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ABSTRACT

A multi-objective and multi-parametric optimization of a Pumped Thermal Electricity Storage system based
on Brayton cycles is presented by the calculation of different Pareto fronts and the associated Pareto optimal
sets for energetic and design analysis, respectively. A large range of internal and external irreversibilities and
the thermodynamic properties of the storage media are taken into account. The analysis shows that the heat
capacity of the working fluid and the heat capacity of the storage media should be the same in the contact
with the hot reservoirs and in the contact with the cold reservoir in the heat pump, but in the contact with
the cold reservoir for the heat engine the ratio should be 0.33, this offers information regarding the mass flow
increasing significantly the achievable values for the round-trip efficiency, power output and the heat engine
efficiency in the discharge process. Optimal values are given in terms of the degree of irreversibilities in the
system and a comparison is made with extreme cases of infinite and minimum sizes for the storage system.
Round-trip efficiencies in the so-called optimum scale/mass-flow-ratio design point exhibits noticeably larger
values compared to previously reported results including the so-called endoreversible limit, where no internal
irreversibilities are considered and where the improvement can achieve 49% over the endoreversible case in
the most ideal scenario. Explicit numerical values of the maximum round trip efficiency, power output, and

efficiency are given for a broad range of both internal and external irreversibilities.

1. Introduction

Electric energy storage technology based on the joint use of a heat
pump and a heat engine cycles (pumped thermal electricity storage,
PTES) is nowadays a real alternative to most conventional technologies
as compressed air energy storage (CAES) or pumped hydro storage
(PHS) [1]. It does not require neither underground caves nor high-sized
reservoirs and then, it is not dependent on geographic or geological
conditions [2]. In PTES devices energy is stored in the form of heat
in a hot tank with manageable dimensions using a heat pump (HP)-
cycle which extracts heat from a lower temperature tank containing a
cryogenic liquid [3]. Later-on, the energy stored (in molted salts [4],
for example) is converted into electric energy in a discharge process
through a heat engine (HE) cycle working between the same thermal
energy storage (TES) media [5].

Compared with solid media storage [6], two clear additional ad-
vantages of the liquid storage are: (a) the pressure inside the tanks is
independent of the pressure of the cyclic working fluid (opposite to

what happens in packed bed storage systems) and then, more compact
heat exchangers can be used; and (b) the temperature inside each
tank remains almost constant, avoiding the problems associated to
the propagation of the hot front in solid storage [7,8]. The drawback
is the need for two tanks for each reservoir with specific technical
requirements [9] (high volumetric specific energy, high heat rate with
the working fluid, high thermal stability, flexibility for implementation,
storage capacity for hours of operation, and long lifetime). For the
cryogenic fluids [10] and the storage salts [11], lower and upper limits
in the temperature should be taken into account [12] in order to ensure
stable liquid phases under the whole cyclic working fluid temperature
variations [13] .

PTES layouts [14], even those with de-coupled thermal stores [15]
and unbalanced mass flow rate [16], mostly uses a single-phase work-
ing fluid operating a Brayton-like [17] cycle or Rankine-like cycle [18]
with CO, as working fluid [19]. Most of full theoretical studies are
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Nomenclature

a Temperature ratio

c Specific heat capacity at constant pressure
J/kg K)

¢ Specific heat capacity at constant volume

J/kg K)

Heat capacity (W/K)

Dimensionless factor (%)

Mass flow (kg/s)

Pressure (atm)

Heat flow (W)

Pressure ratio

Temperature (K)

Power output (W)

Especific power (P,,,/mC (K))

Dimensionless factors

TN TR RO

s

out

N~

Dimensionless factors
Greek Letters

Adiabatic coefficient

14

r Dimensionless factor

€ Efficiencies

n Efficiency of the heat engine
v COP of the heat pump

£ Heat leak factor

p Pressure drop coefficient
@D Round trip efficiency
Subscript

c Compressor

H High pressure

L Low pressure

t Turbine

w Working fluid

Acronyms

copr Coefficient of performance
HE Heat engine

HP Heat pump

PTES Pumped thermal electricity storage
RTE Round trip efficiency
TES Thermal energy storage

based on finite-time thermodynamic frameworks [20] assuming Carnot-
like models [21], weakly-dissipative models [22], and/or Brayton-
like cycles [23]. All these thermodynamic models assume constant
temperatures for TES systems so that they are amenable to analyti-
cal expressions for the main involved energetic magnitudes (as max-
imum power, maximum round trip efficiency, maximum COP) and/or
trade-off figures of merit. Also comparison with performance opti-
mization [24] and optimized round-trip efficiencies [25] of cryogenic
electricity storage system and advanced exergy analysis have been
recently published [26].

Although theoretical parametric studies provide physical basis for
guiding pre-design of main energetic magnitudes, a full optimization of
the overall system for a selected salt and cryogenic medium remains a
complex task due to three main points [27]: (a) the large number of op-
erational and design parameters; (b) the trade-off objectives (e.g. round
trip efficiency, power output, heat pump COP, heat engine efficiency);
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and (c¢) uncertainties in regards with both internal and external losses
and heat leaks models. Robust numerical optimization algorithms are
thus needed to identify promising and realistic designs and then, results
of these analyses could better estimate the performance of individual
subsystems and that of the entire device. Therefore a multi-objective
and multi-parametric optimization is required to fully explore the PTES
performance potentialities and limitations beyond pre-design thermo-
dynamics results [28]. These algorithms provide trade-off surfaces
(Pareto fronts) from which insights on how the optimal design (Pareto
optimal sets) should vary when multiple objective are considered.

The main contribution of this paper is to find an optimal relation
between the heat capacities of the working fluid and the thermal
reservoirs. This can be tuned through the mass flow in the contact with
the hot and cold reservoirs in both operation modes. Thus, an optimal
design point was obtained by means of a multi-parametric optimization
based on different trade-off figures of merit for a recently proposed
steady-state PTES theoretical model based on Brayton-like cycles with
non-constant temperature at the TES. The involved figures of merit are
the round trip efficiency of the whole device, the power output and the
efficiency of the discharge mode.

The paper is structured as follows. Section 2 summarizes a basic
description of the HE and HP cycles as well as their coupling for the
whole thermodynamic model. It is based on the previous study for the
same model reported in [29] by coupling a Brayton heat pump and a
Brayton heat engine. Section 3 firstly shows the technical aspects of the
multi-criteria optimization methodology. The optimization is developed
in three stages beginning with all the available parameters. Later on,
it is shown that five of them allow for determining an optimal design
point. In that configuration a final optimization is made. This is done
focusing on round-trip efficiency @, power output P,,, and efficiency
of the discharge process #, as those that exhibit convex behaviours.
Special emphasis is paid on the role played by the internal and external
irreversibilities as well as the size of the composed cycle. Explicit
maximum values of @, P, and 5 are given. Finally, in Section 4 a
summary and the most relevant conclusions are outlined.

2. Thermodynamic model: background

The complete model for both the HE- and HP-operation was re-
ported in a previous study mainly devoted to a thermodynamic assess-
ment [29]. Here, only the main hypotheses and the role of the involved
parameters are summarized .

2.1. Background

The proposed overall arrangement consists in a combination of a
Brayton-like HP cycle followed by a Brayton-like HE cycle. 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, whose temperatures are also affected by a small heat-leak
that is taken into account.

Heat pump performance. Along the anti-clockwise charge process
(see Fig. 1), the working fluid enters into the HP compressor at state 3
and after a non-isentropic compression (step 3 — 2) the working fluid
reaches its maximum pressure and maximum temperature. Then, heat
rejection by the working fluid, with a pressure drop APy = P, — Py, 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 expands 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 T/ ,.
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, — P;, recovering the initial state at temperature
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T

Fig. 1. T — .S setup of the charge HP cycle.

T; and pressure P;. The relevant temperatures at the corners of the HP
cycle are given by:

_ Tyoep + TirZie (1 —ey)

T, = , (@]
1-Z,Z,(1—e)(1 —€;)
_ Troep + Ty Zyey (1 —€p) )
2T -Z,Z,(1—ep)(1—¢€1)°
T, =17, 3
T, =T, 2,, 4)
where
—(1- l1—¢)+
7=z, _aloata ®)

€ a;
and the compression and expansion ratios, r, and r,, are linked to
pressure drop coefficients py and p; by

T. P, \* P k
T (3 ()
T3 Py P, — AP,
k k
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Ty, ! by Py

where k = =L and y = c,/cy is the adiabatic coefficient of the working
fluid. In this way a, and a, are linked by the relation

o

a;

a =pgPra., (8)

with
PN\* /P — AP\

pH_<F2> _< P, ' ©
P\* /P —aAP \*

,,L=<F3> =<%> . 10)
4 4

As usual and in order to account for internal losses at the com-
pressor and turbine, isentropic efficiencies for the compression e, and
expansion processes ¢, are used

T, — T
€= T an
27143
T, - T,
6 =1 12)

T, - T,
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where T,, and T} refer to ideal isentropic processes. The temperatures
of the liquid media are calculated as:

Tyy =Ty — IT'y(T, —Ty), (13)

Tiy=Tp + 1T (T3 -T,), (14

where I'y; = (Cj—W and I'; = (é—”’ are the ratios of the working fluid heat
H L

capacity per-unit-time (C,, = r,c,,) and the corresponding thermal

reservoir (Cy ; = rity 1 ¢,y ). These equations play an important role
as they link the salt temperatures of the hot tanks (T, and Ty,) 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 I7;.

In regards with the unavoidable heat leak between the hot and cold
sides of the overall plant a full study is out of the scope of the present
paper. Here it will be assumed only an indirect effect of 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 an average manner and according to empirical results [30],
this effect is assumed as a linear decrease of the temperatures Ty, y Ty
with an effective proportionality factor & so that the initial temperatures
Ty, Y Ty, decrease due to heat leak as:

ATy = =E(Ty, — Ty), (15)
ATy, = €Ty, — Tp). (16)

The heat leak in the molten salt that affects its temperature will not
enter into the analysis of the efficiency. The input power on the working
fluid by the compressor W, and the power output W; in the expander
(turbine) are:

W—C(T—T)—CT<M> a7
c = ~w\t2 3/ = ~w'3 € ’

c

W, = C\(T, = T,) = C,Tie, <”’a—1> : (18)
1
For the calculation of the heat rates O and 0 1, it is assumed a
balance between the heat rates of the working fluid C, (T, — T) and
C, (T3 — T,) and the heat rate in the hot and cold sides of the counter-
flow heat exchangers Cy (T, — Ty,) and C; (T}, — T;,) through global
effectiveness ey and ¢;:

Oy =Cu(,=T) = Cy(Tyy —Tyr) = Cr min€u(Ty = Tha), (19)
0, =Cy(T3 = Ty) = C (T ~ Tp.) = Cppiner(Tpn = T, (20)

where Cy i, = min(Cy,C,), Cy in = min(Cy, C,,) are the minimal heat
capacities of the hot and cold TES media.

The COP v of the heat pump cycle is thus calculated from v =
0y /Qu = 0p)

Heat engine performance. Along the clockwise discharge process
(see Fig. 2), 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 T; — 7T, by the heat delivery in the counter-flow heat
exchanger of the hot storage molten salt, which in turn decreases its
temperature from Ty, to T}y,. Afterwards, the hot working fluid at 7;, is
expanded in the non-isentropic turbine (2 — 3), and finally, it is cooled
to its initial temperature T, experiencing a pressure drop AP; = P;—P,.
The heat delivered in this step by the working fluid allows the increase
of temperature of the cold liquid medium from 7, to T}, by means
of the (cold) counter-flow heat exchanger. 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 Tz — T3y p- This feature is
out of the scope of this work because of the steady state performance
is only considered and transient behaviours are avoided.

In this case the extreme temperatures of the HE devices are:

_ Tyeg + T Yiep (1 —ep)

= 1-Y, Y,(1—eg)(l—¢p) @D
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T
S
Fig. 2. T —.S setup of the discharge HE cycle.
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which are linked by the same relation than in the HP cycle

a4 = PHPLA.- (28)
with pressure drop coefficients
PN\* /P - AP \F
= P = _— N 29
o (P | ) < P @9
k k
P, ) < Py — AP, >
rn=\w) =\—5—) - (30)
t < Py Py
and isentropic efficiencies
T, - T,
€= 2 (31)
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T, -T
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The temperatures of the salt tanks (Ty,, Tj;) and of the cryo-
genic liquid (T, and T} ) in terms of the corresponding dimensionless
coefficients I'y; and I'; are given as:

Ty =Tya + Ty(T = Ty), (33)
Tpy =T — I (T3 =Ty, (34)

withI“HEE—WandFLECC—W.
H L
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In the HE mode the high temperature liquid store decreases its
temperature from Ty, to Ty, as the working fluid temperature in-
creases from T; to 7, while absorbing heat through the heat exchanger.
Opposite to this, the low temperature store increases its temperature
from T}, to T}, as the working fluid temperature decreases from 73 to
T, while delivering heat through the heat exchanger. As for the HP-
cycle, these heat transfers can be written in terms of the effectiveness
as:

QH =C(T, - T) =Cy(Tyy — Tyo) = Cy pin€y Ty — T1) (35)
01 =Cy(T3 —Ty) = Cr(Tyr = Tp)) = Cp piner (T3 = Tpp) (36)

which links the temperatures of the hot tanks (T}, and Ty,) and the
cryogenic liquid (7}, and T;,) with the temperatures of the working
fluid in the extreme states of the HE cycle

For the heat leak same assumptions as for the HP cycle are ac-
counted for, i.e., a linear decrease of the temperatures Ty, y Ty, with
a proportionality factor & is considered:

ATy = —E(Ty, — Tp), 37)
ATy = —E(Tyn — Tp)- (38)

From the above equations, the efficiency of the Brayton heat engine
in the discharge phase, is calculated as n = W,,, /Oy = (O —01)/0x-

Overall performance. In Fig. 3 a sketch of the T — § diagram of
both HP and HE cycles is depicted. The overall performance of the
PTES system is defined in terms of the usual steady-state round trip
efficiency, @, defined as:

iy HE VHE

o= D 1O 39
I/Vnet V_IQH

In specific cases the difference between T/.” and THF is significant

(see Fig. 3). In those cases heat should be extracted form the reservoir
before starting the subsequent charging stage. This allows to include
a secondary system, but this issue will not be addressed within the
present paper.

2.2. Performance parameters and constraints

The thermodynamic model incorporates internal irreversibilities
coming from non-isentropic expansion and compression processes in
the turbine (expander) and compressor, respectively, and from pres-
sure drops in the heater and in the cooler processes. The model also
incorporates heat leak to the environment coming from the hot molten
salt (not shown in Figs. 1 and 2) while heat leak from the liquid cold
storage is assumed to be negligible, which is a reasonable assumption
at least for short operation times.

The compression ratios, r£ and rf”, the adiabatic coefficient
(y) of the working fluid and the dimensionless coefficients Fg E =
C,/Cy, THE = C,/C, for the discharging mode and I'f* = C,/Cy,
ri? = c,/c, for the charging cycle, are the fundamental variables in
the resulting cycle geometry. The remaining parameters are classified
according to irreversibilities:

(a) internal irreversibilities: accounted for the isentropic efficien-
cies, ¢, and ¢, and the pressure drop coefficients in the high and
low temperature sides (py, p).

(b) external irreversibilities: accounted for the heat leak parameter,
&, and the parameters for the coupling of the working fluid to
the external liquid media, e, and ¢;.

Additionally, a constraint in which Q¥ < Q/7” is considered. It is
common in the literature to fix the relation between this two quantities,
but in this work this constraint is relaxed. This results in different
behaviours when optimizing the round-trip efficiency (in which case
the equality is preferred) and when optimizing » (in which case the
equality is not preferred). The main constraint to link both engines is

that the temperatures /£ = THP this after the effects of the heat-leak.
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Fig. 3. The HP and HE layouts are depicted along with the setup of the whole
thermodynamic cycle for the PTES system in the T —.S space.

Concerning with the TES liquid media temperatures, some restric-
tions should be taken into account to keep the liquid nature of the
salt and of the cryogenic medium. These features impose some cor-
responding bounds in the values of Ty, Ty, Ty, and T, in such a
way that Ty > T sars Trt < Tnax,satr With Ty sqr; @and T, oo being,
respectively, the melting and stability temperature of the salt and T ; >
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Table 1

Some thermal properties of the solar salt and cryogenic liquid considered for the
analysis. T,,, represents the melting point or approximate liquidus point for the TES
medium. 7,,,. the thermal stability temperature for the salt and the boiling temperature

for the cryogenic liquid. Heat capacity c, and density p. All these properties are assumed
as constant [11].

Liquid (reservoirs) Tyin (K) T (K) c, (kJ/kg K) p (kg/1)

Solar salt 511 858 1.55 1.71

Anhydrous methanol 175.3 337.5 2.55 0.787
Toinerys Tra < Toaxery with Toninery and T, max.cry being, respectively, the

melting and boiling temperature of the cryogenic liquid storage. In
the subsequent analysis the representative case of Ar as working fluid
(y = 1.667) with Solar Salt as storage medium and anhydrous methanol
as the cryogenic substance.

3. Multiobjective and multiparametric optimization

Two main problems are faced here. First, it is not possible to provide
a theoretical simultaneous optimization of all the relevant thermody-
namic functions. Instead of optimizing the several possible functions
separately, it is of interest to search for the so-called Pareto front, which
gives the best performance when looking to simultaneously optimize a
number of objective functions [31]. A second and more intricate issue,
as it was showed in a previous work [29], is the set of possible values
that the thermodynamic functions may have according to a variety
of physical considerations. It is pointed out that the properties of the
cryogenic and molten salts materials impose strong constraints regard-
ing the highest and lower temperature values of the working fluid in
the Brayton arrangement. Additionally, for some configurations of the
system parameters, certain regimes might not be achievable since the
physical acceptable regions in the thermodynamic space depend on the
specific combinations of parameters. Thus, a set of physical constraints
(no heat fluxes should reverse direction, positive input/output power
and physical ranges in the efficiency, COP and round trip efficiency) de-
termine the feasible coupling of both the HE and HP cycles. Information
on this will be obtained from the Pareto optimal set. The resulting value
of the eighteen parameters stemming from irreversibilities and design
geometry should be tackled by multiobjective and multiparametric
optimization.

3.1. Technical background

The basic idea of multiobjective optimization relies on the concept
of dominance. The goal of this framework is to determine the Pareto
optimal set (in the parameters space) and their corresponding Pareto
front (in the energetic space).

The usual concept of dominance is the following: a vector v =
(vy, ...,v,) dominates another one w = (w, ..., w,) if and only if v; >
w; Vi € {1,...,n} (for the maximum, < for the minimum) and there
is at least one j such that v; > w;. In other words, there are no other
vectors having a better values in all entries. The algorithm presented
here it is a modification of the one introduced in [32,33], and is as
follows:

1. The phase space is defined from the operation variables a'#

and afff (which define the operation regime). Also, the phase
space includes the rest of the parameters: internal irreversibili-
ties are accounted by {e,, ¢, py, p; }, external irreversibilities are
modelled through {ey,e;,¢}, and {I';, 'y} are related with the
mass flow (or size) of the device according to the mass flow (or
size) of the external heat reservoirs. Eighteen parameters in total
accounting for the HE and the HP (leaving open the possibility of
having separate devices) determine the range of possible values
of ¢f'E and aHP.
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HEHP _HEHP ~HEHP _HEHP HEHP

€t €L S THL s PH,L

Pre—Optimization

Relevant variables for optimization

Optimization

Optimum Design Point

Optimization

Pareto Front

Fig. 4. Optimization scheme. First, relevant parameters are determined. In a second
stage an optimum design point is found and finally, the Pareto front is obtained.

2. The region of physical relevance in the phase space is defined
(P>0,P,>0,7n>0,®€[0,1], v> 1. Moreover, all heat fluxes
should have the correct sign).

3. From this region a random set of points in the phase space
is obtained and the thermodynamic functions are evaluated
(energetic space).

4. The set of non-dominated points in the energetic space is ob-
tained, resulting in a provisional Pareto front.

5. From the corresponding Pareto optimal set (phase space) a cover
(cubic region) is defined and extended in order to encompass a
larger region for searching new points in the Pareto front.

6. From the new region a new set of random points is proposed
and a new set of non-dominated points in the energetic space is
obtained. As the algorithm is iterated the output is closer to the
true Pareto and the extension on the cover becomes smaller.

In this study the vector is formed by the round-trip efficiency, power
output, and efficiency of the discharge mode, which are relevant func-
tion of the coupled system and are the only functions exhibiting convex
behaviours. Introducing trade-off functions do not produce additional
information in the optimization, since such compromises are already
accounted in the Pareto front. Also, objectives from the HP subsystem
such as v and P,, will not be included because, as reported in a previous
work [29], they exhibit monotonous behaviours. Only the efficiency
of the HE-cycle, 5, exhibits a maximum and its optimization could be
of interest so these are the only functions that will be included in the
optimization vector.

The algorithm described above is iterated until a well-defined Pareto
front is obtained. This approach has 3 main stages (see the schematic
diagram in Fig. 4). In the first stage the 18 parameters and the two
a,’s are considered indistinctly as parameters/variables that enter into
the algorithm. The corresponding allowed range of values are given
in Table 2, both in an ideal non constrained configuration (second
column in Table 2) as in the bounded configuration with restricted
values for the parameters accounting for the internal irreversibilities
(third column in Table 2).

From this first stage it is possible to determine that several parame-
ters acquire the highest possible value that they are allowed to have and
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Table 2

Range of interest for the 20 parameters. Ideal configurations are allowed in what is
called the free configuration. Also, to check consistency, some parameters are bounded
by upper values which are typical values in the literature (the bounded configuration).
Tha range of possible values of each parameter is quite optimistic, but useful as a
reference landmark. The values of a, are determined by the physically acceptable region
determined by the other 18 parameters.

Parameter Free configuration Bounded config.
elrenr [0.9,1] [0.9,0.95]
pHEHP [0.97.1] [0.97,0.99]
et [09,1] [0.9,0.95]
ryenr [0,1] [0,1]
EHEHP [0.01,0.1] [0.01,0.1]
aCHE’HP [1,4] [1,4]

Table 3

Irreversibilities defined from the parameters a and f.
Internal irrev. a €[0,0.1] External irrev. p €1[0,0.1]
e, =1-a [1,0.9] enr=1-p [1,0.9]
pup=1-1% [1,0.98] £=001+2 [0.01,0.06]

are not restricted by the physical constraints at hand. For robustness,
this procedure is repeated to obtain 100 Pareto fronts in the free and
the constrained configurations.

From the 20 parameters, those that could offer relevant information
in the optimization process are only 5: {afE,afP,FgE,FfE,FLHP}.
They will be used in the second stage. The rest of the parameters tend
to the less irreversible configuration, as expected. Additionally, from
this first stage it is obtained that the coefficient I'/” — 1. Notice
that fg P 0 I'y, = CiWL) yields to constant temperature reservoirs
(large reservoirs) leading to previously theoretical results, such as the
so-called endoreversible limit [20,21,25]. By having Fé’ P 5 0 the heat
reservoirs will exhibit a variable temperature (finite size reservoirs). As
it will be shown later, such cases allow for greater values of @ compared
with the case where the temperature of the thermal reservoirs are
constant.

3.2. Determining an optimum design point

In a second stage, the 5-dimensional phase space is analysed. For
visualization purposes first @ and P,,, are chosen as objective functions.
For completeness the Pareto fronts from  and P,,, (i.e. the optimization
of the discharge mode) are shown in Appendix A.1 and the complete
Pareto front for @,  and P, is worked out in Appendix A.2.

To have certainty that the results stemming from this stage are
consistent with a wide range of irreversibilities, a degree of irreversibil-
ity will be analysed through the parameters a and p, for internal and
external irreversibilities, respectively (see definitions in Table 3). In this
way, when « = g = 0 there are no irreversibilities, and when « > 0 and
B > 0 the minimum efficiency of the compressor, turbine/expansor and
exchangers will be of 90%, with maximum pressure drops of 6.8% for
a monoatomic gas and 4.93% for a diatomic gas and maximum heat
leaks of 6%. Although the values analysed here are quite optimistic, the
constant improvement in the components efficiencies are considered,
providing a long-lasting landmark.

In order to analyse the effect of increasing internal irreversibilities,
p is first fixed in 3 representative values, {0,0.05,0.1} (no external
irreversibilities, a intermediate case and a more irreversible case) and
in each case a takes the values {0,0.01,0.02,...,0.1}. The resulting
Pareto front in the ®-P,, plane (P,, = P,,/C,,) is shown in Fig. 5a.
Fig. 5b shows the corresponding outputs but in the #-P,, plane and
Fig. 5¢ shows the Pareto optimal set in the a#£—g#¥ space. A proper
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Fig. 5. Three cases of fixed external irreversibilities, § = {0,0.05,0.1} with a =

{0,0.01,0.02,...,0.1} (i.e. an step of 0.01 is taken). Different colour spectra differentiate
each p case. In addition, for each g case the gradient is related with the normalized
value of ac” P to keep track of its influence on the Pareto front. In (a) the Pareto front
in the @ — P,,; in (b) the corresponding points in the y — P,, plane; and in (c) the
Pareto optimal set. The colour gradient allows for tracking the influence of a”/* in the
Pareto front. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

comparison of magnitudes for the involved pressure ratios is given in
Y

Fig. 6, where the correspondence between a, and r, = a/ ! (see Egs. (6)
and (7)).

Fig. 5a shows that, as expected, increasing the irreversibilities
through p and «a decreases both the maximum power output and round
trip efficiency. Notice that only a = 0 allows for @ = 1. Also note as
the internal irreversibility factor « increases, the Pareto fronts exhibit a
steeper negative slope. The optimization does not allow positive slopes,
as it can be seen for large values of « (see last cases of # in Fig. 5a).
In fact, at high enough a-values P,,, and @ collapse to a single point.
These features apply to results in Fig. 5b. Concerning with the Pareto
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Fig. 6. Correspondence between the variable a, and r, for y =5/3 and y =7/5.

optimal set in Fig. 5c, clear evidences about the compression ratios
are deduced: the gradient colour shows that large values of both a”
are related with maximum power states, meanwhile smaller values are
related with maximum round-trip efficiency.

In Fig. 7 it is considered the case where «a is fixed and g is allowed
to vary in the considered interval. It offers new and valuable insights.
In this case the relevance of internal irreversibilities is more evident.
For large « the Pareto fronts are reduced to a single point in each case.
Also, for medium values of «, there are no g values allowing @,,,, = 1.
Significant drops in both @ and 5 are clearly visible. Note in particular
the splitting of the Pareto front in well confined regions according to
the relevance of the internal irreversibilities (none/medium/large): for
each « case the set of § cases are disconnected. Thus, the dependence
of the internal irreversibilities on the Pareto front (see Fig. 7b) is
larger than that of the external ones. It is noteworthy that as the
internal irreversibilities (a) increase (going from purple to blue to
orange colours), the maximum values of af P decrease (see Fig. 7c).

After analysing all the resulting regions it is possible to determine
an optimum configuration that requires the less mass flow difference
between the reservoirs and the HE or the HP, that is, the larger possible
value of each I' that can be found in all the Pareto front. This allows to

iy Cpw

establish a design point. Recall that I'; ; = Cy, /Cy . = —u P2
’ ? H.L ¢pH,.L

thus the ratio s, /my ; depend on the mass flow differences, this
variable value of y can be easily implemented with current technology.
Some representative outcomes from the optimization are given in Fig. 8
for THE, rPE and Irf'P. The dashed horizontal lines indicate the
largest I' that gives access to all the Pareto front, larger values of
af’E are linked to maximum P,,, meanwhile the leftmost a/F”
maximum @ (see Figs. 5 and 7). Above this dashed lines an election
of I' could benefit from diminishing the reservoir mass flow and size
but the system will not be able to perform in all regimes. Thus, relating
achievable operation regimes with mass flows ratios between system
and reservoirs. According to this criteria, the resulting configuration

leads to the I'’s given in the first row of Table 4.

s to

This whole procedure is repeated for the case where the optimiza-
tion is focused only on the discharge subsystem (HE) by maximiz-
ing n and P,, (see Appendix A.1) and also for the case including
the complete optimization through the three functions @, » and P,
(see Appendix A.2). The resulting ranges of I'’s for those cases are
shown in the second and third rows of Table 4. By choosing the smallest
I'’s appearing in Table 4 it is guaranteed the access to the whole

spectrum of the Pareto front in all cases.

Cu
. CH"‘ . . .

of the system mass flow ratio. Interestingly this analysis shows that

the best outcome is provided if all I's are the unity except for I'/E,
which should be around 1/3 of the rest of the I'’s. This is a relevant
result (and not obvious a priori) stemming from the multiobjective and
multiparametric optimization.

These values for the I'y ; (=

) coefficients provide information
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Fig. 7. Three cases of fixed internal irreversibilities, a = {0,0.05,0.1} with g =
{0,0.01,0.02,...,0.1}. In (a) the Pareto front, in (b) the corresponding points in the
@-P,, plane and in (c) the Pareto optimal set. The colour gradient allows for tracking
the influence of a/ in the Pareto front. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

3.3. Multiobjective optimization in the design point

From the 5 parameters an optimal design has been provided through
the I' parameters with geometric and technological implications. A
last step is the optimization involving only a’¥ and a¥”. Internal and
external irreversibilities will be analysed through the parameters « and
p once again.

For this last optimization the influence of a and g is condensed
to the case « = # and range from 0 to 0.1 with increments of 0.01.
The resulting Pareto fronts are displayed in Fig. 9. For this last step,
emphasis has been made in achieving the true Pareto front; for this
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Fig. 8. Optimal set in a representative case with a = 0.05 and g = 0.09. This is the
typical behaviour exhibited after the optimization is made. It is of interest the largest I"
accessible from all the interval of af £ (dashed horizontal lines), which provides access
to all the optimum states. According to Figs. 5 and 7 the smallest a”’* produced the
maximum available P,,,, meanwhile the largest values produced the maximum available
@. The colour scale correspond to the case a = 0.05 in Fig. 7. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Table 4

The largest values of the I'y;; = Cy, /Cy, that give access to the whole Pareto front
using @ and P, as objective functions, optimizing » and P,, (see Appendix A.1) and
@, n and P,, (see Appendix A.2).

Optimum I, case & — P,

out

rHE 1 rHE 0.4

HP HP
ry 1 r} 1

Optimum [}, case n— P,

e 1 rie 035

rir 1 rie 1

Optimum I'y;; case ®—-P,, —n

F:E 1 flf“l" 0.35

HP HP
ry 1 Iy 1

reason the convergence to it has been quantified through the Kullback-
Leibler divergence [34] between the probability distributions of @
in every iteration of the algorithm introduced in Section 3.1 (see
Appendix B).

Two relevant stripes can be seen by analysing the behaviour of @
in Fig. 9. The transition from « = # = 0.03 to 0.04 is crucial as the
round-trip efficiency is largely affected in this irreversibility zone with
upper values dropping from @, = 1 to 0.6 (see Fig. 9b) and from
a = p = 0.04 there is no difference between optimizing the power
output and the round-trip efficiency. The representation of these Pareto
fronts in the @ — P, plane and in the ¢ — n — P, space are given in
Fig. 9b-d.

To give an idea of the kind of configurations that could be ex-
pected coming from this optimization, three representative cycles for
the particular configuration « = g = 0.01 are shown in Fig. 10.
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Table 5
Maximum achievable @ as the internal and external irreversibilities increase with
the parameters « and f, respectively. Green colour denotes best performance which
degrades with a transition to yellow colours. Orange colours apply for the worst
scenario.

a\B| 0 [0.01]0.02]0.03 |0.040.05|0.06 |0.07 [{0.08 [0.09 [ 0.1

0 1 1 1 1 1 1 1 1 1 1 1

0.01 10.8210.81 | 0.8 | 0.8 [0.79 {0.78 [0.78 [0.77 [0.76 [0.76 |0.75
0.02 10.71 [ 0.7 10.69 [0.69 |0.68 |0.67 [0.66 |0.65 | 0.64 [0.63 |0.62
0.03 |0.65 [0.63 10.62 [0.61 | 0.6 |0.59 [0.58 |0.57 |0.56 [0.55 | 0.54
0.04 | 0.6 10.58 |0.57 |0.56 |0.55 [0.54 {0.52 [0.51 [ 0.5 [0.49 [0.48
0.05 10.5510.54 10.53 10.51 | 0.5 [0.49 [0.48 [0.46 [0.45 [0.44 |0.43
0.06 | 0.5 [0.4910.48 [0.47 |0.46 |0.45 [0.43 |0.42 |0.41 | 0.4 |0.38
0.07 10.46 [0.4510.44 [{0.43 [0.42 | 0.4 [0.39 |0.38 |0.37 {0.36 | 0.34
0.08 10.4210.41 | 0.4 |0.39|0.38 [0.37 [0.35 [0.34 {0.33 {0.32 [0.31
0.09 10.38 10.37 |0.36 |0.35 | 0.34 {0.33 {0.32 [0.31 {0.29 [0.28 [0.27
0.1 10.34{0.3310.32 031 | 0.3 |0.29 [0.28 [0.27 | 0.26 [0.25 | 0.24

Table 6
Maximum achievable # as the internal and external irreversibilities increase with the
parameters a and p, respectively. Colour meanings as in previous table.

a\B| 0 |0.01]0.02{0.03]0.04|0.050.06 [0.07 |0.08 |0.09 | 0.1

0 [0.71 {0.71 |0.70 | 0.70 {0.70 [0.70 | 0.70 | 0.70 {0.70 |0.70 | 0.70
0.01 {0.59 0.58 |0.58 |0.58 [0.58 [0.57 |0.57 |0.57 {0.57 |0.56 | 0.56

150

Pout
100

50]

Fig. 9. Multiobjective optimization in the so-called optimal design configuration. The
functions of interest are #, P,, and &. Internal and external irreversibilities vary as
a={0,0.01,0.02,...,0.1}. The colour gradient varies according to the normalized value
of a!’£, which allows for tracking its influence in the Pareto front. In this way, red
indicates low values of /¥ which corresponds to lower efficiency and better behaviour
in both power output and round-trip efficiency, while the magenta colour corresponds
to large a/’®’s and large efficiencies. In (a) the Pareto optimal set in the a/£H” space.
In (b)-(c) the Pareto front in the P,, — & and the n — P,, planes, respectively. In (d)
the corresponding Pareto front in the # — P,, — @ space. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

For this, the working fluid is considered as a monatomic ideal gas
and the storage reservoir is solar salt and the cryogenic substance is
anhydrous methanol. This choice of reservoirs limits the temperatures

0.02 {0.53 {0.53 10.53 [0.52 {0.52 {0.52 |0.51 |0.51 {0.51 |0.50 |0.50
0.03 10.4910.48 |0.48 10.48 |0.47 |0.47 [0.47 [0.46 [0.46 [0.45 |0.45
0.04 {0.45]0.45]0.44 (0.44 (0.43 |0.43 10.42 (0.42 [0.42 |0.41 | 0.41
0.05 {0.42(0.41 |0.41 |0.40 (0.40 [0.39 |0.39 | 0.38 (0.38 |0.37 | 0.37
0.06 {0.38 {0.38 10.37 [0.37 [0.36 |0.36 |0.35 [0.35 [0.34 |0.34 | 0.33
0.07 {0.36 |0.35]0.34 |0.34 {0.33 {0.33 |0.32 |0.32 {0.31 |0.30 | 0.30
0.08 {0.3310.32|0.32 |0.31 {0.30 [0.30 |0.29 | 0.28 [0.28 |0.27 | 0.27
0.09 {0.30{0.30 |0.29 |0.28 [0.28 [0.27 | 0.26 |0.26 [0.25 |0.24 | 0.24
0.1 10.28 10.27 |10.26 {0.26 [0.25 |0.24 |0.24 {0.23 |0.22 | 0.21 | 0.21

of the cryogenic reservoir to the range of [175 K,337.5 K] and the solar
salt should be maintained in the range of [511 K, 858 K] (see Table 1). In
Fig. 10a the optimal set is represented in the r, space and from this set
three particular cases are depicted: in Fig. 10b that of #,,,, in Fig. 10c
that of &@,,,, and in Fig. 10d that corresponding to P, .. The three
T—S planes have the same scale to compare the geometrical differences
among the three cases. The main differences between these results and
the theoretical ones, see Fig. 11 in [29] are the larger values of the
entropy and small values of temperature at the salt tanks in the case
of maximum round-trip efficiency. For maximum efficiency the area of
the HP is noticeably larger than that of the HE, meaning that & is small,
which can be seen from Fig. 9d, the larger 5 the lesser @.

4. Maximum values of @, P, and n

Tables 5, 6, and 7 show the maximum values that can be obtained
for the round-trip efficiency, the HE efficiency, and the power output,
respectively, as the irreversible parameters increase starting from the
totally reversible case in the so-called optimum configuration. As it can
be seen in Table 5 only the case of no internal irreversibilities allow for
@ = 1. Notice that the influence of the external irreversibilities is more
relevant as it is seen by comparing the drops in each column and in
each raw, leading from @ = 1 down to 0.24 in the worst case. This is
also the case for the maximum efficiency (Table 6), where the effect
of internal irreversibilities is marginal, even for large irreversibilities.
Also for the maximum power output (Table 7) the influence of external
irreversibilities is larger than the internal irreversibilities.

In Table 4 the optimized values of the corresponding I’ 11; EHP

L were

detailed. For completeness, the two extreme cases of Fg f — 1 and
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s and large efficiencies. Three

representative layouts of the coupled PTES in the temperature—entropy space from the Pareto optimal set with @ = g = 0.01. These three layouts correspond to: (b) 7,,,, = 0.58; (c)

@,  =081; and (d) P,

max out,max

Table 7
Maximum achievable P,

our =

with the parameters « and f, respectively. Colour meanings as in previous table.

>/ Cy as the internal and external irreversibilities increase

a\B| 0 |0.010.02{0.03)0.04 |0.05 [0.06 |0.07 {0.08 [0.09 | 0.1

0 |171 | 168 | 164 | 161 | 158 | 154 | 151 | 147 | 144 | 140 [136
0.01 [162 | 159 | 156 | 153 | 150 | 146 | 143 | 139 [ 136 | 132 | 128
0.02 [154 | 151 | 148 | 145 | 142 [ 138 | 135 | 132 [ 128 | 124 | 120
0.03 {146 | 143 | 140 | 137 | 134 [ 130 | 127 | 124 [ 120 | 117 | 113
0.04 {138 | 135 [ 132 [ 129 | 126 | 123 | 119 | 116 | 112 | 109 | 105
0.05 (130 | 127 [ 124 | 121 | 118 [ 115 | 112 | 108 [ 105 | 101 | 98
0.06 (122|119 [ 116 | 113 | 110 [ 107 | 104 | 101 [ 97 | 94 | 90
0.07 {114 | 111 [ 108 | 105 | 102 [ 99 | 96 | 93 | 90 | 86 | 83
0.08 {106 | 103 [ 100 | 97 | 95 [ 92 | 89 | 8 (82 | 79 | 76
00998 | 95 [92 | 90 | 87 (84 | 81 | 78 [ 75 | 72 | 68
0.1 190 | 87 | 8 (8 |79 |76 [ 73 | 70 | 67 | 64 | 61

/C,, = 159K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 8

@ at MP conditions. Green colour denotes performances around the endoreversible case,
which corresponds to the value @, ,,, = 0.57, as the colour goes blue @ present larger
values, and as the colour tend to yellow, lower values.

a\p

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0

i

0.8

0.78

0.77

0.76

0.74

0.73

0.71

0.7

0.68

0.66

0.01

0.75

0.74

0.73

0.71

0.7

0.69

0.67

0.66

0.64

0.63

0.61

0.02

0.7

0.69

0.67

0.66

0.65

0.63

0.62

0.61

0.59

0.57

0.56

0.03

0.64

0.63

0.62

0.61

0.6

0.58

0.57

0.56

0.54

0.53

0.51

0.04

0.6

0.58

0.57

0.56

0.55

0.54

0.52

0.51

0.49

0.48

0.47

0.05

0.55

0.54

0.53

0.51

0.5

0.49

0.48

0.46

0.45

0.44

0.42

0.06

0.5

0.49

0.48

0.47

0.46

0.45

0.43

0.42

0.41

0.4

0.38

0.07

0.46

0.45

0.44

0.43

0.42

0.4

0.39

0.38

0.37

0.36

0.34

0.08

0.42

0.41

0.4

0.39

0.38

0.37

0.35

0.34

0.33

0.32

0.31

0.09

0.38

0.37

0.36

0.35

0.34

0.33

0.32

0.31

0.29

0.28

0.27

0.1

0.34

0.33

0.32

0.31

0.3

0.29

0.28

0.27

0.26

0.25

0.24

Fﬁf — 0 have been also analysed and the corresponding results are
collected in Appendix C for P,y qx fmay @nd @yq. The case of I} —
1 (or finite reservoirs with Cy ; — C,) is presented in Table C.9. Most
noticeable is that the range of the parameter a accounting for internal
irreversibilities is strongly reduced as the Pareto results delimit its value
up to a = 0.7. As a consequence the performance values of P, ..
Nmax and @

values of external irreversibilities. The results for I" — 0 (or reservoirs

max Strongly decrease getting lower values even for small
with Cp ; — oo) are presented in Table C.10. It is evident that also
this limit case is not successful, specially in the values presented by the
power output which diminishes its value as the internal and external
irreversibilities increase. Similar trends are displayed by the maximum
efficiency and maximum round trip efficiency. Thus, the present analy-
sis has shown the benefits of including the geometric-design parameters

into the optimization, with no obvious consequences.

10

5. @ at maximum power: endoreversible limit

In the literature it has been reported the case of theoretical models
with infinite heat reservoirs at constant temperature using Carnot-like
arrangements where only external irreversibilities are taken into ac-
count due to the coupling of the (reversible) inner cycle to the external
reservoirs. In this last case, the so-called endoreversible limit (i.e., no
internal irreversibilities) has been analysed. The reported round-trip
efficiency under maximum power conditions has a dependence only of
the extreme external temperatures ratio r < 1, with a value of @,,p =

:—‘ﬁ. It is noteworthy that the present model is able to reproduce the
T

results for the endoreversible case [20,21] under some assumptions:

« Internal irreversibilities are zero (p =1, € =1).
» The O, pumped to the storage reservoir is completely transmitted
to the discharge mode. This fact constraints a7,
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Fig. A.11. Optimization of the HE through  and P, as the objective functions. Three
cases of fixed external irreversibilities, g = {0,0.05,0.07} with internal irreversibilities:
a ={0,0.01,0.02,...,0.1}. Different colour spectra differentiate each g case. In addition,
for each p case the gradient is related with the normalized value of aCH £ to keep track
of its influence on the Pareto front. In (a) the Pareto front, in (b) the corresponding
points in the @ —7P,, plane and in (c) the Pareto optimal set. The colour gradient
allows for tracking the influence of a/£ in the Pareto front. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

+ All stored heat is used in the discharge and, then, there is no heat

leak.
« e =THE/THE =THP /THP (compare with the case in Fig. 10).
HE _ -1 ,HP _ _ 2yr
For that case a/’F = V7z~1, a’P = 2 - \/7)/r and @), = Erayd

which is the same than those previously reported. For the represen-
tative case of Solar Salt, with Anhydrous Methanol and by choosing
T, =250 K and Ty = 850 K it is obtained = = 0.29 and @, = 0.57. To
have an estimate of how distant is this result from the cases stemming
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Fig. A.12. Optimization of the HE through # and P,, as the objective functions. Three
cases of fixed internal irreversibilities, « = {0,0.05,0.07} with external irreversibilities:
p=1{0,0.01,0.02,...,0.1}. In (a) the Pareto front, in (b) the corresponding points in the
@-P,, plane and in (c) the Pareto optimal set. The colour gradient allows for tracking
the influence of a/’¥ in the Pareto front. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

from the present analysis Table 8 shows the values of @,,p in the
optimum design point (FIIJ,IL’ =TrfF=1and I‘If{ P=035) and considering
internal and external irreversibilities. Notice that despite the presence
of irreversibilities, there is a wide range of them that still produce
round-trip efficiencies larger than that of the endoreversible case. Also
notice in Table 8 that the heat leak is never zero, according to Table 2
the minimum heat leak is £ = 0.01.

6. Summary and conclusions

A multiparametric and multiobjective optimization of a combined
PTES system for energy storage in liquid media based on Brayton-like
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Fig. A.13. Optimal set in a representative case with « = 0.05 and f = 0.09. This is the
typical behaviour exhibited after the optimization is made. It is of interest the largest
I' accessible from all the interval of a/*, which provides access to all the optimum
states. According to Figs. 5 and 7 the smallest a/’* produced the maximum available

P,,, meanwhile the largest values produced the maximum available @.

out>

cycles has been addressed by the calculations of different Pareto fronts.
The main objectives have been to analyse the role of the internal and
external irreversibilities as well as the mass flow ratios between the
working fluid and the reservoirs and to obtain the best performance
including the round-trip efficiency, power output, and efficiency as ob-
jective functions. The optimization has been developed in three stages:
(a) using all the available parameters; (b) determining an optimal
design point with five parameters; and (c) a final optimization through
the compression ratios. In each case, explicit results have been obtained
under maximum round trip efficiency and power output conditions,
under maximum power and maximum efficiency conditions and under
maximum round-trip efficiency, power and efficiency conditions.

From (a) it was obtained that the ratio between the heat capacities
of the working fluid in the HP and the cold reservoir should be the
same (CVIZP /Cp = 1, less size difference and similar mass flow). No
constraints on the irreversibilities were found.

From (b) The optimization revealed a preference for having the
same heat capacity in the working fluid and the hot reservoirs, Cy, /Cy
= 1 as in the case of the cold reservoir, but C}.f/C; = 0.35, constrain-
ing the size and the mass flow in the case of the HE. This constraint is
used to propose a design point.

From (c) it was shown that the performance in the optimum design
point can increase substantially the energetic performance of the PTES,
up to 49% for the round-trip efficiency over the endoreversible case
under maximum power conditions (see Table 8).

The size and the mass flow of the TES media is an important
parameter from economic and technical points of view. The present
multiparametric optimization shows a non-trivial outcome as to what
scale factor among the working fluid heat capacity and those of the
TES’s provides with the best benefit for the desired objective functions.

As can be seen from the obtained configurations the final tem-
peratures THF and THE are different, this in fact would require an
stabilization mechanism in the transition between charge and discharge
processes. To recover a heat rejection for a continuous operation, the
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0.0

Fig. A.14. The best compromise among ®, n and P,. Above: Three cases of
fixed external irreversibilities, § = {0,0.05,0.07} with internal irreversibilities: a =
{0,0.01,0.02,...,0.1}. Below: Three cases of fixed internal irreversibilities, a« =
{0,0.05,0.07} with external irreversibilities: § = {0,0.01,0.02,...,0.1}. The colour
gradient allows for tracking the influence of £ in the Pareto front. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

stabilization and the coupling with other subsystem are still pending
jobs for future research.
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Appendix A. Multiobjective optimization: selection of design
point

By realizing the optimization of three different cases of objective
functions: @ - P, (P,, = P,,/C,) for the overall PTES system
(addressed in Section 3.2), n — P, for the discharge subsystem and
@ —y—P,, for the combination of the charge and the discharge systems,
it is possible to define regions of interest from where to chose the best

Journal of Energy Storage 44 (2021) 103242

values for FII; f‘H P The proper choice of the I'’s will have repercussions
in the scale of the HP-HE and thermal reservoirs (TES). As discussed in
the concluding remarks this is one of the key outcomes of the paper.

A.1. Pareto front using n and P,,, as objective functions

In the same way that the Pareto front was obtained using the global
functions for the PTES, @ and P,,,, now the result of optimizing only the
HE subsystem is presented, i.e., the objective functions to be considered
are 7 and P,,,. The analysis is parallel to that presented in Section 3.2.
The results can be seen in Fig. A.11 for fixed p and increasing the
internal irreversibilities and in Fig. A.12 for three cases where «a is fixed
and the external irreversibilities are increased.

The resulting optimal set is mapped to the energetic space @, 5
and P,,. In all cases they are monotonic functions of aX/£. Naturally,
if the HE subsystem is the one being optimized, it is expected that
this variable is the one determining the optimum states. Notice that
the three cases of fixed external irreversibilities (Fig. A.12) produce
similar Pareto fronts. On the other hand, those at constant internal
irreversibility are located in quite different regions, showing once again
that the sensibility regarding the internal irreversibilities is significant.

It is remarkable that as the internal irreversibilities increase, af’ Pis
constraint to smaller values. In the case of the I'’s there are valuable
information that can be obtained by considering all the combinations
of irreversibilities. As can be seen in Figs. 5 and 7, ®, n and P, are
monotonic functions of af £ thus, values of I' that allow the obtaining
of such maximum states are of interest. In Fig. A.13 some representative
outcomes from the optimization are depicted. In each case the value of
interest is the largest I' that is accessible at all a?/£’s. The infimum of
all these values will determine the best I', assuming that it is interest to
have the smallest possible reservoirs and allowing all possible operation
regimes at the same time.

A.2. Pareto front using @, n and P,, as objective functions

The same multiobjective and multiparametric procedure to opti-
mization by using the three objective functions that exhibit convex
behaviours @, n and P,,. The results are displayed in Fig. A.14.
In Fig. A.15 some representative outcomes from the @ — n — P,
optimization are depicted.

a
) 28] i
1501, 150}
2.6 1 Pout : Pout
atiP 2.4 100 | 100}
2.2
50 50¢
2.0
ok 0
b
) 28]
: 150 |
26[k Pout
atP o, 41 100 |
2.2} 50}
20} i=21
0 £

22 24 26 28 30 32 agE 0.55

0.60

0.65 0.70

n

Fig. B.16. Two representative search steps in the optimization algorithm described in Section 3.1 once the optimum PTES configuration has been determined. In (a) the first step
of the random search in the physically acceptable region. These points in the phase space are mapped in the n— P,, and in the & — P, planes. In (b) the step 21 in the iteration

of the search algorithm.
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Fig. B.16. A representative case of the evolution of the Dy, for the case a = = 0.07 0.09
and searching for 400 random points in each iteration. From the 20th iteration it can 0.1
be seen that Dy, has a stable decreasing behaviour. At iteration 66 the threshold is
achieved, producing a Pareto front of 15822 points. Mmax
a\B| 0 ]0.01(0.02]0.03 [0.04[0.05|0.06 [0.07 |0.08 |0.09 | 0.1
Table C.9 0 ]0.53{0.53]0.52 {0.59 [0.52 ]0.52 {0.52 [0.52 {0.52 [0.52 | 0.52
Maximum achievable values of ®, n and P,, = P,,/C, as the internal and external 0.01 10.3810.38 |0.38 |0.38 |0.37 [0.37 {0.37 [0.37 [0.36 [0.36 [0.36
irreversibilities increase with the parameters « and f, respectively when all ' - 1. 0.02 10.32 ({0.32 {0.32 {0.31 |0.31 |0.31 |0.30 [0.30 {0.30 [0.29 |0.29
Notice that the maximum value allowed for a is 0.07. Green colour denotes best 0.03 1028 [0.27 [0.27 [0.26 [0.26 [0.26 |0.25 [0.25 |0.24 [0.24 [0.24
performance which degrades going progressively to yellow colours and red colours 0.04 1024
for the worst scenario. 008
Doy 0:06
a\B| 0 ]0.01 [0.02]0.03 [0.04 [0.05|0.06 [0.07 |0.08 |0.09 | 0.1 0.07
0 1 1 1 1 1 1 1 1 1 1 1 0.0%
0.01 |0.82 [0.81 |0.80 {0.80 [0.79 |0.78 [0.78 [0.77 |0.76 {0.76 |0.75 0.09
0.02 10.70 [0.69 |0.69 |0.68 [0.67 |0.66 0.66 [0.65 |0.64 (0.63 |0.62 01
0.03 10.59 10.58 |0.57 |0.57 | 0.56 |0.55 [0.55 [0.54 [0.53 [0.52 [0.52 —
0.04 10.47 [0.46 10.45 [ 0.45 (0.44 |0.44 [0.43 |0.42 | 0.42 [0.41 | 0.40 P out,max
0.05 [0.34 10.34 10.33 a\B |0 |0.01[0.02]0.03]0.04 [0.05]0.06 [0.07 |0.08 |0.09 [0.1
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Potman needed. Here these two problems are explained with more detail. Since
@ ] 0 [001]0.02 003 [0.04 [0.05 [0.06 [0.07 [0.08 [0.09 [ 0.1 all functions have monotonic behaviours or present only one extreme
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001 1114 [ 113 [111 [110 [108 1107 [ 105 [ 104 [ 102 [ 101 | 99 According to the algorithm introduced in Section 3.1 a first step
002197 196 194 [ 93 |92 |91 |89 |88 | 87 | 85 |84 is a random search in the physically acceptable region, from these
003178 177 176 1 75 | 74 | 73 | 72 | 71 | 70 | 69 | 68 points the non-dominated points are obtained. In Fig. B.16a this first
0.04 |58 | 57 [ 57 generation is displayed. A refinement in the algorithm is to enclose
0.05 the optimal set in two disconnected regions (the minimum rectangular
0.06 covers), whose areas are increased in order to not miss additional non
0.07 dominated points. In each step the extension of the covers decrease.

Appendix B. Convergence to the true pareto front

Once the optimum geometric configuration for the PTES has been

found, a more exhaustive search for the Pareto front is in place. The
random search is refined and an objective convergence criteria is

14

For illustrative purposes the output from the 21st iteration is depicted
in Fig. B.16b.

As stated above, a convergence criterion is required to acknowledge
that the obtained Pareto front is close enough to the real Pareto front.
For this purpose the distributions of the round-trip efficiency is used.
Since @ is restricted in the interval (0, 1) a probability distribution is
built using a partition of 300 equal sub-intervals (300 bins). In each
iteration the entropy of this distribution, P, with i = 1,...,300 is
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calculated. The Kullback-Leibler divergence, Dg;, or entropy diver-
gence gives a measure of the difference in information between two
distributions. When comparing the distribution of iteration j with the
next one, j + 1, a measure of how much information is gained from the
last iteration, then, as the algorithm approaches to the true Pareto front
the distributions converge and the KLD should tend to zero. In this case

300 P
DKL=ZP,.Ln(5’_> (B.1)

i=1
where Q; and P, are the probabilities in the j and the j + 1 iterations,
respectively. In the present analysis it has been used a reliable threshold
value of 5x 107>, In Fig. B.16 it is shown that this algorithm converge
quickly, after 35 iterations the threshold has been reached.

Appendix C. Comparison between the optimum scale factor of
mass flow and the extreme limits I' = {0,1}

For completeness, in order to face the benefit from obtaining an
optimum scale factor between the heats capacities of the working fluid
and those of the thermal reservoirs, which lastly depend on the mass
flow scale, here the outcome for two extreme cases are presented for
P and &,,,.: I'E - 1 and T'HE — 0. See Tables C.9 and

out,max? r’max max* , N
C.10 and compare with Tables 5-7. This will work as a reference frame

in the extremal situations of system-reservoir mass flow ratios.
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