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Abstract

A thermodynamic and techno-economical analysis of a Compressed Air Energy Storage
system subjected to an exogenous periodic electricity price function of the interconnec-
tion is presented. The fundamental parameters affecting the thermodynamic perform-
ance and the techno-economical cost-benefit indices are identified and corresponding
optimisation problems are formulated. The results of the analysis permit to obtain the
optimal values of the fundamental plant parameters to be used in the design process.
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1. Introduction

The largest share of the energy generated
by a gas turbine is consumed by its compressor.
This fact combined with the fluctuations in the
demand for power and its consequent time of use
pricing formed the motivation for the develop-
ment of the Compressed Air Energy Storage
(CAES) technology. The CAES technology con-
sists of converting excess base load energy into
stored pneumatic energy by means of a compres-
sor for a later release through a gas turbine
(turbo-expander) as premium peaking power. As
the operation of the compressor is decoupled
from the operation of the turbo-expander the
whole amount of power produced by the turbo-
expander is available at the generator terminals
(except for minor electro-mechanical losses).

Although storage is a major component in
CAES, this technology is not a pure storage sys-
tem as fuel is added to the compressed air in a
combustor prior to its expansion through the
turbo-expander. An adiabatic alternative can be
considered (without fuel consumption), however
its viability should be assessed as the outcome of
a techno-economical analysis and is therefore a
design option. Therefore CAES, although an
energy storage technology, is a hybrid system
which includes both storage and generation from
fuel consumption, unless the adiabatic alternative
is adopted.

The CAES system consists of two major
parts. The first is the machinery, which includes

typical elements of an industrial gas turbine, with
possibilities of intercooling the air during the
compression process, or aftercooling, reheating
and recuperating as design options. The second
part of the system is the underground com-
pressed air reservoir, which can be either of a
constant pressure type, e.g. an aquifer or a de-
pleted gas reservoir, or of a constant volume type
(variable pressure), e.g. a salt dome cavern.
Other types of reservoirs like excavated caverns
in hard rock with or without a water compensat-
ing system to maintain an almost constant pres-
sure, or abandoned mines have been considered.
The reservoir technology, utilised over the last
fifty years for seasonal natural gas storage, can
be applied almost without variation to store
compressed air for the CAES system.

The significant difference between peak
and off-peak prices has created the motivation to
develop energy storage technologies. Electric
utilities often apply energy storage methods to
meet daily, weekly and seasonal variations in the
power load demand. Electric energy storage
technologies exist for many years. The main
proven technologies are pumped hydro, battery
storage and flywheel energy storage.

Although all the components of a Com-
pressed Air Energy Storage system represent
proven technologies, their combination reached
only very recently (with the commissioning of
the CAES plant in Alabama, U.S.A.) the status of
a proven technology, which has many inherent
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advantages. However, its implementation as a
commercial one is in its beginning. A 290 MW
CAES power plant has operated successfully
since 1979 in Huntorf, Germany. The first unit
(110 MW) of a 220 MW power plant was com-
missioned in 1991 in the USA by Alabama Elec-
tric using a salt-dome reservoir at the McIntosh
site. A CAES 30MW pilot plant is being con-
structed in the island of Hokkaido, Japan. A
300MW CAES plant is being planned for con-
struction in Mount Sedom, Isracl. Another CAES
plant is being considered for Taiwan. ESKOM,
the South African Electric Utility considers too
the option of a CAES plant for energy storage
purposes.

The thermodynamic cycle parameters
which affect the performance of the CAES sys-
tem were identified and optimised in numerous
papers e.g. Vadasz et al. (1989), Vadasz and
Weiner (1988), Vadasz et al. (1987), Vadasz and
Weiner (1986), although some of them consider
a simplified CAES system, i.e. without reheaters
or recuperator. The thermodynamic analysis is
closely related to the techno-economical analysis
and optimisation of the machine.

Novel CAES alternatives were proposed by
Schnaid, Weiner and Brokman (1995) for com-
bined production of power and cold and others
were reviewed by Touchton (1996) suggesting a
CAES cycle which is essentially a derivative of a
Cascaded Humidified Advanced Turbine system
(de Biasi, 1995).

The thermodynamic performance of the
CAES system has a direct impact on the techno-
economical viability of the plant as it affects its
running cost component. The objective of the
present paper is to present some results of a per-
formance analysis and to indicate how the differ-
ent thermodynamic parameters affect the effi-
ciency of a general CAES system, i.e. including
intercoolers, reheaters and a recuperator . Ulti-
mately, a techno-economical optimisation util-
ises the performance analysis results to come out
with the optimal design solution.

The following analysis although assumes a
constant pressure type of reservoir can be easily
adapted to apply for other types of reservoirs as
required.

2. Thermodynamic Analysis

The CAES system consists of a compressor
for charging the air into the reservoir, a combus-
tion chamber and a turbo-expander, as presented
in Figure 1. A motor/generator is connected
through clutches to the compressor and the tur-
bine. While in the charging mode the motor
which uses off-peak power drives the compressor
to inject the air into the reservoir. During peak
periods the CAES system is operated in the dis-
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charging mode. Then, the compressed air is re-
leased from the reservoir and introduced into the
combustion chamber where fuel is added and
combusted to provide high temperature gases.
The combustion gases expand through a turbine,
that drives the generator to provide peaking
power. A particular alternative design is possible
by considering thermal storage techniques to
accumulate the heat of compression for a later
utilisation during the discharging process. Then
the combustion chamber can be excluded, there-
fore providing a fuel independent system. This
option is referred to as the adiabatic CAES alter-
native.

Reheaters

Compressor
Train

Generator

Exhaust

Reservoir

Figure 1. Schematic description of a com-
pressed air energy storage system.

Previous studies, e.g. Vadasz, Pugatsch and
Weiner (1989) considered a performance analy-
sis of a CAES system without reheaters and pro-
vided a method of analysis to maximise the effi-
ciency. One of the significant results from
Vadasz et al. (1989) was the very narrow design
space for the adiabatic alternative and the corre-
sponding low efficiency associated with this
adiabatic option. For this reason in the present
paper the adiabatic design option is not consid-
ered, but reheating stages during the expansion
process are included and expected to provide an
insight on the degree of attractivity to include

reheaters in the design of CAES systems.

A CAES thermodynamic cycle is presented
in Figure 2 on a T-s diagram. The processes in-
volved are as follows:

1-2' : Compression processes, involving (n-1)
intercooling stages and one aftercooling
stage (the nth stage) 2'-3.

2'-3 : An aftercooling process as mentioned
above.

3-4 : Constant pressure (almost) preheating in
the recuperator.



4-5 : Constant pressure (almost) combustion in
the combustor.

5-6' : Expansion processes, involving (m-1) re-
heating stages.

6'-7 : Constant pressure heat transfer in the recu-
perator.

7-1 : Constant pressure heat transfer released
through the exhaust to the environment is
the process which closes the cycle.
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Figure 2. Temperature-entropy (T-s) dia-
gram - CAES thermodynamic cycle.

The series of processes from state 1 to state
3 occur while the plant is operated in a charging
mode, i.e. the left clutch is engaged (see Figure
1), the Motor/Generator operates as a Motor us-
ing grid power to drive the compressor which
delivers compressed air to the reservoir. The left
valve is open while the right valve is closed. This
is followed by an off mode of operation when the
plant is idle but the reservoir is charged. Then,
during peak demand periods the plant is operated
in a discharging mode, when the right clutch is
engaged, the left valve is closed, the right valve
is open and the Motor/Generator operates as a
Generator. During this mode of operation the
series of processes from state 3 to state 7 and the
exhaust process 7-1 occur, producing net output
power to be delivered to the grid by the Genera-
tor. This mode is followed by another off mode
of operation, when the plant is idle again but the
reservoir is at a low charging level (i.e. it main-
tains the initial necessary amount of compressed
air to keep the pressure almost constant during
the charging and discharging processes ). It
should be emphasised that during the constant
pressure processes mentioned above some pres-
sure losses exist. These pressure losses were
taken into account in the analysis although not
being graphically represented in Figure 2. When
the indices representing the states appear in pa-
rentheses they refer to the intercooling or reheat-

ing stages during the compression and expansion
processes respectively.

The thermal efficiency of the CAES ther-
modynamic cycle is defined in the form

My = (M)

WC

— t4r

nCX
where w; and w, stand for the specific work of
expansion and compression, respectively, qr is
the specific heat from combustion in the combus-
tor and reheaters and m., is an external thermal
efficiency of a coal fired steam power plant (or
any other type of base load dedicated power
plant) which provides the power for the com-
pression process. Thus the term w./Mc is equiva-
lent to the heat required at the coal fired steam
power plant (or the alternative base load plant) to
produce a compression work, w, for the CAES
plant. It can be observed that when no heat of
combustion is supplied to the compressed air, i.e.
q=0, then the efficiency of an adiabatic CAES
system is obtained from Eq.(1) in the form

i =P @
where [ is the storage effectiveness defined by
w
p=—+ 3)
w

C

It should be pointed out that for comparison
of the CAES system with other energy storage
technologies, like pumped hydro-energy storage
(PS) (which is an adiabatic system and therefore
its relevant index of performance is the storage
effectiveness f3), the thermodynamic efficiency
as given by Eq.(2) can be used for the pumped
hydro-energy storage, while Eq.(1) is to be used
for Compressed Air Energy Storage. It is a mis-
take to compare the values of 3 between CAES
and PS.

The objective of this analysis is to maxi-
mise the thermodynamic efficiency of the CAES
cycle and to determine the optimal set of parame-
ters’ values which correspond to the maximum
efficiency. Therefore the thermodynamic pa-
rameters which affect the efficiency are identi-
fied and introduced into Eq.(1). While more ex-
tensive analysis can be performed by considering
cooling of the turbo-expander’s high stages we
limit the present analysis to cases when these
effects are negligible. The optimal location of
intercoolers (as presented by Vadasz, Pugatsch
and Weiner (1988) and by Vadasz and Weiner
(1992)) and reheaters was evaluated and ex-
pressed in terms of the terminal isentropic tem-

perature ratio R =T,/T, = (pz/pl)(‘c_l)/K and is
inherently included in the relationships for the
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compression and expansion specific work and for
the specific heat of combustion supplied in the
combustor and reheaters. These relationships for
the different processes were developed consider-
ing mass and energy balances in these processes
yielding the following results

=Sl n(o,R"" 1) (4)

MNeNeim

w

Wi :CpTlntnelmrmtm(l_Rl/mj (5)

)
o [=]

where R is the terminal isentropic temperature
ratio defined above, r,=Ts/T; is the maximum
temperature ratio, ry=T3/T; is the storage tem-
perature ratio representing the ability of the res-
ervoir to store thermal energy as well. The recu-
perator effectiveness is defined by erc=(Te-
T7)/(T¢-T;), while n, and n, are the turbine and
compressor efficiencies, respectively, rep-
resenting the degree of deviation of the real ex-
pansion and compression processes from the
corresponding isentropic processes. While poly-
tropic efficiencies would have been more appro-
priate to use, it can be shown that the deviation
between the results using polytropic efficiencies
and the present ones using isentropic efficiencies
differ by less than 3% in the estimation of the
temperature ratio (Té / Tl), and less than 6% in
the estimation of the specific work, over a wide
pressure ratio range (1<r,<280). Therefore we
use the isentropic efficiencies for compression
and expansion processes which simplifies the
analysis. An electromechanical efficiency Meyy, 18
introduced as well to account for electrical and
mechanical losses (e.g. in the motor/generator) in
converting the turbine output to electrical power
(or electrical power to compressor input). The
other notation used in Egs. (4) - (6) stands for the
number of intercoolers (n-1), the number of re-
heaters (m-1), and parameters accounting for
pressure losses in the intercoolers, reheaters,
valves, reservoir, combustor and recuperator..
These parameters are o, :utui/m which is a

(6)

M telm M exim ml:I

global pressure losses factor accounting for pres-
sure losses in reservoir, valve, piping, combustor,
reheaters and  recuperator, &, =pH,and
o, =" ™D’" which stands for pressure losses in
the intercoolers. The following definitions for the
w’s hold:

He = (p(i)/p(i)out)(K_l)/K

B = (p(j)/p(j)out)(K_l)/K

He = (pg /p)" "

The constant pressure specific heat ¢, is taken
constant and assumed the same value for air as
for the combustion gases although the later have
a value which is by 10% higher than air, a fact
which penalises by 10% the amount of power
generated by CAES systems. This approximation
can be relaxed if a more detailed and accurate
analysis is required.

The specific fuel consumption in kg
fuel/kWh generated is

Qf _ 9 1 1+ ow/R
a - 1/m
HW, Hw, H ' mi-c/R"™)

sk&lw(ch/R—l)]+rst/rml<1—sRc>}
n{l_ct/Rl/m)

where H; is the low heating value (kWh/kg) and
the ratio between the specific work of expansion
and specific work of compression is the energy
storage effectiveness [3, as defined in equation
(3). By using the relationships for the compres-
sion and expansion specific work, i.e. equations
(4) and (5) respectively, it yields the following
equation for 3

i _
W

e nfl=o /)
B= w, n(o RV 1) (8)

These thermodynamic relations will be useful in
the techno-economical analysis.

The thermal efficiency of the CAES sys-
tem is evaluated by substituting Eqs.(4)-(6) into
Eq.(1) and yields

Gt
_Rl/m

N =

mt
From equation (9) it can be observed that the set
of parameters which affect the efficiency consists

72 Int.J. Applied Thermodynamics, Vol.2 (No.2)

% {n[GCRl/n - 1]_ncxlmrst (1 —€Rrc )}+ MNexim

e[ ]

)

of the following (R, ryy, €rc, I's, N, m). The analy-
sis regarding the optimal value of r,,, is similar as



in Vadasz, Pugatsch and Weiner (1989) and
hence only the conclusions will be repeated here.
Since r, appears only in the denominator,
maximising the efficiency with respect to 1y, is
equivalent to minimising the denominator. This
results in obtaining the maximum efficiency on
the boundaries of 1y, i.e. either Iy max OF Imimin-
The choice between the two is made according to
a transition criterion on the values of R. The
lower boundary of 1y, i.e. Iygmin represents the
adiabatic option which is not discussed here as
mentioned earlier and therefore the optimal value
Of I'y= I'imimax 1S set for the maximum temperature
ratio. For the optimal isentropic temperature ratio
the partial derivative ong, /0R =0 is set equal to

zero resulting in a non-linear algebraic equation
in terms of R for the extrema of ng,. The method
is similar to that applied by Vadasz, Pugatsch
and Weiner (1989). Solving for the values of R
within the admissible domain yields the set of
optimal values for different values of m and n.
The optimal values of m and n are also evalu-
ated, although a different process is involved in
this case as the result must remain integer for
both m and n.

3. Optimal Perfomance Results.

The optimal results of the analysis are pre-
sented in Figures 3 - 4. The results in Figure 3a
for the optimal values of R show that R”
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Figure 3a. Optimal isentropic temperature ratio

decreases as egc increases. The same applies for
the optimal number of intercoolers (Figure 3b),
i.e. less intercoolers represent the optimal solu-
tion as the recuperator effectiveness increases.
By relating these last two optimal results for R”
and n" one obtains the graph presented in Figure
4a. Finally, Figure 4b presents the optimal re-
sults for the efficiency as a function of the recu-
perator effectiveness for a case with one reheater
or without reheaters at all. As ec gets closer to 1
the results converge to a value of 46% for the
maximum efficiency.
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Figure 3b. Optimal number of intercoolers

The performance analysis can be concluded
by stating that this example demonstrates how
the performance of a CAES system can be opti-
mised. The tendency of the optimal values ob-
tained here will be maintained in the running cost
component of the techno-economical optimisa-
tion.

I——— R* vs. nl /

Optimal Isentropic Temperature Ratio

0 1 2 3 4 5 6 7 8
Optimal Number of Intercoolers

Figure 4a. Optimal isentropic temperature
ratio related to the optimal number of intercool-
ers.
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Figure 4b. Optimal thermal efficiency re-
lated to recuperator effectiveness.

4. Techno-Economical Background
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There are two major approaches to provide
an optimal plant design.

The first approach, which is adequate while
a specific project is to be considered, selects
from an inventory of existing equipment the
most economical combination of technically
available components to the project. This ap-
proach practically compares these combinations
and comes out with the most economical one.
(see Nakhamkin et al. (1991) )

The second approach, “ignores” tem-
porarily the data about availability of equipment
and optimises the techno-economical indices by
assuming that equipment is available for parame-
ters values within the allowed range of variation.
Then, either the available equipment having pa-
rameters which are the closest to the optimal
calculated values is selected, or manufacturers
are requested to develop equipment to fit the
optimal specifications ( see Vadasz and Weiner
(1986) ). Although the first approach is more
practical for an ongoing project having to meet
dead-lines and scheduled to be operational at a
certain date, the second approach is more effec-
tive for analysing a new emerging technology
and indicating what could be the economical
benefit should a new generation of design and
consequently equipment be developed. There-
fore, this second approach is viable for long term
technology development purposes.

Previous studies, e.g. Vadasz and Weiner
(1986), using this approach considered a very
simple CAES system, which excluded intercool-
ers, aftercooler, recuperator and reheaters. The
present analysis is a significant extension of the
simple cycle considered by Vadasz and Weiner
(1986), since it includes intercoolers, recuperator
and reheaters as design options into the cycle.
The difficulty in incorporating these elements is
to establish their normative cost functions, i.e.
functions which depend only on intensive ther-
modynamic properties in addition to other sys-
tem parameters. An example of providing such
normative cost functions for compressors and
turbines in CAES systems was demonstrated by
Vadasz and Weiner (1987).

5.  Marginal Cost and Price Functions

As the economics of a CAES system is de-
pendent upon the instantaneous price of electric-
ity which in turn depends on the load demand
curve and is given by the marginal cost of power
production at a given time it is necessary to use
these data as input to the techno-economical op-
timisation process. The way to do so is to evalu-
ate first the instantaneous price function using a
representative load curve over a typical cycle of
operation of the plant. This can be either a daily
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or a weekly cycle as required. The instantaneous
price is then evaluated by using the principle of
optimal scheduling of generation which shows
that the relationship between the price and the
load demand is piecewise linear and concave
upward. Therefore, following Vadasz (1989), a
second order Taylor expansion can be used as an
approximation of this relationship in the form

P(t) = ¢y + ¢;N(t) + ¢, N?(t) (10)

where P(t) is the instantaneous price, N(t) is the
load demand at time t and ¢, ¢, and ¢, are con-
stants. Their value will be established from the
known values of the price at the minimum,
maximum and average load demand. Once the
instantaneous price function has been evaluated
for a given load demand curve, charging and
discharging price functions dependent on charg-
ing and discharging duration can be evaluated by
proper integration of the instantaneous price
curve. The advantage in using charging and dis-
charging price functions is the transformation of
the initial dynamic problem (i.e. time dependent)
into a static problem by introducing the charging
and discharging duration instead of time. Hence,
the problem does not include the time explicitly
and the charging and discharging duration are
introduced as parameters into the system. It can
be pointed out that the discharging duration is
practically equivalent to the plant service factor.
This process of converting the load demand data
into charging and discharging price functions
was presented by Vadasz (1989). It is used here
as input to the optimisation process and typical
charging and discharging price functions are pre-
sented in Figure 5b. They were evaluated using a
typical daily load demand curve and its corre-
sponding instantaneous price function as pre-
sented in FigureSa.
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Figure 5a. Daily load demand curve and
its corresponding instantaneous price.
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Figure 5b. Charging and discharging price functions corresponding to Figure Sa.

6. Cost-Benefit Target Functions

6.1 The cost function

The specific cost function is composed of
two main cost components; namely variable and
fixed charges referring to the running and capital
cost respectively. These components are repre-
sented in the expression of the total annual cost (
$/kW-yr ) of a CAES plant, C,, as follows

Cii = CK+Shy +Croy [SKW-yr] (1)

where C; is the specific capital cost ($/kW in-
stalled), K is the capital recovery factor (1/yr), S
is the specific variable cost ($/kWh), hy is the
plant service factor expressed in units of (operat-
ing hours/year) and Cgoy is the fixed operating
and maintenance cost ($/kW-yr). It should be
emphasised that S and all its components are
expressed in terms of $ per kWh generated. The
next paragraphs present the way in which the
cost function depends on the CAES system pa-
rameters.

6.2 The energy cost

The variable component of the cost func-
tion, S, combines together the energy cost of
charging (network electricity) and discharging
(fuel) and variable operating and maintenance
expenses in the form

S=C, +Cy+C [$/kWh] (12)

where Cg, Cq4 are the charging and discharging
costs respectively, both expressed in terms of
$/kWh generated and C,,,, is the variable operat-

vom

ing and maintenance cost ($/kWh generated)
which is considered constant. Since the charging
price function P, as presented in Figure 5b is
given in terms of $ per kWh of compression, the
charging cost per kWh generated, C,, may be
calculated using the transformation

C, =P, —¢ =%° [$/kWh generated] (13)

t

where w, is the compression specific work, and
w, is the specific work of expansion in the tur-
bine which is equal to the net specific work ob-
tained at the generator terminals. We can intro-
duce the thermodynamic relation (8) into Eq.(13)
to obtain

o __P n(o.RV" 1)
h ntncnelm rmtm (I_Gt/Rl/m)
[$/kWh gen.]  (14)

Equation (14) expresses the charging cost as a
function of the fundamental parameters of the
CAES cycle, R, ry, n, m and of the charging
price function P (h.). The efficiencies n,, 1. and
TNeim» and the pressure losses factors o, and o, are
considered constant.

The discharging cost, C4 per kWh generated
is related to the fuel price, Py ($/kg fuel) and to
the specific fuel consumption, m; / Wt (kg
fuel/kWh generated) as presented in Eq.(7).

Therefore, one can present the discharging cost
in the form

my _Pr ar

C,=P =
d th H, w,

= PHf {1 +

Gh/R_SRC[IJ"nt(Gh/R_1)]_(1_8RC)rst/rmt} (15)

m(i-o /RV™)

Int.J. Applied Thermodynamics, Vol.2 (No.2) 75



where the heat price Pyy is defined as the ratio
between the fuel price and the low heating value,
ie.

P
Pys =H—f ($/kWh heat of combustion )  (16)
f

Finally equations (14) and (15) can be in-
troduced into Eq.(12) to obtain a relationship
between the running cost component and the
CAES plant parameters.

6.3 The capital cost

The capital cost, C; is expressed in terms of
its components in the form

C =r,C +C, +rgCg +1,Ci, +Ce +Cqre
+Cr +Cs [$/kwinst.] (17)

where C,, C,, C, and C;, represent the cost per
kW installed of compressor, turbine, generator
and intercoolers, respectively. The coefficients ry,
and r, are used to convert the cost of all compo-
nents and express it in terms of $§ per kW in-
stalled of turbine, as some components' cost are
established per kW installed of compressor or
motor. Hence

Wg
r, =—— and r :W— (18)

are the compressor to turbine capacity ratio and
the generator to turbine capacity ratio, respec-
tively. Since the generator capacity is over-rated
to meet the maximum between the turbine and
compressor capacity, it is given by

W, = max|[W,, W, | (19)

and therefore the value of r, is found by intro-
ducing Eq.(19) into Eq.(18)

I, = max[rw , l] (20)

The other terms in Eq.(17) are the cost of re-
heaters (including the cost of the combustor) C,.,
the cost of the recuperator Cyc, the cost of the
reservoir C, and supplementary costs including
pipe lines, clutches, valves and any other costs
not explicitly included in the other terms.

Some useful relationships between the plant
parameters can be established by using the mass
conservation equation for the air flowrate over a
complete CAES cycle as follows

ri’lchc _ rhthd

M M
where m,, m, are the mass flowrate in the
compressor and turbine respectively, h, hy are

the charging and discharging duration, respec-
tively (expressed in hours per year ) and M is the

e2))
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number of cycles per year. By introducing the
definition of the compression and expansion spe-
cific work as

we=—% w, =—"1 (22)

into the mass balance equation (21) we obtain

footd Wew,
h W, w,

(23)

where the new parameter r, represents the dis-
charging-charging duration ratio. Therefore by
using (23), (18) and (8) we get the following
equation which relates the discharging-charging
duration ratio to the compressor-to-turbine ca-
pacity ratio

=1, (24)

where the dependence of B on thermodynamic
parameters is given by Eq.(8). Thus the value of
r,, is constrained by Eq.(24) due to mass balance
considerations.

The major difficulty in defining the capi-
tal cost is to establish normative cost functions
which depend on intensive thermodynamic prop-
erties only and other (non-property) system pa-
rameters. An example of providing such norma-
tive cost functions for compressors and turbines
in CAES systems was demonstrated by Vadasz
and Weiner (1987). Accordingly, their specific
cost ($/kW installed) is related to the known cost
of a reference type of compressor and turbine
through the thermodynamic system parameters in
the form

. [RYCD g (R-1)-1]
C co RK/(Kil) (R—l)

)]
=

where o, and o, are coefficients which de-
pend on the reference data only

C

(25)

(26)

t = Oy

CcoR:/(Kil) (Ro _1)
[Rg/(Kil) _nc(Ro _l)_l]

1]

" N /(x-1)
l+m| - —1]-| =%
nt[RQ j(ROJ

27

a’CO

QLo = (28)



Thus, whenever the compressor and turbine costs
are known for a specific thermodynamic set of
parameters (the reference set) their correspond-
ing costs for a different set of parameters can be
evaluated using Egs.(25) and (26). These equa-
tions express the common fact, stating that (for
the same flowrate) the higher the pressure ratio,
the lower the additional incremental cost ($/kW
installed) of a com-pressor or a turbine. Simi-
larly, normative cost approximations are being
developed for the intercoolers, recuperator and
reheaters (including the combustor). As such the
cost of intercoolers and recuperator were devel-
oped by assuming that it is proportional to the
heat transfer area of these heat exchangers.

6.4 The net benefit and yield functions

The economical benefit indices can be pre-
sented either as the net annual benefit function B,
or the yield function defined as the net annual
benefit normalised with respect to the annual
cost, i.e. Y =B/C,, . Both B and Y can be used

as target functions in the optimisation process.
The net annual benefit function is obtained by
subtracting the total cost function (11) from the
revenues. The later are given by the product of
the discharging price and the discharging dura-
tion. Therefore

B=(Py ~Shy ~C\K~Cproy [$/kW-yr] (29)

where the discharging price P, (h,) is a function
of the discharging duration, h, (which is equiva-
lent to the plant service factor) and is presented
in Figure 5b.

7. Method of Optimisation

As indicated in Eq.(29) the net benefit func-
tion B, would be affected by seven independent
variables  represented by  the  vector
X = (rmt,R,rh,hd,aRC,m,n)T. Since these vari-
ables are constrained due to thermodynamic,
technological and economical reasons, they are
mathematically represented by inequality con-
straints which are often called regional con-
straints because they restraint complete regions
in the design space. The admissible design space
is presented as a hyper-rectangle in the form

Iy <rp <491 (30)
o, <R<35 (31)
0<r, (32)
0<hy<y (33)
0<gpc <1 (34)
I<m<m,, (35)
I<n<n_ . (36)

where y represents an additional constraint re-
sulting from the requirement that the CAES plant
cannot operate in the charging and discharging
mode at the same time, thus

hd[l + ij <8760 37
I

Since the objective function to be maximised
(29) is non-linear, a mathematical programming
algorithm is to be applied for the optimisation.
The BCONF subroutine of the IMSL Library
(IMSL Inc. (1991) ) was used for this purpose.
The value of y was established through an itera-
tive procedure which guaranties that the addi-
tional constraint (37) is satisfied.

8. Optimal Techno-Economical Results

An example of using the proposed proce-
dure is presented for demonstration purposes.
Typical cost data were taken from Vadasz and
Weiner (1986). The heat price P, was varied

between 0.01 and 0.1 $/kWh of heat from com-
bustion and the optimisation procedure was re-
peated for each incremental value of Py . The

resulting optimal values of the isentropic tem-
perature ratio and of the recuperator effective-
ness are presented in Figure 6 together with the
corresponding maximum values of the net annual
benefit. The results show that the optimal recu-
perator effectiveness increases with increasing
the heat price reaching a value of 0.51 for the
maximum heat price considered. The optimal
isentropic temperature ratio also increases with
increasing the heat price as long as the heat price
is not excessively high (i.e. less than 0.078
$/kWh). Over and above a critical heat price
value (Py . =0.078 $/kWh) the optimal isen-

tropic temperature ratio reaches its maximum

value (R* =3.5) on its upper boundary and it
remains unchanged as the heat price increases.
The net annual benefit decreases smoothly when
passing through this critical heat price point. It
should be emphasised that at a critical value of
Pyr, Vadasz and Weiner (1986) identified a

transition to the adiabatic CAES option (see Fig.
7) from their simple model ( i.e. excluding recu-
perator, reheaters and intercoolers). It is observed
here (Fig. 6) that incorporating a recuperator
introduces an additional degree of freedom in the
optimal design and the results suggest utilising
this option as a better alternative to an adiabatic
system.
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9. Conclusions

A demonstration of applying an optimal
design procedure by using techno-economical
analytical tools was presented for a Compressed
Air Energy Storage system. The parameters af-
fecting the cost-benefit balance of the CAES
plant were identified and possible optimisation
criteria were suggested. The results of the pre-
sented example show the advantage of using this
procedure to analyse different design options and
for sensitivity analysis of the project benefit to
future unpredictable variations in fuel price.
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Nomenclature

B Net annual benefit ($/kW-yr)

Cp Constant pressure specific heat (J/kg’C)

Ciot Total annual cost ($/kW-yr)

C Specific capital cost ($/kW installed)

Crom  Fixed operating and maintenance cost
($/kW-yr)

Cen Charging cost ($/kWh generated)
Cqy Discharging cost ($/kWh generated)
Cyom Variable operating and maintenance

cost (3/kWh generated)

C. Compressor specific cost ($/kW in-
stalled of compression)

C, Turbine specific cost ($/kW installed
turbo-expander)

C, Generator specific cost ($/kW installed
of generation)

Ciy Intercoolers specific cost ($/kW in-

stalled of compression)

Cre Reheaters specific cost ($/kW installed
of turbo-expander)

Cre Recuperator specific cost ($/kW in-

stalled of expander)

C, Reservoir specific cost ($/kW installed
of turbo-expander)

C, Supplementary specific cost ($/kW in-
stalled of expander)

h, Charging duration (h/yr) or dimen-
sionless as specified

hy Discharging duration (h/yr) or dimen-

sionless as specified
He Low heating value (kWh/kg)

K Capital recovery factor (1/yr)

m, Mass flowrate in the compressor (kg/h)

m, Mass flowrate in the turbo-expander
(kg/h)

my Fuel consumption (kg/h)

m Number of reheaters (including the
combustor)

n Number of intercoolers (including the
aftercooler)

p Pressure

P Instantenous price of electricity

P, Charging price ($/kWh)

Py Discharging price ($/kWh)
P¢ Fuel price ($/kWh)
Py Heat price ($/kWh)

qr Specific heat from combustion (kJ/kg)
Qs Rate of heat from combustion (kW)
Iy Discharging-charging duration ratio
Ty Compressor to turbine capacity ratio
I, Generator to turbine capacity ratio
Tmt Maximum temperature ratio

It Storage temperature ratio

R Terminal isentropic temperature ratio
T Temperature

Wo Specific work of compression (kJ/kg)
Wi Specific work of expansion (kJ/kg)

W, Compressor’s installed capacity (kW)
W, Generator’s installed capacity (kW)

W, Turbo-expander’s installed capacity
(kW)

Y Yield function

Greek Symbols

Oleo Reference cost coefficient for compresor

Olgo Reference cost coefficient for turbo-
expander

B Energy storage effectiveness

€rC Recuperator effectiveness, defined in
the text following Eq. 6

K Polytropic constant

n Pressure losses coefficient

c Pressure losses factor

Ne Compressore efficiency, i.e. the degree

of variation from the isentropic com-
pression

MNexim™ Me Nex Neim

Nelm Electro-mechanical efficiency

Mex External thermal efficiency

N Turbo-expander efficiency, i.e. the de-
gree of variation from the isentropic ex-

pansion

Ntelm™ Nt Nelm

Subscripts

6] Refers to an intermediate intercooling
stage

)] -Refers to an intermediate reheating
stage

0 Reference value

Superscripts

* refers to optimal values.
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