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Abstract: Multi-megawatt thermo-electric energy storageelagn thermodynamic cycles is a promising
alternative to PSH (Pumped-Storage Hydroelect)icigd CAES (Compressed Air Energy Storage)
systems. The size and cost of the heat storagéhe@rmain drawbacks of this technology but using the
ground as a heat reservoir could be an intereatigigcheap solution. In that context, the aim of thdrk

is i) to assess the performance of a massive igiégstorage concept based on CO2 transcriticallesyand
ground heat exchangers, and ii) to carry out tleérpmary design of the whole system. This latetudes

a heat pump transcritical cycle as the charginggs® and a transcritical Rankine cycle of 1 — 10evAY
the discharging process.

A steady-state thermodynamic model is realizedsawéral options, including regenerative or mukigst
cycles, are investigated. In addition preliminargnsient simulations are performed. The first tiemts
results show that the nominal efficiency is notaifetd during the entire process. However substantia
efficiency increase can be gained by using regtimeraieat exchangers and two-phase and two-stage
expanders.

1. Introduction

Thermo-electric energy storage (TEES) is a prorgiaiternative to existing technologies that wouldva
widespread and large-scale electricity storagénak a high energy density and is independent from
geological or geographical constraints. During @easiof excess electricity generation, a vapor cesgon
heat pump consumes electricity and transfers hetsiden a low-temperature heat source and a higher
temperature heat sink. The temperature differeratevden the heat sink and the heat source can be
maintained for several hours, until a power cysl@ised to discharge the system and generate eilgctri
during peak consumption hours.

Mercang6z [1] gave references of thermo-electriergy storage studies as old as 1924 and desctileed t
general concept of this technology, based on twp-eaaversion of electricity to and from heat. Hatest

that the main challenges of TEES are to closelymtite heat source and heat sink with the workund,f

and to find an optimum between roundtrip efficie@eyd capital cost. He analyzed a TEES system with
transcritical CO2, hot water and ice as storageerizds. The ABB Corporate Research Center [8-9]
described a way to store electricity using twoater tanks, ice storage and transcritical CO2esydFor
similar systems, Morandin [10-12] defined a desiggthodology based on pinch analysis and calculated
60% maximum roundtrip efficiency with turbomachipefficiencies given by manufacturers.

Sensible heat storage with hot water tanks is afteisidered, since water has high thermal capasitgry
cheap and environmental-friendly. Latent heat giesedbased on phase change materials (PCMs) have als
been widely investigated. The heat sink of theesystan be either the ambient or ice. This secotidrop
ensures a constant low-pressure for the processstfavorable to turbomachines. A mixture of said
water can be used to adjust the heat sink temperagtween 0°C and -21.2°C (corresponding to thecé&a
point with 23.3% of NaCl in the mixture) [10].

Different working fluids can be considered for theles. Desrues [13] presented a TEES process based
Argon in forward and backward closed Brayton cycldenchoz [13] analyzed the combination of solar
thermal energy with TEES based on Ammonia cycl@s.[K4] reviewed current TEES systems and showed
that using CO2 cycles instead of Argon Brayton eydeads to a higher roundtrip efficiency everhd t
required temperature difference between the heedgs is much smaller. He also proposed an isotier
storage system based on CO2 cycles and liquidrpsbonpressors/expanders. In parallel, underground
thermal energy storage appears to be an attrastiuéon [15].



The purpose of this article is to introduce a ngpetof electro-thermal energy storage processaiael
scale electric applications, based on CO2 cycldgganund heat storage. The design of the TEESmyiste
addressed here only from an energetic point of ded/economic analysis are left for future works.

2. Thermodynamic cycle description
The investigated electro-thermal energy storageesyss a massive storage concept that includes:
i-a hot reservoir made of a set of ground heat axghrs in a low diffusivity rock;
ii- a cold reservoir using either icecl < 0°C) or a phase-change materialg> 0°C);
iii- two thermodynamic cycles both using carbonxitie as a working fluid

All the components of each process are considesagpan systems in steady state. The thermodynamic
model is implemented in the Engineering Equatiolwv&GdEES) software [16]. A detailed model has been
developed and is extensively described in previapers [17-18]. As a preliminary work, pressureéss
are neglected. Simulation of the ground heat sesggtem will enable to estimate losses in thapaoant
and adjust cycle parameters.

During the off-hours, the charging process congi$ta transcritical heat pump cycle characterized b
main steps: the working fluid leaves the cold resietheat exchanger as a saturated vapour &t Tkoid —
ATminand is internally superheated{12) through a regenerator with a 5K pinch, befaiad adiabatically
compressed (2> 3) with a mechanical compressor with isentropfcieincy of 0,85. At the compressor
outlet, the fluid at T= (Tho)max + ATmin and supercritical high pressure i first cooled through the hot
reservoir exchangers (3 4) releasing heat to the ground, then subcooledith the regenerator (4 5)
releasing heat to the first flow. The fluid at quiid state passes into an expansion valve>(6) to reach
the low pressure and is evaporated through theresketvoir exchanger (6 1).

During the peak-hours, the discharging processistsnsf a transcritical Rankine cycle characteriagd®
main steps: the working fluid leaves the cold resierheat exchanger as a saturated liquidiat=TT o +
ATmin and is adiabatically compressed-$12) in a feed pump with isentropic efficiency o8 0At the outlet

of the pump, the fluid at a supercritical high e B is first preheated through the regenerator(3)
with a 5K pinch, then heated further through therkeervoir exchanger (3 4) destocking heat from the
ground. At the entrance of the turbine, the fluidaadefined temperaturesT= (Thogmax — ATmin iS
adiabatically expanded (4 5) to the low pressure delivering a mechanicalkwaith isentropic efficiency

of 0,9. Finally, the fluid is cooled in the regester (5— 6) before being condensed through the cold
reservoir exchanger (6 1).

Figure 1: a) Charging process, b) Discharging process

3. First results: Architecture Discussion

Based on the previous modelling, it is possibledoy out a parameter analysis of the system. Eigeat
shows the efficiency of the system with respedhttemperature of the heat storages and archiéedtu

is possible to reach roundtrip efficiencies up torenthan 50% with high storage temperatures and
ATmin=1K, on condition that regenerator is used in peatyp and ORC cycles. Detailed results can be found
in [17]. In particular a very interesting configtican can be found in Figure 3-a. The valu&fi, has been
discussed in an other paper [18]. Figure 2-a shberénterest of having an architecture with a twage



turbine configuration of the ORC system. The pataimeesults allow the comparisons between non-
regenerated and regenerated configurations. Ufpotoah be gained. We have also investigated theesite

of having an architecture with a two-phase turlinafiguration in the heat-pump system instead ef th
valve. A value of 75% of isentropic turbine effieey has been chosen as an achievable goal. Thae@ia
results allow the comparisons between non-regesetiatd regenerated configurations. Up to 6% can be
gained. Combination of two-stage turbine configoratof the ORC system and a two-phase turbine
configuration in the heat-pump system with regeti@maf each cycle is studied in Figure 2-b. A nraygim
value of 65% in efficiency could be reached withtsa system.
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Figure 2 (a) Efficiency of the storage system: nominal asgknerative configurations; (b): two-stage
turbine system and two-phase turbine system
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Figure 3 (a) T-S diagram for hot storage at 130°C and ctichge at 0°C; (b) Time evolution of
temperature in the rock and in the fluid for th& keolumn in a typical transient discharging preces

4. Ground Storage Model

The ground storage consists of vertical ground brahangers (geothermal exchangers). All geothermal
exchangers have the same geometry and are ssema&parallel arrangement. A simplified ODE thafm
model of the geothermal exchanger is establishékd avimotivation to get a fast computing model for
transient thermal simulation of the ground storafee approximation assumes that the working fluid
temperature in the geothermal exchanger results &@erfect (immediate) thermal homogenizatiorhef t
working fluid inside the exchanger. The approximiatis supported by (a) very high turbulence level
(Reynolds number greater than 1E+5) and shorteas&ltime (65s) of the fluid inside the exchangehe
case of typical 12m long geothermal exchanger &gés5CO2 mass flow, and (b) the characteristie tim
associated with thermal conduction in the encasbeyf is much larger than the one associated wigh th
energy transport by convection in the fluid. In@rdo mitigate the hypothesis of an immediate tladrm
homogenization inside the geothermal exchangesffamency coefficient EFF is taken in accountefiect

the effective imperfection of the thermal exchadge to fluid dynamics in the exchanger. Therebyy on
EFF proportion of the thermal energy input is cdased under former hypothesis to be available for a
thermal exchange with the fluid inside the geotta@r@xchanger, the encasing bedrock and as lossles to
environment. The heat balance for the proportion EFF) of input energy not available for a thermal
exchange with the fluid inside the heat exchangeviges the output temperature of the working fluid

The implementation of the ODE model together withnmSol moduleHeat Transfer in Solids to compute
the diffusive heat transfer in the encasing bedrackishes a complete numerical model for a time-



dependent simulation of SeleCO2 geothermal exchiaiipe numerical model calculates the temperature
at the wall of the exchanger in contact with theasing bedrock and the output temperature of thi&ing
fluid. The ODE model has been compared with a mbsesically-based CFD model and results show good
consistency. The value of the efficiency coeffitiéFF used by the ODE model must however be
determined on basis of experimentally establisleéerences. In all present work using the ODE maualel
simulate SeleCO2 geothermal heat exchanger, EFBd@masset to a value of 0,8.

5. Transient Coupling of Thermodynamic Cycles withthe Geothermal Heat Exchangers

The thermodynamic machines reach within minutastiseconds their stationary regimes when the ikimet
of diffusive heat transfer in the ground storagems to three orders of magnitude slower. The [lecof
transient coupling of thermodynamic cycles with theomal exchangers is to calculate static behaofior
thermodynamic machines on some specific pointhefdground storage transient simulation. This first
attempt of coupling strategy is described in Figure
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Figure 4 First attempt of coupling strategy between thernmadyic cycles model & ground storage model

Preliminary results are presented in Figure 3(lgufé 5(a), Figure 5 (b). They show temporal evohg

of interesting thermodynamic parameters: tempegaturessure, mass flow and consequently generated
electrical power. These first results must be ustded as a first attempt in the optimizing procehswing

that off-design situations in the process mustalien into account, precisely. The required compriat

time is several hours long for transient simulatiétypical 8h cycle of thermal charge or discharffeus

it is difficult to use such coupling strategy iretdesign process, unless substantial progressds toa
reduce the computational time.

6. Conclusion

The aim of this work is to assess the performaheeneassive electricity storage involving £€@anscritical
cycles and using the ground as a heat reservoé.pBEnametric study of the charging and discharging
processes has shown roundtrip efficiencies up tertitan 50% given by high storage temperatures and
ATmin =1K with a regenerative systems and 65% with cempkpansion processes.

In parallel, simulations of flow inside heat excganand within geothermal system are performed with
3D approach. The first preliminary results show guech numerical tool is able to represent largielesign



conditions of the global system. Further work tlglothe SELECO?2 project will include turbomachinery
and heat storage designs in order to have a maadedeoverview of the system. Furthermore further
transient simulations of the complete chargingithsging cycle, based on various different approsiche
(section 4) or 1D/2D model (faster model descrilvefll9]), will be performed and confirm (or not)eth
efficiency value and the general interest of theate
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Figure 5 (a) Time evolution of (a) pressure, flow and (bjvees (hot storage, regenerator, electrical)
in a typical transient discharging process
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