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ARTICLE INFO ABSTRACT

Keywords: Geothermal energy is one of the main renewable energy sources for power generation and district cooling, and
Combined power and cooling liquid air energy storage is an emerging technology suitable for both power and cold storages. Accordingly, a
Energy storage combined power and cooling cogeneration system with cryogenic energy storage is proposed in this paper, which
E;Z)tﬁz:;f:l energy is powered by geothermal energy and connected with the grid. The system is formed by integrating a turbine
Liquid air ejector cogeneration cycle with an air liquefaction cycle, a liquid air direct expansion cycle and a cryogenic

organic Rankine cycle. In normal operation mode, only the turbine ejector cogeneration cycle works in the
system based on the cooling load requirement. In charging operation mode, all the power produced in the system
is used to liquefy air in the air liquefaction cycle owing to cheap electricity tariff. In discharging operation mode,
the additional electricity is provided to meet peak time energy requirement by the direct expansion cycle and
cryogenic organic Rankine cycle. A geothermal source at 180 °C with a flow rate of 100 kg/s is used as the heat
source in this study, the cogeneration system has the ability to produce 15,470 kW of power and supply 4800 kW
of cooling simultaneously, the system round trip efficiency is 41.07%, and the exergy efficiency of cryogenic
energy storage is 60.43%. Also, the effects of geothermal energy temperature, system size, turbine mass split
ratio and normalized mass flow rate on the system performance are clarified.

133.5 °C geothermal energy source at a flow rate of 462 kg/s. Similar to
the absorption cooling system, the ejector-based cooling system can also
be powered by geothermal energy, but it has lower initial cost and
higher reliability compared with the absorption cooling system [11].
Therefore, the ejector-based system is a favorable way to use geothermal
energy for cooling.

A number of studies have been conducted on the combined power
and cooling systems powered by geothermal energy. Nami et al. [12]
proposed a geothermal combined cooling, heating and power (CCHP)
system which consists of an organic Rankine Cycle (ORC), a LiBr-H,0
absorption chiller and a heat exchanger to provide space heating and
domestic hot water. With a 105 °C geothermal heat source, the power
and cooling output of the system are 232.6 kW and 1058 kW respec-
tively in summer, and its heating capacity is 6029 kW in winter. The
system maximum exergy efficiencies are 59.5% and 68.2% for the
summer and winter periods, respectively. Mosaffa et al. [13] carried out
thermodynamic and economic analyses of a CCHP cycle, which consists
of a ejector based cooling unit, an ORC and a domestic water heating
system. In the optimum configuration, an energy efficiency of 85.3%

1. Introduction

Currently, buildings consume around 40% of the primary energy and
contribute about 36% of greenhouse gas emissions in the EU [1,2], and
most of the energy is used to meet heating and cooling demands [3].
These demands can be fulfilled by district energy facilities with a central
energy source resulting in low carbon emissions [4,5]. The district en-
ergy systems could be powered by renewable energy sources [6], such as
biomass, solar and geothermal energy, etc. Among them, the geothermal
energy is a promising energy source for district heating/cooling appli-
cations due to its high potential and independent nature on weather
condition [7,8]. Yilmaz [9] investigated the performance of an absorp-
tion chiller powered by a 100 °C geothermal energy source to meet
cooling demand of 232 apartments in Izmir, Turkey, and found that the
COP and payback period of the chiller are 0.441 and 5.68 years,
respectively. Tugcu et al. [10] optimized a NH3-H20 absorption cycle
driven by geothermal energy based on artificial neural networks, and
achieved a COP of 0.572 and an exergy efficiency of 62.0% with a
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Nomenclature

CES cryogenic energy storage

CORC  cryogenic organic Rankine cycle

Ex exergy (kW)

ex specific exergy (kJ/kg)

g mass of air liquefied per mass of geothermal water
h specific enthalpy(kJ/kg)

HX heat exchanger

1 irreversibility (kW)

J-T Joule-Thompson

water

Yr mass of cooling fraction of working fluid per geothermal
water

Y normalized total mass flow rate

T ratio of mass flow rate of high pressure turbine exit to mass
flow rate of ejector primary flow

A difference

€ exergy efficiency

n energy efficiency

Subscripts and indices

LNG liquefied natural gas 1,23.. states
m mass flow rate (kg/s) bin binary )
Q heat transfer rate (kW) ces cryogenic energy storage
r mass flow rate ratio (%) cry cryogenic
S entropy (kW/K) ejec ejector
T temperature (°C or K) evap evaporator
TES thermal energy storage geo geothermal
w power (kW) liq liquefaction
w specific work (kJ/kg) rt roun.d-trip
y liquid yield (%) turb turbine
m mixing
Greek letters n nozzle
o mass of CORC working fluid per liquid air d diffuser
B mass of CORC working fluid per geothermal water s isentropic
u entrainment ratio P power
Yp mass of power fraction of working fluid per geothermal r refrigeration
integration of energy storage [17]. Cryogenic Energy Storage (CES) and
Geothermal Liquid Air Energy Storage (LAES) are the promising energy storage
Cogeneration (1 ¢ peak Times — I options to meet the peak period power demand and provide additional
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Fig. 1. Geothermal power and cooling generation with CES.

and an exergy efficiency of 67.7% of the cycle are achieved. Zare et al.
[14] proposed two novel CCHP systems with an ejector CO; trans-critical
cycle based on Rankine cycle with and without internal heat exchanger.
The two configurations have power output of 17.2 kW and 25.6 kW, and
thermal efficiencies of 43.8% and 39.8%, respectively. Ipakchi et al.
[15] conducted a thermoeconomic and parametric study to evaluate
energy performance of an ejector based trans-critical CO2 combined
cooling and power generation system. They found the system generates
10 kW cooling and 7.55 kW power with the optimal energy efficiency of
27.4% and exergy efficiency 24.2%. Casanova et al. [16] developed a
supercritical COy power generation cycle with low-grade geothermal
heat source, and investigated different cycle configurations. They
claimed that the intercool recuperated Brayton cycle is the most feasible
cycle with 780 kW power output, 11.51% energy efficiency and 52.49%
exergy efficiency.

Increases in renewable energy penetration and highly transient
characteristics of power and heating/cooling demands lead to

flexibility for renewable energy application. Unlike the pumped hydro
and compressed air energy storage systems, the CES is not constrained
by geographical location [18-20]. During the off peak period, the
excessive electricity is used to power air liquefaction cycle for producing
liquid air. During the peak period, the liquid air is heated either by the
stored thermal energy in the compression process or by the available
waste heat to produce additional electricity for meeting the peak de-
mand. The CES system can be utilized alone or integrated with another
energy systems [21,22].

Multi-generation systems with the CES have been proposed in recent
years for high energy conversion efficiency. Taffone et al. [23] devel-
oped a stand-alone LAES multi-generation system to supply electricity
and chilled water. With a 5 °C turbine outlet temperature, their system
reaches around 45% round-trip efficiency. He et al. [24] proposed a
cascaded utilization of Liquefied Natural Gas (LNG) to power a CES
integrated ORC system in a data center, and they noted that the system
can produce 103 kW electricity and 217 kW cooling in the optimum
configuration. Gao et al. [25] carried out thermodynamic, economic and
thermo-economic analyses of a tri-generation system based on stand-
alone LAES, and found that the system has round trip efficiencies of
55.41%, 55.35% and 54.68% for winter, transition, and summer sea-
sons, respectively. Bosch et al. [26] designed a stand-alone LAES system
to run under a cogeneration regime. The liquid air and turbine outlet air
are utilized in a three-way heat exchanger to provide cooling during
discharge period, and the system reaches a round trip efficiency of
41.9%. Mugnini [27] investigated the cold exergy in a district cooling
system, and discovered that around 60% of the electricity savings can be
achieved by utilizing the LNG. Zhang et al. [28] proposed a cryogenic
thermoelectric generator for recovering available cryogenic energy
during discharging operation, and found that the decoupled LAES sys-
tem reaches a round trip efficiency of 29% and a combined power and
cooling efficiency of 50%.
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Fig. 2. Schematic representation of the geothermal power and cooling cogeneration system with CES.

Unlike other renewable energy sources such as wind and solar,
geothermal energy is always available, but as renewable energy pene-
tration increases throughout the grid, the flexible power generation is
getting more important to match varying demands. Thus, integration of
energy storage in the geothermal energy system is one of the promising
solutions for power plant to operate under high varying demands.

The synergic operation of geothermal power and cooling cogenera-
tion system and the CES has not been explored until now, in order to fill
this research gap, a novel geothermal cogeneration system integrated
with the CES is investigated in this study, which has the ability to pro-
vide high flexible power and cooling output (Fig. 1). The system is
formed by integrating a turbine ejector cogeneration cycle with an air
liquefaction cycle, a liquid air direct expansion cycle and a Cryogenic
Organic Rankine Cycle (CORC). Thermodynamic assessment of the
system from first and second law aspects is carried out for three oper-
ating modes, the parametric studies are conducted to clarify the effects
of the heat source temperature, system size, turbine mass split ratio and
normalized mass flow rate on the system performance. The proposed
system performance is also compared with the similar energy systems
with the CES and CORC to justify efficiency and specific work output.

2. System description and operation

As presented in Fig. 2, the proposed system is formed by integrating a
turbine ejector cogeneration cycle with a CES plant. The system operates
in three modes: normal, charging and discharging modes. In the normal
operation mode, only the turbine ejector cogeneration cycle runs to
produce power and cooling simultaneously. In the charging mode, all of
generated electricity by the turbine ejector cycle is supplied to the air
liquefaction cycle to produce liquefied air. In the discharging mode, the
stored liquid air is discharged to produce additional cooling and

electricity along with the turbine ejector cogeneration cycle and CORC.

2.1. Turbine ejector cogeneration cycle

The turbine ejector cogeneration cycle consists of a main geothermal
heat exchanger, a high and a low pressure turbines (Turbines I and II), an
evaporator, a preheater, a condenser and a pump. COy is selected as the
working fluid due to its characteristics, such as environmental friendli-
ness, wide availability, thermal stability and low critical point (31.0 °C
and 73.8 bar). The low critical point feature enables the utilization of its
supercritical properties for power generation while providing consid-
erable amount of cooling [29]. At first, the COs is heated in the main
geothermal heat exchanger and expands in the high pressure Turbine I
for power generation. The middle pressure CO; from Turbine I is sepa-
rated into two streams: one is directed into the low pressure Turbine II to
expand for more power generation (state 5,) while the other is guided
into the ejector as the primary fluid (state 5;) for cooling production. In
the ejector, the primary fluid entrains the secondary fluid from the
evaporator (state 6), then they leave the ejector and merge with the
stream from Turbine II to form the low pressure working fluid. After-
wards, the low pressure working fluid is condensed in the condenser
after being cooled in the preheater. Then the low pressure working fluid
is split into two parts again. The first stream flows through the throttling
valve and into the evaporator to produce cooling effect while the second
stream goes through a pump to increase its pressure and then enters the
preheater and main heat exchanger to complete the cycle at last.

2.2. Cryogenic energy storage plant

The CES plant has three cycles: an air liquefaction cycle operating in
charging operation mode; a direct liquid air expansion cycle and a CORC
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operating in discharging operation mode. The air liquefaction cycle is a
Kapitza cycle-based liquefaction system which consists of two com-
pressors (I and II), two intercoolers, two thermal energy storage (TES)
tanks, two heat exchangers (HX- I and HX-II), one cryo-expander, one
expansion valve and one storage tank. During charging operation, the
ambient air pressure is increased by two compressors (I and II) with an
intercooler and an aftercooler. The recovered thermal energy from both
the coolers is stored in two TES tanks separately by thermal fluid
Dowtherm T [30]. The high pressure air is consecutively cooled in the
two heat exchangers (HX-I and HX-II), one portion of the high pressure
air from HX-I is diverted through the cryo-expander to decrease the air
temperature and then mixes with upcoming air from the separator. The
high pressure and low temperature air from HX-II rapidly expands
through a Joule-Thomson valve and then gets into the separator. The
liquid portion of the expanded air in the separator is collected in the
storage tank while the gas portion is utilized to cool the high-pressure air
in the two heat exchangers.

The direct liquid air expansion cycle includes a cryo-pump, a CORC-
condenser (shared), a cold recovery heat exchanger, two heaters and
two turbines. Propane is selected as the working fluid in the CORC owing
to its low condensing temperature [31]. During the discharging opera-
tion, the stored liquid air is discharged and pumped to reach a higher
pressure, and then it is used to cool the working fluid in the CORC
condenser, and recover cold in the cold recovery heat exchanger. Af-
terwards, it is heated in Heaters I and II and expands in Turbine III and
IV respectively. The CORC consists of a condenser (shared with the
direct liquid air expansion cycle), a turbine, a pump and a heat
exchanger. The CORC is also powered by geothermal water leaving the
main geothermal HX, the heated propane expands in the CORC turbine,
then is condensed by the discharged liquid air and pumped into the
CORC-HX by the CORC-pump to complete the cycle.

3. Thermodynamic analyses

The system has the complex structure, in order to simplify the system
mathematical models, the following assumptions are adopted [32-34]:

(1) The system operates under steady state.

(2) Pressure drops in pipes and heat losses to the environment are
neglected.

(3) The specific enthalpies before and after the throttle valve are the
same.

(4) The outlet working fluids of the evaporators and condensers are
saturated vapor and saturated liquid, respectively.

(5) The flow inside the ejector is in steady state with one-dimension.

(6) The ejector inlet velocities of the primary and secondary fluids
are negligible.
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(7) Preheater and main geothermal heat exchanger are sized to
maintain the minimum temperature differences for both charging
and discharging operations [35].

The analyses of the system are performed quantitively and qualita-
tively based on the first and second laws of thermodynamics, respec-
tively [34]. Fundamental governing equations used in this study are
stated as follows:

S =Y, €h)
N0 W=D mho— Y v, 2
DSi= D S+ S =0 (3)
N Exg— W= rex,— Y rexi+ 1 Q)

where m denotes the mass flow rate of the fluid, Q and W are the rates of
heat input and power output, h is the specific enthalpy, Ex is the exergy
rate and I is the irreversibility rate. The exergy of heat transfer at tem-
perature T can be expressed as [36]:

Etht = Z (1 - %)Q (5)

The specific exergy of each fluid stream is.
ex = (h — hy) — To(s — s9) (6)

where 0 subscript stands for the dead state of corresponding ther-
modynamic property.

3.1. Ejector model

The ejector consists of the nozzle, mixing, throat and diffuser sec-
tions, as shown in Fig. 3. The ejector analysis is conducted based on
conservation laws of mass, momentum, and energy [32]. The outlet
velocity of the primary fluid from the nozzle V; is formulated as:

V; = \/ 2ﬂn(h5 - h7.s) )

where 1, is the nozzle isentropic efficiency, hy ; is the outlet enthalpy of
isentropic flow.
The ejector entrainment ratio p is defined as:
m
p=— ®

ms,

where m 5, is the primary mass flow rate and m ¢ is the secondary mass
flow rate.
The ideal outlet velocity of the mixing section can be expressed as:

V3

Vs =
B 1+u

)]

The mixing efficiency of the mixing section is.

_ V82
= %

10)

The velocity of the mixed fluid can be calculated as:

\Z

Vs =Vl m 11)

In the mixing section, its energy conservation equation can be
expressed as:

VZ VZ V2
ity (g +77)+n'1(,(h6 +76) = (1t + 7)) (hg +78) 12)

In the diffuser section, the actual enthalpy hg at the diffuser outlet is.
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Table 1
Comparison of ejector model results with literature [14] data.
State Literature[14] Proposed Study Difference (%)
P (MPa) T (°C) h (kJ/kg) P (MPa) T (°C) h
(kJ/kg)
Primary Flow Inlet 7.6 42.68 —81.55 7.6 42.68 —81.55
Secondary Flow Inlet 3.969 5 —79.29 3.969 5 —79.29
Primary Nozzle Outlet 3.969 5 —100.1 3.969 5 —100.1 0
Mixing Flow 3.969 5 —93.47 3.969 5 -93.8 —0.35305
Ejector Outlet 5.5 22.74 —81.27 5.5 22.74 —81.27 0
Entrainment ratio 0.1379 0.1427 —3.48078
]’l9 - hg
Table 2 hy = hg +——— 13)
Comparison of obtained results of current study with literature [32] data. M
Performance Parameter This Wang’s Study  Difference where 14 is the diffuser efficiency.
Study [32] (%)
High Pressure Turbine specific 18.61 18.36 1.3617
work (kJ/kg) 3.2. Turbine ejector cogeneration cycle model
Low Pressure Turbine specific 13.8 13.42 2.8316
work (kJ/kg) . .
Specific Pump Work (kJ/kg) 0.555 0.55 0.9001 . The mass ﬂowrates’at the diverted states 13 and 14 are normalized
Refrigeration Output (kW) 21.65 21.015 3.0217 with respect to the main geothermal heat exchanger mass flow rate by
Main Heat Exchanger Duty (kW) ~ 938.1 905.688 3.5787 defining the mass flow ratio diverted to the power section yp, and
Thermal Efficiency (%) 15.08 14.92 1.0724 diverted to the cooling section yy,as follows:
1y
Vp = (14)
ny
mi3
Y= (15)
my

The normalized total mass flow rate y of the turbine ejector cogen-
eration cycle is the sum of y, and y,, it indicates the size of the system
and is expressed as:
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Table 3 turbines can be expressed as:
Parameters used in the present study [14,18,31,38]. . .
Wejeeurs = (ha — hs) + (1 — 7)(hs — hy7)(kJ/kg working fluid) (18)
Parameter Value
Minimum Temperature Difference in liquefaction unit ATy, (°C) 1 The spec1ﬁc pump power consumption in the cyde 1s.
Minimum Temperature Difference in intercoolers & heaters ATy, (°C) 1 Woron = (hy« — h KJ /ke working fluid (19)
Minimum Temperature Difference in CORC units ATy, (°C) 1 “echump ( 13 ]4)( / g g )
Minimum Temperature Difference in main heat exchanger (°C) 5 The net work output from the turbine-ejector cogeneration cycle is
Compressor outlet pressure of liquefaction unit Py3 (kPa) 4000 the difference between the turbine work output and pump input power:
Cryo-expander flow rate ratio r 0.76
C}.larglng. oPeratlon, duratlon. (h) 6 We/'ec,nel = Wejm‘.mrb - W('/'ec,pump (kJ/kg WOl'kil’lg flllld) (20)
Discharging operation duration (h) 1
Isentropic efficiency of compressors 0.85 The specific cooling output of the cogeneration cycle is given by:
Isentropic efficiency of ejector turbines and cryo-expander 0.9
Isentropic efficiency of CES direct expansion turbines 0.85 Gejecevap = (he — hie)(kI/kg working fluid) 21D
Isentropic efficiency of cryo-pump and CORC pump 0.85
Isentropic efficiency of ejector pump 0.9 Equations (20) and (21) can also be written in terms of geothermal
Nozzle Isentropic Efficiency in Ejector 0.9 water flow rate with the help of parameters y, and y;. The specific work
Mixing Isentropic Efficiency in Ejector 0.88 and cooling produced in terms of geothermal water flow rate can be
Diffuser Isentropic Efficiency in Ejector 0.85 written as:
Evaporator Temperature (°C) 6 :
Dead State Pressure (kPa) 101.325
Weeo = ¥ Wejeener(KJ/Kg geothermal water 22
Dead State Pressure (°C) 25 seo = VpWejec ‘m( / g8 ) 22)
y (kg working fluid/kg geothermal water) 1.5
Refrigeration Output (kW) 4800 Ggeo = VrYGejec.evap (kI/kg geothermal water) (23)
Finally, the thermal and exergy efficiencies of the turbine ejector
cogeneration cycle can be expressed as:
Table 4 . . ) . _ Wgeo + geo _ Wgeo + 9geo 2
Thermodynamic properties of dead states of working fluids. h = 4 T Th—h (24)
mn
Fluid P T h s
(kPa) ) (kJ/kg) (kJ/kg K)
Air 101.325 25 298.4 6.859
Water 101.325 25 104.9 0.3672
Propane 101.325 25 630.7 2.846
Dowtherm T 101.325 25 68.18 0.2372 Table 6
CO2 101.325 25 —0.9383 —0.002199 Performance data for normal operation.
Parameter Value
-~ _ M Yp 1.247
Y=Y+, = m—l (16) " 0.253
T 0.3965
Another important parameter for the turbine ejector cogeneration n 0.5121
cycle is the turbine mass split ratio t, which is the ratio of the mass flow Gin(kJ/kg geothermal water) 314.2
rate of the low pressure turbine II to the mass flow rate diverted to the Wejeener (kI/kg CO2) 39.56
. d d as: Wgeo (kJ/kg geothermal water) 49.33
power section, and expressed as: Wejee (kW) 4933
Tie Qejec,evap(kJ/kg CO2) 189.6
= i aa7) Qgeo,evap(kJ/kg geothermal water) 48
s Nthermal (%) 30.97
Th i : €ejec (%) 59.38
e specific work produced by the high-pressure and low-pressure
Table 5
Stream data of normal operation.
State Substance m P T h s ex Ex
(kg/s) (kPa) (O] (kJ/kg) (kJ/kg.K) (kJ/kg) kw)
1 Water 100 1003 180 763.1 2.139 129.8 12,980
2 Water 100 1003 106.9 448.8 1.383 40.91 4091
3 CO 124.7 15,000 54.97 -177.1 —1.355 227.2 28,330
4 CO, 124.7 15,000 175 74.92 —0.6809 278.2 34,688
5 CO, 124.7 8000 118.8 37.42 —0.6702 237.5 29,619
5p CO, 75.27 8000 118.8 37.42 —0.6702 237.5 17,876
5¢ CO, 49.43 8000 118.8 37.42 —0.6702 237.5 11,741
6 CO, 25.31 3969 5 —79.29 —0.9227 196.1 4964
7 CO, 49.43 3969 63.05 1.015 —0.6581 197.5 9764
8 CO, 74.75 3969 48.35 -16.12 —0.7102 195.9 14,644
9 CO, 74.75 5000 68.42 —-2.11 —0.7041 208.1 15,554
10 CO, 150 5000 74.45 5.169 —0.6829 209.1 31,360
11 CO, 150 5000 27.14 —60.31 —0.8864 204.2 30,637
12 CO, 150 5000 14.28 —268.9 -1.61 211.4 31,714
13 CO, 25.31 5000 14.28 —268.9 -1.61 211.4 5352
14 CO, 124.7 5000 14.28 —268.9 -1.61 211.4 26,362
15 CO, 124.7 15,000 26.14 —255.9 —1.606 223.2 27,826
16 CO, 25.31 3969 5 —268.9 —1.604 209.7 5309
17 CO, 75.25 5000 80.55 12.4 —0.6623 210.2 15,814
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Wejeener + EXevap — Weeo + ¥, (eX16 — €xe)
Ex,g, ex; —exy

Eejec =

(25)

3.3. Air liquefaction cycle model

Two performance parameters of the air liquefaction cycle are liquid
yield and liquefaction work. At first, the liquid yield is given by.
y = h33 - h24
h33 - h34

r h26 B h27
h33 - h34

(26)

where r is the fraction of the air diverted through the cryo-expander:
=" @7
mys
The power consumption of the liquefaction cycle is.
Wiet = (Ba1 — hao) + (a3 — hay) — (o — ha7) (K /kg  gas) (28)

The liquefaction work per unit mass of the liquefied air can be
determined from.
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Wiy :%(k}/kg liquid air) 29)

The parameter g is defined as the mass of liquid air produced per unit
of geothermal water entering the system:

Wejec,net

=y,——— (kg liquid air/kg geothermal water) (30)
Wiig

w,
_ Weeo
g=—

Wiiq
3.4. CORC and direct liquid air expansion cycle models

During the discharge operation, the extra power is produced by the
CORC and direct liquid air expansion cycle. The net work produced in
the CORC per unit liquid air is expressed as:

Weore = A((hso — haz) — (hag — hag))(kJ/kg liquid air) (31)

where a is the unit mass of the CORC working fluid per unit mass of the
liquid air entering the cycle [31].

a= nﬂ (kg CORC working fluid /kg liquid air) (32)
Myo
The thermal efficiency of the CORC can be expressed as:
W eore _

hso — hyz) — (hag — I
Noore = 2 7/;0”( s0 — haz) — (hag — hag)

(33)
Oy s — s,

where By is the unit mass of the CORC working fluid per unit mass of
geothermal water [31].
The work output from the direct liquid air expansion cycle is.

Wees—exp = (haz — haa) + (has — hae) — (hao — hao) (34)
The total specific net work output from the cryogenic energy storage

is.

Wees = Weore + Wees—exp (KT /kg liquid air) (35)
The round trip efficiency can be expressed as:

_ W('es + qC(‘S
Wiiq

M (36)
where s is the recovered cold energy from the cryogenic energy
storage plant and can be formulated as:

Gees = hay — hay 37)

The round trip efficiency can also be expressed by power consump-
tion during charging period and energy release during discharging
period:

(ch: + chs ) Liisc

. (38)
Wiigtena

Ny =

To determine the exergy efficiency during discharge period, the
exergy inputs from liquid air, geothermal water and heat recovery fluid
are considered. Then, it is expressed as:

Weore + Wees + EXcold rec

. 39
Ex. (39)

Eces =

where Exi, is the sum of exergy inputs from the geothermal water,
heaters I and II, and liquid air exergy at inlet state. EXcold rec is the cold
exergy recovered in the cold recovery HX.

3.5. Calculation procedures and cooling scenario

The integrated system is modelled in Engineering Equation Solver
(EES), the calculation procedure in this study is given in Fig. 4. The
system is modeled in terms of nondimensionalized parameters to
investigate system operation as a whole. In the turbine ejector cogene-
ration cycle, geothermal water mass flow rate, geothermal source
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Table 7
Stream data of charging operation.
State Substance m P T h s ex Ex
(kg/s) (kPa) (9] (kJ/kg) (kJ/kg.K) (kJ/kg) kW)
1 Water 100 1003 180 763.1 2.139 129.8 12,980 Geothermal Water
2 Water 100 1003 106.9 448.8 1.383 40.91 4091
3 CO, 124.7 15,000 54.97 -177.1 —1.355 227.2 28,330 Turbine Ejector Cogeneration Cycle
4 CO, 124.7 15,000 175 74.92 —0.6809 278.2 34,688
5 CO, 124.7 8000 118.8 37.42 —0.6702 237.5 29,619
5p CO, 75.27 8000 118.8 37.42 —0.6702 237.5 17,876
5, CO, 49.43 8000 118.8 37.42 —0.6702 237.5 11,741
6 CO, 25.31 3969 5 —79.29 —-0.9227 196.1 4964
7 CO, 49.43 3969 63.05 1.015 —0.6581 197.5 9764
8 COy 74.75 3969 48.35 -16.12 —0.7102 195.9 14,644
9 CO, 74.75 5000 68.42 —2.11 —0.7041 208.1 15,554
10 CO, 150 5000 74.45 5.169 —0.6829 209.1 31,360
11 CO, 150 5000 27.14 -60.31 —0.8864 204.2 30,637
12 CO, 150 5000 14.28 —268.9 -1.61 211.4 31,714
13 CO, 25.31 5000 14.28 -268.9 -1.61 211.4 5352
14 CO, 124.7 5000 14.28 —-268.9 -1.61 211.4 26,362
15 CO, 124.7 15,000 26.14 —255.9 ~1.606 223.2 27,826
16 CO, 25.31 3969 5 —-268.9 —-1.604 209.7 5309
17 CO, 75.25 5000 80.55 12.4 —0.6623 210.2 15,814
18 Water 81.85 850 6 26.07 0.09131 3.401 278.3 District Cooling Water
19 Water 81.85 850 20 84.71 0.2963 0.928 75.96
20 Air 12.26 101.3 25 298.4 6.859 0 0 Air Liquefaction
21 Air 12.26 636.6 264.1 541.6 6.929 222.3 2726
22 Air 12.26 636.6 25 297.2 6.328 157.1 1927
23 Air 12.26 4000 265.1 541.7 6.398 380.7 4668
24 Air 12.26 4000 25 289.8 5.778 313.7 3847
25 Air 12.26 4000 —63.31 191.6 5.386 332.3 4074
26 Air 9.32 4000 —63.31 191.6 5.386 332.3 3097
27 Air 9.32 101.3 -191.1 79.1 5.542 173.2 1614
28 Air 2.943 4000 -186.7 -108.9 3.131 704.1 2072
29 Air 2.943 101.3 194 -108.9 3.203 682.7 2009
30 Air 0.2468 101.3 -191.4 78.74 5.538 174.1 42.97
31 Air 9.567 101.3 -191.1 79.09 5.542 173.2 1657
32 Air 9.567 101.3 -101 171.5 6.306 38.04 363.9
33 Air 9.567 101.3 24 297.4 6.855 0.001691 0.01618
34 Air 2.696 101.3 —-194.2 -126.1 2.978 732.6 1975
35 Dowtherm T 5.339 200 19 56.61 0.1965 0.5674 3.03 Intercooler I
36 Dowtherm T 5.339 200 261 618.1 1.579 149.8 799.8
37 Dowtherm T 5.528 200 19 56.61 0.1965 0.5674 3.137 Intercooler II
38 Dowtherm T 5.528 200 260 615.4 1.574 148.6 821.4
55 Water 747.4 850 20 84.71 0.2963 0.928 693.6 Condenser
56 Water 747.4 850 10 42.85 0.151 2.386 1783
approach temperature in the heat exchanger and mass flow rate diverted
Table 8 to the cryo-turbine are selected as the design parameters, then lique-
Performance data for charging operation. faction work wy;q and work consumption per unit mass of liquid air wgeo
Parameter Value are obtained, furthermore the produced liquid air per unit of geothermal
Ny 247 water g is gotten. As for the direct expansion cycle and CORC, the spe-
yrp 02253 cific work output wces and cooling output qces are worked out based on
T 0.3965 specified approach temperatures in heat exchangers. During discharge
u 0.5121 operation, the cooling output produced by the cold recovery unit of the
Gin(kJ/kg geothermal water) 314.2 CES plant Qs and net power output of the CES plant Wees are gotten.
Wejeener (kJ/kg CO2) 39.56 h ini tion of the cooling demand is provided by the turbine
Wgeo (kJ/kg geothermal water) 49.33 T. € remaining pqr lon o .g i P X y
Wejee (kW) 4933 ejector cogeneration cycle, the turbine mass split ratio and the mass flow
Qejec-evap(kJ/kg CO2) 189.6 ratio diverted to the cooling section vy, are obtained.
Ggeo,evap(kJ/kg geothermal water) 48 System size and operation are selected on hypothetical cooling sce-
Whet (kJ/kg gas)' . 402.3 nario for 600 houses with average 100 m? floor area each house and
Wiiq (kJ/kg liquid air) 1829 . 2. : . .
Liquid yield y (%) 21.99 average cooling demand of 80 W/m*” in Izmir, Turkey [37]. In this hy-
g 0.02696 pothetical case, the turbine-ejector cogeneration cycle is specified to
Nehermal (%) 30.97 supply 4800 kW cooling demand. During charging period, it’s assumed
Eejec (%) 59.38

temperature and normalized mass flow rate y are specified. For a given
cooling load, turbine mass split ratio T and mass flow ratio diverted to
the cooling section v, are calculated. Value of y; is constrained by the
ejector entrainment ratio p. Based on these values, the specific work
output of the turbine ejector cogeneration cycle wge, can be obtained. In
the air liquefaction cycle, compressor outlet pressure, the minimum

that all of the electricity output of the turbine ejector cogeneration cycle
is supplied to the air liquefaction cycle [31,38]. During discharging
period, the cooling demand is met by the CES, cold recovery heat
exchanger and the turbine-ejector cogeneration cycle.

4. Model validation

Firstly, the developed ejector model is validated by comparing the
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Fig. 7. Proportional irreversibility distribution during charging operation.

simulation results with the data in literature [14], the same operating
conditions are used for data comparison purpose, the validation results
are presented in Table 1. It can be seen from Table 1 that the maximum
difference is 3.48% for the ejector entrainment ratio.

Secondly, the developed model of the turbine ejector cogeneration
cycle is verified by the data in literature [32], the results are obtained
with a 140 °C heat source at a flow rate of 20 kg/s. The maximum de-
viation is 3.58% as shown in Table 2.

These comparisons demonstrate the accuracy of the developed
models, therefore the models can be used to predict the system perfor-
mance under various operating conditions.

5. Results and discussion

The system performance under three operating modes (normal,
charging and discharging) are investigated, and the effects of the main
system parameters involving system size, source temperature, turbine
mass split ratio and cold recovery rate on the system power and cooling
output are explored.

5.1. Performance evaluation

The system is powered by a 180 °C geothermal source at a flow rate
of 100 kg/s, the normalized total mass flow rate y is taken as 1.5 to
evaluate the influence of system size. The working fluid flow rates in the
power and cooling cycles are defined by the parameters v, in the power
section and vy, in the cooling section in charging and discharging oper-
ation modes. The values taken and assumed for the system operation are
given in Table 3. The dead state properties of the working fluids are
shown in Table 4.

5.1.1. Normal operation

In normal operating mode, the turbine ejector cogeneration cycle
runs in stand-alone manner. In this case, the cycle meets the district
cooling demand 4800 kW for 17 h by adjusting turbine mass split ratio
and mass flow ratio diverted to the cooling section. According to the
demand scenario, the cogeneration cycle can also produce 83.3 MWh
electricity output during daily normal operation period. The steam data
of the normal operation is given in Table 5 and the system performance
data is presented in Table 6.

The exergy destruction evaluation is used to determine the lost work
potential. Proportional irreversibility distribution in normal operation is
given in Fig. 5, the biggest exergy destruction contributor is main heat
exchanger accounting of 53% of the total exergy destruction, the next
one is the ejector contributing to 24.1% of the total exergy destruction.
The main irreversibility sources of the ejector are pure mixing, kinetic
energy losses and normal shock wave [39].

The variations of the specific power and cooling output with the
turbine mass split ratio are given in Fig. 6. For the evaporation tem-
perature of 5 °C, the specific cooling duty per unit mass of CO5 remains
constant at 189.6 kJ/kg. The ejector motive fluid mass flow rate in-
creases with the turbine mass split ratio, so the ejector can entrain more
gas from the evaporator, both the mass flow rate ratio diverted to the
cooling section y; and cooling output per unit mass of geothermal water
rises. The specific cooling load per geothermal water increases from
13.86 kJ/kg to 95.68 kJ/kg when the turbine mass split ratio changes
from O to 1. Even though enthalpy difference for the cogeneration cy-
cle’s turbines remains constant for all cases, the specific work output
decreases from 46.98 kJ/kg to 24.71 kJ/kg as the turbine mass split ratio
increases from O to 1. At the same time, the specific work output per unit
mass of geothermal water decreases sharply from 67.4 kJ/kg to 24.60
kJ/kg since it is affected by increase in the turbine mass split ratio T and
decrease in mass flow ratio diverted to the power section .
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Table 9
Stream data of discharging operation.
State Substance m P T h s ex Ex
(kg/s) (kPa) Q) (kJ/kg) (kJ/kg.K) (kJ/kg) kW)
1 Water 100 1003 180 763.1 2.139 129.8 12,980 Geothermal water
2 Water 100 1003 94.77 397.8 1.247 30.56 3056
3 CO, 142.4 15,000 53.59 —181.6 -1.369 226.8 32,300 Turbine Ejector Cogeneration Cycle
4 CO, 142.4 15,000 175 74.92 —0.6809 278.2 39,618
5 CO, 142.4 8000 118.8 37.42 —0.6702 237.5 33,820
5p CO, 127.57 8000 118.8 37.42 —0.6702 237.5 30,297
5; CO, 14.83 8000 118.8 37.42 —0.6702 237.5 3522
6 CO- 7.594 3969 5 —79.29 —0.9227 196.1 1489
7 CO, 14.83 3969 63.05 1.015 —0.6581 197.5 2929
8 CO, 22.42 3969 48.35 —16.12 —0.7102 195.9 4393
9 CO, 22.42 5000 68.42 —-2.11 —0.7041 208.1 4666
10 CO, 150 5000 78.71 10.23 —0.6685 209.8 31,472
11 CO, 150 5000 27.14 —60.31 —0.8864 204.2 30,637
12 CO, 150 5000 14.28 —268.9 -1.61 211.4 31,714
13 CO- 7.594 5000 14.28 —268.9 -1.61 211.4 1606
14 CO, 142.4 5000 14.28 —268.9 -1.61 211.4 30,109
15 CO, 142.4 15,000 26.14 —255.9 —1.606 223.2 31,780
16 CO, 7.594 3969 5 —268.9 —1.604 209.7 1593
17 CO, 127.6 5000 80.55 12.4 —0.6623 210.2 26,810
18 Water 24.55 850 6 26.07 0.09131 3.401 83.5 District Cooling Water
19 Water 24.55 850 20 84.71 0.2963 0.928 22.79
35 Dowtherm T 7.173 200 19 56.61 0.1965 0.5674 4.07 Heater IT
36 Dowtherm T 7.173 200 261 618.1 1.579 149.8 1074
37 Dowtherm T 8.02 200 19 56.61 0.1965 0.5674 4.551 Heater I
38 Dowtherm T 8.02 200 260 615.4 1.574 148.6 1192
39 Air 16.18 101.3 —194.2 —126.1 2.978 732.6 11,850 CES Expansion Unit
40 Air 16.18 18,000 —188.2 -102.3 3.02 743.7 12,030
41 Air 16.18 18,000 —109.8 48.62 4.271 521.9 8442
42 Air 16.18 18,000 17.57 256.3 5.236 441.8 7147
43 Air 16.18 18,000 259 533.4 5.935 510.5 8258
44 Air 16.18 1350 17.81 288.2 6.082 221.4 3581
45 Air 16.18 1350 260 537.1 6.704 284.9 4608
46 Air 16.18 101.3 24.5 297.9 6.857 0.00043 0.006956
47 Propane 5.251 2.888 —100 441.4 2.678 —139.1 —730.6 Cryogenic Organic Rankine Cycle
48 Propane 5.251 2.888 -100 -23.59 —0.007878 196.5 1032
49 Propane 5.251 2500 —99.14 —19.03 —0.003946 199.9 1050
50 Propane 5.251 2500 93.75 701.4 2,511 170.7 896.2
51 Water 57.29 850 20 84.71 0.2963 0.928 53.17 District Cooling Water
52 Water 57.29 850 6 26.07 0.09131 3.401 194.8
53 Water 100 1003 94.77 397.8 1.247 30.56 3056 Geothermal water
54 Water 100 1003 85.77 360 1.143 23.77 2377
55 Water 747.4 850 20 84.71 0.2963 0.928 693.6 Condenser
56 Water 747.4 850 10 42.85 0.151 2.386 1783
Table 10
W& o5, turd Performance data for discharging operation.
Parameter Value
T 0.07594
Yp 1.424
48% T 0.1041
n 0.512
Qin (kJ/kg geothermal water) 365.2
Wejee,net (kJ/kg CO2) 46.88
Wgeo (kJ/kg geothermal water) 66.75
Wejee (KW) 6675
Bery (kg Propane/kg geothermal water) 0.05251
a (kg Propane/kg liquid air) 0.3246
Weore (kJ/kg) 82.94
Weore (KW) 1342
Qees (kJ/kg liquid air) 207.7
Qees (kW) 3360
43% 9% Wees exp (kJ/Kg) 460.7
Wees,exp (KW) 7453
Wees (kJ/kg) 543.7
Wees (kW) 8794
Wi Thee (%) 41.07
VA 'IL ORX €ces (%) 60.43

Fig. 8. Distribution of generated power during discharge operation.
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5.1.2. Charging operation

In the charging operation mode, the work output from the turbine
ejector cycle is used to liquefy air for 6 h of off-peak period. Thermo-
dynamic states of the working fluids during charging operation period
are given in Table 7, based on the state numbers specified in Fig. 2.

Performance data of the whole system during charging operation
period are summarized in Table 8. During 6 h of charging operation, the
turbine ejector cogeneration cycle produces 49.33 kJ power per kg of
geothermal water, while maintaining 4800 kW cooling output. The mass
flow ratio diverted to the power section yp is 1.247 and the net power
output is 4933 kW. The thermal and exergy efficiencies are 31.0% and
59.4%, respectively.

The liquefaction cycle consumes 1829 kJ energy per unit mass of
liquid air. The liquid yield y is 0.2199, which indicates the liquefaction
of 21.99% of gaseous air. The mass of liquid air produced per unit of

11

geothermal water g is 0.02696 which means 26.96 g liquid air is pro-
duced for one kg geothermal water entering the system. 58.234 tons of
liquid air are stored during the entire charging period.

The proportional distribution of each component’s exergy destruc-
tion during charging operation is shown in Fig. 7. The total irrevers-
ibility is 6186.5 kW during the charging operation. Among them,
4835.0 kW is originated from the turbine ejector cogeneration cycle,
which accounts for 78% of the total exergy destruction. Furthermore,
the greatest irreversibility occurs in the main heat exchanger with 2531
kW, this is due to the big temperature difference and misbalance be-
tween specific heat values of water and CO,. The air liquefaction cycle is
responsible for the rest of 22% of the total irreversibility corresponding
to 1351.4 kW. For the liquefaction cycle, the greatest irreversibility
portions come from the compressors and cryo-expander with 8.3% and
7.0%, corresponding to 541.4 kW and 433.9 kW, respectively.
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5.1.3. Discharging operations

The system is designed to operate in discharge mode at peak time.
Thermodynamic properties at each state in this operation mode are
determined and given in Table 9. During one hour of discharge opera-
tion, all the stored 58.234 tons liquefied air is discharged corresponding
to a flow rate of 16.18 kg/s.

The direct liquid air expansion cycle and CORC produce 460.7 kJ and
82.94 kJ work per unit mass of liquefied air respectively. The cold re-
covery unit supplies 3360 kW cooling capacity while the total cooling
demand is 4800 kW. The remaining 1440 kW of cooling demand is
provided by the turbine ejector cogeneration cycle. In this case, the
turbine mass split ratio 7 is reduced to 0.1041 and the net power output
of the turbine ejector cogeneration cycle is increased to 6675 kW. In
addition to this, the direct liquid air expansion cycle and CORC provide
7453 kW and 1342 kW power, respectively. Therefore, the integrated
system supplies 15,470 kW net power which is 3.14 times that produced
in normal operation mode, and still provides 4800 kW of cooling during
the discharging operation. The distribution of power generation is given
in Fig. 8. The turbine ejector cogeneration cycle and cryogenic turbines
account for most of the power output with 43% and 48%, respectively,
while the cryogenic organic cycle produces 9% of the total power.

In the charging operation, the liquefaction work is 1829 kJ per kg
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Fig. 15. Effects of source temperature on parameter g and thermal efficiency during charging operation.

liquid air. Using the stored liquid air, 543.7 kJ/kg net work is produced
during the discharge operation, 207.7 kJ/kg cold energy is supplied to
the district cooling system. Thus, the system round-trip efficiency is
41.07% and the exergy efficiency of cryogenic energy storage is 60.43%.
The summary of performance results during the discharge operation is
given in Table 10.

During the discharging operation, 10,124 kW exergy is destroyed by
the air liquefaction cycle, the CORC and the turbine ejector cogeneration
cycle, as shown in Fig. 9. The largest part of irreversibility is from the
turbine ejector cogeneration cycle with 4272.7 kW corresponding to
42.2% of the total irreversibility. Similar to the charging operation case,
the main heat exchanger is responsible for considerable amount of
exergy destruction with 2605 kW, which is 25.9% of the total de-
structions in the cogeneration cycle. The direct expansion cycle and the
CORC cause 2926 kW (28.9%) and 2925.4 kW (28.9%) exergy de-
structions, respectively. In these two cycles, the condenser of the CORC
and the turbines in the liquefaction cycle involve 1825 kW (18%) and
1447 kW (14.3%) irreversibilities, respectively.

5.2. System operation under different scenarios

The developed models can be used to evaluate system performance
from geothermal water aspect, the system performance under different
charging and discharging periods are investigated. In the presented case
study, it’s assumed that 100% of electricity generated by the turbine
ejector cogeneration cycle in the charging operation mode is supplied to
the air liquefaction cycle. In Fig. 10 a), variations of stored liquid air
with supplied electricity portion to the liquefaction cycle and different
charging operation hours are given. Under the same operating scenario
in reference[33], 70% of the system produced electricity is supplied to
the liquefaction cycle for 8 h in charging operation mode, 54.4 tons of
liquid air can be produced, the system power output is 13,100 kW
(Fig. 10b) for one hour discharging period. The case in reference [33]
shows the power output in the discharging operation mode is 2.71 times
higher than what produced in normal operation mode with the heat
source temperature 286 °C, while this study achieves 2.67 times higher
than what produced in normal operation mode with the geothermal
temperature 180 °C. Therefore, it means the system in this study has the
similar performance even though it is driven by the low-grade heat
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Fig. 16. Effects of source temperature on specific work produced per unit mass of liquid air from the CORC and parameter o.
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Fig. 17. Effects of source temperature on specific work produced per unit mass of liquid air and specific cold recovery from the CES plant.

source.

Variations of power and cooling output from the CES plant under
different charging and discharging operation hours are presented in
Fig. 11 a) and b) respectively. For long period of charging operation,
more liquid air can be stored, while for short period of discharge oper-
ation, high power and cooling output rates from the CES plant can be
produced. As the charging period reaches 8 h, the system has the ability
to provide up to 24,000 kW power and 9000 kW cooling for 0.5 h dis-
charging period.

5.3. Effects of turbine mass split ratio

The effects of turbine mass split ratio on mass flow rate ratio diverted
to the power and cooling sections in the turbine ejector cogeneration
cycle are given in Fig. 12. As the turbine mass split ratio increases, more
CO4, is diverted to the ejector’s primary nozzle, this also increases the
secondary flow rate in the ejector. The mass flow ratio diverted to the

14

cooling section, yy, increases from 0 to 0.5046, and the mass flow ratio
diverted to the power section decreases from 1.5 to 0.9954 when the
turbine mass split ration changes from 0 to 1. It is noted that the mass
flow ratio diverted to the cooling section is constrained by the ejector
entrainment ratio.

As indicated in Fig. 6, the specific work produced per unit mass of
geothermal water decreases with the turbine mass split ratio, and less
power is used to liquefy air. When the split ratio changes from 0 to 1, the
liquid air produced per unit of geothermal water, parameter g, decreases
from 0.03664 to 0.01345, the thermal efficiency increases from 22% to
49% as shown in Fig. 13.

5.4. Effects of geothermal temperature

Heat source temperature is an important parameter for energy pro-
duction. The variations of the specific power and cooling output with
geothermal temperature during charging operation are given in Fig. 14.
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As the source temperature increases from 150 °C to 250 °C for a constant
cooling load of 4800 kW, the turbine mass split ratio decreases from
0.4207 to 0.365 in order to maintain the prescribed ejector outlet
pressure. As a result, the specific cooling load, qgeo,evap, remains at 48
kJ/kg, but the specific work produced by per kg of geothermal water and
per kg of CO3 increase from 39.64 kJ/kg and 31.79 kJ/kg to 68.74 kJ/kg
and 55.13 kJ/kg, respectively. With these increases in the specific work
produced per kg geothermal water, the liquid air produced per unit of
geothermal water, parameter g, increases from 0.02167 to 0.03758.
Therefore, more liquid is produced as the geothermal source tempera-
ture rises. Also, the thermal efficiency increases from 28.7% to 35% as
shown in Fig. 15.

The changes of the specific work produced by the CORC and the unit
mass of propane per unit mass of the liquid air, parameter o, with the
geothermal temperature are presented in Fig. 16. As more liquid air is
released during discharge operation, the parameter o decreases from

200 220 240
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Fig. 19. Effects of source temperature on net power output from the turbine ejector cogeneration cycle and CES during discharge operation.
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0.3421 to 0.1497 when the source temperature increases from 150 °C to
250 °C. As a result, the work produced per unit mass of liquid air de-
creases from 76.9 to 50.91 kJ/kg in the CORC. As the specific work
produced by per unit mass of liquid air decreases, the net work output
decreases from 537.7 kJ/kg to 511.7 kJ/kg. Therefore, the recovered
cold energy decreases from 258.4 kJ/kg to 149 kJ/kg liquid air as more
liquid air is released during discharging operation as indicated in
Fig. 17. Consequently, the round trip and exergy efficiencies decrease
from 43.52% and 62.06% to 36.12% and 54.73%, respectively as shown
in Fig. 18.

The liquid air flow rate increases with g at the high heat source
temperature, as a result, the net power output of the CES plant increases
from 6991 kW to 11,538 kW as the geothermal temperature varies from
150 °C to 250 °C. During the discharging operation, the available cold of
the liquid air can also be utilized in district cooling. For a constant
cooling demand, one portion of this demand is supplied by the liquid air,
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Fig. 21. Effects of parameter y on net power output from the CES plant and
parameter g.

the remaining portion of cooling demand is met by the turbine ejector
cogeneration cycle. The turbine mass split ratio decrease as the heat
source temperature increases. Consequently, the generated power in the
cogeneration cycle increases from 5477 kW to 9081 kW when the
geothermal temperature changes from 150 °C to 250 °C, as shown in
Fig. 19.

5.5. Effects of system size

The variations of the specific work and cooling load with the
normalized mass flow rate y are presented in Fig. 20. The specific work
and cooling load per unit mass of CO5 remain unchanged while the
normalized mass flow rate y increases from 0.5 to 2. On the other hand,
when the parameter y changes from 0.5 to 1.5, the specific power and
cooling output produced per unit mass of geothermal water increase
from 14.72 kJ/kg and 19.33 kJ/kg to 58.87 kJ/kg and 77.31 kJ/kg,
respectively.

The variations of the power generated from the CES plant and
parameter g with the normalized mass flow rate y are shown in Fig. 21.
The power is increased from 2709.7 kW to 9326.6 kW and the mass of
liquid air produced per unit of geothermal water, parameter g, rises from
0.008045 to 0.03218 kg liquid air per kg geothermal water when the
normalized mass flow rate, parameter y, increases from 0.5 to 2. This can
be explained as follows, the liquid air produced per unit mass of
geothermal water g increases with the normalized mass flow rate y. The
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increase in the parameter g affects the net power output because more
liquid air is released during charging operation.

The work produced per unit mass of liquid air in the CORC is affected
by the normalized mass flow rate, y, in two ways. Increasing y leads to a
temperature reduction of outlet stream from the main heat exchanger,
and thus the low temperature heat is supplied to the CORC, and as the
more liquid air is discharged, the specific work produced per unit mass
of liquid air in the CORC further reduces from 100.5 kJ/kg to 22.21 kJ/
kg as the parameter y increases from 0.5 to 2 (as displayed in Fig. 22).
This leads to a decline in the net specific work of the CES plant.

5.6. System performance justification

The turbine ejector cogeneration cycle produces 4800 kW cooling
and 4933 kW power in charging operation mode as indicated in section
5.1.2, all the produced power is used to liquefy air in the air liquefaction
cycle. In this operation mode, thermal and exergy efficiencies of the
turbine ejector cogeneration cycle are 31.0% and 59.3%, respectively.
The liquefaction cycle consumes 1829 kJ/kg per unit mass of air and
produces 27 g of liquid air for one kg geothermal water. During 6 h of
operation, 58.234 tons of liquid air are produced. During one hour of
discharging operation, all liquid air is discharged through the CORC to
generate 1342 kW power. The stored air supplied at a rate of 16.18 kg/s
provides 70% of the total 4800 kW cooling requirement by cold recov-
ery. The downstream is expanded through two consecutive turbines to
produce 7454 kW of additional power output. In the meantime, the
turbine ejector cogeneration cycle generates 6675 kW power and sup-
plies the remaining 1440 kW cooling demand. The total net power
output is 15,470 kW with 41.07% round trip efficiency, and the exergy
efficiency of the cryogenic energy storage is 60.43%. The system per-
formance under various scenarios are investigated, and in overall, the
system produces 510-540 kJ/kg liquid air with round trip efficiency in
the range of 40-45% and exergy efficiency in the range of 60-65%. In
the available literature, some studies demonstrated the similar perfor-
mance. Tafone et al. [40] proposed a system which has the round trip
efficiency in range of 42.60-52.55%. Yao et al. [41] carried out ther-
modynamic optimization of a combined cooling, heating and power
system with compressed air energy storage, and achieved the system
exergy efficiency of 53.04%. Bosch et al. [26] designed a stand-alone
cryogenic energy storage system operating in cogeneration regime to
supply power and cooling with a round trip efficiency of 42%. Zhang
et al. [28] developed a cryogenic thermoelectric generator for recov-
ering cryogenic energy, and noted that the overall round trip efficiency
is 29% and the combined cooling and power efficiency is 50%. By
referencing to these studies, it can be seen that the proposed system
exhibits competitive specific work output and exergy efficiency.

6. Conclusions

In this study, a geothermal power and cooling cogeneration system
with cryogenic energy storage is proposed, and the synergic operation
characteristics are investigated according to the first and second laws of
thermodynamics. Parametric analyses are carried out to assess the sys-
tem performance under different operating modes. Following conclu-
sions can be drawn based on results of this study:

e During 6 h of charging operation, the turbine ejector cogeneration
cycle produces 4800 kW cooling to meet the district cooling demand,
and 4933 kW power to liquefy air in the air liquefaction cycle, and
the cycle produces 27 g of liquid air for one kg geothermal water.
During this operation period, the energy and exergy efficiencies of
the turbine ejector cogeneration cycle are 31.0% and 59.3%,
respectively.

e During one hour of discharging operation, the cryogenic organic
Rankine cycle generates 1342 kW power. 58.234 tons of liquid air
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Fig. 22. Effects of parameter y on specific work output from the CORC and CES plant.

are discharged through the direct expansion cycle to provide 7454
kW of additional power output and meet 70% of the cooling demand.
During the discharging period, the turbine ejector cogeneration cycle
produces 6675 kW power and supplies 30% of the cooling demand.
The system total power output is 15,470 kW which is 3.14 times that
produced in normal operating mode, the system round trip efficiency
is 41.07%, the exergy efficiency of cryogenic energy storage is
60.43%.

During the discharging operation, the largest irreversibility is in the
turbine ejector cogeneration cycle accounting for 42.2%, and the
remaining portion of the exergy destructions is shared by direct
expansion cycle and CORC with 28.9% for both of them.

The system power output and cooling supply rates are increased by
reducing discharging period. The proposed direct expansion cycle
and CORC could supply up to 24,000 kW power and 9000 kW cooling
to the district based on 8 h of charging period and half an hour of
discharging period.

Turbine mass split ratio has direct effects on the power and cooling
output of the turbine ejector cogeneration cycle. As the mass split
ratio decreases from 1 to O, the specific work per unit mass of
geothermal water decreases from 67 kJ/kg to 24 kJ/kg, and the mass
of liquid air produced per unit of geothermal water, parameter g,
decreases from 0.03664 to 0.01345 (kg liquid air/kg geothermal
water).

Geothermal temperature is an important operating parameter, the
higher source temperature, the more power output. The specific
work output per unit mass of geothermal water increases from 39 kJ/
kg to 68 kJ/kg as the geothermal temperature changes from 150 °C
to 250 °C, the integrated system power output increases from 12,300
kW to 20,600 kW.

Normalized mass flow rate affects the amount of liquefied air, and it
is directly related to the system size. As it varies from 0.5 to 2, the
mass of liquid air produced per unit of geothermal water increases
from 0.008045 to 0.03218 and power output changes from 2700 kW
to 9300 kw.

The proposed system can be powered by the other energy sources,

such as waste heat, concentrated solar thermal energy. It appears that

integration of a cryogenic energy storage into a geothermal power and
cooling cogeneration system is a promising solution to fluctuating power
and cooling demands. For the future work, the system performance
under realistic load state with economic consideration will be
investigated.
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