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Abstract—Distributed compressed air energy storage (D-CAES) cycle is attractive —environmentally friendly energy
storage option in small scale for stand-alone power generation using renewable energy sources. This work aims to
enhance the overall performance of D-CAES through turbine multi-operating point optimization. The dynamic
modelling for the cycle was carried out using Matlab/Simulink for both charging and discharging phases in order to
identify small turbine operating map. In D-CAES operation, there is a significant variation in air thermodynamic
properties and as a result the turbine was optimized for a range of operating condition by using CFD modelling and
genetic algorithm optimization to achieve higher efficiency levels during discharging phase. The multi-operating
point turbine optimization approach could improve the D-CAES cycle overall efficiency by 8.69%.
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I. INTRODUCTION

In recent years, the use of renewable energy
sources for electricity generation has grown rapidly
over the world. Although the technology of using
renewable energy has matured, it is still unable to
meet electricity consumer’s demand due to
significant variations in weather conditions over
time which make renewable sources uncontrollable
and unpredictable energy supplier. To enable more
development of using renewable resources for
sustainable power production there is a great need
to implement energy storage technology to
maintain electricity supply and facilitate the use of
renewable energy sources for different applications.
The common massive energy storage technologies
include: batteries, pumped hydro, flywheels, and
compressed air energy storage [1-3].

Compressed air energy storage (CAES) is a
valuable promising storage technology for cost
effective  environmentally friendly electricity
generation with high storage capacity. Large CAES
is a proven technology and its history back to the
first power plant in 1978 Huntorf, Germany with
large underground cavern with an output power of
290MW for four hours. The second CAES plant is
Mclintosh Alabama in USA which could produce
110MW for 26 hours [4-6]. In large conventional
CAES, the air entering the turbine is heated by the
combustion of gases which increase the fuel
consumption and CO2 emissions. Also, there is a
significant loss in heat during compression stage
which affects the cycle efficiency. Furthermore,

the development of conventional CAES based on
renewable energy has limitations due to complex
geological characteristics of large underground
caverns [7, 8].

The new focus on developing CAES aims to
improve the cycle overall efficiency through
several alternative CAES configurations which
have been proposed as innovative cycles for higher
performance. These developed CAES cycles
include: Advanced Adiabatic CAES (A-A-CAES)
which aims to store the lost heat during
compression stage by applying thermal energy
storage (TES); Isothermal CAES which aims to
prevent any heat exchange externally in order to
achieve closely isothermal compression using
atomized water injection; and small CAES or
distributed compressed air energy storage (D-
CAES)[9-12].

Small and medium distributed stand-alone power
generation at consumption point can be achieved
using small high pressure air receiver for cost
effective and clean operation. In small CAES the
air can be compressed in man-made pressurized
vessels up to 300 bars for distributed power cycle
with an overall efficiency up to 50% [1].

Small CAES offers many advantages which
include: long cycle time, safe technology,
environmental friendly, high storage capacity
compared with batteries, can be ingenerated with
renewable energy sources for cost effective
electricity supply, less installation restrictions,
appropriate for distributed power generation, long
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expander operating life time, non-toxic, and simple
manufacturing [11]. However, this technology is
not proven yet and further research is required to
improve cycle efficiency. Furthermore, the
discharge pressure varies and the expansion device
works deeply in off-design operating conditions
which lead to significant loss in turbine efficiency
and overall cycle performance [2].

A detailed analysis of mini scale CAES cycle
was carried out by Khamis et al (2011) for a system
with pressure vessel of 270L at 11 bars for
electricity generation based on micro turbine with
800RPM. The system could only obtain 8 VAC and
the design goal was 12 VAC and this gap is due to
the drop in pressure and temperature entering to
micro turbine. Also increasing inlet turbine
pressure reduces the tank discharge time [13].

Villela et al (2010) proposed small scale
compressed air storage system for power
generation in residential unit. The main focus on
this study was to develop small CAES system
integrated with solar PV panel as energy source and
fluid piston as expansion device. This work found
that the system performance is correlated with
compressor RPM and the efficiency of piston
expansion device [14].

The implementation of the technology of
thermal energy storage (TES) in D-CAES is one of
key research areas in developing CAES for more
efficient power production. There is a novel
proposed CAES integrated with TES introduced by
Jannelli et al 2014. In this work, a numerical
methodology for D-CAES power plant sizing was
presented. The implementation of TES with
intercooling compression and inter heating
expansion could save 17% of the required cooling.
However, in this proposed cycle configuration the
PV unit was oversize to meet the energy daily
consumption[15].

The feasibility study on small CAES for portable
electrical and electronic devices application based
on micro turbine was introduced by Paloheimo et
al. (2009). This study concluded that the power and
efficiency of small CAES unit depend on turbine
efficiency and further developments in turbine
design are required for such applications [16].

It is obvious from the review that the D-CAES
cycle performance is correlated with turbine
efficiency which is characterized by operating
conditions. Due the variations in CAES discharging
pressure (turbine inlet pressure) and mass flow rate,
the turbine works in off design mode. In this paper,
theoretical investigation on 1kW distributed CAES
driven by solar PV model with an implementation
of TES was presented. Multi operating point
turbine optimization was carried out based on CFD

modelling and GA optimization to maximize
turbine efficiency in order to identify an efficient
novel blade design for multi operating conditions.

II. D-CAES CyCLE CONFIGURATION

In this study, small distributed (D-CAES) based on
solar PV as energy source is proposed. The CAES
cycle is implemented with TES for storing lost
thermal energy during compression phase. Fig.1
shows the proposed cycle configuration which
consists of:

e Solar PV as a motor or generator that
provide the energy source for air
compressor operation.

e Air compressor which is required for air
compression in small pressure vessel.

e Small CAES which is high pressure
cylinder to store the energy in a form of
compressed air.

e Micro turbine in which the energy can
be extracted via air expansion.

Compressed
Air Storage
Tank

Fig.1 Proposed D-CAES Cycle Configuration

As can be seen the solar PV can be used to run the
compressor to store the energy in a form of
compressed air and the stored energy can be
recovered to generate electricity by air expansion
through micro turbine. The air entering the turbine
can be heated up using TES. The overall
performance of this cycle depends on the



thermodynamic performance of CAES for both
charging and discharging phases. During the
expansion phase, the cycle overall performance is
correlated with micro turbine efficiency.

I11. D-CAES DYNAMIC MODELLING

The CAES system can be described as unsteady
open system due to the significant variations in air
temperature, pressure and mass for both charging
and discharging processes [17]. For the proposed
small D-CAES, the cycle was modelled in
Matlab/Simulink in order to define dynamic
properties of the system and to identify turbine
operating conditions. The Matlab/Simulink offers
the advantage of using integrators to determine the
instantaneous air properties (pressure, temperature
and mass) for different cycle components as shown
in Fig. 2.

Compression Phase

Expansion Phase

i

D)

thargng L
Discharging

Power T

Fig. 2 Matlab Simulink Blocks for CAES Cycle

A. Compression phase:

In compression phase, the atmospheric air is
compressed with the compressor train for desired
pressure ratio and mass flow rate. The outlet
pressure and temperature of the air leaving the
compressor can be calculated according to:

Pc,out = Pamb * T¢ 1)
ne-1
Tc,out = Tamp * (T[c) e (2)
Where:

the outlet pressure and

pc,out’ Tc,out are
temperature.

Pambs Tamp are the atmospheric pressure and
temperature.

. is the compressor pressure ratio.

n. is the polytropic index for the compressor.

The compressor power can be calculated as:

ne—1

1 .
= Emc,aCPTamb [”c ne —1 (3)

B. THERMAL ENERGY STORAGE(TES):

Thermal energy storage is the technology that can
store thermal energy at certain temperature by
changing material internal energy. This can be can
be achieved through sensible heat storage (SHS),
latent heat storage (LHS), and bond heat storage
(BHS) [18, 19]. To restore the thermal energy
dissipated during compression phase and to reheat
the air entering the turbine, TES was implemented
in the cycle to produce adiabatic system. For solar
power plant heat storage, solid media sensible heat
storage is attractive thermal energy storage
technology due to simplicity, and cost. The
concrete as a sensible heat storage was developed
by German Aerospace Centre for solar power
application. The ability of concrete as a favourable
storage media was proven and could store thermal
energy up to temperature of 400°% [20]. In this
study, the concrete is used as sensible heat storage
for the D-CAES cycle as shown in Fig.3 and the
heat balance in the TES can be expressed as
following:

CAES (Tin) Compressor

Insulation
(Tout)

Exchanger
\ Concrete Thermal Energy
Storage

Turbine
CAES (Tout) (Tin)

Fig. 3 TES system with heat exchanger

dTrtes _ .
mTESCP(TES) acr compression —

(4)

Where the prgs is the density of TES (2750kg/m3),
Cp(res) Is the specific heat of TES (916J/Kg.K),
is the heat generated during

CIéxpansion — Gioss

qcompression



COMPression, Qeypansion 1S the heat required to
reheat the air entering the turbine during expansion
stage, and qj, IS the heat lost to the surrounding.

C. AIR STORAGE TANK:

For the storage tank and by assuming the tank is
adiabatic with constant volume, both the charging
and discharging phases can be described using
ideal gas equation as:

dp _ d (mRT\ _ Rd
= w () = JamD) ®)
For the ideal gas:

y-1
% = constant (6)

Equation (6) can be written in a form of
derivation terms as:

et a1 )

Using equations (5) and (7) the rate of temperature
change can be determined as:

ar _ 1 1 s in pin s outpout
[dt] - (1 - _) [”lairTair - Myir Tair ]
tank

Matank 4
(10)

Where mg, . is the instantaneous air mas in the

tank which can be expressed as:

tr . .
Maygnie = fo [min - mgut] dt (11)

D. EXPANSION PHASE:

In this phase, the compressed air is expanded
through a small turbine to extract the sored energy.
The air entering the turbine is withdrawn from the
storage tank at nearly ambient temperature and
passed through TES for increasing turbine inlet
temperature. The output power of the turbine can
be determined as:

, ng—1
Py =1 Cp, Tegir [1 —(m) ™ ] (12)

Where 1, is discharge mass flow rate and T/%;.. is
the temperature of the air leaving TES and entering
the turbine.

Using the previous thermodynamic correlations, the
D-CAES system was modelled using Math lab
Simulink to identify the operating map and design
specifications of the small turbine. To increase the
potential of D-CAES for energy production

applications, the discharge phase (expansion
process) needs to be improved for higher system
overall efficiency [21]. From turbine design point
of view, the turbine is designed for unique
identified operating point for certain output.
However, in actual turbine operation, there is a
high possibility that the turbine will be operated for
a range of operating conditions leads to variations
in turbine performance levels [22].

The primary aspect to increase the system
performance is improving the turbine efficiency in
off design operating modes. In D-CAES, the
turbine works deeply in off design conditions as a
result of inlet air properties variations. The inlet
pressure can be controlled using pressure regulating
valve. However, the controlled discharging
pressure leads to change in mass flow rate and
cycle performance as[23, 24]:

, ) ,Tn,

Mactual = mref-f;f Tf (13)
Ah 2

Nactual = Nref [1 - (J% - 1) ] (14)

TABLE |

Simulink Model Parameters:

Parameter Unit Value
Ambient temperature k 290
Ambient Pressure bar 1
Compressor flow rate Kg/sec 0.2
Compressor efficiency [-] 0.86
Turbine mass flow rate Kg/sec 0.1
Max tank Pressure bar 10-20
Air Tank volume litter 1000

IV. TURBINE MULTI-POINT OPTIMIZATION

The turbine design optimization is normally
conducted by redesigning blade profile for a certain
operating condition (design point) and this
approach is known as single point optimization.
However, in D-CAES expansion phase, the turbine
is run for a wide range of operating conditions




leading to that the turbine works deeply in off
design conditions for long time.

Fig. 4 Turbine Optimization Strategy

A multi-point optimization is an optimization
approach which is performed for a range of
operating conditions to ensure that turbine has
acceptable performance levels at this operation
range. This can be achieved by using genetic
algorithms (GA), design points database generated
by design of experiment (DoE) approach [25].

The multi-point optimization approach aims to
stabilize turbine mass flow rate (avoiding stall
region) which can be achieved by blade curvature
variations to predict turbine performance for
different inlet conditions [26]. Fig.4 shows the
optimization strategy using ANSYS CFX 15.

V. RESULTS:

The thermodynamic analysis of CAES for both
charging and discharging using thermodynamic
relations was conducted. This analysis can define
the energy required for storage tank charging as
well as the amount of the energy that can be stored
in the system. The energy required for charging
stage was calculated for two tanks 200L, 400L, and
1000L as shown in Fig.5 The amount of tank
charging energy is dependent upon the charging
entire pressure.

25

1000L Tank
200L Tank
400L Tank

15

0.5

Tank Charging Energy [kWh]

Tank Pressure [bar]

Fig. 5 Energy Required for Charging CAES Tank

The stored energy in the system is shown in Fig 6
and 7 in terms of energy density [Whrs/Lit] and
specific energy [Kkj/kg] for both adiabatic and
isothermal calculations. As can be seen the
calculated energy by isothermal equations is higher
than adiabatic due to the assumption that the
temperature of the air remains constant which
actually cannot be achieved. The stored energy is
calculated for a range of entire tank pressure (100-
5000kpa) and the maximum stored energy was
(4.874 Whrs/Lit) in isothermal charging and (2.109
Whrs/Lit) in adiabatic process.
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Fig. 6 Energy Density for different Pressure
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Fig. 7 Specific Energy for different Pressure

The discharging air pressure of tank is a key
parameter in evaluating the performance of
distributed CAES cycle as well as the cycle
operation time. Fig.8 and Fig.9 show the variations
in tank pressure for controlled and uncontrolled
discharging pressure for different maximum tank
pressures. These curves represent the micro turbine
operating map and cycle operation time estimation.
The tank discharge time can be increased as shown
in figure 13 by discharging tank at controlled
pressure. As a result the cycle operation time can
be increased by (560seconds) and this controlled
pressure also can provide stable inlet conditions for
micro turbine.
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Air Tank Volume: 1000L
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Fig. 8 Air Tank Discharging for max. Tank Pressure 10 bar
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Fig. 9 Air Tank Discharging for max. Tank Pressure 20 bar

As shown in Fig.10 there is a reduction in mass
flow rate which leads to that the turbine will work
deeply in off design mode and this leads to
decrease the performance levels like output power
which is effected significantly by mass flow rate
variations as can be seen in Fig.11.
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Fig. 10 Turbine inlet mass flow rate variations
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Fig. 11 Turbine output power for different mass flow rate
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For the proposed D-CAES axial turbine is selected
as it can be operated at low inlet pressure with high
efficiency levels compared with radial with
required inlet pressure of 4-5 bars and with
rotational speed greater than 65,000 RPM to
achieve higher efficiency[27]. As a result of
variations in mass flow rate, the axial turbine multi-
operating point optimization was performed using
ANSYS CFX 15 and GA approach for turbine
profile optimization in off-design operation modes.
Fig.12 shows a comparison between optimized and
un-optimized rotor blade profiles for different inlet
mass flow rate [0.07-0.1kg/sec] and as can be seen
there is significant change in blade solidity
compared with original design to handle different
inlet mass flow rate values. The multi-operating
point approach can improve the overall efficiency
of D-CAES by 8.69% as shown in Fig.13.

ZOrigi nal Design

R

Optimized Design

Fig. 12 Comparison between optimized and un-optimized
turbine rotor profiles.
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Fig. 13 Comparison between D-CAES overall Efficiency for
both optimized and un-optimized turbine

V1. CONCLUSION

In this Work, The dynamic modelling of
Distributed compressed air energy storage (D-
CAES) cycle was conducted using
Matlab/Simulink in order to define the design
parameters of turbine expander. This work aims to
improve the overall performance of D-CAES
through turbine multi-operating point optimization.
In D-CAES operation, there is a significant
variation in air thermodynamic properties which
leads to considerable turbine loss and as a result the
turbine design was optimized for a range of
operating condition using ANSYS CFX modelling
and genetic algorithm optimization to achieve
higher efficiency levels during expansion process.
The multi-point optimization approach could
improve the D-CAES efficiency by 8.69%.

REFERENCES

1. Ibrahim, H., A. llinca, and J. Perron,
Energy storage systems—characteristics
and comparisons. Renewable and
sustainable energy reviews, 2008. 12(5):
p. 1221-1250.

2. Petrov, M.P., R. Arghandeh, and R.
Broadwater. Concept and application of
distributed compressed air energy storage
systems integrated in utility networks. in
ASME 2013 Power Conference. 2013.
American  Society of  Mechanical
Engineers.

3. Lemofouet-Gatsi, S., Investigation and
optimisation of hybrid electricity storage
systems based on compressed air and
supercapacitors. 2006, Citeseer.

4, Safaei, H. and D.W. Keith, Compressed
air energy storage with waste heat export:
An Alberta case study. Energy Conversion
and Management, 2014. 78: p. 114-124.

5. Cavallo, A., Controllable and affordable
utility-scale electricity from intermittent
wind resources and compressed air energy
storage (CAES). Energy, 2007. 32(2): p.
120-127.

6. Kim, Y.-M, et al., Potential and evolution
of compressed air energy storage: energy
and exergy analyses. Entropy, 2012.
14(8): p. 1501-1521.

7. Li, S. and Y. Dai, Design and Simulation
Analysis of a Small-Scale Compressed Air
Energy Storage System Directly Driven by
Vertical Axis Wind Turbine for Isolated
Areas. Journal of Energy Engineering,
2014: p. 04014032.

8. Fort, J., Thermodynamic analysis of five
compressed-air energy-storage cycles.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

NASA STI/Recon Technical Report N,
1983. 83: p. 28712.

Kim, Y. and D. Favrat, Energy and exergy
analysis of a micro-compressed air energy
storage and air cycle heating and cooling
system. Energy, 2010. 35(1): p. 213-220.
Linnemann, C. and M.W. Coney, The
isoengine: realisation of a high-efficiency
power cycle based on isothermal
compression. International journal of
energy technology and policy, 2005. 3(1-
2): p. 66-84.

Rogers, A., et al. Compressed air energy
storage: Thermodynamic and economic
review. in PES General Meeting|
Conference & Exposition, 2014 IEEE.
2014. IEEE.

Zunft, S., et al. Adiabatic compressed air
energy storage for the grid integration of
wind power. in sixth international
workshop on large-scale integration of
wind power and transmission networks for
offshore windfarms. 2006.

Khamis, A., et al. Development of mini
scale compressed air energy storage
system. in Clean Energy and Technology
(CET), 2011 IEEE First Conference on.
2011. IEEE.

Villela, D., et al. Compressed-air energy
storage systems for stand-alone off-grid
photovoltaic modules. in Photovoltaic
Specialists Conference (PVSC), 2010 35th
IEEE. 2010. IEEE.

Jannelli, E., et al., A small-scale CAES
(compressed air energy storage) system
for stand-alone renewable energy power
plant for a radio base station: A sizing-
design methodology. Energy, 2014. 78: p.
313-322.

Paloheimo, H. and M. Omidiora. A
feasibility study on Compressed Air
Energy Storage system for portable
electrical and electronic devices. in Clean
Electrical Power, 2009 International
Conference on. 2009. IEEE.

Grazzini, G. and A. Milazzo, A
thermodynamic analysis of multistage
adiabatic CAES. Proceedings of the IEEE,
2012.100(2): p. 461-472.

Ateer, O.E., Storage of thermal energy.
Encyclopedia of Life Support, 2006.
SOCACIU, L.G.,, Seasonal sensible
thermal energy storage  solutions.
Leonardo Electronic Journal of Practices
and Technologies, 2011(19): p. 49-68.
Laing, D., et al. Concrete storage for solar
thermal power plants and industrial
process heat. in 3rd International
Renewable Energy Storage Conference
(IRES 2008), Berlin. 2008.

21.

22.

23.

24,

25.

26.

27.

Safaei, H. and M.J. Aziz. Thermodynamic
Analysis of a Compressed Air Energy
Storage Facility Exporting Compression
Heat to an External Heat Load. in ASME
2014 12th Biennial Conference on
Engineering Systems Design and Analysis.
2014. American Society of Mechanical
Engineers.

Kim, T.S. and S.T. Ro, Effect of control
modes and turbine cooling on the part
load performance in the gas turbine
cogeneration system. Heat Recovery
Systems and CHP, 1995. 15(3): p. 281-
291.

He, F., et al., Operation window and part-
load performance study of a syngas fired
gas turbine. Applied Energy, 2012. 89(1):
p. 133-141.

Li, Y., et al., A trigeneration system based
on compressed air and thermal energy
storage. Applied Energy, 2012. 99: p.
316-323.

Demeulenaere, A., A. Ligout, and C.
Hirsch.  Application of  multipoint
optimization to  the design  of
turbomachinery blades. in ASME Turbo
Expo 2004: Power for Land, Sea, and Air.
2004. American Society of Mechanical
Engineers.

Thevenin, D. and G. Janiga, and
Computational Fluid Dynamics. 2008.
Bao, J. and L. Zhao, A review of working
fluid and expander selections for organic
Rankine cycle. Renewable and Sustainable
Energy Reviews, 2013. 24: p. 325-342.





