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Abstract:

One of the main issues concerning the inclusion of renewable energies as a way to produce electricity is the
fluctuation of the production. This explains why there is a need for efficient solutions which will allow to store
the energy when there is no need for it and release it when renewable energies are not able to sustain the
production. This work concerns a Power-to-Power solution based on thermal energy storage at high
temperature (around 900 °C). It relies on a simple heating loop to convert electrical energy into heat, and a
thermodynamic cycle such as a gas cycle or a combined cycle to convert heat into electricity. One of the
guestions raised by this system is how it can be profitable from the economic point of view. Indeed a lot of
studies have been conducted on energy storage, but very few propose solutions which can be relevant in
terms of global costs and payback time. The aim of this study is to investigate if this system could be
competitive in the European, and more specifically, French energy market. To look further into this topic, the
system architecture and its components are defined. A thermodynamic model is also built to represent the
behavior of the cycle. Finally, an economic discussion is performed using cost functions from the literature.
The results show that the system does not accumulate enough running hours to justify high investment costs
and should rely on simple technologies to insure its profitability. Furthermore, while the high capital
expenditures of the whole system could be challenging, the thermal storage itself is not a big expense when
compared to the cost of a natural gas fired power plant.
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1. Introduction

At the world’s scale, most of the electricity pration comes from finite resources such as coal, gas
or nuclear fuel. This leads to questioning the feitbecause these resources will not last forever.
Moreover, most of the electricity generation carrddated to C@emissions which are recognized
as a main contribution to global warming. All thésgues can at least be partly solved by increasing
the inclusion of renewable energies as a way tduwre electricity.

With the increase of the renewable energies simatieei global energy mix appears the issue of the
fluctuation of the production. The spreading ofawable energies at the world’s scale will depend
on the accessibility and efficiency of reliablerage solutions. Among these solutions, thermal
energy storage is a technology that has been sttmlienany years [1].

1.1. Thermal energy storage as a competitive storag e solution

Thermal energy storage is an energy storage solutvbich already had some successful
commercial realizations. Sensible thermal storagéheé most advanced solution, with installed
capacities going up to 1010 MWHAnNndasol CSP plant, Spain [2]). It relies on treiation of

temperature of a storage material without phasegdaln two tanks storage systems, the fluid
circulates between a cold tank and a hot tank amgated between the two, often by solar heat. In
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one tank or “thermocline” systems, some of theagjerfluid is replaced by a solid material. This is
a less mature solution which can lead to a redaatibthe costs by 35% when compared to a
traditional two tanks system [1]. This solution wagplied once at large scale on the Solar One
power plant in the USA (182 MW with rocks and sand as filler material and thdrallaas heat
transfer fluid [2].

An emerging proposal which is adopted here is ptame the heat transfer fluid with air. Compared
to traditional fluids, air has no upper or lowemgeerature limits, is free, non-toxic and non-
inflammable [1]. Despite its weak thermal propesti@ offers to store the energy at a higher
temperature, enabling to increase the energy deakithe storage. It is also possible to reach a
higher efficiency on the heat to electricity corsien, as pointed out by the Carnot efficiency & th
process. Several systems based on this type oh#hastorage have emerged in the recent literature.
A promising solution is “pumped heat electricityorstge”, which has been studied from a
thermodynamic and/or economic point of view in sgdlike [3]-[5]. This work will focus on
another concept with simple and standard componesish could insure a good industrial
feasibility. As described in the next part, thetegs indeed mostly rely on common industrial
components such as standard heat exchangers dmimaachinery, usually manufactured for
conventional production cycles.

1.2. Innovative power-to-power storage system inclu ding thermal
energy storage

The proposed system consists of the hybridizatiostmrage tanks and their charging loop with a
thermodynamic heat conversion cycle to producetrtéy. The principle of the system is
illustrated in Fig. 1 (each storage tank represamtsmber of storage tanks arranged in series).
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Fig. 1. Schematic representation of the power-toergrostorage system (connections between the
charging loop and the cycle are not shown).

The charging loop is composed of an electrical dreatlowing to heat air at a temperature of
900 °C, an upper limit which was set due to tecilnémd economic considerations on the storage
material and the thermal insulation [6]. This claggloop allows to convert inlet electricity into
high temperature heat which is stored in the swrtapks. These tanks are charged by the
circulation of hot air in the solid filler materidhjecting the hot fluid on the upper side of thak
leads to the creation of the so-called “thermocliaane. This thermal stratification divides thekan

in a hot part and a cold part, separated by a thlegnadient. The charging loop also involves fans
for air circulation. In a first approach, a dedezhfan is considered for each storage tank.

During the discharging phase, the heat stored devexed in a gas cycle, also called Joule or
Brayton cycle. A gas compressor increases the ymessid the temperature of inlet air with a given
pressure ratio PR. The resulting air flows throtlghstorage tanks and recovers heat from it (the ai
Is injected on the lower side of the tank to avibiermal destratification). Air can be further hehte



by combustion and is finally expanded in a gasinelfGT). The remaining heat is recovered in a
steam or Rankine cycle. This combination is thealted combined cycle gas turbine (CCGT).

While the presence of the steam cycle can leadgiifisant improvement of the discharging
cycle’s thermal efficiency, it also introduces atthat is far from negligible. The aim of thisayu
will be to estimate the system’s cost and profligbiSeveral design alternatives — without the
steam cycle, with higher combustion temperatureviitout combustion — will be studied as well.
In terms of storage filler material, basalt-typek® are considered. This is a well-known cheap
material suitable for high temperature energy gfefd].

The system alternates five hours of charge, wheewable electricity production is high, and three
hours of discharge. This discharge time corresptmdse time length of a peak of consumption on
the power grid, for instance in the morning. Theteg runs 300 days a year, as it should
accumulate enough yearly running hours to be @doi# while it should not be able to perform

more than one full charge/discharge cycle per depabse of the time length of the phases.

2. Thermodynamic and economic modeling of the syste m

The architecture of the system is based on a cadhlsgcle including a gas/solid sensible thermal
storage at 900 °C, linked to a charging loop. Tystesn was modeled to estimate its performance
and to design the components for cost estimatiomoke exhaustive thermodynamic analysis of
this system, including exergy balance in each corapy is carried out in [8].

2.1. Thermodynamic modeling

The model of the combined cycle is based on trs fprinciple of thermodynamics, or energy
conservation. Equation (1) gives the generic equafor energy balance in a thermodynamic
process. Kinetic and potential energ§, andAEp will be neglectedQ is the amount of heat
transferred, W stands for work andH is the enthalpy variation between two states.

Q+ W= 4H + AE; + AE,,. (1)

2.1.1. Conservation equations and design parameters

Turbomachinery and pumps are modeled as adiabetsformations with given isentropic
efficiencies. Heat exchangers were also modeleabtlebatic processes. Several design parameters
allow to set a base design: pinch point temperatlifierence at the evaporator, approach
temperature difference at the superheater, maxinsii@am pressure and temperature. The
corresponding values shown in Table 1 are in ramigje typical values from the literature [9]. It
should be noted that the combustion model implogspiete combustion of pure methane.

Table 1. Main parameters of the combined cyclemioelynamic model

Parameter Nis,com Nis,GT Nis,S1 Nis,cumg Tmaxs Prmax.s ATy ATpp

Value 0.88 0.89 0.85 0.85 550 °C 100 bar 20°C °@o

As it was proposed by several authors [6], thisnfoelynamic evaluation relies on static models,
because economic evaluation only needs design koaviledge. The only exception is the thermal
storage model. Transient simulation was performeddésign the tanks for constant outlet
temperature (900 °C) during the discharge. Thishoteensures a constant temperature at the inlet
of the combustor or the gas turbine, allowing te the static model for the rest of the system.

2.1.2. Storage design

Preliminary results from the combined cycle mod&l ased to determine the number of storage
tanks and their size. This is done with a 1D Schuwtgtpe model (2), (3) to resolve the
temperature profiles in the fluid and the solid gghdl]. Effective thermal conductivitiggs are
determined with Zehner & Schliinder [10] model ahd heat transfer coefficients is from



Wakao et al [11] with the effective approach frotak® [12]. In accordance with the literature, the
packed bed void fractionis set to 0.37 and the rock particles diametérG8 m [1].

T, 0Ty )_ 0 oT,
Sngpg ﬁa_tg +u a_zg)_ = ﬂeff,ga_zg)'i' aeﬁas(rs'Tg)+Uavesse(Text'Tg)a (2)

(1'5)P5Cps% = aﬁz (Aeff,s%) + aeffas(Tg'Ts)- (3)

The model assumes that the porous medium is horeogenn the radial and axial directions. It
also assumes that the fluid is circulating accaydm a plug flow hypothesis. The only variables
influencing the storage design are the gas cyclksrflaw rate and the compressor PR, because the
air flows directly from the compressor to the sg@an the discharging phase. Sizing the storage for
a stable output temperature profile during the whaischarging phase means that the thermal
gradient is not totally extracted at each dischegyghase. As a consequence, the storage tanks are
oversized in comparison with a storage which wdaddcompletely discharged. The configuration
of the storage tanks which is proposed here isoal g@de-off between pressure drop (very high if
all the tanks are in series) and total dischargihgeveral tanks (not possible if all the tanksiare
parallel). Pressure drop is computed with the stech@&rgun equation for pressure losses through
packed beds [1]. The aspect ratio of the cylinditaaks will be set to 1 for this study, meaningtth
the tanks have the same length and diameter. thsd¢e be a good trade-off between thermal
efficiency, pressure drop and mechanical stressTHg storage limit dimensions are set at 5.55 m x
5.55 m for 15 bar of absolute pressure, and 8 xf8rrh0 bar of absolute pressure. The first limit i
set because of industrial feasibility, the secomeél is a limit of the economic model.

2.1.3. Thermodynamic model outputs

In this study, the aim of the thermodynamic modetd set consistent design parameters for the
system, check the thermodynamic feasibility ofutsctioning and estimate the corresponding flow
rates. Cycle thermal efficiency was calculated wdth Real, electric efficiency was then calculated
by applying two coefficients to this thermal eféaocy in (5), accounting for mechanical losses

Nmechanica@Nd €lectric generator Ioss%%neramr(both are considered equal to 0.98).
— (|WGT| - |Wc0md) + (lWSTl' |WpumrD
M. @
Qstorage+ Qcombustion
77CCGT: nthnmechanicaiﬂgenerator (5)
in which Qstorage represents the power input from the discharge@ttbrage tanks:
Qstorage: Mg (hOUt,StOrage- hin,storage)- (6)

2.1.4. Thermodynamic model validation

The validation of the model of a thermodynamic eychvolving turbomachinery is often
complicated because of incomplete data sets. As#ime time, the thermal modeling of such a
system implies well-known methodologies. The thedgmamic model was checked by comparing
its results with those from [13] reproducing thénd@or of a combined cycle with a GT13-E2 GT
and a single pressure Heat Recovery Steam Gen@RQG) (Table 2).

Table 2. Validation of the thermodynamic model

Nth Wnet,G'I Wnet,ST Tout,GT Tout,c
Reference [13] 0.53 184 MW 66 MW 506 °C 184 °C
Model 0.53 180 MW (-2 %) 71 MW (+8 %) 502°C 184 °C



2.2. Economic modeling

On the basis of the thermodynamic model resultseeanomic evaluation was performed to
evaluate the Levelized Cost Of Energy (LCOE).

2.2.1. Economic model

The economic modeling of an electricity supplyingtem cannot reach a high level of accuracy
unless it is done with recent data from the settoranufacturers. Indeed the price of the
components and the indirect costs are constantlvieng, and scale effect can be very pronounced.
However, the cost and future income of such a systee among the first concerns of a decider.

The economic model is mainly based on the workSplling [6] and Pelster [14]. Both of these
studies suggest cost functions attributed to Frpoglms, which are abundantly used in the studies
involving turbomachinery [13]. Due to the limitedage, the functions involved in (7) will not be
detailed here. Additional cost functions for thedavere taken from [15] and from [7], [16] for the
storage (tanks, insulation, rocks). All the costdiions that are used are detailed in [17]. Table 3
shows some key parameters of this economic study.

Following the approach from Pelster [14], when tké&rence cost of an equipment is from a
previous year, the effects of inflation are takatoiaccount with the Marshall and Swift index.
Some adjustments were made on the correction fémtdne cost of the GT (reference temperature
was set to 1700 K to match modern gas turbinesactexistics) and the reference cost of the steam
turbine was set to 500 $/kW. Pelster’s proposaldopt a weight coefficient of 0.7 for the gas cycle
equipment cost was applied, as it lead to goodtsesinen compared to the GTW Handbook [18].

C:II’IV = ZC + C + C + C:NG + C:eng + Ccont' (7)

eqp inst civil

Table 3. Reference values for the storage subsysista

Parameter Value
Reference insulation cost (mineral fiber) 310 $/m3
Insulation thickness 0.4m
Reference storage media cost (gravels) 0.1 $/kg
Cost of the charging loop electrical heater (appnation) 3.5M$

2.2.2. Economic model outputs

For this type of study, at a low level of projeeffidition, an accuracy of = 20 % is believed to be
acceptable [15]. The main output which will be stddis the LCOE. This value indicates the
minimum electricity sale price needed to get to liheak-even point at the end of the project’s
lifetime. The lower the LCOE, the higher the prafility of the system. This indicator was
determined using the formula from [6], adding at€lo, to account for a carbon tax:

aCinv + :BCdec + CfueI + Cmaint + CIab + CCO2
E .

LCOE =

(8)

net,year

The coefficientsa and g, taken from [6], translate the investment and dbeommissioning costs
Cinv and Cyec into annual payments, including debt interest.yTtake into account the operating
years and the effects of the time needed for cocistn and decommissioninBsetyealS the annual
amount of energy released by the system, in MWh pFactical reasons, the labor cQ4f, related
to the salaries of the plant’'s employees will netéken into consideration. It is expected thuaiilit
be in the same order of magnitude for each caseatiéas (9) and (10) give andg:

a:(1+_i)wn—1 i(1.+:) o o ©
InCOn (1+|) *® _1




_ [@+i)y=-1 i
N oo L+1)=™ @+i)™ -1

(10)

The decommissioning co€lyec Was taken as 5 percent of the cost of equipmastaliation and
civil engineering. Yearly maintenance c@tan: iS 1 percent of the civil engineering cost and 2
percent of the equipment cost, as in [6].

The parameters related to the calculation of th©EGre listed in table 4. The operational lifetime
of 25 years is in good agreement with the usuakidemations for a CCGT [6]. As this study
focuses on the French market, the fuel specifit isosn estimation based on the cost of natural gas
in France. The carbon tax was set to 100 €{GOvalue which is expected to be reached before
2030 in this country. Both values were convertedJf dollars with a current conversion rate of
1 euro for 1.18 dollars for consistency with thénest reference costs of the study, which are
expressed in dollars in references [6], [14]. Thxeess electricity used in charging phase is
supposed to be free.

Table 4. Parameters for the LCOE calculation

Parameter Name Value

i Debt interest rate 7%

Kine Annual insurance rate 1%

Neor Construction time 2 years

Ngec Decommissioning time 2 years

No Operational Lifetime 25 years

Cruel Fuel specific cost (€ to $ conversion) 22.4 $/MWh
cCQO, Carbon tax specific cost (€ to $ conversion) 118%L2
LHViel Lower Heating Value of the fuel 50.01%Dkg

2.2.3. Economic model validation

The total investment cost of the combined cycld pathe plant was checked by comparing the
results to reference values from the Gas Turbinelddandbook 2010 [18]. The thermodynamic
model was set to design a 60 MWe CCGT. The reaudtdisted in Table 5.

Table 5. Validation of the economic model of thealoimed cycle

Design parameters and  Reference results from the GTW Model parameters and
results Handbool{ 18] results

PR - 20

TinGT - 1673 K

Hecer - 0.58

Whei 60 MWe 60.5 MWe

Specific equipment cost 1000 $/kWe 912 $/kWe (-9 %)
Total investment cosEi,, 96 to 120M$ 89 M$ (-7 to -26 %)

The LCOE calculation was also verified with theules from a recent study [19] on a typical
combined cycle power plant. For this estimatiom, ithvestment was not determined with the cost
functions, because the net power of the plant @%0e) is out of the scope of the thermoeconomic
model. This investment cost was determined withviddaes proposed in the same reference. From
Tables 5 and 6, it can be seen that the cost fumctiend to underestimate the investment cost and
the LCOE. A source of error could be the hypothesisomplete combustion of pure methane,
while real plants are fueled by natural gas withhdo LHV. Furthermore, the modeled CCGT only
has one level of pressure, while modern CCGTs haweor three levels of pressure at the HRSG.
Still, the deviation from the reference resultsnsall enough to validate the methodology.



Table 6. Validation of the LCOE calculation

Power plant characteristics Values

Wer 550 MWe

Total investment cost 1000-1300 $/kWe
Fuel cost 11.8 $/MWh
Construction time 3 years

Facility Life 20 years

Capacity Factor 80 — 40 %

LCOE (ref [19]) 48% - 78%

LCOE (model) 40% - 683%

3. Case studies

To begin with, a first design called “base casell e evaluated. Its net electrical power output is
set to 60 MWe, involving a thermal storage of a fewndred megawatt-hour, depending on the
thermal efficiency of the discharging subsystemisTdase case does not involve combustion and
the storage has an upper temperature of 900 i€ ekpected that the efficiency of the discharging
combined cycle will be limited by this temperatufe. see if a better efficiency could improve the
profitability of the system, a second case witlombustion temperature of 1200 °C will be studied.
However, a temperature of 1200 °C is still notha tange of modern gas cycles temperature. This
is why a third case of combined cycle at a combuastemperature of 1400 °C will be studied.
Finally, the study of modern CCGTs shows that thve power output of the system (60 MWe) is
generally out of the scope for this application.check if a cheaper, simpler system could be less
thermodynamically effective but more financiallynepetitive, the results will be compared to a
final case involving a simple gas or Brayton cy@be the discharging subsystem. The design
parameters for the four studied cases are showralble 7. PR of the gas cycle was set as an
optimum for the cycle efficiency, but cannot beesugr to 15 to insure the storage tank feasibility.

4. Results

The result of LCOE calculation is given in TableAfh important design choice is that each case
does not involve the same amount of stored endilyg.is due to the aimed net power, which is the
same for each case, while the cycle efficiencyoistine same, leading to various heat input from the
storage between the cases. Due to the decisioizddlse storage for constant outlet temperature
(900 °C) during the three hours of discharge, th&gy from the heat storage (6) is constant.

Table 7. The four studied cases and their LCOEltesu

Design parameters Base Case Case 2 Case 3 Case 4
Type of cycle Combined Combined Combined Brayton
Combustion No Yes Yes Yes

We 60 MWe 60 MWe 60 MWe 60 MWe
Qstorage 409 MWh, 205 MWhj, 148 MWhy 302 MWhy,
TincT 900 °C 1200 °C 1400 °C 1200 °C
PR 10 14 15 15

LCOE 213 $/MWh 252 $/MWh 253 $/MWh 186 $/MWh

4.1. Base case: combined cycle without combustion

For a given configuration, one of the first thingsevaluate is the number and size of storage tanks
Following the methodology described in part 2.1h#5 configuration needs 6 storage tanks (height:
8 m, diameter: 8 m) arranged in three series. Thm thermodynamic model results are listed in
Table 8. The total investment cost is about 102avié the cost distribution is illustrated in Fig. 2.
The storage itself represents 7 % of the total sStment cost, and the equipment cost of the
combined cycle alone is about 53 M$. The LCOE i8 3MWh for this scenario. This base case
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does not include any combustion, so the fuel Gagtand carbon tax co€lco, are equal to zero,
leading to low operation costs for the system. TEOE is mainly influenced by the investment
term (eq (8)), while the share of the maintenarmstscis around 10 %.

Table 8. Main thermal model results for the basseca

Variable Value
My 206 kg/s
Mg 18.3 kg/s
Qcombustio 0 MWh (for one discharge)
Qstorage 409 MWh (for one discharge)
Wret,c¥ Whetccat 0.7
Hecer 0.44
Engineering Contir;gencie
4% 9%
Installation Gas cycle
13% 18%
Civil
Engineering Stegrsr:)/gycle
11%
auxiliaries CTg(r)%ng
9% Storage

4%

7%

Fig. 2. Distribution of investment costs (102 M&)the base case: CCGT without combustion.

4.2. Case 2: combined cycle with combustion at 1200 °C

This first design alternative will try to investigaif it is possible to reduce the LCOE by
introducing combustion at an intermediate levelt@mnperature. This configuration needs less
storage volume because of the better thermal efityi of the discharging cycle. However, storage
tanks dimensions are constrained by the higher lelvpressure (14 bar). This explains that this
scenario needs as much as 12 tanks (height: 5.55ameter: 5.55 m) arranged in three series.
Some results are introduced in Table 9. The investroost is about 104 M$, only 2 percent higher
than the base case. The cost distribution willogotisplayed again, as it is more or less the ssme
in Fig. 2. The LCOE is equal to 252 $/MWh for tBescond case. As the investment costs between
this case and the base case are almost equaljgheckt (less than 1 M$/year) and the carbon tax
(of the same order of magnitude) are likely to é&gponsible of the LCOE difference.

Table 9. Main thermal model results for the secoask

Variable Value

My 116 kg/s

Mg 16.9 kg/s

Qcombustio 136 MWh (for one discharge)
Qstorage 205 MWh (for one discharge)
Whet,c¥ Whetccat 0.67

Hecer 0.53

4.3. Case 3: combined cycle with combustion at 1400 °C

This case is the same as the previous one buést tiv establish if it would be interesting to burn
more fuel to reach better thermal efficiency. Ttwage tanks have dimensions of 5.55 m x 5.55 m
and there are 9 tanks arranged in 3 series. Tleisasio has the lowest stored energy of all the
studied cases because the thermal efficiency otyike is high, which implies that less heat is



needed to produce the same net power output. Mambdynamic results are introduced in Table
10.

Table 10. Main thermal model results for the theeke

Variable Value

My 86 kg/s

Ms; 17.5 kg/s

Qcombustio 172 MWh (for one discharge)
Qstorage 148 MWh (for one discharge)
Whet. gV Whetccet 0.65

Hecer 0.56

The total investment cost is 100 M$, 2 % lower thiz@ base case. This can be explained by the
lower number of storage tanks, and the better thkeafiiciency which allows to reduce the mass
flow rates of the turbomachinery. The LCOE for tbése is 253 $/MWh. Even if this cycle reaches
a better thermal efficiency than case 2, the ireged fuel cost and carbon tax (around 1.2 M$/year
each) leads to equal LCOE for these two cases.

4.4. Case 4: gas cycle with combustion at 1200 °C

This last case will check if cutting the investmensts by removal of the steam cycle can offer a
better LCOE, whereas thermal efficiency will deseaFor this case, 20 storage tanks are arranged
in 4 series (height: 5.4 m, diameter: 5.4 m). hmteof stored energy, this scenario is just belosv t
base case. Main thermodynamic results are summad Tipble 11. The total investment cost is
only 64 M$. The cost distribution is illustratedfig. 3 and the LCOE is equal to 186 $/MWh. Fuel
cost is the highest of the four studied cases (atdu4 M$/year), but the low investment cost leads
to the lowest LCOE. The storage (tanks, insulatowl filler material) costs about 12 M$ and
represents 19 % of the total cost of the plant.

Table 11. Main thermal model results for the fourése

Variable Value
Mg 175 kgls
Msi 0 kg/s
Qcombustio 204 MWh (for one discharge)
Qstorag 302 MWh (for one discharge)
Whet,c¥ Whetccat 1
fecar 0.36
Engineering Contingencie
4% S
9%
Installation
11% Gas cycle
Civil 29%
Engineerin :
g17% 9 Charging
loop
Plant 6%
auxiliaries Storage
5% 19%

Fig. 3. Distribution of investment costs (64 M$)ttoe 4th case: gas cycle at 1200 °C.

5. Discussion



In the previous part, the results of four case isgigvere shared. All the cases lead to the same
electrical power output (60 MWe). This could becdssed because it leads to various size and heat
input from the storage, varying from 148 to 409 MWéh 3h of discharge. At the same time, the
four systems share identical gross revenue, wiiahtéresting for comparison.

The lowest LCOE is the one from the simple gasl&&uayton) cycle. With low investment costs,
it can offer an interesting profitability duringetHifetime of the project. The base case (combined
cycle without combustion) offers a 15 % higher LCQiowever, an interesting aspect of this
configuration is its insensitivity to GQax variations. As these taxes are expected to gmin a
near future, the choice of a system without,@@®issions such as this one could be a safe decisio
Still, the carbon tax needs to be raised to as magl250 $/tCQ for the base case LCOE to
outperform the simple gas cycle (case 4) LCOE.

The main conclusion of this study is that for ttyise of functioning, the combined cycle does not

accumulate enough running hours to counterbalatschigh investment cost. On the considered
level of net power, a combined cycle is indeed adothree times more expensive than a gas
cycle [18]. Its main advantage is that it leadandncrease of thermal efficiency between 10 and 20
points, but the yearly gross income is not suffitienough to justify the investment. A simple way

to verify this is to put the capacity factor (ratd running hours per year) to 0.4 in case 2, by
allowing the system to perform two charge/dischargges a day and additional combustion for the
remaining hours. The LCOE drops to 118 $/MWh (-%3B High investment cost could also be a

brake for potential commercial applications. A $iola could be to insert the gas cycle, the storage
and its charging loop in a project of repoweringofold steam plant.

To check the accuracy of the methodology, a seitgitanalysis on the financial parameters of the
LCOE calculation was carried on the best case (¢asehe results (Table 12) show that the LCOE
calculation is not overly sensitive to its entryaldloreover, the low dependence of the LCOE to
the fuel specific cost and carbon tax cost candipéaeed by the reduced fuel consumption thanks
to the heat brought from the thermal storage. Asdifficult to have a good visibility for the fute

of combustion systems, it can be seen as an ititegdsature.

Table 12. Sensitivity analysis on the financialgrmaeters of the LCOE calculation on case 4

Parameter Value Variation of the LCOE
i (debt interest rate) 0.05 -10%
(base case: 0.07) 0.09 +11 %
Operational Lifetime 20 years +6 %
(base case: 25 years) 30 years -4%
Fuel cost 17.9 $/MWh -3%
(base case: 22.4 $/MWh) 27 $/MWh +3%
Insurance rate 0.005 -3%
(base case: 0.01) 0.015 +3 %
Carbon tax specific cost 94 &t -3%
(base case: 118 $4;) 142 $/to; +3 %

Finally, this study allows to compare this systenthwother storage solutions. The order of
magnitude of the stored energy is about a few hadhdnegawatt-hour. In the field of energy
storage, its main competitors are pumped hydragteenergy storage, compressed air energy
storage or battery farms. According to a 2016 stbglyLazard, compressed air and pumped
hydroelectric can both offer more interesting ouieglent LCOE (respectively 116-140 and 152-
198 $/MWh [20]). Despite this advantage, it habédkept in mind that these technologies can only
be built at very specific locations. The proposgsteam does not share these restrictions and can be
plugged in any possible location. Batteries alderahis possibility, while their cost stands ardun
200-400 $/MWh to store a similar amount of enei@flj| The LCOE of the proposed system is of
the same order of magnitude. A perspective coultbbmompare the system with batteries from a
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larger point of view, including life cycle analysigeing of the storage capacities and
decommissioning.

6. Conclusion and perspectives

Because of the progression of renewable energitdseienergy mix, electricity storage is expected
to be a discussed topic in the near future. In shisly, an innovative electricity storage solution
based on thermal energy storage was introduced.inf&eelectricity, converted into heat in the

charging phase, is restored with a thermodynamaecin the discharging phase. The results
showed that improving the thermal efficiency does mecessarily lead to cost improvement for
such a system which is designed to run a few hawtay. An illustration of this assessment is that
the most profitable case is the one which only iegpa gas cycle for the discharging phase (LCOE
= 186 $/MWh). Finally, the order of magnitude ofetltevelized cost of energy seems to be
competitive with more established solutions likétdrdées. An interesting perspective would be to
add exergy criteria and optimize the system witards to exergy destruction and investment cost.
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Nomenclature

Letters

as total surface area of solid to bed volumé/m

avessel €Xxternal surface area of packed bed to bed voloifey®
cost, $

Co specific heat capacity, J/(kg K)

E energy, W

h specific enthalpy, J/kg

H enthalpy, W

i debt interest rate

kins ~ annual insurance rate

M mass flow rate, kg/s

n number, -

PR  pressure ratio, -

Q heat, W

T temperature, °C

u interstitial fluid velocity, m/s

U overall heat transfer coefficient, W/(m.K)

W work, W

z axial coordinate, m

Greek symbols

o heat transfer coefficient, W/@niK)
e packed bed porosity

A thermal conductivity, W/(m.K)
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n
p

efficiency
density, kg/m

Subscriptsand super scripts

ap
civil

approach
civil engineering

comp compressor

con
cont
dec
eff
eqp
eng
g
inst
is

construction
contingencies
decomissioning
effective
equipment
engineering
gas

installation
isentropic

maint maintenance

NG natural gas substation
op operating years

pp pinch point

S solid

st steam

th thermal

Acronyms

CCGT combined cycle gas turbine

GT

gas turbine

HRSG heat recovery steam generator
LCOE levelized cost of energy

LHV lower heating value
ST steam turbine
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Highlights

* Aninnovative solution based on thermal energy storage is introduced
e Athermoeconomic analysis is performed
* Improving the thermal efficiency does not necessarily lead to cost improvement

e The most profitable case is the one which only implies a gas cycle for the discharging phase
(LCOE = 149 $/MWh)

e The levelized cost of energy seems to be competitive with more established solutions



