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Abstract

In this paper, the feasibility of replacing sensible-heat, packed-bed stores with cascaded latent-heat stores in pumped
thermal electricity storage systems is explored through thermodynamic optimization based on exergy and entropy
generation. The effects of the total stage number and of the NTU on the temperature distributions, energy, exergy
and entropy generation in each stage, and over the cascaded store during the heat charging and discharging processes
are discussed. The optimal outlet and melting temperatures of each stage during the heat charging process are both
found to follow a geometric progression along the length of the store. It is found that the first few storage stages
play a more important role in terms of overall heat transfer, exergy storage and release in both the heat charging and
discharging processes. During the heat charging process, the total exergy storage rate increases and approaches its
maximum, while the total entropy generation rate decreases and stabilizes as the total stage number and NTU increase.
During the heat discharging process, the total heat transfer and total exergy release rates both increase as the total
stage number and NTU increase, while the total entropy generation rate decreases. The highest roundtrip energy and
exergy efficiencies are 94%-98% and 88%-95% for the investigated NTUs, respectively. The highest roundtrip
energy and exergy efficiencies are 73%-98% and 60%-95% for the investigated total stage numbers.
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1. Introduction

Renewable energy technologies are increasingly used for power generation, and with many of them having
unpredictable (fluctuating and intermittent) generation characteristics, an increasing interest has grown in large-scale
electrical energy storage solutions (Gur, 2018). Currently, three commercial large-scale electrical energy storage
technologies are available at varying technology readiness levels (TRLs): pumped hydroelectric storage (PHS),
compressed air energy storage (CAES) and flow batteries, all of which can offer power delivery rates over 1 MW
and storage capacities over 1 MWh at the same time (Benato and Stoppato, 2018; Gir, 2018). However, PHS and
CAES are both limited by geographical restrictions that arise from their operating principles and are key to their
deployment, while flow batteries suffer from the poor lifetime and the high capital costs. Pumped thermal electricity
storage (PTES) is regarded as a promising alternative large-scale electricity storage technology because it is neither
subjected to geographical restrictions, nor subjected to lifetime and cost disadvantages in the way flow batteries are
(Desrues et al., 2010). In PTES, excess electricity is used during charging to create a temperature difference between
hot and cold stores. At a later time, when this is required, this temperature difference is used to drive a thermodynamic
cycle to generate electricity during discharging, with a theoretical roundtrip efficiency of 100% (Steinmann, 2017).

In general, according to the selected thermodynamic cycle and working fluid, PTES technology can be divided into
systems based on the Joule-Brayton cycle (Georgiou et al., 2018; McTigue et al., 2015; White et al., 2013), those
based on the transcritical CO; cycle (Mercangcx et al., 2012; Morandin et al., 2012a, b; Morandin et al., 2013), and
those based on the water-steam Rankine cycle (Jockenh&er et al., 2018; Steinmann, 2017; Steinmann, 2014). In
Joule-Brayton-cycle PTES systems, argon is often chosen as the working fluid and packed-bed tanks are
recommended as the stores. White (2011) analysed the thermodynamic losses in the sensible-heat, packed-bed
reservoirs of a PTES system and discussed their performance dependence on geometrical design parameters (e.g.,
pebble size) and operating conditions (e.g., temperatures). In a follow-up publication, White et al. (2014) further
emphasized the links between wave propagation and thermodynamic losses in such sensible-heat packed-bed stores.
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However, packed-bed stores, and especially hot stores which operate at higher pressures, require high-strength
materials to make the tanks withstand the pressures within the system, which increases their costs significantly.
In this context, cascaded latent heat stores are an option for replacing packed-bed stores for the following reasons:
(1) they alleviate the need for pressurized storage tanks; (2) they can have higher energy densities and smaller
sizes; and (3) they have the potential to have lower costs if their smaller size can be exploited.

In this work, the feasibility of a cascaded latent-heat store as the hot store in a PTES system is explored from a
thermodynamic perspective. The effects of the total stage number and NTU on the heat transfer, exergy
storage/release and entropy generation rates in each stage and in the cascaded store are investigated during both the
heat charging and discharging processes, and the resulting roundtrip energy and exergy efficiencies are reported.

2. Model description

2.1 Physical model

Figure 1 (a) shows a simplified PTES system layout with its four main components: a compressor, an expander
and two thermal (hot and cold) stores. In this system, Joule-Brayton cycle and reverse Joule-Brayton cycle are
used to realize the electricity charging and discharging processes. A Joule-Brayton cycle when using argon as the
working fluid during charging is shown in the T-s diagram in Fig. 1 (b), which consists of a compression process
(4—1), an expansion process (2—3) and two heat transfer processes (hot storage: 1—2, and cold storage: 3—4).
The operating conditions during charging, along with relevant thermophysical properties are listed in Table 1.
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Fig. 1: Pumped thermal electricity storage: (a) Layout, and (b) thermodynamic cycle

Tab. 1: Operation conditions and thermophysical properties

Parameter Unit Value
Inlet temperature of hot store/outlet temperature of compressor, T1 K 773
Outlet temperature of hot store/inlet temperature of expander, T, K 300
Inlet temperature of cold store/outlet temperature of expander, Ts K 123
Outlet temperature of cold store/inlet temperature of compressor, Ta K 300
Pressure in hot store, p; and p2 bar 10
Pressure in cold store, ps and ps bar 1
Environmental temperature, Te K 293.15
Mass flow rate of argon, M kg/s 12.5
Specific heat capacity of argon, ¢, JI(kg K) 524.4
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A cascaded latent-heat store used as the hot store in a PTES system is considered in this work, as shown in Fig. 2.
Multiple phase change materials (PCMs) are used in this store, which are arranged according to their melting
temperatures along the length of the store. A heat transfer fluid flows through the PCMs in order to perform the
heat storage and release processes. In Fig. 2, Tm,, Tci and Tqn-i+1 are the melting temperature and the HTF outlet
temperatures in the i™ store/stage during charging and discharging, respectively. Some assumptions are made in
order to simplify the physical problem: (1) temperature difference inside PCMs is neglected; (2) sensible heat of
PCMs is also neglected compare with latent heat; (3) temperature distribution in the direction normal to the flow
direction is neglected; (4) thermophysical properties of PCMs and HTF are constant; and (5) Tm,i > Te; (6) Qc,i >
Qu,i. Here, the HTF inlet and outlet temperatures during heat charging are fixed at 773 K and 300 K, respectively.
The HTF inlet temperature during heat discharging is 293.15 K, which is equal to the environmental temperature.
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Fig. 2: Schematic diagram of a cascaded latent-heat store

2.2 Mathematical model
In the i stage during the heat charging process, the heat transfer rate is:

Qi =M (T =To) =UA (T =T ) /[ (T =T )/ (T =Ty ) |} (6 2)

where U; and A; are the heat transfer coefficient and the heat exchange area, respectively.
The NTU in the i" stage is defined as:

NTU =(U,A)/(c,m) =In[ (T, =T )/(T.i ~Toi) | (e0-2)
Then the melting temperature in the i stage can be obtained:
Tm,i :(CiTc,i _Tc,i-l)/(ci _1) (eq 3)

where C; = eNTY, To simplify the problem, the NTU in each stage is considered to be equal, so C; = C.

The exergy storage rate can be calculated as:

Ex, =Q,, (1-T./T,,) (€9.4)

The entropy generation rate can be expressed as:

Syei = Ay = Syei —(Se =Sy )M = cpm[ln (Toi /Toia )+ (T =T )/Tm,i J (eq. 5)

where As__is the entropy accumulation rate, . . the entropy transfer rate, and sc,i1 and sc;i the specific entropy at
the inlet and outlet.

For the cascaded latent heat store, the total exergy storage and total entropy generation rate during the heat
charging process are given as:

E.Xc,total = Zi: E.Xc'i :i |:Qc,i (:I.—Te /Tm,i )] (eq 6)

S.g'c'tma' - Zn: Sg'c'i :Cpmzn:[ln (Tc.i /Tc.i—l) + (Tc,i—l =T )/Tm,i:| (eq. 7)

Thermodynamic optimization is performed based on the maximization of total exergy storage rate and the
minimization of total entropy generation rate, respectively.
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First, to maximize the total exergy storage rate, the following expressions should be satisfied:

. 2 .
aEXc,mtal _ Cmee (C _1) |:Tc,i-1/(CTc,i C,i-! 1 C|+l/ 0|+1 CI :|: O’ 1S 1< n-l (eq 8)
aTC'i c,m |: e cnl/ CT cnl - :| 0, i=n
O°Ex

ctotal <0 (eq 9)
aT, 2

ci

Second, the minimization of the total entropy generation rate must be carried out using the total heat transfer rate
6 as a constraint. A new function is established based on the Lagrange multiplier method as shown below:

Al cn-1? “cn?

G(Tow Tz T Tens Tens 8) = Syt + 8 (Qutor — 0) (eq. 10)

The following relations should be satisfied:

G _ cpm(C—l)z[—TC,i,l/ (CT; TC,1 c.+1/ T — T J:O, 1<i<n-1 (eq. 11)
ot cpm[1/ ~(C-1)’'T,./(CT, -, )’ —5}0, i=n

oG . (T

=c,m{l;,

= ~T,,)-60=0 (69.12)
o5 P on

0C _ (eq.13)

6T

ci

PG 5 (eq. 14)
65

By solving egs. 8-9 and egs. 11-14, the same analytical solution to the outlet temperature of the i stage during the
heat charging process, Tc;, exists for the above two optimization problems based on exergy and entropy generation:

Tc,i‘opt :Tc,o (Tc,n,opt /Tc,o )im :Tc‘o [1_9/(Cpm-rc‘0 ):|i/n (eq 15)

Eq. 15 shows that the optimal outlet temperatures of the stages are in a geometric progression, which means the
following relations are satisfied:
cl,opt/Tc,O =0, l<i<n (eq. 16)

cnopt/ cn-lopt — cnlopt/ cn20pt 0|0pt/ ci-topt — " cZopt/ clopt —
where g is the common ratio of the geometric progression. Then the optimal melting temperatures of the i stage
are obtained together with eq. 3 as follows:

T

mi,opt — (CT

c,i,opt

~Toiaom)/(C—1) =(CTeo0 ~T.0q™*) /(C —1) =T, ,@"* (Ca—1)/(C 1) (eq. 17)

Eq. 17 shows that the optimal melting temperatures of the stages are also in a geometric progression with a
common ratio of g.

In the heat discharging process, the melting temperature in each stage is the same with those of the heat charging
process. For the it" stage, the outlet temperature is calculated as:

c-1 1 C- 1 wlc
Tdv”'i"l:TTm,i,ODT-'-ETd,n-i:T m,i,opt Zz C]]Tmlﬂlopt n|+1 d0 (eq 18)

The heat transfer rate, exergy release rate and entropy generation rate are written as:
Qd.i = Cpm(Td,n.i+1 _Td,n-i) (eq 19)

Exd,i = Cpm|:Td,n-i +1 _Td,n-i _Te In (Td,n-i+1/Td,n-i ):| (eq 20)

S.g,ci.i = Cpm|:( dni d n- |+1)/ mi In (Td,n-i /Td,n-i+1):| (eq 21)

Then the total heat transfer rate, total exergy release rate and total entropy generation rate are obtained:

Qd,total = Z”:Q[“ (eq. 22)
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Exd,total = Zn: Exd,i (eq. 23)
F=

Sg,d,total = ng,d,i (eq. 24)
=

3. Results and discussion

3.1. Heat charging process

Figure 3 shows the melting/outlet temperatures, heat transfer rate, exergy storage rate and entropy generation rate in
each stage when the total stage number is 4, 8 and 12, respectively, and NTU is 3. As shown in Fig. 3 (a), melting/outlet
temperatures both decrease along the HTF flow direction. In Fig. 3 (b) and (c), both heat transfer rates and exergy
storage rates also decrease along the HTF direction. The decreased heat transfer rate is caused by the smaller difference
between melting temperatures and outlet temperatures in each stage. The smaller temperature difference, together with
the lower melting temperature further makes the exergy storage rate decrease along the HTF flow direction. The stages
close to the inlet play a more important role in heat transfer and exergy storage. The entropy generation rates in each
stage are equal to each other, indicating the same thermodynamic irreversibility. As for the effect of total stage number,
it is observed that larger total stage number could widen the range of melting/outlet temperatures, meaning more heat
sources at different grades for the subsequent use. Larger total stage number could also cause the distribution of heat
transfer rates and exergy storage rates in each stage to be more uniform, thus making full use of the heat storage capacity
in each stage. The entropy generation rate in each stage tends to be lower for a larger total stage number.
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Fig. 3: Effect of total stage number on the thermodynamic performance in each stage

Figure 4 shows the effect of total stage number on the total exergy storage rate and total entropy generation rate of the
latent heat store when NTU is 0.8, 1, 2, 3, 4 and 5, respectively. The total exergy transfer rate is 1.28 MW, as shown in
Fig. 4 (a). As the total stage number increases, the total exergy storage rates increase and approach the total exergy
transfer rate, indicating higher exergy storage efficiencies. When the total stage number increases to a critical number,
the enhancement of exergy storage rate tends to be weaker, meaning that it is unnecessary to add more stages beyond
the critical number from a thermodynamic view. The total entropy generation rates decrease and approach a certain
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small value with the total stage number, indicating the thermodynamic irreversibility could be significantly reduced by
adding certain stages. It is also shown that at NTUs of 0.8, 1, 2, 3 and 4, the thermodynamic parameters are neglected
when the total stage number is smaller than certain value. If the heat transfer inside the stage is not strong enough, the
optimal melting temperatures of the last few stages may be lower than the environmental temperature, especially for
small total stage numbers, which causes the stored exergy not to be heat exergy.
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Fig. 4: Effect of total stage number on the thermodynamic performance of the cascaded latent heat store

Figure 5 shows the melting/outlet temperatures, heat transfer rate, exergy storage rate and entropy generation rate in
each stage when NTU is 1.2, 2.4 and 3.6, respectively and the total stage number is 20. For different NTUs, the outlet
temperatures in each stage are the same due to the fixed inlet and outlet temperatures of the latent heat store, which
further leads to the same heat transfer rates in each stage, as shown in Fig. 5 (a) and (b). As NTU increases, the melting
temperatures in each stage tend to be raised and closer to the outlet temperature in each stage, because it is no longer
necessary to maintain a large temperature difference for heat transfer. Then larger NTUs further improve the exergy
storage rate and reduce the entropy generation rate in each stage, as shown in Fig. 5 (c) and (d).
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Fig. 5: Effect of NTU on the thermodynamic performance in each stage
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Figure 6 shows the effect of NTU on the total exergy storage rate and total entropy generation rate of the latent heat
store when total storage number is 50, 40, 30, 20, 10 and 5, respectively. The total exergy transfer rate is also 1.28 MW.
As NTU increases, the total exergy storage rates increase and then the enhancement effect tends to be weak, meaning
that it is unnecessary to increase NTU beyond the critical number from a thermodynamic view. However, the maximum
total exergy storage rates are raised for larger total stage numbers. The total entropy generation rates decrease and
approach different certain small values with NTU, indicating the thermodynamic irreversibility could be significantly
reduced by increasing NTU. It is shown that at low NTUs, the thermodynamic parameters are also neglected due to the
optimal melting temperatures lower than the environmental temperature in the last few stages.

1350 1
g Total stage number

S 1300 1 Total exergy transfer rate during charging E 50 40
A < 0.8+ —30 ——20
£ 1250 1 f £ o :
= c
& S 064
g 1200 -| g
s
%
a 1150 o 044
= =
[ o
3 1100 4 £
% Total stage number 5 024
# 1050 - o Sy K]

—30 —20 o

—10 5 F

1000 T T T T T T T T T 0 T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 T 8 9 10
NTU NTU
(a) Total exergy storage rate (b) Total entropy generation rate

Fig. 6: Effect of NTU on the thermodynamic performance of the cascaded latent heat store

3.2. Heat discharging process

Figure 7 shows the melting/outlet temperatures, heat transfer rate, exergy release rate and entropy generation rate
in each stage when the total stage number is 4, 8 and 12, respectively, and NTU is 3. As shown in Fig. 7 (a),
melting temperatures are the same with those of the heat charging process and outlet temperatures increase along
the HTF flow direction. In Fig. 7 (b) and (c), both heat transfer rates and exergy release rates also increase along
the HTF direction. The stages close to the inlet of the heat charging process also play a more important role in
heat transfer and exergy release. Different from the heat charging process, entropy generation rates in each stage
increase and then be stable, indicating the thermodynamic irreversibility in the last few stages is relatively low.
As for the effect of total stage number, larger total stage numbers could significantly raise the outlet temperatures,
meaning higher grades. Larger total stage number could also cause the distribution of heat transfer rates and exergy
release rates in each stage to be more uniform. The entropy generation rates in the last few stages are affected by
the HTF inlet temperature during discharging, but the average entropy generation rate in each stage tends to be
lower for a larger total stage number.

Figure 8 shows the effect of total stage number on the total heat transfer rate, total exergy storage rate and total
entropy generation rate of the latent heat store when NTU is 0.8, 1, 2, 3, 4 and 5, respectively. The total energy
transfer rate and total exergy transfer rate during charging are 3.10 MW and 1.28 MW, respectively, as reference
values. At NTUs of 0.8, 1, 2, 3 and 4, the thermodynamic parameters are neglected when the total stage number
is smaller than certain value due to the corresponding melting temperatures lower than the environmental
temperature. Moreover, considering the energy balance between the charging and discharging processes, the
thermodynamic parameters in some last few stages are also neglected. As the total stage number increases, the
total heat transfer rates and total exergy storage rates both increase. The highest roundtrip energy efficiencies are
94%, 95%, 97%, 98%, 98% and 98%, while the highest roundtrip exergy efficiencies reach 88%, 90%, 94%, 95%,
95% and 95% for NTUs of 0.8, 1, 2, 3, 4 and 5, respectively. The total entropy generation rates decrease with the
total stage number, indicating the thermodynamic irreversibility could be significantly reduced by adding certain
stages. When total stage number is 1, the entropy generation rate for NTU of 5 are close to zero due to the small
differences between HTF temperatures and melting temperatures.



Y. Zhao / EuroSun2020 / ISES Conference Proceedings (2020)

900
800 - Total stage number
w4
=700 e 8§
E —A—12
E oy HTF flow direction
Id
= 500
S
2 400
E
% 300 ~
O -~
T 200 -| K‘\'\\.\‘
\
A
100 \
»
D T T T T T T
6 7 8 9 10 11 12
Stage
(b) Heat transfer rate
0.2

Entropy generation rate (kW/K)

Total stage number
—a— 4
—e—§

A—12

HTF flow direction

0.15

0.1 4

0.05

Stage
(d) Entropy generation rate

Fig. 7: Effect of total stage number on the thermodynamic performance in each stage

750
Total stage number=4
~een Ty T
650 - Total stage number=8
. QT ST
£ Total stage number=12
£ 5505 ~olen T —A—T,
£
° HTF flow direction
£ 450
o
[
350 4
HTF inlet temperature during discharging
250 - T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
Stage
(a) Melting/outlet temperatures
400
350 4 Total stage number
—-— 2
= 300 -| *—38
= —a— 12
& *
© 2504 HTF flow direction
]
& 200 4
o2
[3
>, 1504
o
g
£ 100 -
i
50 4
L]
Stage
(c) Exergy release rate
3500
Total heat transfer rate during charging
3000 4
:
& 2500
I
e
1™
3 2000 -
w
c
[
& 1500 4
-
o
[
= 1000
8
L
500 4
n T T T T T T T

T T
0 5 10 15 20 25 30 35 40 45

Total stage number

(a) Total heat transfer rate
0.8

Total exergy release rate (kW)

1500

Total exergy transfer rate during charging

1000

——1

—A—2

——3

) 4
| —*—5

04 T T T T T

500

T
0 5 10 15 20 25 30 35 40 45 50

Total stage number
(b) Total exergy release rate

e e
£ ~
L 1

o
wn
L

e
w
1

Total entropy generation rate (kW/K)
i g
1 1

NTU
—=— 038
—e—1
—AD
—¥—3
4
—%— 5

T
0 5 10 15 20

25

30 35 40 45 50

Total stage number
(c) Total entropy generation rate

Fig. 8: Effect of total stage number on the thermodynamic performance of the cascaded latent heat store
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Figure 9 shows the melting/outlet temperatures, heat transfer rate, exergy release rate and entropy generation rate
in each stage when NTU is 1.2, 2.4 and 3.6, respectively and the total stage number is 20. Melting temperatures
are also the same with those of the heat charging process. As NTU increases, the outlet temperatures in each stage
tend to be raised and closer to the melting temperatures in each stage. Larger NTUs further improve the heat
transfer rate and exergy release rate in each stage. As for the entropy generation rate, the last few stages are also
affected by the HTF inlet temperature during discharging, but the average entropy generation rate in each stage
tends to be lower for a larger NTU.
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Fig. 9: Effect of NTU on the thermodynamic performance in each stage

Figure 10 shows the effect of the NTU on the total heat transfer rate, the total exergy storage rate and the total
entropy generation rate of the latent heat store when total storage number is 50, 40, 30, 20, 10 and 5, respectively.
The total energy transfer rate and total exergy transfer rate during charging are 3.10 MW and 1.28 MW,
respectively, as reference values. For total stage number of 50, the total heat transfer rates and total exergy release
rates increase with NTU, while for total stage number of 40, 30, 20, 10 and 5, the total heat transfer rates and total
exergy release rates increase with NTU and then stabilize. The highest roundtrip energy efficiencies are 98%, 98%,
96%, 94%, 87% and 73%, while the highest roundtrip exergy efficiencies reach 95%, 94%, 92%, 89%, 79% and
60% for total stage numbers of 50, 40, 30, 20, 10 and 5, respectively. The total entropy generation rates decrease
with NTU, indicating thermodynamic irreversibility could be significantly reduced by increasing NTU. For NTUs
of 40, 30, 20, 10 and 5, the total entropy generation rates finally stabilize, meaning that thermodynamic
irreversibility could not be further reduced beyond a certain NTU.
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Fig. 10: Effect of NTU on the thermodynamic performance of the cascaded latent heat store

4. Conclusions

The thermodynamic feasibility of cascaded latent-heat stores in pumped thermal electricity storage (PTES)
systems was explored through exergy and entropy generation optimization. The effects of the total stage number
and NTU on the temperature distributions, energy, exergy and entropy generation in each stage and over the
cascaded store during heat charging and discharging were discussed.

The optimal outlet and melting temperatures in each stage during the heat charging process are found to follow a
geometric progression along the length of the store. The first few storage stages play a more important role in heat
transfer, exergy storage and release during both the heat charging and discharging processes.

A larger total stage number can widen the range of melting/outlet temperatures and cause the distribution of heat
transfer rates and exergy storage/release rates in each stage to be more uniform. In the heat charging process, the
entropy generation rate in each stage tends to be lower for a larger stage number, while in the heat discharging
process, the entropy generation rates in the last few stages are affected by the HTF inlet temperature. In the heat
charging process, the total exergy storage rate increases while the total entropy generation rate decreases as the total
stage number increases up to a critical number, meaning that it is unnecessary to add more stages beyond the critical
number from a thermodynamic perspective. In the heat discharging process, the total heat transfer rates and total exergy
storage rates both increase, and the total entropy generation rates decrease as the total stage number increases. The
highest roundtrip energy efficiencies range from 94% to 98%, while the highest roundtrip exergy efficiencies range
from 88% to 95% for the presently investigated cases, respectively.

As the NTU increases, the outlet and melting temperatures in each stage tend to approach each other and the exergy
storage/release rates are improved. In the heat discharging process, the heat transfer rates in each stage also increase
with the NTU. In the heat charging process, the entropy generation rate in each stage tends to be lower for a larger NTU,
while in the heat discharging process, the entropy generation rates in the last few stages are also affected by the HTF
inlet temperature. In the heat charging process, the total exergy storage rates increase and the total entropy
generation rates decrease as the NTU increases until a certain value. For fewer total stages, any enhancement of
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the thermodynamic performance of the store by increasing the NTU decreases. In the discharging process, the
total heat transfer rates and total exergy release rates increase, and the total entropy generation rates decrease with
the NTU. The highest roundtrip energy efficiencies range from 73% to 98%, while the highest roundtrip exergy
efficiencies range from 60% to 95% for the presently investigated cases, respectively.
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