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Abstract

With the increase in the share of intermittent renewable energies as part of the global energy
mix comes the issue of energy storage. This work concerns a power-to-power electricity
storage relying on sensible storage at high temperature (900 °C). A focus is put on finding
the best compromise between the valorization of the stored energy and the optimal
functioning of the power-to-power process. The charging loop is made of an electrical heater
and fans, while the conversion of the stored heat to electricity can be done in a gas cycle or a
combined cycle. To set up a relevant base design for the system, the reciprocal influence of
the storage and the discharging cycle needs to be evaluated. A thermodynamic modeling
was therefore carried on and first and second law (or exergy) analyses were performed.
Results show that the choice of the discharging cycle has a high impact on the sizing of the
storage, by inducing different levels of pressure or temperature. Adding combustion in the
discharging phase allows to achieve a better power-to-power efficiency and to reduce the
storage volume, but also involves a fuel consumption that is not negligible. Finally, the
power-to-heat conversion leads to high exergy destructions in the charging loop but thanks to
the high temperature of the storage, this exergy destruction is not excessive when compared
to conventional heat input from combustion systems.

Highlights

« The round-trip efficiency reaches around 50% in a combined cycle with combustion.

» The electricity to heat conversion at 900 °C destroys about 30 % of the inlet exergy.

» Three possible architectures of the system have been studied.

» Energy release in a gas cycle was found to be poorly efficient.

» Packed bed thermal storage represents less than 10 % of the global exergy
destruction.

Keywords: exergy analysis, combined cycle power plant, thermal energy storage, packed
bed, thermodynamics

Nomenclature
A Viscous parameter of the Ergun equation
asol Surface area of solid per unit bed volume (m2.m=)
aw Surface area of packed bed per unit bed volume (m2.m3)
b Parameter of the gas turbine cooling model, or Specific exergy, (J.kg™)
B Inertial parameter of the Ergun equation, or Exergy, (J)
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Bp Exergy destruction rate, (W or J.s™)
Co Specific heat capacity, (J.kg'.K™)
D Diameter, (m)
er Specific internal energy of the fluid, (J.kg™)
E Energy, (J)
E. Electrical energy, (J)
h Specific enthalpy, (J.kg™")
Enthalpy, (J)
Hp Height of the packed bed, (m)
K Parameter of the effective heat transfer coefficient calculation
LHV | Lower heating value, (J.kg™)
m Mass, (kg)
m Mass flow rate, (kg.s™)
Moo | Gas turbine cooling mass flow rate, (kg.s™)
P Pressure, (Pa)
PR Pressure ratio, (-)
Q Heat, (J)
5 Specific entropy, (J.kg'.K™)
Sgen | Entropy generation rate, (W.K™)
t Time, (8)
tins Insulation thickness, (m)
T Temperature, (°C)
Twim | Gas turbine limit blade temperature, (°C)
u Fluid velocity, (m.s™)
U Overall heat transfer coefficient of the tank walls, (W.m?2.K")
v Volume, (m®)
w Work, (J)
AT | Approach temperature difference at the superheater, (°C)
ATpp | Pinch point temperature difference at the evaporator, (°C)
Greek symbols
a Heat transfer coefficient, (W.m2.K™)
£ Packed bed void fraction, (-)
A Thermal conductivity, (W.m".K'")
n Efficiency, (-)
) Density, (kg.m?)
T Utilization rate of the storage tanks, (-)




u Dynamic viscosity, (Pa.s)

Abbreviations

CCGT | Combined Cycle Gas Turbine

GC Gas cycle

GT Gas turbine

HTF |Heat transfer fluid

SC Steam cycle

ST Steam turbine

Subscripts
At ambient conditions (15 °C, 1 atm)
packed bed
c Kinetic

Ca Carnot

cond |condenser

comb | combustion

comp | compressor

eff effective

elec |electrical

exh exhaust gases

exp expansion device

ext exernal

f fluid

heater | electrical heater

ins insulation
is isentropic
I liquid

max | Maximum

mech | Mechanical

p Potential

P2P | Power-to-power

sat Saturation

sol Solid

st Steam

stor | Storage

th Thermal




1. Introduction

In a context of global warming and increasing scarcity of natural resources, renewable
energies tend to get more and more attraction. Following a recent report from the Renewable
Energy Policy Network for the 21t Century (REN 21), renewables now represent more than
50 % of the yearly net additions to the global power generating capacity [1]. Solar
photovoltaics and wind farms represent most of these new capacities. With decreasing costs
and geographical flexibility, these solutions are expected to allow a more sustainable energy
mix. On the other hand, the aforementioned renewable resources come with unavoidable
intermittence, causing potential issues between the electricity injected to the power grid and
the consumers’ needs. Efficient energy storage solutions could allow to store the energy
when there is no need for it and release it when the production cannot sustain the demand.

Several energy storage solutions coexist and involve different characteristics of capacity,
power, cost and technological maturity. A focus on the available technologies for large scale
applications brings out pumped hydroelectric storage (PHS), compressed air energy storage
(CAES) and batteries [2]. Another way to store massive amounts of energy — at least a few
hundred megawatt-hours - is thermal energy storage (TES). It is often laid aside because of
its close relationship with Concentrated Solar Power (CSP) plants, which makes it look like a
solution dedicated to the storage of solar heat. However, several studies showed its interest
for power-to-power applications, from pumped thermal electricity storage (PTES) to its
integration in CAES systems to form adiabatic CAES (A-CAES) processes [3]-{7].

Heat storage technologies are generally arranged in three categories with decreasing
technological maturities: sensible thermal energy storage, latent thermal energy storage and
chemical heat storage [8]. The state-of-the-art large scale TES technology is the two-tanks
molten salt storage [9]. In this type of system, the fluid circulates between a cold tank and a
hot tank. The charging phase often involves solar heat and the discharging phase a steam
(or Rankine) thermodynamic cycle. This type of system has been applied at a very large
scale (1010 MWhy in Andasol CSP power plant in Spain [10]). Despite its technological
maturity, it suffers from several drawbacks: the molten salts have high and low temperature
limits, their long-term availability is uncertain and their toxicity can cause environmental
damage in case of a fluid leakage.

In order to reduce the cost of this type of storage, the single-tank packed-bed storage has
emerged. In this concept, some of the storage fluid is replaced by a solid material, and only
one tank is needed. To benefit from thermal stratification and preserve the quality of the
stored energy, the hot fluid enters by the top of the tank during charge and the cold fluid
enters by the bottom during discharge. This leads to the creation of a thermal gradient zone
which is known as the “thermocline” (Figure 1) [9]. The state-of-the-art single-tank
configuration is the one that has been applied in the USA for the Solar One project
(182 MWhy,), with rocks and sand as filler material and thermal oil as heat transfer fluid
(HTF) [10]. Despite its advantages, this technology shares some of the drawbacks of the two
tanks system, namely the environmental impact of the fluid and its cost, and the need to
insure a good and lasting compatibility between the HTF and the solid filler material [11].
Moreover, oversizing can be required because of the volume filled by the thermal gradient.
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Figure 1. Schematic representation of the thermocline zone in a single tank thermal energy storage [12].

An emerging proposal is to replace the liquid HTF with air. When compared to conventional
HTFs, air is free, non-toxic and non-inflammable. Moreover, it has no upper or lower
temperature limit, meaning that the storage can be operated with a higher temperature
difference, offering the possibility to raise the energy density. The energy stored in an
air/packed bed storage tank is equal to the energy stored in the solids, due to air weak
thermal properties. The expression of this sensible heat is given in Equation (1).

Tdischarge

Qstor = msolcpsoldT (1 )
Tcharge

Furthermore, the higher outlet temperature during discharge can lead to a better thermal
efficiency of the heat to electricity conversion process. This is pointed out by the Carnot
efficiency, which is the maximal theoretical efficiency of a thermal system (Equation (2)).
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Packed bed storages with air as HTF tend to get more and more attention in the recent
literature [13]-{16]. However, to the authors’ knowledge, they do not show a lot of
commercial realizations, at the exception of Airlight Energy’s Ait Baha CSP pilot plant, which
includes an air/bedrock storage with a conical shape for mechanical stability and an upper
temperature of about 600 °C [17]. For technical and economic reasons, the storage upper
temperature was set in this study to 900 °C to insure insulation and storage material
availability [18].

2. EMR’Stock system description

The proposed system is shown in Figure 2. Its outline architecture is based on the generic
architecture of a combined cycle power plant, providing a majority of state-of-the-art
components with an interesting level of technological maturity. The heat storage at 900 °C is
done in several tanks filled with solid spheres. In the discharging phase (framed in red in
Figure 2), the storage brings heat to the cycle. The opportunity to add combustion to
increase the thermal efficiency will be evaluated. In the charging phase, the combined cycle
is stopped and a set of valves and pipes allows to charge the storage with an independent



charging loop (framed in blue) which will be described thereafter. In Figure 2, the number of
storage tanks is only indicative.
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Figure 2. Schematic representation of the power-to-power storage system (the connections between the charging
loop and the cycle are not shown).

2.1. Description of the power-to-power process

The charging loop includes an electric heater which converts electricity into heat, precisely by
heating air up to 900 °C. The heat exchange between the hot air and the solid filler material
charges the tanks. The time length of this phase is five hours, which is a typical schedule of
electricity production from a wind farm, during night time. The fans outlet temperature cannot
be superior to 800 °C after these five hours, a technical limit which seems to be unavoidable
and prevents from operating full charges of the tanks [19].

Following a representative standby of three hours, the system releases the stored energy by
the means of a combined cycle. This discharge lasts three hours, which is typically the
duration of a peak of consumption on the power grid. Its functioning follows the standard
process of CCGT power plants, with the heat released from the storage as a heat source of
the gas cycle. Ambient air enters the gas compressor and is pressurized in the process. The
resulting air flows through the storage tanks and recovers heat from them. Air can be further
heated with additional combustion and is finally expanded in the gas turbine (GT) before
exiting the gas cycle (also called Joule or Brayton cycle). The thermal stratification of the
storage insures a constant outlet temperature during most of the discharge. This temperature
starts to decrease when the thermal gradient leaves the tanks. In the base case (without
combustion), the mass flow rate of the gas cycle is set to get a temperature of 850 °C at the
inlet of the GT after three hours of discharge, to remain close to the GT design point. In the
case of additional combustion, the flow rate is set to get a temperature difference of 50 °C
between the inlet and outlet of the storage after three hours, leading to almost full discharges
of the tanks. The particularity of a combined cycle power plant is that a steam cycle (also
called Rankine cycle) is designed to recover the remaining heat of the gas turbine exhaust
gases. To this extent, water is pumped into a component called Heat Recovery Steam
Generator (HRSG), composed of three sections of heat exchangers: economizer, evaporator



and superheater. Steam is then expanded in the steam turbine (ST), before reaching liquid
state in the condenser to close the Rankine cycle [20].

2.2. Design considerations for the thermal energy storage

Several storage materials are available to store heat at the considered level of
temperature [18]. This study will rely on the use of alumina spheres, because their ability to
withstand cycling at very high temperatures has already been proved and their industrial
supply is supposed to be reliable [15], [21], [22]. The thermal properties of this material were
modeled following the experimental characterizations from Munro [22] (Table 1).

Table 1. Modeling of the thermal properties of 99.5 % pure alumina spheres (20-1800 °C)

Thermal property Model [21]
Psol (kgm'3) 3931
Cosol (J kG LK) 1117 + 0.14 T(°C) - 411 exp(-0.006 T(°C))

Asol (W.m.K™) 5,85 + 15360 exp(-0,002 T(°C)) / (T(°C) + 516)

To size the storage tanks, a height to diameter ratio of 1 was considered. Several authors
showed that increasing this ratio to look for a better thermal efficiency leads to counter-
productive effects because of the increasing pressure drop and thermal losses [23]. The
proposed value leads to a tradeoff between these constraints.

As shown in Figure 2, the pressurized air flowing out of the gas compressor enters in the
thermal storage during the discharge. The consequence is that the maximal pressure of the
gas cycle is also the maximal pressure in the storage tanks. Communication with an
industrial partner gave the maximal dimensions of the tanks to insure their industrial
feasibility with a common material (310S stainless steel). These dimensions are given in
Table 2 for an aspect ratio Hy/D, equal to 1, and for two different levels of pressure.

Table 2. Maximal dimensions for the sensible thermal energy storage.

Maximal pressure  Maximal tank dimensions Maximal bed dimensions (#ixs = 0.4 m)

10 bar Hiankmax =11 m Hp,max =10,2 m
Ltank,max = 1 1 m Lb,max = 10,2 m
15 bar Htank,max= 555m Hb,max= 4,75m
Ltank,max= 5,95 m Lpmax=4,75m

The storage tanks need internal insulation to insure an appropriate wall temperature. The
insulation thickness tis (0.4 m in this study) has to be considered to deduce the maximal
packed bed volume in each tank. For instance, it only leaves 4.75 m x 4.75 m of useful
storage volume in one tank if the maximal pressure is set to 15 bar (see Table 2).

This study will consider the effects of the hybridization between the storage tanks and the
cycle to evaluate the potential of such a system. In order to optimize such a system in future
studies, there is a need for knowledge on its functioning and on its energy and exergy
efficiency. To answer these questions, a thermal model was set.

3. Thermodynamic model of the system

The model was developed using the software Dymola, with the object-oriented language
Modelica. The Radau solver with a tolerance of 1e® was selected to solve the equations.
Several usual assumptions for modeling of thermodynamic cycles at a system scale were
made:



» |deal gas assumption (with temperature-dependent specific heat, thermal conductivity
and dynamic viscosity).

» Adiabatic compression/expansion processes with constant isentropic efficiencies.

» No thermal losses for the heat exchangers.

» Steady state is assumed (at the exception of the thermal storage).

The transient behavior of the storage is considered because it is expected that it will
influence the behavior of the downstream system. In terms of dynamics, the time length of
the cycles — from three hours for the discharge to five hours for the charge — is long enough
to neglect the start-ups and shutdowns of turbomachinery.

3.1. Components thermodynamic models

The model is based on the first law of thermodynamics, i.e. energy conservation
(Equation (3)). In this work, kinetic and potential energy AE,. and AE,, will be neglected.

W+ Q = AH + AE, + AE, (3)

3.1.1. Compression work

All the compression devices (compressor, fans, and pumps) are modeled following the same
approach. Instantaneous work is computed with Equation (4).

W = Mm(houe — hin) (4)

The specific outlet enthalpy hou: is determined by setting an isentropic efficiency for the
transformation. The real outlet enthalpy is deduced from the outlet enthalpy of a fictive ideal
transformation (Equation (5)).

hout.is — i
Nis,comp = ﬁ (5)

S(Pinr Tin) = S(Pout' Tout,is) (6)

In this study, the pressure ratio (PR) of a gas cycle is defined as the ratio between the outlet
and inlet pressure of the compressor.

3.1.2. Expansion work

Following the methodology described for the compression processes, expansion work (i.e
gas turbine, steam turbine) is defined with its isentropic efficiency (Equation (7)).

_ hin - hout
Nisexp = h—

in — hout,is (7)
The output power of the turbine is then computed with Equation (4). At high temperatures,
the gas turbine needs a cooling flow rate which is extracted from the compressor outlet. It is
evaluated with the approach from [24].

mcool = mGTb(Cp,air,comp/cp,exh,GT)((TGT,in - Tb,lim)/(Tb,lim - Tcomp,out)) (8)

In this expression, the parameter b has a value of 0.154 and the limit turbine blade
temperature T,im has a value of 880 °C. This cooling flow rate is neglected for the cases
without combustion (Tarin< 900 °C = Thjim).



3.1.3. Combustion

The combustor model assumes complete combustion of pure methane (CH4). The thermal
losses through the walls of the combustion chamber are neglected. The energy balance for
the combustion transformation is:

mairhair,in + mCH4LHVCH4 + mCH4hCH4,in = (mair + mCH4)hexh (9)

In which the specific enthalpy of exhaust gases hg and inlet mass flow rate of fuel mcy, are
computed from the chemical reaction of combustion of CH4 with air and the desired adiabatic
combustion temperature, which is a parameter of the model. Composition of outlet gases is
also computed from this reaction of combustion. The pressure drop across the combustion
chamber is considered as 5 % of the incoming air pressure, a common value from the
literature (see for example [25], [26]).

3.1.4. Heat exchangers

The model for the heat exchangers from the HRSG is the standard heat energy balance
equation described in Equation (10).

mwater (hout,water - hin,water) + mg(hout,exh - hin,exh) =0 (1 0)

Several design parameters were added to take into account some technological constraints:
the approach temperature difference AT, at the superheater, the pinch point temperature
difference at the evaporator AT, and the maximal steam temperature Tmaxs. The values of
these parameters, and the other ones involved in the model, are introduced in Table 3.

3.1.5. Condenser

The condenser is not modeled as a conventional heat exchanger but as a heat sink able to
condensate the inlet steam, regardless of its inlet conditions. With this approach, the amount
of heat leaving the condenser is computed as follow:

Qcond = Myaqter (hl,sat (Pin) — hin) (1 1)

3.1.6. Deaerator

The deaerator makes sure that the inlet water of the HRSG does not contain any dissolved
gases. At the outlet of the condenser, the water flows through a first pump and is then
brought to saturation to expel the gases. It is done by injection of steam from the steam
turbine. The dissolved gases outlet flow rate being negligible when compared to the other
streams, the energy conservation in steady state is:

min,water hin,water + min,steamhin,steam = mout,waterhout,water (1 2)

A deaerator operating pressure of 1.2 bars is assumed, and the steam is extracted at 5 bars
from the steam turbine. These typical values were taken from a manufacturers’
documentation [27].



Table 3. Main parameters of the thermal model

Parameter Value
Nis,comp 0.88
Nis,GT 0.89
Nis,ST 0.85
Nis,pumps 0.85
Ntans 0.85
ﬂe_ater 0.98
Mo 0.98
Notoc 0.98
Tmax,st 560 °C
AT. 20 °C
ATy 10 °C
APcomb 5%
APheater 0.15 bar

3.1.7. Electric heat source

The electric heater involved in the charging loop is a heat source enable to heat air up to
900 °C, regardless of its inlet state. This is consistent with the behavior of such an electric
heater, which offers a flexible power.

Qheater = mair (hout (Tmax,air,Pin - APheater) - hin (Tin' Pin)) (1 3)

An electricity-to-heat efficiency is also defined for this component to consider some electrical
losses. This efficiency has a value of 0.98 (Equation (14)).

Qheate‘r = nheaterEe,heater (1 4)

3.1.8. Sensible thermal energy storage

The thermal model of the packed-bed TES follows the classical approach of the two
equations model originally proposed by Schumann in 1929 [28]. This model was enhanced
by several authors to expand its exhaustiveness. In this work, the formulation of [9] (also
used in [29]) was considered. It is a generic model which offers to consider the axial thermal
conduction in the solid and the fluid phase as well as thermal losses to the outside of the
tank. This model is computed with two energy balances (one for the fluid and one for the
solid filler material) given in Equations (15) and (16).

d(pre d(uprh d aT,
8( (aft f) + ( a; f)> = E(Aeffrf a_Zf> + aeff Asol1 (Tsol - Tf) + UW a,, (TO - Tf) (15)
oT,,; 0 0T,
(1 - 5) Psol CPsol % = &(Aeff,sol a—SZo) + aeff Asol (Tf - sol) (1 6)

The thermal losses to the ambient air are included in the last term of the fluid energy
balance (15) because the solid contact area with the tank walls is considered negligible when
compared to the contact area between the fluid and the walls. This model also involves the
following assumptions [9]:

* Homogeneous porous medium in all directions.
* Mono-dimensional heat transfer.
» Plug flow velocity profile for the fluid.



A mono-dimensional spatial discretization is set in the Dymola model to solve equations (15)
and (16). To extend the validity of the Schumann type model to cases in which the solids
conduction resistance is not negligible, Stuke proposed to introduce an effective heat transfer
coefficient [30] (Equation (17)). Xu & al. showed that this approach leads to very satisfying
results when compared to more complex analytical resolution of conduction in the solids, and
is valid for Biot numbers up to 100 [31]. kis a constant which is equal to 10 for spheres.

1 1 Dy,

Aesf =a+lsolk (17)

a is computed with the classic correlation from Wakao & al which gives satisfying results for
packed beds made of uniform spheres [32]. A, and A.ff s, are evaluated with the method
from [9] using Zehner & Schlunder’s model [33] with Breitbach addition for the contribution of
radiation between solids to the thermal diffusion [34] and Wakao & al formulation for the
contribution of the fluid mixing [35]. Pressure drop in the packed bed is computed following
the classical Ergun formulation from Equation (18) [36].

AP 1—¢)?us(eu 1—¢ u)?
0P _ A= e (= )pe)
L e Dy g3 Dsor

(18)

A and B are experimental coefficients which have been discussed in the literature. As it was
not possible to perform experimental measurements of pressure drop in the present case,
the original Ergun values, respectively 150 and 1.75, were used to evaluate the pressure
drop at this low stage of project definition. The overall heat transfer coefficient with the
outside Uw is computed by considering that the convective resistances in and out of the tank
are negligible when compared to the conduction resistance of the insulation material. The
main parameters of the storage model are compiled in Table 4.

Table 4. Main parameters of the thermal energy storage model

Parameter Value

Dsol 0.03m

£ 0.37

Ains 0.15 W.m' K1
lins 0.4 m

Hy/Dp 1

3.2. Energy analysis

The model described above was used to evaluate the thermodynamic performance of the
system. The combined cycle thermal efficiency is computed with Equation (19), and real
electric efficiency is deduced from it by applying two corrections factors accounting for
mechanical efficiency and electric generator efficiency, both equal to 0.98 (Equation (20)).

(|WGT| B |Wcomp|) + (lWSTl B |Wpump|)

air (hout,stor - hin,stor) + Mexn (hout,comb - hin,comb)

Ntn,ccet =

Ncecer = Ntn,cceTmechelec (20)

A global power to power (or round-trip) efficiency is also defined following Equation (21):

— Ee,out
Np2p E

e,in




With the inlet and outlet energy given by:

tcharge . .
Ee,in = f (Ee,heater + Ee,fans) dt (22)
0

and:

tdischarge .
Ee,out = f Ee,CCGT dt (23)
0

When it is plugged in a thermal system, the thermal storage does not achieve complete
charge-discharge cycles. It means that the tanks need to be oversized. The utilization rate is
used to compare the stored energy to the maximal energy that could be stored, if the
thermocline zone was completely released in each charge and discharge:

Qstor ch
Tstor = xstor,charge (24)
Qmax,stor

In this relation, Qmaxstris the maximal storable energy defined in Equation (1).

3.3. Exergy analysis

Exergy analysis is based upon the second principle of thermodynamics. It introduces an
energy quality criterion, which does not appear in the energy conservation from the first
principle, in which every equal amount of energy has the same value. For example, the
exergy analysis will assign more value to a heat source at high temperature than to a heat
source at low temperature, because its ability to produce work is higher. This approach also
gives the possibility to quantify the degree of perfection of thermodynamic systems by the
means of exergy destruction (also called irreversibilities or availability losses) calculation and
analysis. Exergy is defined with Equation (25), the 0 subscripts referring to a reference state,
defined here as ambient conditions of (15 °C, 1 atm).

B=(H- Ho) —To(S — So) (25)

Following a definition from Bejan & al. [37], the expression of the transient exergy balance for
an open fluid control volume is:

dB T\ . . avy , .
E = z (1 - Fj) Qj - <_W - PO E) + minbin - moutbout - BD (26)

The value of the exergy destruction from each component B, is deduced from this
expression. For all the components except the thermal storage, steady state is assumed,
which simplifies the above expression by equaling the left term to zero. Concerning the
thermal energy storage, the exergy destruction balance is introduced in Equation (27) for a
control volume made of solids and a fluid considered as an ideal gas [37]. This balance is
deduced from the equivalence between exergy destruction and entropy generation. The
thermal processes in the storage (convection, conduction...) are internal to the control
volume.

(27)

BD,storage = TOSgen,tot =Ty m(sout - Sin) + ==



The term with a time derivative accounts for entropy variation rate in both the solid phase
and the fluid phase of the control volume (Equation (28)). The mass of fluid in the control
volume is considered negligible when compared to the mass of solid. Indeed, the density of
the solid is about three orders of magnitude higher than the density of the fluid in the
considered pressure and temperature conditions, and the volume of fluid is about a third of
the control volume.

g — dssol =m..c ideol
dt — dt soltpsol ' dt

(28)

4. Description of the studied cases

This study focuses on a 200 MWh. power-to-power storage system. Three cases were
compared. In the first case, the discharge does not involve any combustion. The
consequence is that the gas turbine inlet temperature is set by the outlet temperature profile
in the storage. In the second case, additional combustion completes the heat supplied by the
storage. The role of the combustion is to increase the temperature of the air entering the gas
turbine and to allow almost full discharges of the storage. An intermediate level of
temperature of 1200 °C is considered for the combustion. Moreover, combined cycles are
expensive systems which are usually recommended for high power applications. To check
the performances of a cheaper system, a last case of a discharge in a simple gas cycle
without combustion was studied.

For each case, the pressure ratio PR of the gas cycle and the pressure level of the steam
cycle were set to optimize the thermal efficiency of the combined cycle. The other
parameters were set to relevant values from the literature (see previous Tables 3 and 4).

5. Results and discussion

In the following part, the results of the case studies are introduced. For each case, the
energy efficiencies of the global power-to-power process and of the discharging cycle are
given. A second law analysis of each scenario highlights the share of exergy destruction in
the system and the critical components from a thermodynamic point of view.

5.1. Base case: release in a combined cycle without combustion

This system is the one introduced in Figure 2, but does not include any combustion. As a
consequence, the gas turbine inlet temperature is around 900 °C at the beginning of the
discharge, until it starts to decrease when the thermocline zone starts to leave the tank. For
this study, the discharge mass flow rate is set to get a turbine inlet temperature of 850 °C
after three hours. This means that the storage tanks are not fully discharged after each
energy release phase.

The main thermal model results are shown in Table 5. To limit the pressure drop in the
storage at an acceptable value (inferior to 0.15 bar) during charge, the storage volume was
divided in two tanks operated in parallel. This table introduces the results from a stabilized
cycle, meaning that a few cycles were run before to reach a cyclic state representative of the
day-to-day functioning of the storage system.

Table 5. Thermal model results of the base case.

Variable Value
Vistor,tot 577 m3 (Le=Dp=7.16m, Nianks = 2)
Meharge 74.6 kg.s™
APstor,charge ~0.11 bar




mdischarge 98.8 kg.S'1
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Pin,st 29 bar
Ee,in 200 MWhe
Necer 0.43

Ee,out 82 MWhe
Noop 0.41
Tstor 0.71

The pie chart of Figure 3 shows the energy distribution on a whole charge-discharge
process. 28 % of the inlet energy leaves the system with the exhaust gases at the outlet of
the heat recovery steam generator. It is a common conclusion of the energy analysis of a
combined cycle, because the remaining energy of the expanded gases cannot be entirely
recovered to produce steam. The important share of condenser losses (25 % of the inlet
energy) is also a classic result showing that a lot of heat is released to close the steam cycle.
Because of these two contributions, the major part of the heat losses occurs during
discharge.

More interesting aspects are the weak share of thermal losses at the storage component at a
cycle scale. The large volume of the tank offers a low external area per unit of volume.
Furthermore, the assumption for the thermal insulation implied that the tank was moderately
insulated, meaning that this phenomenon is not a major concern on a large scale system
with a few hours of standby between charge and discharge. On the 200 MWh injected during
charge, around 9 % were provided by the fans, mostly because of the pressure drop in the
storage (around 0.11 bar) and the heater (set at 0.15 bar).

Ee,out '

Oloss, stor

Oloss, charge B D, stor

B D + loss, discharge
OIoss, exh

Bout,cct

Oloss, alt&meca

BD charge
Qcond ! g

Figure 3. Energy distribution on a whole power-to- Figure 4. Exergy distribution on the power-to-power
power process in the base case. process in the base case.

The exergy distribution is shown in Figure 4. In this figure, the exergy lost in the exhaust
gases and the mechanical and electric losses have been included in the discharge
contribution. From this pie chart, it is clear that most of the exergy destruction happens in the
charging phase. The exergy distribution is further detailed in the Grassmann diagram of
Figure 5. The exergy flows in and out of the system are drawn in dark orange, and the
exergy destructions are drawn in light orange. If 28 % of the energy was lost to the
surroundings with the exhaust gases of the HRSG, it only represents a 6 % loss from an
exergy point of view. It can be explained by the moderate temperature of these gases
(around 198 °C in the present case). It stills represents a loss that could be reduced by a
better heat recovery at the HRSG. In Figure 5, the exergy lost in the condenser is combined
with the exhaust gases because they both represent an exergy flow lost to the surroundings.
The high energy losses at the condenser only represent a minor share of exergy loss (lower



than 1 % of the inlet exergy), because this occurs at a very low temperature with limited
recovery potential.
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Figure 5. Exergy distribution of the base case in cyclic operation.

The biggest exergy destruction occurs in the electrical heater used to convert electricity into
heat. From an exergy point of view, it is an inefficient component by nature, because it
converts an energy with an optimal ability to produce work to heat with a moderate
conversion potential. These losses could be reduced by increasing the temperature of the
heated air. However, this level of temperature was set at 900 °C because of technical
constraints. It is still higher than most of the current projects of sensible heat storage with gas
as HTF, showing that the temperature probably cannot be further raised. Other exergy
destruction sources are the inefficiencies of the turbomachinery, leading to a total of 11 % of
exergy destruction in the steam and gas cycles — 14 % if the HRSG is included.

Another result is the share of exergy destruction in the storage compared to the global
exergy destruction in the process. This component represents only around 8 % of the global
exergy destruction. Several authors showed that this exergy destruction is mainly produced
by the convective heat transfer between the fluid and the solids, the pressure drop, the
thermal losses and, in a minor extent, to the axial conduction in the fluid and the solids [38]—
[40].

5.2. Case 2: release in a combined cycle with combustion at 1200 °C

In this second case, an additional heat input by combustion is used to achieve almost full
discharges of the thermal storage, increasing its utilization rate. A moderate combustion
temperature of 1200 °C is considered to limit the fuel consumption. As a result of the
increase of the GT inlet temperature, the optimal pressure ratio is higher than in the base
case. It is found that the optimal thermal efficiency occurs when the pressure ratio is set to
13. The feasibility of a steel vessel for the storage is not the same for a pressure of 10 bar
(case 1) and of around 15 bar. The limit dimensions given in Table 2 lead to a maximum of
4.75 m x 4.75 m of useful storage volume in one tank. For this case, the storage volume has
to be contained in six tanks operated in parallel. The main thermal model results are shown
in Table 6.

Table 6. Thermal model results of the second case (with combustion).

Variable  Value
Vistor,tot 459 m3 (Lb=Db=4.6m, Ntanks = 6)
Moharge ~ 75.8 kg.8™!

APstor,charge ~ 0.04 bar

mdischarge 162 kg.S'1




PR 13

P/'n,st 72 bar
Eein 200 MWhe
Necgr 9495

Eeout 222 MWhe
Ee,out,stor 948 MW he
0.475
0.96

Np2p

TStOT

The results show that the utilization rate of the tanks is close to 100 %. Oversizing is not
required anymore (storage volume is 20 % lower than in the base case). Another positive
aspect of this architecture is the increase in power-to-power efficiency (+ 8 points when
compared to the base case). This can be explained by the higher level of temperature in the
combined cycle which leads to a better energy conversion efficiency in this cycle. This
power-to-power efficiency could be further increased by setting a higher level of combustion
temperature. Meanwhile, it would lead to higher fuel consumption and higher operational
costs. If we only consider the heat input from the storage (192 MWhy during the discharge),
the output electrical energy with this efficiency is 95 MWhe, which is 14 % higher than the
base case for the same amount of energy. The energy distribution on the power-to-power
process is illustrated in Figure 6. It is more or less the same as in the base case. The storage
now only represents less than a half of the energy inlet of the combined cycle (the other part
being brought by the combustion).

Ee' ou‘

E e, out, comb f
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Bout, CCGT, stor
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Ocond
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Figure 6. Energy distribution on the power-to-power ~ Figure 7. Exergy distribution on the power-to-power
process in the second case. process in the second case.

The exergy distribution is shown on the pie chart of Figure 7. For simplification purposes, the
inlet exergy from the combustion is assumed to be equal to its LHV value:

Bin,comb = LHVCH4mCH4 (29)

The exergy destruction during discharge becomes prevailing. Figure 8 highlights the major
increase of exergy destruction in the gas cycle leading to this result. This is mainly due to
combustion (63 % of the exergy destroyed in the gas cycle), which is not an exergy efficient
process; the incoming fuel having a high exergy value used to produce heat at 1200 °C.
Moreover, as can be seen on Figure 8, the electricity injected in the electrical heater and the
fans represents merely a half of the exergy inlet of the process, the other half being brought
by combustion. The power brought by combustion increases during the discharge, gradually
as the temperature at the outlet of the storage decreases. The fuel mass flow rate grows
from 1.2 to 2.8 kg.s™' during the energy release.
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Figure 8. Exergy distribution of the second case in cyclic operation.

The share of exergy destruction in the electrical heater is of the same order of magnitude
than in the base case. It remains an important exergy destruction at the whole process scale.
It has yet to be compared with the exergy efficiency of more conventional systems with
combustion as heat input. In the considered scenario, the electrical heater destroys between
30 and 35 % of its inlet exergy. During discharge, the combustion itself destroys between 22
% (at the beginning of the discharge) to 27 % (at the end) of its inlet exergy. This leads to
two interesting conclusions. First of all, the increase in time of the exergy destruction in the
combustion process can be explained by the decrease of the temperature at the outlet of the
storage. By introducing heat at a high level of temperature in the combustion chamber, the
storage therefore brings an interesting benefit to the combustion process during most of the
discharging phase. Secondly, in a conventional combustion cycle, the combustion chamber
exergy efficiency is limited (around 70 %) [41]. The exergy efficiency of the electrical heater
is close to this value. In other words, the inherent exergy inefficiency of the power-to-heat
conversion is acceptable when compared to conventional heat inputs by combustion in gas
or combined cycles.

5.3. Case 3: release in a gas cycle without combustion

Because a combined cycle involves high investment costs, a decider could desire to know
what would be the efficiency of the process with a cheaper discharging subsystem. It will be
further investigated by considering a simple gas cycle for the heat to power conversion. In
this case, the optimal pressure level of the gas cycle, that is the pressure level which
maximizes the thermal efficiency of the cycle, is the maximal pressure that can be reached in
the storage tanks: 15 bars. The main thermal model results are shown in Table 7.

Table 7. Thermal model results of the third case (gas cycle).

Variable  Value
Vstor,tot 688 m3 (Lb=Db=4.6m, ntanks=9)
Moparge  86.2 kg™

APstor,charge ~ 0.03 bar

mdischarge 112.5 kg.S'1

PR 15

Ee.in 200 MWhe
Necer  0-34

Ee,0ut 64 MWhe
N 0.32

0.66

TStOT




Without any surprise, the power-to-power efficiency decreases (almost 10 points lower than
the base case). This has direct consequences on the outlet energy, which is 23 % lower than
in the base case. Energy and exergy distributions are shown in the pie charts of Figures 9
and 10. A lot of energy and exergy is lost in the expanded gases, with a turbine outlet
temperature of about 375 °C.

Higher pressure ratio in the gas cycle means a higher compressor outlet temperature, and a
lower temperature difference in the storage. This is why the discharge in a gas cycle at its
optimal design point also involves a greater storage volume (+ 19 %) than the discharge in a
combined cycle (base case). This influence of the pressure ratio can also be found in the
combined cycle with combustion (case 2); but the possibility to operate full discharges of the
storage lead in this previous case to a decrease of the needed storage volume. Finally, the
need for a greater number of tanks due to the higher level of pressure when compared to the
base case leads to a lower utilization rate, while the operating conditions stay the same. It
can be explained by the increase in thermal losses, as the total external area of the tanks is
higher. The higher number of tanks in parallel also leads to a larger total volume filled by the
thermal gradient. Both phenomena lead to a utilization rate of 66 %, against 71 % in the base
case.

Oloss, charge BD, stor
Ee, out Bout,cc
BD, discharge
Oloss, stor Oloss, exh
Oloss, alt&meca
BD. charge

Figure 9. Energy distribution on the power-to-power Figure 10. Exergy distribution on the power-to-power
process in the third case. process in the third case.

A Grassmann diagram of the exergy distribution is shown in Figure 11. The impact of exergy
lost in the exhaust gases appears clearly in this figure, and there is almost the same amount
of exergy destroyed in the electrical heater than electricity produced in discharging phase.
From an exergy point of view, this cycle is far from efficient.
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Figure 11. Exergy distribution of the third case in cyclic operation.



5.4. Discussion
The main results of the three case studies are summed up in Table 8.

Table 8. Main results for the three case studies.

Variable Base case Case 2 Case 3
Type of cycle Combined cycle  Combined cycle Gas cycle
Combustion No (251YI\7\Sth) No

Eein 200 MWhe 200 MWhe 200 MWhe
Eeout 82 MWhe 222 MWhe 64 MWhe
Npop 0.41 0.48 0.32
Tstor 0.71 0.96 0.66

A fundamental aspect of this study is that, apart from a few technical aspects, no specific
economic considerations were assumed. The considered design constraints were for
example the maximal level of temperature of the storage, or the limited dimensions of the
tanks due to their level of pressure and temperature. Still, the availability and cost of an
electrical heater able to perform a heat-to-electricity conversion at a power of tens of MW
and 900 °C has not been verified.

This study introduced an energy and exergy analysis of three 200 MWh electricity storage
systems involving sensible thermal energy storage at very high temperature. One of the main
conclusions of these analyses is that the thermal storage at high temperature involves limited
exergy destructions. Studies could be done to find a way to limit those. For example,
McTigue showed that the variation of the specific heat of the solid particles in the considered
temperature range has an impact on convective losses because of its influence on the
thermal gradient length [38]. Alternative storage materials with different properties could
therefore allow to reduce the thermal losses in the storage. Bricks are also often suggested
as storage material to avoid high pressure losses when air is used as the heat transfer fluid
[42]. Meanwhile, all these improvements would only have limited consequences on the global
efficiency of the process, which is more affected by other parameters. Concerning the
pressure drop, which is often a concern on great packed bed storage volumes with air as
heat transfer fluid, the results showed that a large amount of power is brought by the fans.
The designer needs to consider their characteristics to design the storage tanks; the
pressure drop for large tanks like those from the base case (around 0.11 bar in charge) being
probably a higher limit for usual industrial fans.

This power-to-power concept comes with inherent limited exergy efficiency. The power-to-
heat conversion in a Joule heater destroys between 30 and 40 percent of the incoming
electrical energy to produce heat at 900 °C. Technical and economical restrictions prevent to
reach higher exergy efficiencies by increasing this level of temperature. Meanwhile, it has to
be compared with the exergy efficiency of other types of heat inputs for combined cycles. For
instance, case 2 showed that the introduction of combustion, even at a moderate level of
temperature (1200 °C), led to more exergy destruction in the gas cycle than in the power-to-
heat conversion in the Joule heater. On the other hand, designing the system with additional
combustion could offer to plug the system in an existing combined cycle or in a project of
repowering of an old steam plant. In this case, the system could lead to an interesting hybrid
system allowing to reduce the fuel consumption of the plant.

Other typical conclusions of the energy and exergy study of combined cycles apply here. In a
gas cycle, exhaust gases represent a high share of energy and exergy loss (around 60 % of
the inlet energy in case 3, which only has an incoming heat supply at 900 °C). Recovery of
this heat loss with a steam cycle is the usual proposal of the combined cycles to improve the



efficiency of the process. The exhaust gases loss still represents between 21 % and 27 % of
the incoming energy of the combined cycle in cases 1 and 2. A better heat recovery in the
HRSG could be a way to reduce these losses. Adding a level of vaporization pressure is a
common solution [43].

With the results of this study, the proposed system can be compared with other storage
technologies. In terms of massive electricity storage technologies, its main competitors could
be PHS, CAES, batteries or systems with lower technological maturity like pumped thermal
electricity storage. The best round-trip efficiency is found for the case with combustion
(case 2) at around 50 %. PHS can lead to round trip efficiencies of 70-80 % [2]. CAES stands
around 40-50 % for the existing plants (Huntorf and Mclintosh). Studies on A-CAES show that
adding a thermal storage could lead to an efficiency of about 70 % [7]. The round-trip
efficiency of the proposed system is therefore similar to the efficiency of conventional CAES
systems. It remains lower than the efficiency of the PHS or the A-CAES processes, but the
proposed system has a main advantage on these systems, being its ability to be plugged
anywhere. Furthermore, the scalability of batteries to store high amounts of energy can be
difficult. Finally, innovative systems like pumped thermal electricity storage could offer
theoretical round-trip efficiencies of about 85 % [4], but the proposed system relies on more
mature components and its short term feasibility seems easier.

This thermodynamic study could be used to carry out an economic evaluation of the three
cases. Such an analysis is available in reference [44], which shows that the levelized cost of
energy storage is slightly higher than the one of PHS or CAES, but it is competitive with
batteries, for instance. It also shows that despite its inefficiencies, the energy release in a
gas cycle leads to higher profitability because of the great influence of lower investment
costs at the concerned levels of power and energy (see ref [44] and [45] for more details).

6. Conclusion

This study showed that a power-to-power storage system involving the hybridization of high
temperature thermal energy storage with a combined cycle could lead to round-trip-
efficiencies between 40 % and 50 %. Combustion improves the discharging cycle efficiency
and gives a better valorization of the stored energy. Moreover, by increasing the utilization
rate of the storage tanks, the combustion reduces by about 20 % the volume of the storage
to store the same amount of energy. The addition of the charging process comes with
inherent exergy losses due to the electricity to heat conversion, even if this conversion has a
good energy efficiency.

Simulations were also carried out to evaluate the efficiency of the discharge in a simple gas
cycle without additional combustion. For a same amount of stored energy, the output power
is reduced by more than 20 %. Moreover, to get an optimal efficiency with such a cycle, the
pressure level of the gas cycle needs to be higher than the optimal pressure level of a
combined cycle. It means that the storage tanks are exposed to higher pressure, which can
affect their feasibility and sizing.

With the results of this study, several design aspects from the power-to-power system with
thermal storage have been covered. The results clearly show that the next step should be an
optimization of the system, based on exergy and cost indicators. The remaining design
uncertainties are indeed linked to economical and cost considerations. For example, the
decrease of storage volumes brought by combustion needs to be put in perspective with the
additional cost of the fuel. In a similar way, only a cost analysis would tell if a simple gas
cycle should be considered for the discharging process, even if its poor performances from a
thermodynamic point of view have been highlighted.
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