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Abstract

Multi-megawatt thermo-electric energy storage based on thermodynamic cycles is a promising alternative to PSH (Pumped-Storage
Hydroelectricity) and CAES (Compressed Air Energy Storage) systems. The size and cost of the heat storage are the main drawbacks of this
technology but using crystalline superficial bedrock as a heat reservoir could be a readily available and cheap solution. SELECO2 research
project considers a thermal doublet consisting in a “hot storage” in a bedrock and a cold storage in an ice pool. The complete system includes a
heat pump transcritical CO2 cycle as the charging process and a transcritical CO2 cycle of 1 — 10 MWe as the discharging process. Various
technical studies are undertaken to assess the performance of such system. Steady-state thermodynamic models have been realized to optimize
system efficiency. In addition, unsteady models of geothermal heat exchanger network were developed for the ground heat storage. An
experimental device has been designed and built to test the heat-exchange performance and dynamics. The conditions are intended to reproduce
real process dynamics at a laboratory scale. The heat exchanger is at 1/10¢e scale with a 1.6 m height and 40 mm inner diameter. Temperature (40-
130°C) and pressure conditions (~8-12MPa) follow the operating conditions of the real process coupled with a granitic bedrock. First results
show that energetic and exergetic performances are better if a specific strategy of short charge and discharge cycles is employed rather than
longer charge and discharge phases. Moreover experimental results will be used to improve the above-mentioned numerical simulations and to
validate CFD simulations.
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1. Introduction

Thermo-electric energy storage (TEES) is a promising alternative to existing technologies that would allow
widespread and large-scale electricity storage. It has a high energy density and is independent from geological or
geographical constraints. During periods of excess electricity generation, a vapor compression heat pump consumes
electricity and transfers heat between a low-temperature heat source and a higher temperature heat sink. The
temperature difference between the heat sink and the heat source can be maintained for several hours, until a power
cycle is used to discharge the system and generate electricity during peak consumption hours.

Mercangdz [1] gave references of thermo-electric energy storage studies as old as 1924 and described the general
concept of this technology, based on two-way conversion of electricity to and from heat. He stated that the main
challenges of TEES are to closely match the heat source and heat sink with the working fluid, and to find an
optimum between roundtrip efficiency and capital cost. He analyzed a TEES system with transcritical CO,, hot
water and ice as storage materials. The ABB Corporate Research Center [2-3] described a way to store electricity
using two hot water tanks, ice storage and transcritical CO, cycles. For similar systems, Morandin [4-5] defined a
design methodology based on pinch analysis and calculated a 60% maximum roundtrip efficiency with
turbomachinery efficiencies given by manufacturers.

Sensible heat storage with hot water tanks is often considered, since water has high thermal capacity, is very
cheap and environmental-friendly. The heat sink of the system can be either the ambient or ice. This second option
ensures a constant low-pressure for the process that is favorable to turbomachines.

Different working fluids can be considered for the cycles. Desrues [6] presented a TEES process based on Argon
in forward and backward closed Brayton cycles. Henchoz [7] analyzed the combination of solar thermal energy with
TEES based on Ammonia cycles. Kim [8] reviewed current TEES systems and showed that using CO, cycles
instead of Argon Brayton cycles leads to a higher roundtrip efficiency even if the required temperature difference
between the heat storages is much smaller. He also proposed an isothermal storage system based on CO, cycles and
liquid piston compressors/expanders. In parallel, underground thermal energy storage appears to be an attractive
solution [9].

The scientific content of a new project of thermo-electric energy storage is exposed in section 2. An experimental
set-up of a particular part of the system has been built and is presented in section 3.1 Sections 3.2 and 3.3 are
devoted to first results.

2. Thermodynamic cycle description

The investigated electro-thermal energy storage system is a massive storage concept studied by a French
consortium (http://seleco2.free.fr/). The project considers a thermal doublet consisting in a “hot storage” in a
crystalline superficial bedrock (e.g. granite) and a cold storage in an ice pool or ambient air. It also includes two
thermodynamic cycles both using carbon dioxide as a working fluid.

During the off-hours (Figure 1-a)), the charging process consists of a transcritical heat pump cycle characterized
by 6 main steps: the working fluid leaves the cold reservoir heat exchanger as a saturated vapour at T = T, — ATin
and is internally superheated (1 — 2) through a regenerator with a 5K pinch, before being adiabatically compressed
(2 — 3) with a mechanical compressor with isentropic efficiency of 0,85. At the compressor outlet, the fluid at T; =
(Thot)max + ATmin and supercritical high pressure P; is first cooled through the hot reservoir exchangers (3 — 4)
releasing heat to the ground, then subcooled through the regenerator (4 — 5) releasing heat to the first flow. The
fluid at a liquid state passes into an expansion valve (5 — 6) to reach the low pressure and is evaporated through the
cold reservoir exchanger (6 — 1). An additional and small chiller system is used to cool down the fluid to the cold
temperature.

During the peak-hours (Figure 1-b)), the discharging process consists of a transcritical Rankine cycle
characterized by 6 main steps: the working fluid leaves the cold reservoir heat exchanger as a saturated liquid at T,'
= Teolq T ATmin and is adiabatically compressed (1 — 2) in a feed pump with isentropic efficiency of 0,8. At the
outlet of the pump, the fluid at a supercritical high pressure P,' is first preheated through the regenerator (2 — 3)
with a 5K pinch, then heated further through the hot reservoir exchanger (3 — 4) destocking heat from the ground.
At the entrance of the turbine, the fluid at a defined temperature T4' = (Thot)max — ATmin 18 adiabatically expanded (4
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— 5) to the low pressure delivering a mechanical work with isentropic efficiency of 0,9. Finally, the fluid is cooled
in the regenerator (5 — 6) before being condensed through the cold reservoir exchanger (6 — 1). The component
efficiencies including the generator and the rotary machines are fixed at commonly used values at nominal
conditions [10]. Moreover specific design works on turbine and compressor were performed by Enertime; they
mainly confirm the postulated performances. Detailed results and references can also be found in [10].
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Figure 1: a) Charging process, b) Discharging process
3. Experimental set-up
3.1. Description

An experimental set-up has been built in order to investigate geothermal heat exchanger behavior. The
experimental test loop constructed for the present study is schematically introduced in Figure 2. Only the main CO,
circuit is detailed in this picture; for clarity reasons, cold water and hot oil circuits are just mentioned. The main CO,
circuit is composed of a liquid CO, pump, a supercritical heater, the test sections, two absolute pressure transducer,
a differential transducer, a pressure regulator, a condenser, a CO2 tank, a subcooler, a flow meter and various
thermocouples.

The test loop is filled with CO, with purity of 99.5%. Liquid CO, is circulated and compressed by a three head
diaphragm pump (model LEWA ECOFLOW LDC3) which allows independent controls of discharge pressure and
mass flow rate.

The fluid passes through the pre-heater (5 kW hot oil heating exchanger) to adjust the temperature at the inlet of
the test section. After entering the expansion valve (pressure regulator in Figure 2), the pressure is lower than the
critical pressure, and the fluid is condensed (5 kW cold water exchanger), stored in the CO, tank (connected to a 2
kW cold water cooling loop) and subcooled (2 kW cold water cooling circuit) to increase its density and its viscosity
and to avoid cavitation before circulated by the CO, pump.

As illustrated in Figure 2, there are two distinct test sections which can operate in parallel. They cannot operate
simultaneously. Each section is a 1.6 m-long vertical heat exchanger (Figure 3) where CO, is injected at the top in a
40 mm diameter section. Both test sections have the same geometrical dimensions which approximately correspond
to the industrial configuration at a scale of 1:10. The only difference between test sections is that the first is
surrounded by granite cylinder that is heated or cooled, whereas the second that has no bedrock around it is heated
with a controlled electrical system. This last test section also contains more internal temperature measurements (18
in the fluid; 7 at section wall) than the first (3 in the fluid; 6 at bedrock wall). The CO, flow pass during charge and
discharge phases is exactly the same. During the discharge phase the heater delivers no heat to CO,.
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Figure 2. Schematic draw of CO, loop

The temperature in the loop and in the test section (CO,, oil, water and granite) were measured using K-type
thermocouples calibrated with an accuracy of 1.5 °C. Pressures were measured with uncertainties less than £0.15%.
The mass flow rate of carbon dioxide was measured with an accuracy of 0.1% using a Coriolis mass flow meter.

3.2. First results on charge/discharge behaviour

The objectives of the tests are to experimentally validate the storage concept and to provide experimental data for
the validation of the numerical models. Despite both section have been insulated, it seems that the heat losses are not
negligible and consequently the temperature differences are larger than in the industrial configuration. In this section
we present some results on charge/discharge behaviour. We have investigated experimentally two strategies for
charging/discharging process.

3.2.1 Long charge and discharge

The first “natural” strategy is to have a “long” charge and discharge. The evolution of CO, temperature in at inlet
and outlet of the test section is shown in Figure 8. The inlet condition is rapidly established whereas the outlet has a
larger characteristic time. The evolution of rock temperature is also presented: during charge the rock temperature at
the bottom of the test section is higher (located near the fluid inlet) than temperature at the top (located near the fluid
outlet) while it is the opposite during discharge.
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Figure 3. Photographs of CO2 loop and two vertical test sections

When the discharging process begins there is an abrupt change of CO, inlet temperature but the rock
temperatures continue to increase during the first minutes of the discharging process due to the thermal inertia of the
rock. Using inlet and outlet temperatures it is possible, knowing flow rate and pressure, to calculate an instantaneous
power balance (Figure 4). Some “irregularities” can be explained by changes of the flow rate due to cavitation
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Figure 4. Evolution of temperature (left) and heat rate (right). Locations of thermocouples are mentioned in Fig. 2.

Integrating over time we can compute the cumulated energy during the charge and during the discharge (Figure
5); at the beginning of each phase integral is set to zero. A balance between the two processes can be also
performed: the cumulated energy differences between charge and discharge can be explained by losses and “too
short” recovery time. Regarding exergy, the efficiency is very low (16%). These small values encourage us to
investigate another strategy.

Exergy (Ex) efficiency is defined as follows: 7, =(Ex,, —Ex, ) — (Ex, —Ex,,)

m charge

3.2.2 Short charge and discharge

The second strategy consists in performing a first long charge and then shorter charge and discharge cycles.
These shorter cycles of charge and discharge constitute the “active part” of the process: balances of energy and
exergy are calculated on these sequences only. A longer discharging process can also occur at the end. The trends of
fluid and rock temperatures during the first long charge are similar to the ones described in the previous paragraph.
The same qualitative behavior can be seen in the short charge/discharge cycles. We notice that in the first
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discharging process the temperatures are higher; the next cycles seem to be approximately similar. These trends can
be also seen in the instantaneous power balance (Figure 6). When the power change its sign energy and exergy are
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Figure 5. Evolution of cumulated energy (left) and exergy (right)

Cumulated energy and exergy during one charge and one discharge can be calculated; at the beginning of each
phase integral is set to zero. They show higher recovery values (Figure 7) than in previous section: 68% instead of
44% for energy; 24% instead of 16% for exergy.
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Figure 6. Evolution of temperature (left) and heat rate (right). Locations of thermocouples are mentioned in Figure 2.
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3.3. First results on heat transfer

Preliminary results are presented in Figure 8. The experimental data is based on experiments performed at
various supercritical conditions: pressures (8 to 11 MPa), inlet temperatures (40 to 60°C), outlet temperatures (55 to
105°C) and mass flow rates (12 to 20 g/s). Nusselt numbers obtained vary between 50 to 100. Cross-comparisons
with different correlations obtained on circular pipes at supercritical conditions were made (Jackson 2002: [11],
Kirillov: [12], Fewster: [13]). Some differences between experimental results and correlations can be explained
since experimental conditions are outside of the strict validity region of correlations. We can also mention
noticeable differences between correlations. In addition some differences between experimental results and
correlations might be due to our particular configuration.

From a physical point of view the convection regime is mainly dominated by free convection. Evaluations of
non-dimensional parameter Gr/Re*’ give values between 0.0007 and 0.015 (Gr and Re and respectively Grashof and
Reynolds numbers as defined in [14]), which corresponds to mixed and free convection [14]. A convenient way to
present heat transfer results in such conditions is to consider the ratio between experimental Nusselt number and
Nusselt number obtained in forced convection. This last number is generally expressed using Jackson 1975
correlation [15]. Figure 9 shows the ratios obtained with our experimental values. Additional curves are
recommended correlations for mixed convection suggested by Jackson and Hall [14].
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Figure 8. Nusselt number from different correlations vs experimental Nusselt number
Conclusion

The aim of this work is to assess the performance of a massive electricity storage involving CO, transcritical
cycles and using the ground as a heat reservoir. An experimental device has been designed and built to test the heat-
exchange performance of the hot storage and dynamics. The conditions are intended to reproduce real process
dynamics at a laboratory scale. Temperature (40-130°C) and pressure conditions (~8-12MPa) follow the operating
conditions of the real process. First results show that energetic and exergetic performances are better if a specific
strategy of short charge and discharge cycles is employed rather than longer charge and discharge phases.
Preliminary results were obtained on a dedicated test section with controlled heat flux. The regime is mainly
dominated by free convection. The experimental data have been compared with traditional correlations. The
experimental work is in progress. It will also provide temperature measurements in the hot storage in order to
validate simulations. The numerical work, which concern transient simulations of the complete storage system, is
detailed in [16]. It shows round trip efficiency of approximately 30-35% due to losses in storage and irreversibilities
occurring in heat exchangers and machineries. The inclusion of such system within a heating or cooling network
could also be an interesting use of the technology.
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