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ABSTRACT

Integrating energy storage technology with
renewable energy can improve largely the penetration
ofirenewable energy. A novel energy storage system
based on compressed air energy storage, electrical
heater and Kalina cycle is thus proposed. This work
focuses on demonstrating the feasiblity and
effectiveness of the hybrid system for achieving the
energy cascade utilization through parametric analysis.
Results show that within certain ranges, higher
discharging pressure and lower electrical heating
temperature are beneficial for increasing round trip
efficiency of the hybrid system. Decreasing discharging
pressure and increasing separator pressure would reach
higher power production of the Kalina cycle turbine.
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Abbreviations
CAES Compressed air energy storage

PHS Pumped hydro storage
€H-CAES Combined heat and CAES
RTE Round trip efficiency

TES Thermal energy storage
KC Kalina cycle

Symbols

X Ammonia concentration
h Specific enthalpy (J-kg™?)
A Ratio of specific heats

1. INTRODUCTION

Compressed air energy storage (CAES) has been
considered as one of the two mature and commercially
acceptable large-scale energy storage technologies [1].
Nowadays, there have been two commercial diabatic
CAES power plants built in the world. One was 290 MW
plant commissioned in Huntorf, Germany, 1978, and the
other was 110 MW plant commissioned in Mecintosh,
Alabama, USA, 1991 [2].

In order to solve the problems of greenhouse gas
emission and low round trip efficiency in diabatic CAES
plant [3]. Adiabatic CAES (A-CAES) system is a new
development direction based on diabatic CAES plant [4].
However, CAES energy density cannot be sufficient just
rely on the compression unless to increase the size
condition of air cavern or employing higher storage
pressure. Recently, resistance heating is considered as a
promising method to solve the above problem for
increasing the system energy capacity without any
configuration refactoring.

Considering redundant heat stored in TES by
introduction of electrical heater, a thermodynamic cycle
is necessary to recovery the residual heat for efficiency
improvement. Kalina cycle (KC) which can convert
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thermal energy to usable power has attracted more
attention. Zhao et al. [5] proposed a CAES-KCS6 system
to recovery the heat energy from high temperature
exhaust of low pressure turbine. Li et al. [6] made a
comparison between the KC-CAES system and ORC-
CAES system, and results showed that it was more
feasible to choose the KC as the bottoming cycle of
CAES system. In order to reduce the loss of heat stored
in the thermal energy storage vessel, Li et al. [7] further
designed a KC-ACAES system.

In this paper, a novel combined thermal and
compressed air energy storage (CH-CAES) system
integrated with a Kalina cycle is proposed, denoted as
CH-CAES-KC. A Kalina bottoming cycle is employed to
recycle the residual heat of thermal oil for efficiency
improvement. Parametric analysis is carried out to
investigate variation in system performance. The
system can achieve the energy cascade utilization and
obtain higher system efficiency, making it more
competitive in energy storage and supply.

2. SYSTEM DESCRIPTION

Fig. 1 represents the schematic diagram of the CH-
CAES-KC system. During charging process, the ambient
air _is. compressed by three compressors, while the
compression heat is recovered in the three coolers by
thermal oil. Afterwards, the thermal oil is further
heated up by electrical heater. During discharging
process, the pressurized air passes through the throttle
valve 2 to keep a constant pressure. At the same time,
the high-temperature thermal oil is divided into three
streams which are fed to the corresponding heaters to
heat the inlet air of the turbines. Afterwards, high-
temperature and high-pressure air expands in the air
turbines to generate power. Considering the exhaust of
the low-pressure turbine still has a high temperature, a
recuperator is employed to recycle the rest heat energy.

In the bottom cycle, the basic solution is first
heated by ammonia-poor liquid and is heated again by
thermal oil. After two-stage heating, the ammonia-
water two-phase mixtures are separated to ammonia-
rich vapor and ammonia-poor liquid. The ammonia-rich
vapor flows through the KC turbine to produce power.
Next, the ammonia-poor liquid at the exit of the
recuperator passes the throttle valve 3 and mixes with
the exhaust of KC turbine. Finally, the mixture is
condensed to saturated liquid by cooling water.

3., THERMODYNAMIC MODEL
The mathematical model of the proposed system
was established based on energy and mass conservation

laws. To simplify the investigations, the CH-CAES-KC
system is assumed with steady state condition and air is
assumed as an ideal gas. There are no pressure/heat
losses in the heat exchangers, separator and pipelines.

Electrical heater P2

Air cavern

Valve 1 Valve2 18

Recuperator

Fig. 1. Layout of the CH-CAES-KC system.
3.1 CH-CAES section

For compressor and turbine, the powers are [8]:
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For coolers and heaters:

maircp,airATair = moilcoilAToil (3)

For the electrical heater:
Opy = 1MyCoy (Ty = Tg) 4
As air passes through the throttle valve, its specific
enthalpy remains constant and the temperature of air
at cavern outlet is equal to ambient temperature:
I,=T,, hy=h, (5)

3.2 Absorption power cycle section

For the vapor generator [9]:

0, =my5C,y (Tys = Tyg) = ring, (hyy — by ) (6)
For the separator[9]:

My = Mg, + 1 (N
Mg X oy = Mg, X oy + 106X o ®
Power produced by KC turbine can be given as:

WKT = 11y, (hoy — hys) )

For the regenerator and throttle valve 3:
m% (h06 _ho7) = moz (hoz _hm) ) hm = hox (10)

The mixing process of ammonia-poor liquid and
exhaust of the KC turbine:
migshys +mgghyg = mghy (11)

For the condenser:
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1ty (hog = hgg) =1y, (hyy, —hyy)) (12)
The power consumption of the pump is:

Wy =g, (hyy = hyy) (13)
Net output power of the Kalina cycle is:

Wie =Wir =W, (14)
The exergy at each stream is identified as [10]:

Ejsz[(hf_hO)_T0<Sj_50)] (15)

Round trip efficiency (RTE) is defined as:

(ZWdch)'Tdch
(chh +0py )Tch
Moreover, the thermal efficiency () and exergy

efficiency (nexg) of the Kalina cycle can be expressed as:
Wie Tun _ WKC T 17
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4. RESULTS AND DISCUSSION

The charging/discharging periods of the CAES are
both set to 6 hours and the power generation of air
turbines is fixed at 10 MW. Default operating
parameters are listed in Table 1.

Table 1

Default conditions of the CH-CAES-KC system.
Parameter Unit Value
Ambient pressure MPa 0.1013
Ambient temperature K 293.15
Charge pressure MPa 7.2
Discharge pressure MPa 4.6
The electrical heating temperature K 573.15
Isentropic efficiency of air - 0.84
compressor

Isentropic efficiency of air turbine - 0.88
Isentropic efficiency of pump - 0.70
Ammonia mass fraction - 0.60
Separation temperature K 383.15
Separation pressure MPa 1.6

4.1 Effect of discharging pressures

Fig. 2 shows the variation of the RTE of both the
€H-CAES and CH-CAES-KC systems, thermal efficiency,
exergy efficiency, power production of the KC turbine
and power consumption of the pump with altering the
discharging pressure. As can be seen, the increasing
discharging pressure improves the RTE of both the CH-
CAES and CH-CAES-KC systems. On the other hand, the
CH:CAES-KC system is more efficient than the system
without KC with a 1.68-2.04% enhancement. Moreover,
itmcan be seen that the power production of the KC

turbine and power consumption of the pump are
decreased gradually while the thermal efficiency and
exergy efficiency of the Kalina cycle changed little.
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Fig. 2. Effect of discharging pressure on the system
performance.

4.2 Effect of electrical heating temperature

As the electrical heating temperature increases,
the RTE of both systems show a decreasing trend and
the power production of the KC turbine and power
consumption of the pump show an increasing trend, see
Fig. 3. With the electrical heating temperature varying
from 270 K to 340 K, the RTE of CH-CAES-KC system is
1.44-2.27% higher than that of the CH-CAES system. The
thermal efficiency of the KC remains unchanged and the
exergy efficiency of that increases first and then
decreases but changes little.
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Fig. 3. Effect of the electrical heating temperature on the
system performance.

4.3 Effect of separation temperature

Fig. 4 gives the effect of separation temperature on
the system performance. With the increase in
separation temperature, the RTE of both systems are
always unchanged. Moreover, the output power
generated by KC turbine and the power consumed by
pump all decrease. So it's easy to obtain by calculation
that the net power produced by KC increases first and
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then decreases in general, but this changes reflected in
the thermal efficiency and the exergy efficiency of the
KC varies a small scale.
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Fig. 4. Effect of the separation temperature on the system
performance.

4.4, Effect of separation pressure

Fig. 5 exhibits the effect of separation pressure on
the system performance. It can be observed that the
exergy efficiency of the KC ranges from 16.53% to
2761% and the thermal efficiency is raised from 3.83%
t0:9.78% with the increase of separation pressure.
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Fig. 5. Effect of the separation pressure on the system
performance.

5. CONCLUSIONS

This paper proposes a novel hybrid energy
storage  system  (CH-CAES-KC). The significant
conclusions are: within certain ranges, higher
discharging pressure and lower electrical heating
temperature are beneficial for increasing RTE of the
hybrid system while separation temperature and
separation pressure have little influence on RTE of the
hybrid system; increasing separation pressure and
electrical heating temperature, decreasing discharging
pressure and separation temperature would reach
higher power production of the KC turbine and power

consumption of the pump; In addition to the separation
temperature and pressure, other parameters have little
influence on the thermal efficiency and exergy
efficiency of the absorption power cycle.
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