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Abstract

Multi-megawatt thermo-electric energy storage basethermodynamic cycles is a promising alternativBeSH (Pumped-
Storage Hydroelectricity) and CAES (Compressed Aergy Storage) systems. The size and cost of thestmrage are the
main drawbacks of this technology but using crislsuperficial bedrock as a heat reservoir cdagdda readily available
and cheap solution. In that context, the aim of Wirk is i) to assess the performance of a massdetricity storage concept
based on Celranscritical cycles and ground heat exchangetsiipto carry out the preliminary design of thealéthermal
doublet system including the reservoir using iceldétent cold storage. This later includes a treitisal heat pump as the
charging process (~1-10 MWe).

Various technical studies are undertaken to askegserformance of such system. Steady-state thigmmaonic models have
been realized to optimize system efficiency, ingtgdthe investigation of regenerative or multi-gagycles. In addition,
unsteady models of geothermal heat exchanger nletwere developed for the ground heat storage. Cogletween
different models has also been achieved. Finallgxgrerimental device has been designed and budstdhe heat-exchange
dynamics with conditions are intended to reprodeee process dynamics at a laboratory scale (heataeger 1/10e scale
~ 1.6 m high, real temperature ~130°C and presamditions ~12MPa).
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1. Introduction

The massive integration of intermittent renewabhergy production generates new challenges for the
supervision and regulation of electric grids. Theability and unpredictability of these sourcesftiot with the
reliable supply of electricity required by indusBiand consumers: energy storage is essentialaioceasupply
and demand. Energy storage will also play a keg imknabling to develop a low-carbon electricitgtem.

Several technologies exist or are under developni@ntlarge-scale energy storage. Pumped-Storage
Hydroelectricity (PSH) is the most common one apslecs a power range varying from a few hundred of
megawatts to a few gigawatts. It accounts for nimaa 99% of the worldwide bulk storage capacitgresenting
around 140 GW over 380 locations [1]. Reported ditip efficiencies are typically between 70% and85
These systems have a low energy density and retipgigonstruction of large water reservoirs, legdaa high
environmental impact. In addition, the most suidbkations have already been used in developeuties.

At a lower power range varying from a few tens tiew hundreds of megawatts, Compressed-Air Energy
Storage (CAES) is at an advanced stage of develaflout accounts only 2 power plants until now: 8 BN
plant in Huntorf, Germany (1978) [2], and a 110 M\ént in Mcintosh, USA (1991) [3]. Reported rourgaltr
efficiencies are around 50% and the capital co&AES power plants is competitive with PSH. Muchhar
efficiencies up to 70% could be achieved by Advanéeliabatic CAES (AA-CAES) [3-6] as the second
generation technology which is still at an earbgst of development. Storage systems such as PSHS @Ad
AA-CAES generally require specific sites (espegifédir large powers).

Among other technologies (Liquid Air Energy storage example: [7]), thermo-electric energy storage
(TEES) is a promising alternative to existing temlogies that could provide widespread and largéesca
electricity storage. During periods of excess eleity generation, a vapor compression heat pumgsgmes
electricity and transfers heat between a low-teatpee heat source and a higher temperature hdat e
temperature difference between the heat sink amdhéiat source can be maintained for several haats,a
power cycle is used to generate electricity dugagk consumption hours.

Mercangoz et al. [8] showed that the first studyTdwermo-Electric Energy Storage date back to tH2049
and described the general concept of this techgologsed on two-way conversion of electricity tal drom
heat. The authors have analyzed a TEES systenQG@thranscritical cycles, hot water and ice tankstasage
reservoirs. The ABB Corporate Research Center [3&8cribed a way to store electricity using twa Wwater
tanks, an ice tank and G@anscritical cycles. For similar systems, Morandt al. [11-12] calculated a 60%
maximum roundtrip efficiency for a base case sdaenwith turbomachinery efficiencies given by maruitaers.

Sensible heat storage with hot water tanks is aftersidered, since water has high thermal capatigaply
available and environmental-friendly. Latent heatages based on phase-change materials (PCMs)atsve
been widely investigated. The heat sink of theesystan be either the ambient or ice. This secotidropnsures
a constant low-pressure for the process that srédote to turbomachines.

CQ; is a natural refrigerant with many advantagess H low-cost fluid that is non-toxic, non-flammapl
chemically stable, and cheaply available. In additithe high fluid density of supercritical €@ads to very
compact systems. Many studies have been publigshedaluate the potential of supercritical £&3% working
fluid in power cycles and heat pumps [13-14]. Casteall. carried out an analysis [15] and an optatiin [16]
of CO; transcritical cycle with a low-temperature heatrse. More recently, the use of €for multi-megawatt
power cycles has reached a commercial step witAmherican company Echogen [17]. In parallel, undengd
thermal energy storage appears to be an attrasziuéion [18].

The purpose of this article is to introduce a newaept of Thermo Electric Energy Storage proceskafge
scale electric applications, based on.@@nscritical cycles and ground heat storage. ddsociation of such
cycles and ground storage constitutes the originafithe project. The conceptual design of suclESEBystem
is addressed here from thermodynamic and therndaddlpioints of view and economic analyses are taffifture
work.
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Section 2 is devoted to thermodynamic cycle comaiitins. Section 3 deals with ground heat storage
description and simulation. Section 4 describes#tperimental set-up of heat storage and therfsilts.

2. Thermodynamic analysis

The investigated thermo-electric energy storageesyss a massive storage concept that includes:

i- a hot reservoir made of a set of ground heahamgers in a low diffusivity rock;

ii- acold reservoir using either ice;

iii- two thermodynamic cycles as a charging proaess a discharging process both using @®a fluid.

The basic overviews of these two processes arengespectively by Fig. 1. All the components of leac
process are considered as open systems in steady $he thermodynamic model is implemented in the
Engineering Equation Solver (EES) software [19]détailed model has been developed and is extegsivel
described in previous papers [20].

During the off-hours, the charging process consibtstranscritical heat pump cycle characterizg nain
steps: the working fluid leaves the cold reserhaiat exchanger as a saturated vapous at Ticois — ATmin and
is internally superheated (& 2) through a regenerator, before being adiabticaimpressed (2> 3) with a
mechanical compressor with isentropic efficiengyc(= 85 %). At the compressor outlet, the fluid at=T
(Thoymax + ATmin and supercritical high pressure £HP is first cooled through the hot reservoirtegers (3
— 4) releasing heat to the ground, then subcooleditih the regenerator (4 5) releasing heat to the first flow.
The fluid at a liquid state passes into an expansalve (5— 6) to reach the subcritical low pressure and is
finally evaporated through the cold reservoir exge (6— 1).

During the peak-hours, the discharging processistnsf a transcritical Rankine cycle characteribgds
main steps: the working fluid leaves the cold resigtheat exchanger as a saturated liquidiatETTcoid + AT min
and is adiabatically compressed-$12) in a feed pump with isentropic efficiengy (= 80 %). At the outlet of
the pump, the fluid at a supercritical high preesBt is first preheated through the regenerator=(3), then
heated further through the hot reservoir excha(@er 4) destocking heat from the ground. At the enteapic
the turbine, the fluid at a defined temperatuse=T(Tho)max — ATmin iS adiabatically expanded (4 5) to the
subcritical low pressure delivering a mechanicatkwith isentropic efficiencyr(s: = 90 %). Finally, the fluid
is cooled in the regenerator {5 6) before being condensed through the cold regegxohanger (6> 1).

As a preliminary work, pressure losses in the tloglynamic cycles are neglected. Simulation of theaugd
heat storage system will enable to estimate thd hesses in that component and adjust the cyclenpeters.

Based on the previous modelling, it is possibleaay out a parameter analysis of the system.pgbssible
to reach roundtrip efficiencies up to more than 50fh high storage temperatures akitihi»=1K, on condition
that a regenerator is used in both heat-pump and GRles. Detailed results can be found in [20}pdnticular
a very interesting configuration can be found igufe 2. The value dTmin has been discussed in [20].

We have also investigated the interest of havingqm@hitecture with a combination of two-stage toebi
configuration of the power system system and aphase turbine configuration in the heat-pump sysétim
regenerations. A maximum value of 65% in efficiesould be achieved with such a system.
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Fig. 1. a) Charging process, b) Discharging process

3. Ground heat storage
3.1.Description and modelling approach

The hot reservoir is made of 2160 identical geattadiexchangers organized in a serial-parallel lagéigure
3a): there are 48 parallel series of 45 exchar(gedsally distributed in the ground). Each exchemnig made of
silicone rubber and is composed of a central carcplpe (11.8 cm diameter) used for fluid injectaomd of an
annular return pipe (12.2/20 cm inner/outer diamyétecontact with the surrounding rock as showeéigure
3b. The distance between adjacent exchangers im.0C@ncerning the fluid flow in the exchangerggse note
that the flow direction is from the first (placettlae centre of the storage) to the last exchaoberseries during
charge while it is the opposite during dischargethis way the central exchanger is always theesbtind the
peripheral one is the coldest (thus heat lossemarieized).
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Fig. 2. a) T-S diagram for hot storage at 130°Ceold storage at 0°C
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Fig 3. a) Drawing of a 30° sector of the groundtistarage, b) sketch of a single coaxial exchar@etP/2D computational model
(deformed in the radial direction) - fluid domabiiye) and rock domains (red)
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The ground heat storage is the central part ofdhsdem, but it is also the most complex part taleho
therefore several different approaches have beed fts the purpose. The main difficulties come frim
particularly high Reynolds number (betweefi 48d 106) in the exchangers, the large size of the stoaagethe
different time-scales of the process (from secofmghe flow dynamics, to days, for the heat sgeraehaviour
during multiple charge/discharge cycles). As a egngnce, a detailed conjugate heat transfer CHiy stas
viable only for a single exchanger and for veryrsdarations. However in order to optimize the systve need
to model several charge/discharge cycles consiglatiheast a series of 45 exchangers (that is septative of
the behaviour of the whole reservoir). Thus, weidkxt to resort to a 1D model for the thermo-fluighdmic
behaviour of CQinside the exchangers, coupled with a 2D axisymmatodel for the heat transfer inside the
rock. In this model the interactions between thehaxgers (i.e., heat conduction between the rockwsnding
each exchanger) and the heat losses toward thestoretunding the whole heat storage are assumée to
negligible. The former can be neglected since ¢ngperature difference between adjacent exchangersall,
while the latter are important only during the stgy phase when the temperature of the rock thatsads the
heat storage is different from the temperaturdefrock surrounding the peripheral exchangers sBleate that
in the one-dimensional thermo-fluid dynamic modathithe injection pipe and the annular return intaot with
the rock are considered: all the pipes are condestd create a single computational domain foflitie, aligned
with the positive vertical direction (see Figurd.3aue to the intrinsic unsteadiness of the heabge system,
it is fundamental to adopt an unsteady model fethergy transport (both for fluid and rock). laliidn, despite
the temporal variation of mass flow rate and presssigradual, a transient model has to be usedfaisthe
flow dynamics because of the strong coupling betwesghalpy, density and velocity.

The 1D/2D model is quite fast and at the same pmgsically-based however it is not suited for motgthe
whole ground heat storage and taking into accoatft the interactions between exchangers and thddeses.
For this reason an simpler OD model for the fllidsed on the solution of global mass and energnbas for
each exchanger, has been developed. The moddidatea by comparison with the 1D model considetimg
same conditions for the rock (no heat losses anihtevactions between exchangers). However thid kih
model for the fluid can be easily coupled with &iept conduction model for the rock thus allowingdimulation
of the real geometry of the ground heat storage (metrt of it as in the 30° sector model shownigufe 3a).
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3.2.Mathematical models

The governing equation for the heat transfer inrtiek is a simple transient heat conduction equoatitih
constant coefficients. A convective heat transfaurilary condition is applied on the boundary intaohwith
the fluid:

~J 0T h=T(T-Tp) (1)
where T, and A, are rock temperature and thermal conductivitypeesvely.T and /" are fluid temperature

and heat transfer coefficient, respectively amid the outward pointing normal.
In the 1D model the governing equations (mass, nmbume and energy balances) for the fluid are asvedt
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where p,U , pand h are respectively density, velocity, pressure amtiapy of the fluid q is a volumetric

energy source/sink that accounts for the heatfeafrem/to the rock surrounding each exchanggis the pipe
cross-sectional area f is the Darcy-Weisbach friction factor aD, is the pipe hydraulic diameter. For

simplicity the gravity term in the momentum balahaes been neglected since the gravitational preskop is
small compared to the absolute pressure. Finallget a closed set of equations an equation af &tathe fluid
must be specified; fluid density and temperature @mputed as a function of the dependent variables

p=p(h,p); T=T(h,p).
The volumetric heat source/sink of tifefluid cell g, is computed dividing the power transferred to/from
the fluid from/to the rock by the cell volulV, :

q_risf(T%—T) o
| v
where S s the area of the face through which the heasfea takes place arT, is the rock temperature at the

R
fluid-rock boundary. Obviously the heat source/dmkqual to zero in the cells belonging to thedtipn pipe.
Please note that the heat transfers between anmuthinjection pipe have been neglected sincedtierlis
thermally insulated. The reader is referred to [@iJa detailed description of the model.
For each exchanger the OD model governing equatioass and energy balance) are:

%m(@om—em): 0 (6)
% D + (Gouthout - C;inhin) = Q (7)

wherellis the fluid volume (including the fluid containédal both annular and circular pip€e) is the power
transferred from/to the rock arf@ is the mass flow rate. As in the 1D moc 0= p(h,p); T =T(h, p).
Please note that the momentum balance equationysietgiuces to a pressure drop equation. This equats
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been neglected since the overall pressure drorisildy smaller than the absolute pressure: hesseo
(distributed and localized) are neglected and lthid pressure is assumed to be the same for aéixtbkeangers.
The total power transferred to/from the fluid isrqmuted integrating the local power over the fluddk surface:

szF(TR -T)ds (8)

Finally an hypothesis on the outlet enthalfy, must be introduced. It's effect on the accuracthefOD model
is very significant. The error will be quite larifeve simply assumén,, = h, while it can be minimized if we
computeh,, using a quadratic interpolation basedlgn h and the enthalpy of the next exchanger. For each

exchanger equations (6) and (7) can be solvedaitiplcomputing G, and h, respectively. Please note that

the governing equations are solved sequentially fitee first to the last exchanger of a seriesdfuihg the flow
direction), thus properly updating the inlet malesvfrate and enthalpy for each exchanger (set eootitlet
values of the previous exchanger).

3.3.Results

Using the models described in the previous sectigareliminary optimization of the ground heat ag® is
performed. The objective is to increase the exeffjgiency nex, computed based on the total amount 05, CO
exergy extracted from/sent in the storage:

Nex = (Exoul - EXin)discharge/( EX,— E)g“‘)charge )

This value gives an estimation of what would bedterall electrical efficiency of the storage systé we
had ideal Carnot engines to produce heat (durirrggef) and electricity (during discharge). Some &tinn
parameters have been fixed, in particular: numib@&xohangers in a series (n. 45), Q@let temperature and
outlet pressure during charge (411.15 K and 12 MiRd)discharge (303.15 K and 12 MPa). In the “ojztai’
configuration we considered: 6h charge with G =51k@/s and 4h discharge with G = 2.5 kg/s, 30 nglon
exchangers (note that 18 cycles have been modeBed)e results of this simulation are shown in Féguwhile
the evolution of the exergy efficiency is shownFigure 5a. The simulations show that the erromoéhiced
using the 0D model are small (<1K), provided that above mentioned quadratic interpolation is egygador

computingh,,, (see Figure 5b).
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Fig. 4. Temporal evolution of inlet and outlet teergture for a series of exchangers (continuous)liaed volume-averaged rock
temperature for 1st, 24th and 45th exchanger (dlgies)

temperature [K]
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Fig. 5. a) Evolution of the exergy efficiency oktheat storage, b) comparison 0D and 1D modeahpaeal evolution of outlet
temperature during last discharge

4. Experimental set-up
4.1.Description

The experimental test loop constructed for thegmestudy is schematically introduced in Figur©6ly the
main CQ circuit is detailed in this picture; for claritgasons, cold water and hot oil circuits are justtineed.
The main CQ circuit is composed of a liquid G@ump, a supercritical heater, the test sectians,absolute
pressure transducer, a differential transducereaspre regulator, a condenser, & @Dk, a subcooler, a flow
meter and various thermocouples.

Relief valve LP
(e

C  Thermocouple

- (™
Absolute pressure I

transducer

Test section 1 Test section 2

@ Differential pressxe

tramsducder

O Glass window

1

Pressure regulator
N Filter
|>T< Valve

Valve for
21 fulling emptying > O

operations

%} lemperature controller
O Pressure controller

Cold water circuit

Hot oil circuit

FE Reliefvalve fitiex I

Fig. 6. Schematic draw of CO2 loop
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The test loop was filled with GQwith purity of 99.5%. Liquid C®is circulated and compressed by a three
head diaphragm pump (model LEWA ECOFLOW LDC3) whallows independent controls of discharge
pressure and mass flow rate.

The fluid passes through the pre-heater (5 kW hdteating exchanger) to adjust the temperatutbeainlet
of the test section. After entering the expansialvey, the pressure is lower than the critical presssand the
fluid is condensed (5 kW cold water exchangeryeston the CQtank (connected to a 2 kW cold water cooling
loop) and subcooled (2 kW cold water cooling citctd increase its density and its viscosity andavoid
cavitation before circulated by the g@ump.

As illustrated in Figure 6, two test sections caerate in parallel. Each section is a 1.6 m-lomgjica heat
exchanger (Figure 7) where €@ injected at the top in a 40 mm diameter sectgoth test sections have the
same geometrical dimensions which approximatelyesmond to the industrial configuration at a scdil#:10.
The only difference between test sections is timafitst is surrounded by granite cylinder thatested or cooled,
whereas the second is heated with a controlledradakcsystem. This last test section also containse internal
temperature measurements than the first.

The temperature in the loop and in the test se¢», oil, water and granite) were measured using ketyp
thermocouples calibrated with an accuracy of 0.5P@ssures were measured with an error less hds%.
The mass flow rate of carbon dioxide was measuitdam accuracy of 0.1% using a Coriolis mass fioeter.

4.2.First results on charge/discharge behaviour

The objectives of the tests are to experimentallidate the storage concept and to provide expatimhdata
for the validation of the numerical models. Despii¢h section have been insulated, it seems thdidht losses
are not negligible and consequently the temperatifierences are larger than in the industrial @unfation. In
this section we present some results on chargbalige behaviour. We have investigated experimgniaib
strategies for charging/discharging process.

4.2.1 Long charge and discharge

The first “natural” strategy is to have a “long"afye and discharge. The evolution of @@mperature in at
inlet and outlet of the test section is shown igufé 8. The inlet condition is rapidly establisheldereas the
outlet has a larger characteristic time. The evatubf rock temperature is also presented: durfrayge the rock
temperature at the bottom of the test sectionghédri than temperature at the top while it is theosjte during
discharge.

Fig. 7. Photographs of CO2 loop and two vertical gections
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When the discharging process begins there is anpalmhange of C@inlet temperature but the rock
temperatures continue to increase during therfirstites of the discharging process due to the thkeimertia of
the rock. Using inlet and outlet temperatures ipdssible, knowing flow rate and pressure, to dateuan
instantaneous power balance (Figure 8). Some ilagtias can be explained by changes of the flow.ra
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Fig. 8. Evolution of temperature (left) and hester(right). Locations of thermocouples are mermibim Fig. 6.
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Fig. 9. Evolution of cumulated energy (left) anery (right)

Integrating over time we can compute the cumulateetgy (Figure 9). A balance between the two psE®s
can be also performed: the cumulated energy diftere between charge and discharge can be explajned
losses and “too short” recovery time. Regardinggxethe efficiency is very low (16%). These smadlues

encourage us to investigate another strategy.

4.2.2 Short charge and discharge

10
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The second strategy consists in performing a lfinsg charge and then shorter charge and dischaaesc
A longer discharging process can also occur a¢tite The trends of fluid and rock temperaturesrdyitiie first
long charge are similar to the ones describedeénptievious paragraph. The same qualitative behaaiorbe
seen in the short charge/discharge cycles. Weettiat in the first discharging process the tempega are
higher; the next cycles seem to be approximatehilai. These trends can be also seen in the irmstants

power balance (Figure 10). Cumulated energy andygx@an be calculated. They show higher recovelyesm
(Figure 11) than in previous section.
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Fig. 10. Evolution of temperature (left) and hester(right). Locations of thermocouples are mergibim Fig. 6.
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The aim of this work is to assess the performarfi@ernassive electricity storage involving £anscritical
cycles and using the ground as a heat reservoiresaalvoir using ice (or phase-change materiallefient cold
storage. The parametric study of the charging aschdrging processes has shown roundtrip efficéenap to

11
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more than 50% given by high storage temperaturdsaniegenerative systems and 65% with complexresipa
processes.

In addition, simulations of flow inside heat exchanand within geothermal system are performed with
different approaches. The first preliminary ressh®w that such numerical tool is able to repretege off-
design conditions of the global system. In parallelexperimental work is in progress to providegerature
measurements in the hot storage in order to valittest simulations.

Further work through the SELECO2 project will indéuturbomachinery, cold storage designs and ecanomi
considerations in order to have a more detailedview of the system. Furthermore further transgmiulations
of whole storage system will be performed to vetiifg efficiency values and the general intereshefdevice.
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