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Nomenclature EX exogenous
exp expander

E exergy, J expv expansion valve
e specific exergy, J/g F fuel
h enthalpy, kJ/kg is isentropic
m mass flow rate, kg/s min minimum
P power, kW mot motor
Q capacity of heat, J P product
s entropy, J/mol/K reg regenerator
T temperature, °C 1t round trip
¥ exergy destruction ratio st storage
e exergy efficiency sup superheating
7 efficiency tot total

) UN unavoidable
Subscripts ws waste heat flue gas
AV avoidable
cha charging process Acromyms
cOmp  COmpressor CLHS  cascaded latent heat storage
con condenser CLRCB  Rankine Carnot battery integrating cascaded latent heat
cw cooling water storage
D destruction COP coefficient of performance
dis discharging process HP heat pump
el electricity ORC organic Rankine cycle
EN endogenous PCM phase change material
eva evaporator PPTD  pinch point temperature difference
ex exergy RCB Rankine Carnot battery
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Fig. 1. Schematic diagram of Rankine Carnot battery integrated with cascaded latent heat storage.
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Fig. 2. T-s diagram of the Rankine Carnot battery integrated with cascaded latent heat storage: (a) the T-s diagram of two cycles; (b) heat transfer processes between
system working fluids and multiple PCMs.
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Table 1

Definitions of fuel and production exergy flow rates.

Components Exergy fuel Exergy production

Evaporator Epevn — Epeva — mup(es —e.)
My (ewv,in B e\\'n,out)

Compressor Ercomp — Palcomp Epcomp — Murp(ey, —ea)

CLHS-charging

Expansion
valve
HP regenerator

EpClHs - cha —
mp (ey — ec)

EP,expv — Mygpé€y

ErpHpreg — Mup (€2 — &)

Ep,cl.Hs -cha —

SN )

Tocmn

EP,expv — MHpe€.

EP,Hng — Myp (ec — ed)

CLHS- ErciHs-dis — Epcis-ai — mozrc(e1r — es)
discharging Ep CLHS - cha

Expander Epexp — Morc(e1 —ez) Epcomp — Pelexp

Condenser Ercon — Morc(es —es) Epcon — Mey (€cvpout — €cwin)

Pump Eppump: = Pelpump Eppump — Morc(es — es)

ORC ErorCreg — Ep orCreg — Morc(es —€s)
regenerator morc(ez —es)
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Table 2

Real, ideal, and unavoidable assumptions adopted in the CLRCB system [41.42].
Components Ideal Unavoidable Real
Expander (#;.) 1 0.95 0.8
Compressor (#;;) 1 0.95 0.7
Pump (1) 1 0.95 0.6
Expansion valve Isentropic Isenthalpic Isenthalpic
Evaporator (AT_;.) 0 3 15
HP regenerator (AT_;.) 0 0.5 5
CLHS (ATmin) 0 0.5 5
Condenser (ATmixn) 0 3 10
ORC regenerator (AT pn) 0 0.5 5

Epx = Ep), +Ep), 17)
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Energy analysis
Input: waste heat parameters
and operating conditions
L2
Calculate the physical parameters of each point in HP cycle,
ORC cycle. and multistage PCMs under real condition
v
Calculate P ;.. Py ou» COP, nopes 1y and

clin* ¥ ¢

heat storage capacity

e ik e e P T TR
;Conventional exergy analysis
I

Calculate exergy of each point and
system ..
v

| ~ - . .

X Calculate exergy fuel, exergy production, exergy destruction,
]

|

-~ .
iAdvanced exergy analysis l l
Calculate E, ;""" and E; "N of the k-th component: || Calculate E,;VNand E,N of all components:
exergy production and destruction of the A-th Epand £, of components while all
component while it works under real condition and components works under unavoidable
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v v
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Fig. 3. The flowchart of the calculation procedure.
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Table 3

Operating parameters of the CLRCB system.
Parameters Values
Evaporation temperature of the HP cycle /°C 75
Condensation temperature of the HP cycle /°C 130
Condensation temperature of the ORC cycle /°C 30
Compression ratio of the HP cycle 3.28
Expansion ratio of the ORC cycle 10.15
Temperature lift of cooling water /~°C 10
Isentropic efficiency of the expander 80 %
Isentropic efficiency of the compressor 70 %
Isentropic efficiency of the pump 60 %
Motor efficiency of the expander 95 %
Motor efficiency of the compressor 90 %
Motor efficiency of the pump 90 %
Superhearting temperature of evaporation in the ORC cycle /~C 10
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Table 4

Waste heat and operating parameters of the system based on a coal power plant.
Parameters Values
Mass flow rate /(kg/s) 750
Temperature of flue gas entering the evaporator /°C 130
Temperature of flue gas exiting the evaporator /°C %0
Specific heat capacity /(kJ/kg/°C) 1.074

Table 5

Comparison between the model in this work and the reference work of the HP
cycle (Fluid: R245fa, evaporating temperature — 55 °C, condensing temperature

— 100 °C).
Ref Present Relative
[46] work difference
Power consumption of 1.094 1.104 0.89 %
compressor/kW
Compression ratio 3.210 3.161 ~-1.53%
Heating capacity/kW 4.009 3.981 -0.69 %
CcopP 3.643 3.607 0.99 %
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Table 6
Comparison between the model in this work and the reference work of ORC
cycle (Fluid: R123, evaporating temperature — 104.1 °C, condensing tempera-

ture — 30.9 °C).
Ref [47] Present Relative
work difference

Heat release of evaporator/kW  5691.80 5713.21 0.38 %
Power generation of expander/ 726.27 726.32 0.01 %
kw
Total exergy destructions/kW 873.66 870.97 0.31 %
Energy efficiency of ORC 12.76 % 12.71 % 0.37 %
Exergy efficiency of ORC 43.31 % 43.20 % 0.25 %
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Table 7
Thermal properties of some eco-friendly working fluids.

Fluid Chemical name Critical Critical Standard boiling point ~~ Global warming Ozone depletion
temperature pressure /C potential potential
/C /MPa

Butene Butene 146.2 4 6.3 0 <10

R600 N-butane 1520 3.8 0.5 20 0

R245fa 1,1,1,3,3-Pentafluoropropane 1544 3.64 15.14 858 0

Neopentane ~ Neopentane 160.6 32 9.5 20 0

R1233zd(E)  Trans-1-Chloro-3,3,3- 166.5 3.62 18 1 0.0003

trifluoropropene
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Fig. 5. Schematic diagrams of two schemes for multiple PCMs: (a) S1: equivalent heat storage capacity scheme; (b) S2: phase partitioning configuration scheme.
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Fig. 6. System thermodynamic parameters of the CLRCB with different
numbers of stages.
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Fig. 7. Exergy destruction of components in the CLRCB with phase partitioning
configuration scheme (S2).
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Table 8

The operation parameters of the CLRCB system with different numbers of stages.

Number of s1 82

stages ; . : . -
Subcooling Superheating Subcooling Superheating Number of stages(liquid zone-two phase
temperature/°C temperature/°C temperature/C temperature/C Z0ne-gas Zone)

1 0 10 0 10

2 2 2 25 10 1.1-0

3 20 2 25 10 111

4 25 10 35 10 211

5 35 10 40 10 311

6 3 10 45 10 411

7 40 10 45 10 41-2

8 45 10 45 10 5-1-2

9 45 10 45 10 6-1-2

10 45 10 45 10 7-1-2
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Table 9

Thermodynamic performance of single-stage Rankine Carnot battery and
Rankine Carnot battery integrating cascaded latent heat storage (CLRCB).

Parameters Single-stage Rankine  Rankine Carnot battery integrating
Carnot battery cascaded latent heat storage

cop 3.95 4.95

ORC efficiency 0.136 0.143

Roundwrip 0.536 0.708

efficiency

Exergy efficiency 0.339 0.390

Exergy storage /MW  11.53 10.35

Total exergy 14.00 11.16

destruction /MW
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Fig. 8. Comparison of T-s diagram: (a) single-stage Rankine Camot battery, (b) Rankine Carnot battery integrating cascaded latent heat storage (CLRCB).
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Fig. 9. Diagram of exergy flow and destruction rates of different Rankine Carnot batteries: (2) Rankine Carnot battery with single phase change material; (b) Rankine
Carnot battery with four phase change materials.
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Fig. 10. Exergy efficiencies of components in the single-stage RCB and the 4-
stage CLRCB.

Fig. 11. Endogenous and exogenous exergy destructions of each component in

the CLRCB.
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I Avoidable exergy destruction
z 2|
=
-1
=
S
£t I
S
2
gﬁ
iy I —— = — - -
N
_] 1 M 1 1 1 1 2 1 1 1 1 1
P O D RSy 8K
< 3 S <~

Fig. 12. Avoidable and unavoidable exergy destructions of each component in
the CLRCB.
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Fig. 13. Avoidable exogenous destruction, unavoidable exogenous destruction,
avoidable endogenous destruction, and unavoidable endogenous destruction of
CLRCB components under typical working conditions.
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Fig, 14, System performance of the CLRCB under different heat storage temperatures: (a) energy indicators and exergy efficiency of the CLRCB, (b) exergy
destruction of different components, (c) avoidable exergy destructions of different components,
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Fig, 15, System performance of the CLRCB under different evaporation temperatures: (a) energy indicators and exergy efficiency of the CLRCB, (b) exergy
destruction of different components, (c) avoidable exergy destructions of different components.
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Table 10
Parameters of waste heat flue gas under different loads of the 660 MW coal
power plant.

Operating condition of Mass flow rate of flue gas Temperature of flue gas
power plant /(kg/s) /(°C)

50 % load 420 105

75 % load 580 118

100 % load 750 130
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Fig. 16. System performance of the CLRCB under different waste heat condi-
tions: (a) energy indicators and exergy efficiency of the CLRCB, (b) exergy
destruction of different components, (c) avoidable exergy destructions of
different components.
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Fig, 17, System performance of the CLRCB under different input power: (2) energy indicators and exergy efficiency of the CLRCB, (b) exergy destruction of different
components, (¢) avoidable exergy destructions of different components.
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