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Abstract

A thermodynamic model for a steady state pumped heat energy storage in liquid media is presented: it comprises a coupled Brayton-
like heat pump and heat engine cycles connected to a cryogenic liquid and a hot molten salt by counter-flow heat exchangers.
The model considers non-isothermal heat transfers between the working fluid and the liquid media and explicitly includes a set
of parameters accounting for the main internal and external losses, heat leak, and pinch point effects for both the heat pump
(charge) and heat engine (discharge) modes. Specific expressions for the main magnitudes in the charge (as the input power and
coeflicient of performance) and discharge (as power output and efficiency) modes and the global round trip efficiency have been
analytically derived in terms of isentropic efficiencies of the compressor and turbine, pressure losses in the heat exchange processes,
effectivenesses of the external counter-flow heat exchangers, and coupling between the working fluid and the storage and cryogenic
liquid media. Round trip efficiencies around of 35—-40% have been obtained, internal losses being those with main negative influence
on the calculated values.The strong constraints imposed by the pinch point effects and liquid media have been analyzed. The model
provides a thermodynamic assessment of the main involved processes and their interplay for a selected arrangement (molten salts,
cryogenic fluid, and the charge and discharge power blocks) in order to check parametric strategies for thermodynamic optimisation
and design. These strategies are based on a reduced set of parameters of the overall installation and without the high computational
costs of dynamical models.

Keywords: Energy Storage, Molten Salts, Coupled Brayton Model, Round Trip Efficiency, Internal and External irreversibilities.

1. Introduction

Electrical energy storage (EES) is considered as a promis-
ing technology for large-scale implementation [1] as it could
improve power supply stability [2] in the power grid avoid-
ing variability [3]. A particular type of EES is the so-called
pumped heat energy storage (PHES), which in a charging pro-
cess stores heat from a cold reservoir in a hot reservoir using
a heat pump (HP) cycle and then, during a discharge process,
heat is converted in electricity by a heat-work conversion heat
engine (HE) cycle. Its independence on geographical and ge-
ological conditions suffered by most conventional pumped hy-
dro storage and compressed air energy storage systems, moti-
vates a high research interest nowadays [4]. Most works are
focused on material selection [5], short-term storage in hybrid
and intermittent energy generation systems [6], and grid stor-
age [7]. In PHES systems usually the working fluid is a single-
phase gas operating a Brayton-like cycle [8] or an appropriate
fluid operating a subcritical, transcritical or organic Rankine-
like cycle [9]. Also research is emphasized on thermoeconomic
design optimization [10] and integration of solar and eolic re-
sources [11]. Most thermal energy storage (TES) media are
based on sensible packed-bed materials due to its wide temper-
ature range, high efficiency and small pressure losses [8]. This
kind of TES has been studied for large scale electric applica-
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tions [12], using thermodynamic analysis [13] with main inter-
nal and external losses [14], parametric optimization [15], and
response to cycle duration perturbations [16]. A detailed com-
parison in packed-bed materials using both Joule-Brayton and
Rankine-like cycles was recently performed by Dietrich using
exergoeconomic analyses [17].

For liquid media storage, conceptual design for cycles was
first performed by Morandin ef al. [9] and later applied to
molten salts and synthetic oil as sensible heat storage with air
as working fluid [18]. Round trip efficiency (RTE) estimations
around of 0.55 were reported assuming isentropic efficiencies
of 0.9. Rankine-based cycles were applied to transcritical CO,
working fluid and water as TES systems [10]. With above
studies as reference, Fernandez er al. [11] proposed more
complex arrangements focused on the integration in a single
system of renewable sources operating at different temperature
levels and oriented to applications at different scales (mid/high
temperature solar power plants and smaller-scale renewable
installations). In this analysis, clear advantages for exploitation
of synergies at different power ranges were reported. In the
same line, the possibility of solar-PHES systems employing
technology developed by the concentrated solar power industry
was analyzed by Farres ef al. [19]. The need for arrangements
with intercooled stages at the cold side of the cycle was pointed
out. Very recently, Frate er al. [20] reported a multi-criteria
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Nomenclature
a temperature ratio
cp specific heat capacity at constant pressure (J/kgK)
cy specific heat capacity at constant volume (J/kgK)
C heat capacity (W/K)
k dimensionless factor («%1)
m mass flow (kg/s)
P pressure (atm)
0 heat flow (W)
r pressure ratio
T temperature (K)
w work (W)
Y dimensionless factors
Z dimensionless factors
Greek Letters
y adiabatic coefficient
r dimensionless factor
€ efficiencies
n efficiency of the heat engine
v COP of the heat pump
& heat leak factor
P dimensionless coefficients
0] round trip efficiency
Subscript
c compressor
H high pressure
L low pressure
t turbine
w working fluid
0 ambient
Acronyms
CFD computational fluid dynamic
COP coefficient of performance
EES electrical energy storage
HE heat engine
HP heat pump
HTHP high temperature heat pump
LMTD logarithmic mean temperature difference
NTU number of transfer units
PHES pumped heat energy storage
PP pinch point
RTE round trip efficiency
TES thermal energy storage

optimization analysis of a Rankine cycle with low-grade
thermal energy integration using trade-off figures of merit
based in layouts with and without internal regeneration in the
charge and discharge operation modes. They conclude that
regeneration is effective, with better global performances as
it relaxes the trade-off between the objectives. Also recently,
Hassan et al. [21] reported a thermodynamic analysis of a
high-temperature heat pump driving an organic Rankine cycle
by means of an energy storage system. The work reports latent
and sensible heat for different refrigerants and configurations in
order to maximize the advantages of the refrigerant subcooling.

Unlike the solid media, the liquid storage offers two
additional advantages: a) the pressure inside the tanks is inde-
pendent of the pressure of the cyclic working fluid, allowing
lower costs in the tanks and more compact compression and
expansion devices with smaller pressure drops; and b) the
temperature inside each tank remains almost constant, avoiding
the problems associated to the propagation of the hot front in
solid storage. On the contrry, as noted by Laughlin [7], the
main drawback relies on the need of two tanks for each reser-
voir, in addition to some technical requirements which must
be met in order to get an appropriate integration on the overall
system. Concerning to suitability of liquid media and working
fluids, many work has been reported. In particular, Zaversky et
al. [22] analyzed a model for the transient molten salt two-tank
thermal storage, Peger et al. [23] studied the nitrate salts for
sensible and latent heat storage, and cost benefits for a selection
of different salts was reported by Turchi ef al. [24]. For the
cryogenic liquids [25], lower melting temperatures and not
too high boiling temperatures at low pressure are two valuable
requirements to get a wide stable liquid phase at atmospheric or
sub-atmospheric pressures, as noted by Davenne et al. [26]. In
what regards to the working fluid, properties of noble gases and
binary mixtures on Brayton applications have been reported
by Tournier and El-Genk [27] and energy and exergy analysis
were conducted by Habibi et al. [28]. Also, non-toxicity and no
corrosion are required conditions. Thus, potential candidates
are monoatomic noble gases (specially argon (Ar) since helium
(He) is quite expensive) and diatomic gases as air and nitrogen
(Ny), since hydrogen (H;) is highly inflammable [7]. Between
the two usual options, argon allows higher temperature and
lower pressure levels and (almost) constant heat capacity, while
N, allows the use of turbines and compressors well tested in
conventional cyclic heat devices.

Methodologically, most of the models are based on com-
putational fluid dynamic (CFD) simulations on the transient
behavior [8], integration of solar energy [11] and/or com-
mercial software through exergoeconomic analyses [17], and
evaluation on thermal and mechanical performance of the hot
tank [29]. Theoretical studies fully based on thermodynamic
frameworks assuming Carnot-like models were conducted
by Tess [30] and Chen et al. [31], while works based on
weak-dissipative models were reported by Guo et al. for
both pumped thermal [32] and cryogenic storage [33]. These
authors also reported a recuperative Brayton-like arrangement
model [34]. Optimized performance regimes were calculated.

A common characteristic of the above fully theoretical
models is the assumption of constant temperature external
sources. For liquid storage, this assumption is quite unre-
alistic as the liquid phase in the tanks changes temperature
according to working fluid and heat exchanger requirements.
To overcome this problem, the main goal of this paper is to
formulate a novel Brayton-like arrangement for liquid storage
using more realistic non-isothermal charge/discharge processes
for a working fluid coupled to liquid TES by counter-flow
heat exchangers, as the conceptual picture in Fig. 1 shows.
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Figure 1: Sketch of the interaction between the counter-flow heat exchanger and the working fluid along the charge and discharge steps in the hot medium in order

to illustrate the corresponding heat transfers.

The proposed model accounts for the description of both the
charge and discharge modes and their interactions with the TES
system, including internal losses for compressors and expander
(turbine), pressure drops for the working fluid, heat leak to the
environment, external coupling of the working fluid with TES
materials, and pinch point effects. It allows explicit analytical
and numerical results for the main involved magnitudes as
efficiency and power output of the HE cycle, the coefficient
of performance (COP) and the power input of the HP cycle,
and the round trip efficiency of the overall device in terms
of the considered losses. From this, an additional advantage
of the model is its ability to check parametric strategies for
optimization and design based on a reduced set of parameters
accounting for the molten salts, the cryogenic storage fluid,
and the charge and discharge power blocks. In brief, it
constitutes a comprehensive thermodynamic description of the
main processes and their interplay for a selected arrangement
without the high computational costs of dynamical models.

The paper is structured as follows. Section 2 briefly compiles
some thermal properties of usual molten salts and cryogenic lig-
uids which will be used to obtain particular numerical results.
Section 3 contains the description of the HE and HP cycles
as well as their coupling for the whole thermodynamic model.
Section 4 shows numerical results for the efficiency of the HE,
COP of the HP and overall round trip efficiency, with special
emphasis on the effect of internal and external losses, heat leak,
and pinch points effects. Particular examples for some systems
in Table 1 are also worked out in this section to show explicit
T — S behaviors for HE and HP cycles, as well as to calculate
specific values of the corresponding efficiency, COP, and round
trip efficiency. Finally, in Section 5, discussion of the main re-
sults, some perspectives, and a brief summary are presented.

2. Molten salts and cryogenics liquids

Some relevant physical properties of usual molten salts [24]
and standard cryogenic liquids [26] in thermal storage are com-
piled in Tables 1 and 2, respectively. For completeness, costs
are also shown. These tables include the specific heat capac-
ity ¢,, density p, and volumetric heat capacity pcp, relative
to the value for solar salt. The magnitude pc, is a key fac-
tor in determining the volume of the storage liquid tanks, be-
cause of the tank size is inversely proportional to p ¢, AT. Note
in Table 1 that the only molten salts with a larger volumetric
heat capacity than solar salt (NaNO3/KNOj3) are sodium ni-
trate (NaNOs3) and the ternary potassium/sodium/lithium car-
bonate blend (K,CO3/Na,CO3/Li,COj3). Solar salt shows a
thermal decomposition temperature about 850 K, which pro-
gressively increases from pure sodium nitrate and potassium
nitrate (KNO3) to binary potassium/magnesium chloride blend
(KC1/MgCl,) and then for ternary combinations. For the cryo-
genic liquids, the liquid phase stability determined by the
boiling point range is around 376 K for the euthetic salt and
around 350 K for anhydrous methanol, n-hexane, and anhy-
drous methanol. A smaller value of 230 K is presented by the n-
propane. These T, (solidification temperature) and T, val-
ues are very relevant as they rule the extreme temperatures of
the working fluid and, as consequence, the pressure ratios of the
compressor and expander.

3. Thermodynamic model

The proposed overall arrangement consists in a combination
of a Brayton-like HP cycle followed by a Brayton-like HE cy-
cle. Fig. 2a depicts the T-S diagram for the charge HP-cycle and
Fig. 2b a scheme of the corresponding components showing the
interaction of the compressor and expander with the cryogenic



Salt Toin Tonax Cp P PCprel Price
K) | (K) | (kJ/kgK) | (kg/D) (USD/kg)

Solar 511 858 1.55 1.71 1.00 0.80

NaNOs 579 793 1.62 1.82 1.11 0.68

KNO3 607 873 1.40 1.78 | 0.94 1.00

KCl/MgCl, 699 | > 1070 1.03 194 | 0.75 0.35
MgCly/NaCl/KCI | 658 | > 1070 1.14 1.93 | 0.83 0.22
ZnClh/NaCIJKCl | 473 | >1070 |  0.92 208 | 0.72 0.80
K,CO3/NaxCOs/ | 671 | 1073 1.79 201 | 1.36 2.50

/LirCO;

Table 1: Some thermal properties and costs of solar salt and alternative salts
for the high temperature storage, adapted from Turchi [24]. T, represents
the melting point or approximate liquidus point for non-eutectic salts. 7', the
thermal stability temperature. Heat capacity ¢, density p, and volumetric heat
capacity, pcprei- All these properties are assumed as constant.

Cryogenic Fluid Tin Tnax cp e Price
(K) (K) | (kJ/kgK) | (kg/D) | (USD/kg)
Anhydrous Ethanol 158.8 | 351.2 2.46 0.783 | 0.43[35]
N-Hexane 177.9 | 342.0 1.65 0.655 | 0.70 [7]
Anhydrous Methanol 1753 | 337.5 2.55 0.787 | 0.30[19]
N-Propane 85.3 | 2309 2.25 0.581 | 0.24 [35]
Euthetic Salt (20% NaCl) | 255.6 | 376.9 3.11 1.15 | 0.50[19]

Table 2: Some thermal properties for the indicated cryogenic liquid storage.
Tin denotes the melting point, Ty, is the boiling temperature, ¢, the specific
heat capacity, and p the density (all of them assumed as constant) [25].

liquid and the storage reservoir. In Fig. 3 the same is done for
the discharge HE mode. A simplified 7 —S picture of the whole
PHES system is shown in Fig. 4. In both operation modes,
the liquid media is stored in four tanks at different constrained
temperatures, in such a way that adequate integration profiles
for the charge/discharge processes holds by counter-flow heat
exchangers. A brief description of the whole thermodynamic
model is the following:

e Charge; Fig. 2: The working fluid enters in the HP com-
pressor at state 3 and after a non-isentropic compression
(step 3 — 2) gets its maximum pressure and maximum
temperature. Then, heat rejection by the working fluid
with a pressure drop APy = P, — P is used in the counter-
flow heat exchanger to increase the temperature of the
molten salt from Ty, to Ty as the working fluid is cooled
down along process 2 — 1. Next, the working fluid ex-
pands in a non-isentropic process 1 — 4 getting its lowest
temperature and pressure. In the next step, the working
fluid is slowly heated up by the heat flow coming from
the cold liquid material initially at temperature 7;,; then,
the cold storage liquid diminishes its temperature to 7
while the working fluid increases its temperature along
step 4 — 3 with a pressure drop AP, = P,—P3, recovering
the initial state at temperature 73 and pressure Ps.

e Discharge; Fig. 3: The working fluid undergoes a non-
isentropic compression 4 — 1; then it is heated with a
pressure drop APy = P; — P, across the temperature
gap T1-T, by the heat delivery in the counter-flow heat
exchanger of the hot storage molten salt, which in turn de-
creases its temperature from Ty to T, Afterwards, the
hot working fluid at 7 is expanded in the non-isentropic

turbine (2 — 3), and finally, it is cooled to its initial tem-
perature T4 experiencing a pressure drop AP, = P3 — Py.
The heat delivered in this step by the working fluid allows
the increase of temperature of the cold liquid medium from
Ty to Tr by means of the (cold) counter-flow heat ex-
changer.

As detailed above, the model incorporates internal irre-
versibilities coming from non-isentropic expansion and com-
pression processes in the turbine (expander) and compressor,
respectively, and from pressure drops in the heater and in the
cooler processes. The model also takes into account pinch point
(PP) effects (see Fig. 4 and Sec. 4.4) and heat leaked to the envi-
ronment coming from the hot molten salt (not shown in Figs. 2
and 3; see later for a mathematical description) while heat leak
from the liquid cold storage is assumed to be negligible, which
is a reasonable assumption at least for short operation times.
After the end of HE cycle and in order to recuperate the initial
conditions of the HP cycle, a heat exchanger could be necessary
for process T3y — T3pp. This feature is out of the scope of
this work because it is only considered steady state performance
and transient behaviours are avoided.

3.1. Thermodynamic analysis: Heat pump cycle

The HP cycle (charging mode) with the working fluid run-
ning in an anti-clockwise direction is first considered. All spec-
ified states thus refer to Fig. 2. Pressure drops of the fluid
along the hot and cold sides (APy and AP;, respectively) are
accounted by the coefficients py and p;, given by [36]:

(P (Pr— APy

pH_(P_z) —(P—2) , (H
_(P3\" (Pi—AP

wei) -5 ”

where k = = and Y = ¢p/cy is the adiabatic coefficient of the
working fluid. It is common to account for internal losses at
the compressor and turbine using isentropic efficiencies for the
compression and expansion processes, € and ¢, respectively,
given by [37]:

T, — T3
g int § 3
€ Th— T 3)
T, —Ty4
=14 4
€& T, —Ta, €]

where T, and Ty, refer to isentropic processes. The variables
a. and a, are defined in terms of the compression ratios, r, =
P,/ P5 for the the compressor and r, = P;/P, for the expander
(turbine). They are given as:

k k
Tas P P
ac = —2 = rf_ = —2 = —2 . (5)
15 Ps Py — APL
k k
T P P, - AP
a; = —1 = }’f = —1 = —2 " . (6)
Ty Py Py

According to Egs. (1) and (2), a; and a. are linked by the rela-
tion

a; = pppLde. (N
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Figure 3: a) T — S diagram of the discharge HE cycle and in b) scheme of the corresponding components.

The input power on the working fluid by the compressor W,
and the power output W, in the expander (turbine) are:

®)

c 1 - €
W, = C\(Ts = Ty) = C, T (u)

C
and

a

Wi =Cu(T1 - Ty) = CWT1Et( &)

-1
a )’

where C,,(= rin,cpy) is the per-unit-time heat capacity of the
working fluid.

The irreversible heat transfers between the working fluid and
the external liquid storages take place along temperature de-
pendent processes as the heat capacities remain finite. Then,
the liquid materials change temperature along the counter-flow
exchangers with the working fluid. The temperatures of the
working fluid along 2 — 1 should be greater than the high-
temperature thermal energy storage system (the molten salts) at



Ty1, so that an amount of heat, QH, is absorbed by the salt reser-
voir which increase its temperature from Ty, to Ty Oppo-
site, the temperatures of the working fluid along 4 — 3 should
be smaller than the low-temperature thermal energy storage, so
that an amount of heat, Q;, is delivered as the temperature de-
creases from T, to Ty;.

The corresponding heat transfers can be properly taken into
account by using the logarithmic mean temperature difference
(LMTD) [38] between the hot and cold feeds at each end of
the counterflow exchanger or by using the Number of Trans-
fer Units (NTU) method [39]. Here, and in order to avoid very
specific technical details, it is assumed an usual treatment of fi-
nite time thermodynamics in which the heat rate of the working
fluid C,,(T> — T1) and the heat rate in the hot side of the coun-
terflow heat exchangers Cy(Ty, — Tp») are balanced through
a global effectivenesses €y. In the same way the heat rate of
the working fluid C,,(T3 — T4) and the heat rate in the cold side
of the counterflow heat exchangers Cy (T, — T1;) are balanced
through a global effectivenesses € [38]. Then Op and Q; can
be written as:

On = C(T2—=T1) = Cu(Tu1—Tw2) = Crminen(T2=Th2), (10)

and
01 = Cu(T3=T4) = C(T12-T11) = Cromin€r(Tr2—Ts), (11)

where C,, is the heat capacity of the working fluid and Cp,;, =
min(Cy, Cy,) and Cyp i = min(Cr,C,,) are the minimal heat
capacities of the the hot and cold TES media, respectively.

By combining the above equations it is obtained that:
Tyy =Ty +Tu(T2 —T1) (12)
and

T =T -T1(T3 - Ty), (13)

where I'y = g_w and I';, = Sw

- o These equations play an im-
portant role as they link the salt temperatures of the hot tanks
(Ty1 and Tyy) an of the cryogenic liquid (7 and T,) with the
temperatures of the working fluid in the extreme states of the

HP cycle in terms of dimensionless coefficients I'y; and I';.

The outlet temperatures in the compressor, 75, and expander,
T4, can be worked out in terms of the isentropic efficiencies (e,
and ¢), pressure losses (oy and py), and effectivenesses (e and
€.). By using Egs. (3), (4), (7), (12) and (13), Ty, T», T3, T4 and
also Ty and Ty can be expressed in terms of Ty, and Tpp.
The reason for selecting these temperatures is due to practical
purposes: Ty, is the starting temperature of the cryogenic fluid
in the charging process and can be fixed to a certain value, for
example, the environment temperature, and Ty is the temper-
ature in the salt tank (obviously, greater than the melting point
of the salt) at the beginning of the charge cycle. The relevant

temperatures of the HP cycle are given by:

Threg + TinZie (1 — ep)

T, = , (14)
1 =Z,Z5(1 — e)(1 — €1)
T + Ty Z 1 -
Ty = 1261 + TraZoep( EL)’ 15)
1-Z2,(1 - eg)(1 — )
T = T3Z4, (16)
Ty =T2,, a7
with a, = pgypra., as mentioned before, and
7 = ac—(l—ec)7 Z = at(l_Et)"'et‘ (18)
€ a;

The COP of the HP cycle, v = Oy /(Qn — Qy), is given by:

1—¢ _ 1 T
Zz( ) Zie +

V:ZZ(ﬂ+hl_—§)+é—l(Tj+L)+h' (19)

€L Tur en Z Z \€n €L T

Another irreversibility source is the unavoidable heat leak be-
tween the hot and cold sides of the overall plant. A detailed
analysis of this point should include separately the charge and
discharge modes, the interactions of the working fluid with the
liquid media, the cycle time and, most important, the materi-
als, sizing, and geometry of the salts tanks. Such analysis is
out of the scope of this work. Here, it will be assumed only a
heat leak between the molten salt sources Ty and Ty, with the
environment at temperature T, and a negligible heat leak due
to the cold liquid storage. In the finite-time-thermodynamics
framework an easy way to take into account this effect is by as-
suming an averaged, linear decreasing of the temperatures T
y Ty, with an effective proportionality factor &, so that the ini-
tial temperatures Ty y Ty decreases due to heat leak as:

ATy = =&(Tw1 — To), (20)
ATy = =&(TH — To). (21)
This linear assumption has been corroborated by empirical re-

sults in the analysis of heat losses in two-tank thermal storage
systems for concentrated solar power plants [40].

3.2. Thermodynamic analysis: Heat engine cycle
For the HE case all subscripts and processes refer to Fig. 3.

The pressure drops of the working fluid in the hot (low) sides,
pu (o), are defined as:

(P (P - APy

on=() =[5 e
(P (P AP

we(m) - (55 )

The internal losses for the compressor and turbine processes
are quantified through the corresponding isentropic efficiencies,
€. and g, respectively:

T —

€ = “—T“’ (24)
T, —Ty4

€ = I-Ts (25)

STy -Ts



The isentropic pressure ratios for the turbine, r,, and com-
pressor, r., are given now by the relations r, = P;/P4 and
ry = P3/P, and the corresponding a, and a, are now

k k
Ty, Py Py
e = = rlf = | — = — s 26
Ge =, == \p, Py — AP, (26)
k k
T> X P, P, — APy
= — = =|— =|l— 27
a T3$ " (P3) ( P3 ) ' ( )

which are linked by the same relation than in the HP cycle

a; = pepPLAc. (28)

In the HE mode the high temperature liquid store decreases
its temperature from Ty to Ty as the working fluid temper-
ature increases from 7 to T, while absorbing heat through
the heat exchanger. Opposite to this, the low temperature
store increases its temperature from 7 to Ty, as the working
fluid temperature decreases from T3 to T4 while delivering heat
through the heat exchanger. As for the HP-cycle, these heat
transfers can be written in terms of the effectivenesses as:

On = Cu(T2=T1) = Cy(T1—Tr2) = Criminen(Te=T1), (29)
and
01 = C(T3=Ts) = C(T1a—=Tr1) = CLminer(T3=Tr1), (30)

which link the temperatures of the hot tanks (74, and T,) and
the cryogenic liquid (7, and Ty,) with the temperatures of the
working fluid in the extreme states of the HE cycle. From the
above equations, the temperatures of the salt tanks (T2, TH1)
and of the cryogenic liquid (7, and T;) in terms of the cor-
responding dimensionless coefficients I'y and I’y are given as:

Ty =T —Tu(T2 = T), (3D
and
T =T +T1(T3 = Ty), (32)

withT'y = g—: and Iy = CC—‘Z As for the HP mode, in the above
equations C,, is the heat capacity of the working fluid and Cpypin
and Cy i, are the minimal heat capacities of the the hot and cold
TES media, respectively.

By using Eqgs. (24), (25), and (28), T4, T», T3, T4, Tgy and
Ty, can be expressed in terms of Ty, and 7. The explicit
expressions are given by

Thieg +TriYie (1 — en)

T, = s 33
2T I-nnd-apd-«) 33
Trep + TmYoeu(l —€1)
T, = s 34
T-nnd - - e) GV
Ty = T4Yy, (35)
T3 =T)Y,, (36)
where
_a—(-€) a(l - &)+ ¢

Yj=s——, h=s—7-—7-—, (37)
€ a;

and a, = a.pypr. From the above equations, the efficiency of
the Brayton heat engine in the discharge phase, = Wou/On =

(On — Q1)/Qn, is given as:
T Ys(1 —eg)— 1)+ Ty Yoegeg
Then(Y1Y2(1— €)= 1)+ T Yiene,

(38)

For the heat leak, the treatment is as for the HP cycle. Thus,
only the heat leak between the molten salt source and the am-
bient with temperature 7 will be considered assuming a neg-
ligible heat leak due to the coupling of the cold liquid storage.
As a consequence, a linear decreasing of the temperatures 7'y
y Ty, with a proportionality factor £ is considered:

AT = =£(Tm — To), (39)
ATy = =T — To). (40)

3.3. Overall performance

A sketch of the T-S diagram of both HP and HE cycles is
depicted in Fig. 4 . Notice that there is a difference in tem-
perature between the starting point of the HP (label 3HP) and
the ending point of the HE cycle (label 4HE). This should be
considered in order to couple both cycles since a decrease in
temperature is needed to pass from charge to discharge. The
overall performance of the PHES system is defined in terms of
the steady-state round trip efficiency [8], @, as the ratio between
power generated in the heat engine W/F and power input in the
heat pump WP Considering both magnitudes as positive @ is
given as:

_ net power output WHE B nOnf

= — = . 41

net power input  WHF —-10QHF @
where the last equality follows from the usual definitions of the
efficiency n = W/I'/OE in terms of the heat rate absorbed

net

by the heat engine and of the COP, v = Q%P /WHF in terms
of the heat rate exchanged in the condenser in the heat pump

operation.

4. Results

From the model in the previous section, it is evident that any
particular configuration performance needs the specification of
a set of variables and parameter for both the HE and HP cycles
as well as the constraints imposed by the liquid media. These
points are considered below. Next, a general overview is done
on the basis of each type of irreverversibility, and finally, some
concrete results are given for some molten salts and cryogenics
liquids in Tables 1 and 2.

4.1. Parameters and constraints

The compression ratios, r7E and r/¥, are the fundamental
independent variables. But also the model incorporates a set of
parameter accounting for: a) internal irreversibilities (the isen-
tropic efficiencies of the compressor and turbine (€, €/) and the
pressure drops in the high and low temperature sides (o, p1));
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Figure 5: Behaviors of 1, v and @ in terms of the compression ratios rf'E and rfp. Baseline arrangement: €, = ¢ = 0.9, eg = ¢, = 0.90, AP = 0.02, ¢ = 0.02,
THP = 500K, THP = Ty = 300K, THE = 250K, y = 1.4, THE = 1, THE = 0.4, THP = 0.9,T'F = 1, PPy = PP, = 0K. The transparent surfaces contains values

without any constraint on the input parameters.

b) external irreversibilities by means of one additional param-
eter for the heat leak in the hot tanks (¢) and two parameters
for the coupling of the working fluid to the relevant external
thermal energy storage (eg, €.); and c) one more parameter de-
scribing the nature of the working fluid (y).

Concerning with the TES liquid media temperatures, some
restrictions should be taken into account to keep the liquid na-
ture of the salt and of the cryogenic medium. These features
impose some corresponding bounds in the values of Ty, Ty,
Tr1, and Tpp. So, according with values in tables 1 and 2, it
is considered here that: a) in average the maximum tempera-
ture of the salt medium is Tyaysar = 1200K > THF = THE;
b) in average the minimum temperature of the salt medium is
Tminsar = 480 K < Tpyp; ) in average the maximum tempera-

ture of the cryogenic liquid is Tngx.cry = 350 K > T5; and d) in

average the minimum temperature of the cryogenic medium is
Tmin,cry =85K < Ty,.

Another key influence is played by the heat capacities which
balance the heat transfers between the working fluid and the
TES liquid media, as shown in Egs. (12) and (13) for the
HP-cycle and Eqs. (31) and (32) for the HE-cycle. Accord-
ingly, dimensionless coefficients I'#¢ = C,,/Cy < 1, THE =
C,,/Cy < 1 for the discharging mode and I'f* = C,,/Cy < 1,
r'#F = C,/Cy < 1 for the charging cycle are assumed. This
assumption may require the fitting of the mass flow rate of the
liquids according to I' = C,,/Cy,1, = (tic,)w/ (e, m < 1.

The pinch point (PP) effects, minimum temperature differ-
ence between hot and cold streams within heat exchanger in the
heat transfer process can be assumed as a compromise between
rate and efficiency of the heat exchange and plays an important
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Figure 6: Behaviors of power output W

role in the heat transfer process in the counter flow heat ex-
changers. Here, the PP-effects at the ends of the heat exchang-
ers will be considered as a further approach to real systems [41].

4.2. General overview

The theoretical model in the last section has been imple-
mented in Mathematica programming language, and the nu-
merical results are presented below. For the sake of simplicity
it is assumed that the parameters of the same nature have the

same value in both charge and discharge cycles: €f = €/,

P = eHE CHP = (HE HP _ (HE APHP 2 ApHP _ ApHE _
APHE = AP. As reference values in the baseline arrange-
ment, and in agreement with usual reported values for these
HE [36] and HP [38] cycles and optimization analysis [42], the
following values of parameters are assumed: €, = ¢ = 0.9,
ey = €, = 0.90, AP = 0.02 P;, where P; is the pressure at the
beginning of each process, and £ = 0.02. All calculations below
are presented in terms of the compression ratio of the HE-cycle,
rHE and of the HE-cycle, r#/* with input values of T/ = 500K,
THP =Ty = 300K, T/ = 250K, and P4 = 1 atm. for an ideal
diatomic gas as working fluid y = 1.4.

Figure 5 shows the behavior of efficiency, 7, coefficient of
performance, v, and round trip efficiency, @, in terms of com-
pression ratios £, rIP and for the specified parameter val-
ues. The transparent surfaces correspond to unsuitable values
according to constraints in the temperatures of the liquid media
and pinch point effects. Probably the most important point to be
noted is that there are noticeable limitations in the r/£ and r#*
values, so that lower r.-values for the HE-cycle and, specially
for the HP-cycle, are not suitable according to the imposed con-
straints. Also note the non-trivial behaviors of the efficiency in
the HE cycle and of the COP in the HP cycle: roughly speak-
ing, it is noted as in the charging mode (see Fig. 5b) the highest
COP values are restricted for high r7/F and /¥ values while
in the discharge model high efficiency values are obtained for
smaller £ values. Altogether makes that the resulting round
trip efficiency, @, inside the allowed r, range, shows a non triv-
ial behavior but getting maximum values at moderate £ val-
ues (see Fig. 5¢).

The above results and trends can be seen in a complementary
way by the parametric elimination of the r7¥ variable. These
results are shown in Fig. 6 for the power output WE versus ef-
ficiency 7 of the HE-cycle (Fig. 6a), for the round trip efficiency
® versus 7 (Fig. 6b), and for @ versus v (Fig. 6¢). It is specially
important to note the strong constraints experienced by the pa-
rameters (solid colours) at high compression ratios when faced
with those without any restrictions (transparent surfaces).This
provokes the disappearance of well-known behaviors when the
HE cycle or the HP cycle work alone. For instance, the typical
loop-like plots of the power output versus the efficiency in a HE
cycle are only visible here in a small range of ¥ values (see
Fig. 6a).

4.3. Internal and external irreversibility effects

The general configuration in Fig. 5 and Fig. 6 are amenable
for discussing in detail the influence of irreversibility sources,
both those affecting the internal (€., €, py, pr) and external
losses (eg, €, &) as well as the PP effects. Instead of presenting
particular results for each irreversibility parameter, a generic
and global overview for each kind of irreversibility is shown.
So, Fig. 7 displays the effects of the internal irreversibilities and
Fig. 8 shows the effects of the external irreversibilities. From
these figures, the following main general results can be pointed
out:

a) As the irreversibilities increase (in the order green, blue,
and red in Fig. 7 and Fig. 8), the physical arrangements are
strongly restricted due to the progressively small range of val-
ues for the compression ratios of the HE and HP. This fea-
ture provokes the progressive disappearance of the well-known
loop-like behaviors for 7 versus £ and v versus r#, clearly
visible in the most reversible configurations (green colours).
Thus, the round trip efficiency values are smaller (below 0.4
in all cases) and only for very particular values of the HP and
HE compression ratios.

b) When comparing the effects of the internal (Fig. 7) and
external (Fig. 8) losses, the above trends are the same but, in
the case of internal irreversibilities the effects are much greater
(note the different vertical scales of these figures).



Figure 7: In (a)-(c): Effects of the internal irreversibilities on the physically acceptable values of 1, v, and ® versus rf.’ E and rf.’ P without PP (PPy = PPy = 0). In
(d)-(f) the same but with pinch points PPy = PP = 5. The meanings of different colors is as follows. Red color (label C) is the configuration with greater internal
irreversibilities, i.e., with the smaller values of the compressor and expander isentropic efficiencies and with the highest values of pressure drops: €. = ¢ = 0.85,
AP = 0.03; Green color (label A) is the configuration with smaller internal irreversibilities, i.e., with the highest values of the compressor and expander isentropic
efficiencies and with the smaller values of pressure drops: €, = ¢ = 0.95, AP = 0.01; In between, blue color (label B) denotes the baseline arrangement with
intermediate values of parameters: €. = ¢ = 0.9, AP = 0.02. Accordingly, and as expected, note as values of the HE-efficiency, HP coefficient of performance,
and round trip efficiency are higher for the most reversible configuration (A, green color), then for the intermediate reversible configuration (B, blue color), and the

smaller values correspond to the most irreversible configuration (C, red color).

A complementary view to see the influence of the losses is to
focus on the parametric behaviour of magnitudes 7, v, and @ by
the elimination of the 7. This is shown in Fig. 9 for the in-
ternal irreversibilities and in Fig. 10 for the external ones. Note
here that the different surfaces ®-n and ®-v are clearly sepa-
rated according to the r#£-values. This feature is more visible
in the ®-v space of the internal losses.

4.4. Pinch points effects

When comparing PP effects (lower panel in Fig. 7 for internal
losses and lower panel in Fig. 8 for external losses) the general
trend of 7, v, and @ still remains the same but is it is very clear
that the PP requirements play a key role reducing even more
the range of acceptable compression ratios £ and r#* without
appreciable change in the numerical values of the magnitudes.
It is noteworthy the strong constraints on the ¥ values as they
rule on the outlet temperature of the working fluid in the HP
compressor which should satisfy the PPy condition in regards
to the temperature of the molten salt in the hot tank Ty and
in the cold tank Ty,. Similar considerations apply to the PP,
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condition in regards to the temperature of the cryogenic liquid
in the cold tanks 77, and Ty,. This feature is illustrated with
more details in the next particular cases.

4.5. PFarticular configurations

This subsection is intended to show particular configurations
with closer approach to check the theoretical predictions for
representative molten salts listed in Table 1 and with methanol
as cryogenic liquid in all cases.

In the first example, solar salt it is considered in the hot TES
and argon as working fluid (y = 1.667, c,, = 0.52 kJ/kgK)

with dimensionless coefficients 26 = C,,/Cy = 1, THE =
C,/C, = 035 TH# = C,/Cy = 1, and T?" = C,,/C,, =
0.35. The salt temperatures are in the range 511 — 858 K and
the temperatures of the cryogenic liquids in the range 175 —

351 K. The same standard values are elected for irreversibility
parameters (see caption in Table 3).

The results of the model are plotted in Fig. 11 where the HP
and HE cycles are depicted in the 7 — S diagram together with



1.15

Figure 8: In (a)-(c): effects of the external irreversibilities on on the physically acceptable values of 7, v, and @ versus rf.’ E and rf.’ P with PPy = PP = 0. In (d)-(f)
the same but for a pinch points of PPy = PPy = 5. Red color (label C) ey = ¢, = 0.85, & = 0.035 (the configuration with greater external irreversibilities and
smaller values of the efficiencies); blue color (label B, baseline arrangement) e = €, = 0.9, £ = 0.020; and green color (label A) ex = €1, = 0.95, & = 0.005 (the
configuration with smaller external irreversibilities and higher values of the efficiencies).

the temperature Ty, Tho, Tr1, and Tpp. These temperatures
and those of each state are collected together with the theoreti-
cal values of 77, v and @ in Table 3. Also, it is plotted the phys-
ically acceptable parameter space of the £ and r#¥ values
according to the input data and characteristics of the solar salt,
working fluid, and cryogenic liquid. The red star denote the
exact value of rF and /" in the charge and discharge modes
for the particular arrangement. Fig. 12 and Table 4 contain the
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Figure 9: Effects of the internal irreversibilities on the parametric plots of ®, 1 and v versus rf

parameters are the same that in Fig. 7.

with PPy = PPy = 5. The legend and numerical values of

results for the same system but now the working fluid is air
with y = 1.4 and c,,,, = 1.14 kJ/kg K. Comparing with results
in Fig. 11, it should be stressed the higher compression ratios
needed to keep the temperature levels along the cycles, spe-
cially in the HP-mode together with the higher §-values (note
the different scales of the horizontal axes). Also note that the 7,
v, and O results are essentially the same.

Fig. 13 and Table 5 show the results for the carbonate salt



Figure 10: Effects of the external irreversibilities on the parametric plots of ®, i and v versus £ with PPy = PP = 5. The legend and numerical values of

parameters are the same that in Fig. 8.
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Figure 11: Argon-solar salt-methanol system: T-S cycle (blue is the charge process and red the discharge one) and physically suitable values of the r#* and rfZ
values (blue surface); the red star denotes the values of these parameters for the particular depicted configuration. €. = € = 0.9, ey = 0.95, ¢, = 0.9, AP = 0.01,
£=002,y = 1.667, THE = THP = 1, T#E = THP = 0.35, PPy = 10K, PP, = 4K. Values for the simulation: T}y = 858K and T, =511K are the maximum
and minimum values of the salt temperature; 77 qx=351 K and 77, ,;,=175 K for the maximum and minimum values of the liquid methanol temperature; and initial

value of the THY = 550 K, rf'P = 12.4 and rHE = 4.2,

in argon (y = 1.667, c,, = 0.52 kl/kgK). Note that in this
case the minimum and maximum temperatures for the salt are,
respectively, 671 K and 1.073 K. As a consequence, compared
with the argon-solar salt case, it should be stressed the high
level of the hot temperature sources but practically the same
range of the entropy values.

Finally, it is noted that the physically suitable values of the
compression ratios (blue surfaces in above Figs.) are larger for
the HP mode (r7) than for the HE mode (), according to
comments above in section 4.3. In this way, the outlet tempera-
ture of the working fluid in the HP-compressor is enough high
to fulfil the PP requirements, especially in the hot side, and the
outlet temperature of the working fluid in the HE-compressor is
low enough to allow an efficient discharge process.
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5. Discussion and Conclusions

Some comments on the accuracy of the obtained results are
in order here. As shown on Figs. 6-10, the predicted values
of @ are strongly dependent on the parameters accounting
for irreversibilities and, indeed, on the compression ratios.
Roughly speaking, the predicted values of ® are in the range
20-40% depending on the irreversibilities of the different
elected configurations. In the considered particular cases,
values of @ are in the range between 34-39%, see Figs. 11-13
and tables 3-5 . It is not easy to make a comparison with
other reported values due to the many different theoretical
approaches, different cycles, different working fluids, and
different media storage used in each case. Values reported
by Fernandez er al. [11] for transcritical carbon dioxide
cycles with and without integration of solar energy amounts
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Figure 12: As in Fig. 11 but for the air-solar salt-methanol system. € = & = 0.9, ey = 0.95, ¢ = 0.9, AP = 001, £ = 0.02, y = 1.4, I'HE = TP = 1,
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0.35, PPy = 10K, PP; = 4K. Values for the simulation: T,,,, = 858K and 7,,;,,=511K are the maximum and minimum values of the salt

temperature; 77 qx=351K and 77 ,,,;,=175 K for the maximum and minimum values of the liquid methanol temperature; and initial value of the Tg; = 550K,

rfP = 34 and rHE = 7.
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Figure 13: As in Fig. 11 but for the argon-carbonate salt-methanol system. € = & = 0.9, ey = e, = 0.95, AP = 0.01, £ = 0.02, y = 1.667, THE = TP = 0.8,
ME = T4 = 03, PPy = 10K, PP, = 2K. Values for the simulation: Tj.; = 1070K and T,,;,=671K are the maximum and minimum values of the salt
temperature; 77, ,uqax=351 K and T ,;,=175K for the maximum and minimum values of the liquid methanol temperature; and initial value of the Tgf = 690K,

riP =245 and rHE = 6.

to 52% and 60%, respectively. Nevertheless, these values
could be increased with improved layouts as the one proposed
by Morandin et al. [18]. Around the same values are those
reported (55 — 60 %) by Farres et al. [19]. Closer to the
theoretical predictions in this paper are those given by Benato
and Stopatto [5] for a similar cycle but including an additional
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electric heater to increase the HP-compression ratio and using
different packed bed materials. For example, these authors
reported values of @ around 27% for maximum cycle tempera-
tures of 1000 K, using air as working fluid. Smaller differences
for the nine storage materials considered were found. Also, the
theoretical predictions by Guo et al. [34] are in agreement with



Tl | 8575K | Tjf | 8463 K
THP | 545K | THE | 5299 K
THP | 300K | THE | 3309 K
TZP 281.7 K TZE ok || © ]
THP | 5608 K | THF | 5132 K U
THP | 8622 K | THE | 829.7 K v | L2
THP | 2942 K | THE | 506.9 K
TP | 2419K | T} | 2757 K

Table 3: Particular configuration argon-solar salt-methanol: temperatures of the
hot side (Ty1, Tr2) and cold side (1, Tr2) for the charge (HP) and discharge
(HE) modes. Ty, T3, T3, and T4 denote the temperatures of the working fluid in
the extreme states of the corresponding cycles. 7. v, and @ are the values of the
efficiency, COP, and round trip efficiency, respectively. All values correspond
to plot in Fig. 11

THY | 8577 K | THE | 8465 K
THY | 545K | Tpy | 521.8K
TEP | 300K | THE | 333K o o33
THP | 2815 K | THE | 250 K '
n | 0.27
TH#P | 560.8 K | THE | 5047 K L1
4 .
THP | 8624 K | THE | 8295 K
TP | 2941 K | TVE | 513.6 K
TP | 2415K | TJF | 2764 K

Table 4: As in previous table but for the air-solar salt-methanol. All values
correspond to plot in Fig. 12

THP | 10567 K | THE | 10415 K
THP | 6822K | THE | 6822 K
THP | 300K | THE | 3363 K
TZP 2854 K TZE ok || 70V
THP | 7058 K | THE | 573.8 K |0
THP | 1155K | THE | 1018.1 K L
TiP | 2974 K | Ti¥F | 5529 K
TP | 2487 K | T/® | 265.1K

Table 5: As in previous table but for the argon-carbonate salt-methanol. All
values correspond to plot in Fig. 13

those obtained in this paper. In the same range of values are
those reported by Dietrich [17] in an analysis based on Joule
cycles for packed bed materials and for heat engine maximum
pressure between 2 and 4 bar. However, this author note the
great influence on the efficiency values of the inlet and outlet
temperatures of the working fluid in the thermal storage media
and the pressure drops in the working fluid.

Another key factor regarding the obtained theoretical values
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is the assumption made on the thermal properties of solar salts
and cryogenic liquids. These properties have been considered
as constant for all involved temperature ranges in between 7,
and T4, as compiled in Tables 1 and 2. Indeed, this a crude
assumption in order to keep the steady state thermodynamic
model as easy as possible with a reduced set of parameters in
order to get an entirely analytical simulation scheme, where
it is easy to check the influence of the most important plant
design parameters. Then, these values can be considered as
average between T,,;, and T,,,. Obviously, the temperature
dependence both of the storage material and of the working
fluid should be taken into account, either by appropriate
polynomial fits or by using standard reference databases,
specially in models focused on storage materials, which is
not the case here considered. Calculations reported for air
as working fluid with temperature dependent heat capacities
in a similar Brayton cycle, gave differences of about 4%
in regards with the assumption of diatomic ideal gas with
constant heat capacities [43]. The temperature dependence
of the density and heat capacity of the liquid materials has
not been tested explicitly in this paper. However, it can be
inferred that the generic behaviours plotted in all above figures
should remain unchanged but concrete numerical values of the
calculated magnitudes could change according to the particular
molten salt and cryogenic liquid in each case. Two illustrative
examples are given by Laughlin in [7], where the temperature
dependence of the main thermal properties of the solar salt
(including density and heat capacity) are plotted in the interval
500 — 800K and those of the n-hexane in all the liquid range
(around of 175 — 340 K). In both cases it can be checked that
the variations of C, and p are not very relevant, specially
for solar salts. The same constancy for the specific heat of
methanol at gas-liquid equilibrium pressure can be checked in
[44]. Perhaps, the influence of the temperature of the thermal
properties may be more important on the engineering design of
the heat exchangers (in order to properly account for the pinch
point effects) and when liquid TES media with unbalanced
mass flow rates are considered [45].

The present study could be improved along different lines: a)
a detailed analysis on the influence of the values of the isen-
tropic efficiencies with different values for the HP and HE cy-
cles. This could introduce subtle behaviors on the charge and
discharge modes due to the evident nonlinearity of the coupling;
b) the thermodynamic model provides physical insights for de-
sign and main losses but a fully optimisation method remains as
a complex task where trade-off figures of merit should be tack-
led by multi-objective and multi-parametric methods in order
to obtain the possible Pareto front and the associated space of
parameters [46]; c) a third point is the convenience of closed
cycles where it may be easier to balance the flow rate of lig-
uid media and the working fluid, avoiding extra losses in the
thermal exchanges processes; d) an additional point concerns
the possibility of a regenerator (or recuperator). In such a case
the coupling of the regenerator and the heat exchangers [47]
should be specially fitted in order to keep the storage liquid
temperatures but the expected performance improvements must



be faced with a techno-economic analysis [48].

Further improvements should include the specification of
time duration of the charge and discharge processes according
to grid demands, i.e., a fully dynamical analysis. In this case
thermal losses in the surroundings provoke he depletion of
stored energy with time. Thus, heat leak should be evaluated
as time-dependent processes along the charge, discharge and
stabilisation phase. Also the heat transfer processes between
the working fluid and liquid media requires finite temperature
difference, whose associated losses are linked to the time of
the operation mode of the storage liquid. As noted by White
et al. [14], and at least in packed-bed materials, losses of
this kind can vary drastically from a fully discharge/charge
process with high temperature gradients to a periodic cycling
of the reservoirs with smaller temperature differences but at the
expense of reduced storage capacity.

For completeness, costs for the molten salts and of the cryo-
genic liquids are specified, respectively, in Table 1 and Table 2.
Comparison with others storage technologies is presented, for
instance, in [7]. The consequent thermo-economic to compute
the plant costs and profitability is out of the scope of the present
steady-state thermodynamic model.
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