
⃒Eth,so(C)

⃒
⃒ (12)  

where the energy provided during the energy dispatching process E(D) is 
the sum of the energy transferred by the expander and converted by the 
generator into electricity, the thermal energy transferred to the heat 
sink, and the energy consumption of the refrigerant pump. The energy 
transferred to the subcooler of the ORC is considered not useful. The 
energy required during the heat upgrade and energy input process E(C) is 
similarly a sum of the consumption by the compressor and the thermal 
energy transferred from the heat source. 

4. Experimental results and discussion 

Table 2 gives an overview of the initial conditions of the presented 
experiments. The heat upgrade and energy input process by the HT-HP 
presented here starts after a previous energy dispatching process of the 
CHESTER laboratory prototype by the ORC so that the initial conditions 
of the HT-TESS result from the final conditions of the previous storage 
discharging. The mean PCM temperature of the LH–TES TLH, is calcu
lated with 54 temperature measurements of the multipoint thermo
couples. The fill level of the SH-TES hot water tank Lht(SH) with the water 
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temperature Tht(SH) and the fill level of the cold water tank Lct(SH) with 
the water temperature Tct(SH) also results from the previous storage 
discharging. The water temperature of the heat source Tso was set to 
95.0 ◦C, resulting in an average water inlet temperature of approx. 92 ◦C 
into the heat exchanger. For the refrigerant mass flow rate ṁ130 and the 
compressor speed nco, the target values are given. 

The energy dispatching process by the ORC starts after pre
conditioning the LH–TES with Prosteam and the SH-TES with the im
mersion heaters. The SH-TES hot water tank is completely filled, 
therefore the values for the cold water tank are not included. The tem
perature of the heat sink Tsi is given by the DLR cooling water network 
temperature. The ORC expander valve position for this experiment was 
set to 170◦ resulting in a full load expander capacity. 

4.1. Heat upgrade and energy input process 

To describe the heat upgrade and energy input process, Fig. 8, top, 
shows the target compressor speed and the measured water mass flow 
rate from the cold to the hot water tank of the SH-TES (wat) as well as 
the measured refrigerant mass flow rate (ref). Fig. 8, bottom, shows the 
measured refrigerant pressure at the LH-TES inlet with the corre
sponding saturation temperature (sat) and the measured temperatures at 
the LH–TES inlet and outlet. All values are plotted over the operating 
time. The ramp-up of the heat upgrade and energy input process started 
with turning on the water pump of the evaporator of the HT-HP at 0 h, 
followed by the water pump of the SH-TES. Water flowed from the cold 
water tank through the subcooler of the HT-HP to the hot water tank at a 
relatively constant mass flow rate of approx. 0.05 kg/s. During the 
nominal operation stage, which is within the time period marked by the 
dotted vertical lines, the rotational speed of the compressor was set at 
1500 rpm, resulting in a refrigerant mass flow rate of approx. 0.3 kg/s. 
As can be seen, the inlet pressure of the LH-TES rises progressively until 
approx. 25 bar at 3.9 h, corresponding to a saturation temperature of the 
refrigerant of 144.9 C. At the outlet, the temperature of the refrigerant 
corresponds to the saturation temperature; for the evaluation, it is 
assumed that the refrigerant leaves the LH-TES saturated. With the 
increasing state of charge of the LH-TES, heat transfer decreases and the 
pressure on the high-pressure side increases. Therefore, pressure has 
proven to be a good indicator for implementation in the ramp-down 
strategy of the control system. The compressor speed is reduced from 
1500 to 1100 rpm as soon as the pressure on the high-pressure side 
exceeds 25 bar for more than 1 min, which results in a pressure reduc
tion of about 1 to 2 bar. If the pressure rises above 25 bar again for more 
than 1 min, the compressor speed is reduced to 600 rpm and, in the last 
step, the HT-HP is switched off after approx. 5 h. The nominal operation 
stage between the two dotted lines is approx. 4.7 h. 

Fig. 9 displays the temperature distribution in the PCM of the LH-TES 
and the fill level of the hot water tank during the heat upgrade process 
and therefore storage charging time. The PCM temperature arithmetic 
and median values at the beginning of the charging process are both 
around 120.0 ◦C, resulting in a symmetrical temperature distribution. 
Nevertheless, the spread is relatively large with a minimum value of 
112.2 ◦C and a maximum value of 129.9 ◦C, which on the one hand 
indicates a quick previous discharge of the LH-TES and on the other 
hand poor heat transfer through the solid PCM. During the heat upgrade 
process and storage charging, the spread decreases, which is because of 
the increasing liquid fraction of the PCM with a better heat transfer with 

Table 2 
Experimental initial conditions and target operating parameters.  

Heat upgrade and energy input 
TLH ≈120.0 ◦C 
Lht(SH) ≈0.8 m 
Tht(SH) ≈130.4 ◦C 
Lct(SH) ≈1.0 m 
Tct(SH) ≈27.7 ◦C 
Tso ≈95.0 ◦C 
ṁ130 ≈0.3 kg/s 
nco ≈1500 rpm 
Energy dispatching process 
TLH ≈136.7 ◦C 
Lht(SH) ≈1.6 m 
Tht(SH) ≈119.3 ◦C 
Tsi ≈25.0 ◦C 
ṁ329 ≈0.4 kg/s 
nex ≈1000 rpm 
valve position ex. ≈170◦

Fig. 8. Compressor speed and mass flow rate (top) and temperature and 
pressure at LH-TES (bottom), plotted over the heat upgrade and storage 
charging time. 

Fig. 9. Temperature distribution of the PCM in the LH-TES and fill level of the 
SH-TES hot water tank during the heat upgrade process and storage 
charging time. 
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natural convection. Furthermore, the small temperature difference be
tween the LH-TES inlet and outlet temperature of the refrigerant (Fig. 8, 
bottom) indicates a large condensation zone, which further homogenises 
the temperature differences over the storage height. At the same time, a 
slight shift of the symmetry towards higher temperature values can be 
seen, so that the mean value is above the median. This trend is typical for 
the charging process and is caused by the higher temperatures in the 
vicinity of the LH-TES refrigerant tubes. The PCM temperature arith
metic and median values at the end of the charging process are 141.5 ◦C 
with a minimum value of 139.3 ◦C. As both temperatures are above the 
PCM melting range, the LH-TES can therefore be assumed to be fully 
charged. The level of the SH-TES hot water tank increases almost line
arly to a complete fill at 1.6 m with an end water temperature of 125.3 
◦C. 

4.2. Energy dispatching process 

The energy dispatching process with the target expander- and pump 
speed, the measured water mass flow rate from the hot to the cold water 
tank of the SH-TES and the measured refrigerant mass flow rate can be 
seen in Fig. 10. As given by Table 2, the level of the full SH-TES hot water 
tank is 1.6 m with a preconditioned water temperature of 119.3 ◦C, 
which corresponds approximately to the final conditions of the dis
charging described previously. Again, the measured refrigerant pressure 
with the corresponding saturation temperature at the LH-TES inlet and 
the measured temperatures at the LH-TES inlet and outlet are shown in 
the bottom graph. The ramp-up of the energy dispatching process started 
with turning on the SH-TES pump at 0 h, followed 10 min later by the 
refrigerant pump to preheat the system, bypassing the expander and the 
LH-TES. Water flowed from the hot water tank through the preheater of 
the ORC to the cold water tank at a relatively high mass flow rate of 
approx. 0.16 kg/s in comparison to the nominal operation stage with 
0.10 kg/s. The inlet and outlet temperatures of the LH-TES rise at 0.3 h 

when the bypass of the LH-TES is closed so that all refrigerant flows 
through the LH-TES. The LH-TES outlet temperature reaches values up 
to 132.4 ◦C and the inlet temperature up to 111.5 ◦C, continuing pre
heating the ORC for further 10 min. After preheating the ORC, the 
expander was brought up to 500 rpm with externally supplied elec
tricity. By closing the bypass valve of the expander, the expander 
switches from engine mode to generation mode and feeds electricity into 
the grid. The expander speed was then set to the target value of 1000 
rpm, thus initiating the start of the nominal operating stage. The pres
sure begins to rise to a value of 14.0 bar, just after the expander bypass 
has been closed. The refrigerant pump set value of 800 rpm during the 
nominal operation stage results in a refrigerant mass flow rate of approx. 
0.37 kg/s, including offset. The water mass flow rate in the preheater has 
been gradually adjusted after the start of the nominal operation from 
0.16 kg/s to 0.10 kg/s to adjust the refrigerant inlet temperature around 
5 K below the refrigerant saturation temperature so that the refrigerant 
enters the LH-TES in a subcooled state. The LH-TES inlet temperature 
during nominal operation is therefore between 93 ◦C and 90 ◦C. During 
the nominal operational stage, the pressure decreases slightly from a 
value of 14.6 bar to a value of 13.6 bar, corresponding to refrigerant 
saturation temperatures of 98.8 ◦C and 95.6 ◦C, respectively. The LH- 
TES inlet temperature levels during the nominal operation stage show 
a high correlation to the water mass flow rate of the preheater. The 
outlet temperature decreases during the nominal operation stage from 
127 ◦C to 102.7 ◦C, corresponding to a decreasing refrigerant superheat 
of around 28 K to 7 K. For the ORC, the superheat was chosen as an 
indicator to terminate the experiment. A minimum overheating of 5 K 
should be maintained to avoid liquid drops in the expander. Further
more, the water level of the SH-TES hot water tank is also a significant 
indicator for finishing the experiment. To ramp down the ORC, the 
expander and refrigerant pump speed was gradually reduced simulta
neously until the ORC was switched off after approx. 3.6 h. The nominal 
operation stage between the two dotted lines is approx. 2.9 h. 

Fig. 11 shows the energy dispatching process, again with the tem
perature distribution in the PCM of the LH-TES and the fill level of the 
hot water tank. The mean and median values at the beginning of the 
discharging process are both around 136.7 ◦C, showing a symmetrical 
temperature distribution. This value is 4.8 K lower than the end mean 
value of the storage charging, but still above the melting range of the 
PCM, so it can be assumed that this temperature difference is due to 
partial storage of sensible heat. Compared to the storage charging with 
the HT-HP, the spread at the beginning is very low, so an almost ho
mogeneous temperature distribution in the LH-TES can be assumed. 

Fig. 10. Expander speed, pump speed and mass flow rate (top), temperature 
and pressure at LH-TES (bottom), plotted during the energy dispatching process 
and storage discharging time. 

Fig. 11. Temperature distribution of the PCM in the LH-TES and fill level of the 
SH-TES hot water tank during the energy dispatch process and storage dis
charging time. 
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During the storage discharging, the spread increases, which is on the one 
hand due to the reverse effect of the charging process. The increasing 
solid fraction of the PCM results in poorer heat transfer due to a 
reduction in natural convection. On the other hand, the high tempera
ture difference between the LH-TES inlet and outlet temperature of the 
refrigerant (Fig. 10, bottom) indicates a small evaporation zone, which 
further increases the temperature differences over the storage height 
and therefore the temperature spread. 

Another influence could be the shorter nominal operation time for 
storage discharging compared to charging, with a difference of 1.7 h. 
After one hour of discharge, it can be seen that the symmetry of the 
distribution decreases, with the median taking on higher values than the 
mean. Here, the majority of the sensors measure higher temperatures, 
but the mean value is reduced to lower values, due to the drop in the 
minimum temperatures, measured in the bottom of the LH-TES. The 
asymmetry inverts after about 3 h of ORC operation, with the majority of 
the temperature values being lower than the mean. At this time, a major 
fraction of the PCM has already solidified and the refrigerant super
heating occurs at the upper part of the LH-TES. The median and arith
metic mean values at the end of the discharging process are 103.5 and 
109.2 ◦C, respectively, and the maximum value is 128.6 ◦C. As both 
temperatures are under the PCM melting range, the LH–TES can there
fore be assumed to be fully discharged. The difference between the 
median and arithmetic mean values at the beginning of the charging 
process is 16.5 and 10.8 K respectively. The fill level of the SH-TES hot 
water tank decreases almost linearly, with a kink that displays the 
switchover of the water mass flow rate until it is empty at 0.4 m. At the 
same time, the fill level of the cold water tank is 1.37 m, with a water 
temperature of 24.9 ◦C. 

4.3. Thermal and electrical performance 

To evaluate the performance of the CHESTER laboratory prototype, 
the heat flow rate and electrical power were calculated based on the 
measured values. Fig. 12 shows the results obtained for the heat upgrade 
and energy input process. During the ramp-up stage of the heat upgrade 
cycle, it is observed that the heat absorbed from the heat source is 
mainly used for the preheating of the HT-HP itself, while only a mini
mum amount of heat is transferred to the LH-TES. In the nominal 
operation stage, the HT-HP absorbs around 50 kWth from the heat 
source, supplying around 30 kWth and 20 kWth to the LH-TES and SH- 
TES, respectively, with an approximate electrical power consumption 
of 12 kWel and heat losses of around 10 kWth. During the ramp-down 
stage, when the HT-HP control system progressively reduces the 
compressor speed, it is visible that the heat flow rate of the system re
duces accordingly, as well as the HT-HP power consumption, which 
reduces first to approx. 8 kWel, and finally to 5 kWel before the final 

shut-down of the system. 
The performance results for the energy dispatching process are 

shown in Fig. 13. During the ramp up of the energy dispatching cycle, it 
can be observed that a heat flow rate of about 44 kWth, absorbed from 
the SH-TES, was used for preheating the ORC, while a large amount of 
heat is being transferred to the heat sink with a heat flow rate of about 
40 kWth. 

At the beginning of the nominal operation stage, the heat flow rate of 
the LH-TES increases to a value of up to 54 kWth for about 2 min, 
decreasing to a value of approx. 10 kWth for another 14 min, and then 
increases again to a value of approx. 53 kWth. During this time period, 
the SH-TES water mass flow rate is decreased from 0.16 kg/s to 0.10 kg/ 
s to adjust the refrigerant inlet temperature at the LH–TES. When the 
heat flow rate at the LH-TES amounts to 10 kWth, the refrigerant inlet 
temperature is above the saturation temperature (Fig. 10), resulting in 
partial evaporation within the preheater. Since the electrical power of 
the expander only changes from 5.5 kWel to 6.0 kWel during this time 
period, this range is nevertheless assigned to nominal operation. Over 
the entire further energy dispatching time, the heat flow rate at the LH- 
TES decreases continuously until it reaches a value of approx. 43 kWth, 
resulting in continuously decreasing outlet temperatures. The heat flow 
rate of the SH-TES, on the other hand, remains nearly constant over the 
entire nominal operating stage, with a value of approx. 39 kWth. The 
electrical power production of the expander in the nominal operation 
stage is up to 6 kWel, while the pump has a power consumption of 
approx. 0.6 kWel. 

4.4. Energy balance 

The transferred energies during the operation of the CHESTER lab
oratory prototype can be calculated according to Eq. (7) with the pre
viously mentioned heat flow rates and the electrical powers, as well as 
the duration of the nominal operation stage. Table 3 contains the 

Fig. 12. Heat flow rate and electrical power plotted over the heat upgrade and 
energy input process and therefore storage charging time. 

Fig. 13. Heat flow rate and electrical power plotted over the energy dis
patching process and storage discharging time. 

Table 3 
Transferred energies during the charging and discharging processes.   

Unit Heat upgrade Energy dispatching 

Heat source [kWhth] 214.1 −

Heat sink [kWhth] − − 196.4 
Compressor [kWhel] 48.5 −

Expander [kWhel] − − 16.8 
Pump [kWhel] − 1.8 
LH-TES [kWhth] − 131.5 129.8 
SH-TES [kWhth] − 91.1 112.9 
Balance [kWh] 40.0 31.3 
Relative balance [%] 15.2 12.8 
Duration [h] 4.67 2.94 
Heat losses [kWth] 8.6 10.6  
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transferred energies for the heat upgrade and energy input as well as 
energy dispatching cycles. When comparing these cycles, it can be seen 
that the transferred thermal energy of the heat source is about 10 % 
higher than the transferred thermal energy of the heat sink. It is 
important to note that the heat rejection in the subcooler is not 
considered thermal energy in the heat sink and is thus included in the 
heat losses. The transferred thermal energies at the LH-TES are almost 
the same, whereas those at the SH-TES are about 19 % lower for the heat 
upgrade and energy input cycle, due to the reduced water circulation in 
the SH-TES. The maximum capacity of a full SH-TES hot water tank is 
calculated to approx. 180 kWhth, and of the full LH-TES to approx. 
160 kWhth. The electrical power consumed by the refrigerant pump is 
about 11 % of the electrical power generated by the expander. 
Comparing the energy inputs and outputs of the conversion cycles, their 
energy balance can be determined. This balance, representing the losses, 
can be normalized with the energy input to the cycle to get a more 
general impression of the total losses. The losses thus account for 
approx. 15.2 and 12.8 %during the heat upgrade and energy input 
process and energy dispatching process respectively. Using the heat 
balance and the duration of the nominal operation stage, the heat losses 
for each of the two subsystems result in about 10kWth. 

4.5. Thermodynamic cycles 

With the pressure and temperature values of the refrigerants 
measured at specific points during the experiments, the entropy is 
calculated using REFPROP [36]. Subsequently, the different states can 
be plotted on the T-s diagrams as shown in Fig. 14 with numbers for the 
HT-HP and Fig. 15 with letters for the ORC. Additionally, the numbers 
and letters for the different states are included in Fig. 5. The data used 
were measured after an operation time of 2 h for both. 

During the heat upgrade and energy input process, the refrigerant 
leaves the compressor in the gaseous state with a temperature of 148.4 
◦C and a pressure of 24.4 bar (1) and enters the LH-TES with a decreased 
temperature of 145.9 ◦C and a pressure of 23.5 bar (2). The refrigerant 
condenses in the LH-TES at a temperature of 141.4 ◦C, which is above 
the designed theoretical condensation temperature of 136 ◦C, and leaves 
the LH-TES in the liquid state at a temperature of 140.8 ◦C, ≈0.6 K below 
its condensation temperature (3). The refrigerant enters the subcooler at 
point 4 with a measured temperature of 119.8 ◦C and a pressure of 23.6 
bar. The temperature drop between point 3 and point 4 can be explained 
by heat losses as a result of insufficient thermal insulation. The refrig
erant is cooled down to 84.0 ◦C (5) in the subcooler and transfers the 
thermal energy to the water in the SH-TES. An isenthalpic process is 
assumed for the expansion valve to calculate the entropy in the two- 

phase region, resulting in a temperature of 81.3 ◦C at a pressure of 
6.8 bar (6). In the evaporator, the temperature increases from 81.3 ◦C to 
90.1 ◦C. Thereby, 81.3 ◦C corresponds to the saturation temperature at 
the evaporator inlet at 6.8 bar. Friction losses result in a pressure 
decrease at the evaporator outlet to 6.6 bar so that the evaporation 
temperature decreases to 79.8 ◦C. Thus, the refrigerant is overheated by 
10.3 K after leaving the evaporator. 

Comparing the theoretically calculated states with the measured 
data in the T-s diagram, thermodynamic optimization strategies can be 
derived to increase the efficiency of the CHESTER system. Thereby, the 
transferred energy into the SH-TES is limited by thermal losses between 
point 3 and point 4 and might be further reduced to values below the 
temperature of point 5. To avoid compressor damage, the refrigerant has 
to leave the evaporator in a gaseous state. Therefore, a certain super
heating of the refrigerant within the evaporator must be ensured (7). 

During the energy dispatching process, the refrigerant enters the 
preheater at a temperature of 17.4 ◦C and a pressure of 14.6 bar (a). The 
refrigerant flows through the preheater and thermal energy from the 
water in the SH-TES is transferred to the refrigerant and increases the 
refrigerant temperature to 92.2 ◦C (b), which is just below the evapo
ration temperature of 97.4 ◦C. Afterwards, the refrigerant is evaporated 
and superheated in the LH-TES to a temperature of 117.1 ◦C (c) and a 
measured pressure of 14.2 bar. In the expander, the refrigerant is 
expanded to 2.5 bar at a temperature of 80.5 ◦C (d). To close the 
refrigerant circuit, the refrigerant is cooled and condensed in the 
condenser, transferring the thermal energy to the heat sink. The refrig
erant leaves the condenser with a temperature just below the conden
sation temperature of 29.9 ◦C, at a pressure of 2.3 bar (e). To ensure 
complete liquefaction of the refrigerant in the pump, the refrigerant 
passes through the subcooler that cools the refrigerant to 16.2 ◦C at a 
pressure of 2.2 bar (f). In the last step, the pump increases the pressure of 
the refrigerant to 14.6 bar.p. 

Comparing the theoretical T-s diagram with the real measured one, 
one notes that the evaporation temperature of the real cycle is below the 
theoretical value of 123 ◦C at 23.9 bar. Since superheating of the gaseous 
refrigerant must be ensured to avoid damage from liquid droplets in the 
expander, the evaporation pressure and temperature were lowered. In 
addition, the condensation temperature is below the theoretical value of 
40 ◦C at 3.2 bar. Further efficiency improvements could be achieved 
with a controllable subcooler to ensure fully liquefied refrigerant in the 
refrigerant pump with a minimum temperature drop. 

4.6. Roundtrip efficiency, net power ratio and roundtrip utilization rate 

The roundtrip efficiencies of the whole experimental campaign are 
Fig. 14. Comparison of the real to the theoretical thermodynamic heat upgrade 
and energy input cycle, using values after 2 h of operation. 

Fig. 15. Comparison of the real to the theoretical thermodynamic energy dis
patching cycle, using values after 2 h of operation. 
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listed in Table 4. For the heat upgrade and energy input process, the COP 
depends mainly on the operating conditions: heat source temperature, 
heat sink (HT-TESS) temperature and refrigerant mass flow rate and 
compressor speed, respectively. For the HT-TESS, the efficiency in heat 
transfer is included in the efficiency of the charging and discharging 
process; the efficiency within the system is therefore defined by heat 
losses, which are temperature dependent. As the HT-TESS is a dynamic 
system with changing temperatures during operation, this is also time 
dependent. The heat losses were calculated to be between 1.5 and 
2.6 kWth for the LH-TES, depending on the state of charge, and around 
1.3 kWth for the SH-TES. For the energy dispatching process, the effi
ciency depends mainly on the operating conditions: heat source (HT- 
TESS) temperature, heat sink temperature, refrigerant mass flow rate, 
expander speed, and expander valve position. 

The calculated total system roundtrip efficiencies are in the range of 
18.4 % to 37.4 %. The overall efficiency is composed of the individual 
efficiencies of the subsystems at different operating points and therefore 
does not reflect the efficiency of one full-cycle experiment, but the 
generally achievable efficiency of the CHESTER laboratory prototype. 
As the efficiency of the storage system is time-dependent due to heat 
losses, the roundtrip efficiency of the overall system will decline with 
the passive storage times of the HT-TESS. To this end, the storage effi
ciency is shown in Fig. 16 over time, simplifying the heat losses to be 
linear during the passive storage phase. 

The net power ratio and the roundtrip utilization rate are calculated 
according to the method described in section 3.2. With the transferred 
energies of 16.8 kWhel for the expander, 1.8 kWhel for the refrigerant 
pump and 48.5 kWhel for the compressor, the net power ratio is 30.9 %. 
With the transferred energies used for the net power ratio calculation, 
214.1 kWhth for the heat source and 196.4 kWhth for the heat sink, the 
overall roundtrip utilization rate is 80.5 %. 

Although the initial and final states between the heat upgrade and 
energy input and energy dispatching processes of the presented 

experiments do not match exactly, the calculated net power ratio and 
roundtrip utilisation rate nevertheless can be used to show the potential 
and proof of the CHEST concept. Furthermore, in this publication, the 
outlet temperature of the water at the heat sink of the ORC with 32 ◦C is 
considered useful energy for the calculation of the roundtrip efficiency. 
For future experiments, a higher outlet temperature of about 40 ◦C must 
be aimed for (Fig. 1). 

The key performance indicators shown here are limited on the one 
hand by the output of the ORC, which in turn is limited by the maximum 
temperature of the HT-HP. The advent of HT-HP which allows higher 
heat sink temperatures promises higher system efficiencies as stated in 
Steinmann [22]. On the other hand, the investigated prototype was still 
able to achieve the shown key performance indicators in real operation 
without any optimisation of the overall system and more importantly 
demonstrate the stable operation of the three innovative subsystems as 
part of a single energy management system. The efficiencies of the in
dividual subsystems could be increased through better thermal insu
lation and optimisation of the components based on the gained 
experience and technical developments. In this context, the use of an 
isobaric engine pump instead of the electrical refrigerant pump in ORC is 
being investigated [44]. This could increase the electrical performance 
of the ORC by avoiding the power consumption of the electrical refrig
erant pump. If the heat source can be used directly to operate the 
isobaric engine pump, the net power ratio can be increased by 3.7 % in 
the investigated scenario. 

5. Conclusion and outlook 

Thermally integrated pumped thermal energy storage systems are 
considered an appropriate technology for large-scale applications. 
Although numerous theoretical studies have investigated the potential 
of this storage technology in terms of efficiency and flexibility by 
coupling the electricity and heating sectors, the feasibility of this 
concept has not yet been proven experimentally. To overcome this gap 
the world’s first CHESTER (Compressed Heat Energy Storage for Energy 
from Renewable Sources) laboratory prototype was designed and built 
at a representative scale. The operation of the CHESTER laboratory 
prototype confirms the feasibility of the thus far theoretical concept and 
provides information about the interaction of the three innovative 
subsystems HT-HP, HT-TESS and ORC. 

The operating results and system performance were presented with 
representative experiments. The stable operation of a fully integrated 
CHEST system on a 10 kW scale was demonstrated and the stable 
function of the latent heat thermal energy storage as both a condenser 
and an evaporator was confirmed. As expected for such a laboratory 
prototype the overall roundtrip efficiency is still rather low, varying 
between 18 and 37 %. Taking the heat integration into account and 
combining the two presented experiments roundtrip utilization rate of 
81 % could be achieved. 

Future work focuses on improving the performance of the individual 
components, and increasing the maximum storage temperature, as 
detailed in the discussion section. Additionally, also the operation of the 
system as a flexible energy management system, with varying heat and 
power supply, will be investigated both from a technical as well as a 
techno-economic perspective. Further development of HT-HP towards 
higher temperatures is essential to enable the selection of a PCM with 
higher melting temperatures and thus reduced costs. Likewise, a 
reversible thermodynamic cycle instead of a separate HT-HP and ORC 
process could reduce costs and complexity. 
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