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Ahstract

Compressed air energy storage (CAES) power systems are currently being con-
sidered by various electric utilities for load-leveling applications. 1In
this paper we develop models of CAES svstems which emplov natural unde-ground
aquifer Icrmations, and present am ontimal design metnodology which demon-

strates their eccnomic wiabilitv.

This apoprvach is based upon a deccrmposition

of the CAES plant and utili=y grid system into threse partiallv-decoupled

subsvstems.

1. INTRODUCTION

Compressed air energy storage is one of the
technologies that is currently available to
electric utilities to suprly peak power using
stored energv previously gererated during
periods of excess capacitv. The use of en~
ergy storage systems can »e econcmically ad-
vantageous to utilities, since thev improve
the utilization of high efficiency base
plants, which have high capitai but relative-
ly low operating costs. Another major bene-
fit of using energy storage svstems is the
reduction of premium fuel required in gener-
ating peak power. At present, the only com-
monly used energy storage tachnique is above
ground pumped hydro, but the world's first
CAES plant has recently been built in West
Germany(‘). A demonstration program for
CAES and underground opumped hvdro is under-
way in the U.S.A., co-sponscred by the De-
partment of Energy and the Electric Power
Research Institute, Althcugh CAES already
appears to be,ka t?chnically and economically
viable option{(2-57, it will surely come into
use more ravidly if +the econemic incentives
can be improved. The material in this paper
discussing the optimal design of CAES sys-
tems, is relevant to this goall"

Consider the CAES power plant given in Fig-
ure 1, which is based on a spiit Brayvton cv-
cle, and composed of four sguipment groups:

a reversible motor/generator, air compression
equipment, an air storage reservcir (with
associated piping), and power extraction e-
guipment. The use of the couolings on the
motor/generator allcws either electrical pow-
er from the utility grid to ke used in com-
pressing air or power o e generated, using

‘the stored comeressed air anéd some premium

fuel (about one-third to one-half as much as
consumed in conventional combus+tion turbine
peaking units). The CAES svstem c¢onfigura-
tion shown in Fig.l is typical, but many var-

Numerical results are given for a plant emploving the *Media,
Illinois Galesville aguifer formation.

iations in equipment are possible(*”) In

terms of its interaction with the other e~
quipment groups, the turbine system can be
characterized by its desian inlet oressure
(pt‘)and its mass flow rate per unit power -
output(m*). The latter depends on the tur-
bine inlet temperatures (premium £fuel. con-
sumotion), and equipment arrangement and de-
sign. Details of these relationships are
discussed elsewhere‘?"9). Because of the re-
quirements for storing large amounts of aigh
pressure compressed air (e.g.107-10%ft’ at
50 atx for a typical 200 MW plant), it is
known that underground air reservoirs are an
economic necessity. The reserxrvoir can ke
either a cavern (in hard rock or in a salt
dome) or a porous rock laver (most commonly
an aguifer), such as the edge water agquifer
shown in Pigure 2. The choice of which type
of reservoir should be used depends, cof
course, on the geological conditions of the
region in which the plant is to be sited.

The storage reservoir design requirements
(capacity, pressure level, piping design,
etc.) are interdependent with the selection
(performance characteristics and operating
conditions) of the above-~ground compression
and power generation egquipment, and the de-
sired power output and operating cycle of the
CAES plant. 1In turn, the decision cn the
power level and duty cvcle is impacted bv
the economic and technical characteristics
of the utility grid, by the cost of premjium
fuel, etc. Furthermore, we expect that the
design construction and operatign. of a C3EZS
plant would involve the investhent of large
amounts of capital. Many_technical and ec-
onomic :tradeofis must b€ considered in spec-
iZying a CAES plant design. The scale of

‘technolegr involved in a CAES plant is of the

same order of magnitude as that in any con-
ventional power plant. Therefore, the onlvy



practical way of designing such a large sys-
tem, without the benefit of previously dev-
eloped standards, is to automate the Qesign
procecure. Any attempt at manual design
would reguire a tremendous input of manpower
and it would be difficult to guarantee a fea-
sible much less an cptimal design. Although
CAES plant desic? studies have been per-
formed (4,3, 10,110 " 3 these have included
some attempts to optimize certain components
of the svstem, detailed CAES systam economic
optimizaticns have not been reported. The
objective of this paper is to present a com-
prehensive optimum design approach.

We shall see in the following discussion that
the system model is complex, and leads us to
employ a decoupling or decomposition technique
in order to more efficiently seek optimal de-
signs. The optimal design approach oresented
is most easilv justified as an efficlent and
accurate method of site ccmparison and selec-
tion. There are other advantages to the ap-
proach, which will we trust be obvious from
the results of our study.

2. CAES SYSTEM MODEL

As we have seen in Figure 1, broadly speak-
ing, a CAES power system is composed of the
following: the air compression train (com-
pressors, intercoolers, aftercoolers); com-
pressed air piping; air storage reservoir
(any type); power generation train{turbines,
combustors, recuperators); reversible motor/
generator and the utility grid. Although the
utilitv grid is not physiecally part of the
CAES plant, the interaction should be con-
sidered, since the cost of base load power
and the utility load cycle may have a strong
influence on design cost of the CAES facil-
ity. Correspondingly, the CAES costs will
influence the cost of power socld by the u-
tility.

2.1 Decomposition Strategy

We find it convenient, if not essential, to
decompose the system into three group or sub-
systems as seen in Figure 3. Subsystem 1
contains the air storage reservoir, air com-
pression train, and main piping and air dis-
tribution system. Subsystem 2 contains the
power generation train, and subsystem 3 con-
tains the motor/generator and the utility
grid. With the subsystems formed in this -
way, it is possible to choose coupling and
internal variables so that the subsvstems
can be designed with a degree of independence
from the other subsystems. The exact de-
pendence is contained in the coupling var-
iable relationships. -For instance, in our
work we assume that subsystem 3 (the utility
grid) affects the rest of the system through
a variable, Up, the utility load cvcle as
shown in Figure 4. This single variable
could, of course, represent many variables
in the utility load cvecle, but this is not
pursued here since our interest is primarily
with subsvstems 2 and 3. The coupling in-
fluence should be clear. Tinally, we sug-
gest that the direct interactions (or cou-
Pling) between subsystems 1 and 2 are de-
pendent on only two variables; namely, the
inlet pressure to the power generation train

(9;1), and the specific air mass flow rate
(m“). As the figure suggests, there is the
indirect influence of the utilitvy load cvcle
as well. 1In this work we eliminate this
effect by choosing the lcad cycle.

The criterion for optimal design is chosen to
be the total normaiized cost (C) cf the svs-
tem (i.e., cost rer unit of electricity gen-
erated by the CAES power plant).

This total
cost 1s the sum of the individual costs which
normally include fuel cost, maintenance,
charge rate on capital, etc. The costs have
to be minimized subject to various cerformance
and technical constraints. The implication
for CAES plant design is that, for a given
utility load cycle; an optimization of sub-
system 1 would provide the minimum subsystem
comerating cost (C}) and values for the cor-
responding subsvstem design. variables. as a
function of the coupling variables, ., and
m°. Similar optimization for subsystem 2
would yield C} (the minimum operating cost of
subsystem 2) and its optimum design, as a
function of the coupling variables cnly.
Finally, the sum of Cj and C3; can be min-
imized to determine the cptimum values of the
coupling variables, the minimum plant cecst
(C*) and the ootimal vlant design. The pro-
cess can obviously e exvanded (in principle)
to include variations in the utility load
cycle and consideration of the resulting ec-
onomic benefits or penalties to the utility.
The remainder of this paper is confined to
the design of a particular variety of sub-
system 1 (one with an aquifer reservoir), to
the design of subsystem 2, and to the svn-
thesis of an optimal design for the CAES
plant, using the subsystem 1 and 2 results.
2.2 Subsystem l: Storage

An aquifer (originally water-filled) is an
underground porous medium, which for storage
should have the shape of an inverted saucer
(see Figure 5) to prevent migration of the
compressed air. The air bubble is formed by
displacing the innate water; the compressed
air is contained between the air tight cap-
rock and a bottom laver of water. The op-
erational constraints for utilizing such a
formation are discussed by Ahluwaliaf!?

The compressor train included in this sub-
system follows the recommendations of United
Technologies Research Center(1?), To illus-
trate the procedure, a simplified piping and
distribution system was adopted. The follow-
ing discussion Rriefly describes the tech-
nical modeling of subsystem 1. A detailed
discussion of the model employed is given by
Ahluwalia(!2), where an explanation of all
the cost functions is also included. Eere,
we focus on the formulation of the optimal
design problem.

In the optimization of subsystem 1, the ob-
jective is to determine the combination of
internal design variables which minimizes the
subsvstem operating cost, for given values of
the coupling variables, p.3, m” and Ut The
set of design variables can be classiiied
into two subsets. The first subset includes
variables which are restricted to take a
limited number of discrete values. Zngineer-
ing considerations require that the main
piping diameter, the type of low pressure



compressor, and the reservoir well bore diam-
eters be restricted to discrete, economically
available designs. As the number of alter-
nates is limited, a simple method of incor-
porating these discrete variables in the op~
timization is an exhaustive search in all
discrete dimensions. Therefcre, the follow-
ing formulation assumes that the parameters
resulting from the selection of a main piping
system, low pressure compressor, and the well
bore diameter are temporarw '"constants".
The final step in optimizaticn would be a
search for minima in the parametric "con-
stant" space. The remaining internal var-
iables of subsystem 1 are treated as con-
tinuous variables tc be optimized, in a kcund
and constrained space These variables are
four geometric parameters of the reservoir
design; N,,, H, A and 4, illustrated in
Figure 5; and “hg gnergy storage process var-
1ables t cb and o - The variables t “h

represent the tlmesidurlng the weekly cvéle

when energy storage processes begin and tce

are the ending times of these processes. m%p
storage (charging) time wvariables are shown,

for a tvpical czc_-, in Figure 4. The oper-
ating cost, to be minimized, can be written
as C, (N ;

! (‘W’H'Aact’d’tcbi'tcei) (2.1

L) %e, Z(tce--tcbi)’

= ¥,(u,)¢C
L T 11 1

+ X (U
In the eguation above, K; and X, are functions
of the coupl;ng variable U, but are treated
as constants for the DurDOSé of optimization.
Similar notation is used to represent func-
tions of other coupling variables and func-
tions of the three discrete internal vari-
ables. BAbsclute constants apoear in the fol-
lowing without any functional dependence
shown. However, for the purrose of the opt-
imization problem statement, all K's can be
treated as constants. The first term in
equation (2.l) represents the operating cost
due to the annual charge rate on capital, C,,
of subsystem 1, where C, is the sum of capital
costs of the various components:

T(N H, A t'd'tcb.’ e.)

=WC + LC + BC + éc + k;(piping). (2.2

K3 (piping) is the capital cost of the main
piping and distribution svystem which depends

upon the piping design selected. The cap~
ital cost of wells is: (2.3)
WC(N H,A, ) = Ny (K + xwz{a ~F (Aact)}],

with constants le,sz.
function of A
ac

and P(Aact
£ determined from reservoir

), a known

geometry. The term within curly brackets in
equation (2.3) is the depth to which wells
have to be bored. The second term in equa-
tion (2.2) is the cost of purchasing the land
over the proposed reservoir:;

LC(d) = K, A(d), (2.4
where A(d) is the Yand area over the air re-
servoir, a known geometric function of 4.

In this simplified model,
initially displacing water from the aquifer,
or bubble development, is calculated in terms
of energy required to compress the volume of

the capital cost of

air in the bubble, which is a function of 4,
finally, the capital cost of the compressor
train is expressed as:

COy HoBooprdityy 1tee ! (2.3)
i i
'Pc Keb,
=x<ci1 + xclzmc + .(cbl M g - 1}
C23
Here, Kc?,' Kczz' and Kcl; are parametric

constants determined by, the choice of com-
pressor train design. M, is the air mass
flow rate during the stofage processes, cho-
sen to be the same during all storage proc-
esses due to compressor performance consider-
ations. Ky is another "constant" determined
by the coupling variables U, and m°. the
remaining unknown term in e&uatlon (2.5) is
= the discharge pressure reguired of the
compressor train. This pressure can be cal-
culated using the pressure drop models given
by Sharma(!® The second term in equation
(2.1} is the subsystem operating cost incurred
due to compressor powexr consumption, Par

wnich is given by:

Pc(Nw,H,Aact,C,tcbi,tcei) (2.6)
= < v % . .- AR
(Kp, + Kp, Po * KP;PE * Kp PolMg.

The functional dependences of the objective
function are summarized in the subproblem
graph of Figure 6.

Engineering intuition, aguifer geoclogy and
geometry, and the utility load cycle suggest
bounds and functional constraints on the de-
sign variables. These have peen comvletely
developed and explained by Anrens(!%) and
will not be repeated here. In summarv, we
place bounds on the storage process times as
suggested in Figure 4, and upper and lower
limits on the four phvsical variables, N, H,
and 4 as defined in Figure 5. Function-
al Eonstraints are imposed which require that
all storage processes end after they begin,
that the wells be placed close enough to en-
sure full utilization of reservoir volume,
that the well bores not phvsically interZere
one with another, that *he "bukble" be no
larger than the land purchased, that the welils
not be drilled to a depth that would cause
"coning"”, that the required compresscr power
be less than that which the utility is will-
ing and/or able to supply at anytime, and
finally, that the pressure requirement of
subsystem 2 is met at all times by subsystem
1. In summary, there are 16 design variables
with 32 bounds, and 12 constraints, 4 of which
are nonlinear.
2.2 Subsystem 2: Generation
Subsystem 2 of the CAES system is composed of
the high and low pressure turbines, their
combustors and the recuperator, as indicated
in Figure 1. t is also considered to include
the balance-of-plant (assumed not to be var-

iable). The most interesting design trade-
offs for this subsystem are: (a) larger,
more erffective recuperator vs. greater pre-

mium fuel consumption in the combustors, for
preheating the air entering the turbines, and
(b) advanced, high inlet temperature turbines,



having high cost but high perf
conventional, lower temperature, lower cost
turbines. An additional tradeoff, of second-
ary importance, is the pressure ratio spiit
between the nlgh—ornssure turbine and the
low-pressure turbine.

ormance vs.

The periormance mcdel for subsystem 2 is
based on a trermodvnamic analvsis {(i.e.,
and energy balance eguations) of the com-

&Jass

ponents. The detailed ecuations are given
by Kim('®,17), It should be mentioned, how-
ever, that the model includes the effect
that as the turbine inlet temperaturass are

increased above a certain threshold walue
(taken to be 1600°F), it is necessary %o use
an increasing fraction of the compressed air
from storage to provide cooling for the tur-
bine blades and other turbine ccmponents.

Per the purpose of ocalculating the subsvstem
2 performance, the coupling variables, p

el

(the subsystem inlet pressure) and m” (the
specific turbine system air flow rate, 1lb /
k%h), and P the tctal power output £r8m

the two tur
Because of
dependently speci

are regarcad as inputs,

it is nct pessiblie to in-

Zy both turbine inlet temp
eratures, T, and Ts, if fixed, state-of- the-
art, turbine efficiencies are assumed. In
the present model, Ts(low-pDressure turbine
inlet temperature) was ccnsidered as a design
variable and T,, along with several inter-
mediate variables, was subsequently deter-
mined during the iterative solution of the
model equations. The other design variables
of subsystem 2 are the recuperator effective-
ness, ¢, and the low-pressure turbine pres-
sure ratio, r (=ps/pe¢). The variable x,

was considerad to be discrete. 1Its two val-
ves (11 and 16) correspond to the current
practise of turbomachinery manufacturers.
With specified values of the design var-
iables, other operating conditions and per-
formance characteristics are predicted from
the solution of the model equations. Of
articular note is the specific heat rate,
Q” (Btu/kWh), which is proportional to the
rate of premium fuel consumption of the CAES
plant.

In the optimization of subsystem 2, the ob-
jective is to find the combination of in-
ternal design variables which minimizes the
subsystem operating cost, for given values
of the coupling variables. During a par-
ticular optimization _process, the coupling
variables, P,y and m°, and U are fixed, so
will be omitt&d from the functional relation-
ships which follow. The discrete variable

r is also omitted, since an optimization is
performed separately for each of its values.
The operating cost to be minimized can be
written as:

C (TSIe)

= Kx(UL)cc + KFQ’ + K (2.7)

ap’ om
The first term represents the overating cost
due to the annual charge rate on the capital,

o’ of subsystem 2, where Cca is the sum
og capltal costs: P

c (Ts,e) = C + C + cR + C (2.8)

cap LGT HGT BAL

“ccordinq to expression (2.8), the capital

cost is the sum of the cost of the low pres-
sure turbine (including the increase expense
of cooling air for high opersting temperaturse
turbine,
anc

'CLGT7 the cost of the high pressure
Cu, the cost of the recuperator, Cq,
tHETcost of the balance of plant, Cg,
employ the cost relationship giwven
and assume a yearlyv operating
hours at full power. The second term in
equation (2.7) is the cost of the premium
fuel used in the combustors. X, is %aken as
$2.50/10° Btu. The heat rate, "Q~, is de-
pendent on T3 (Ts,c) and Ts. The final term in
equation (2.7} is the operating and main-
tenance cost of the plant. It is coasidered
to have a constant value, 2 mills/kWh. TFinal-
ly, we place upper and lower bounds on the
three design variables; €, the recuperator
effectiveness; T, and Ts, the turbine inlet
terperatures.

3. OPTIMIZATION METEODS

Modern optiniaation theory was born of the
logistical nec;s of World War II and the
pioneering work c¢f Ceovwe Dantzigl(i?). In
the early years, WwCrk in this country ad-
dressed problems where all functions involved
were linear in the design variarples. 1In

this section we consider the moras Tractica
vet difficult problem where all functions are
nonlinear. The methods which follow are
modern methods, which are useful for today's
energy management problems, All of the meth-
ods assume the presence of a modern third-
generation digital computer. In particular
we consider algorithms for the nonlinear -
programming problem:

minimize: £(x), x=[x1,X2,x;...,xN]s gY (3.1)
subject to: gJ.(x)_Z_0 j=1,2,3,...,3 (3.2)
hk(x)EO k=1,2,3,....K (3.3)

where f£(x) is the objective, a scalar func-
tion of the desicn variables x, and g, (x),
and h, {x) are the inequality and eguaiity
constraint functicns, respectively. These
functions f(x), g,{x),n {(x) are assumed to
be nonlinear but not necessarily algebraic;
that is, thevy need only ke calculable func-
tions of x. The inequality constraints are
often called regional constraints, because
they disallow complete regions of the design
space. The equality constraints define ex-
act relationships that must exist between
the design variables andé are therefore more
difficult to handle for most algorithms.
The methods to be considered generate a se-
quence of points x(®) m=1,2,3,...,M, where
x{4) is an estimate of the ?o}ution xX*, Ve
assume that some estimate x of the solu-
tion is available. Literally hundreds of
methods have keen proposecé for the solution
of the nonlinear programming problem in the

last decade (®), Tne useful methods generally
fall into two classes, transiormation or
lirearization. This section contains a dis-

cussion of methods in each class along with

pros and cons for each method,
3.1 Transformation methods

These methods transform the constrained



.problem given in (3.1)-(3.3) into a sequence
of unconstrained problems which are easier
to solve. That is, given the functions f(x),
g, (x}, and h, (x), we form the penalty func-
tion “

P(x) = £(x) + Q(R,g(x),h(x)) (3.4)
where  is referred to as the penalty term
and is a function of R, the penaltv para-
metar, and the constraint values. There are
many computer orograms available which use
the penalty function approach, including
Fletcher's code in the HARWELL subroutine
libraryTz‘),

The method of multipliers{??), ynich will
now be discussed, addresses the major 4dif-
ficulty associated with all other penalty
function methcds, that of selecting and up-
dating R. Here the parameter R is chosen
and remains fixad throughout the entire cop-
timization process. Furthermore, R becomes
simply a scaling parameter which balances
constraint violation with decreases in the
objective. Other parameters are introduced
and wmodified automatically from stage to
stage under control oif ths algorithm, but
the topology cf the design space is much

less drastically alterad than before. Con-
sider the function
J
E(x)=f(x)+R} {<g, (x)+c§.>2-o§}
X =1 -
+RZ{[hk(x)+Tk]2-Tk2}; (3.5)
"k=1

where the bracket operator <+> is defined by:

ifa £ 0 (3.6)

> =G it as 0

The multipliers o, and T, are fixed through-
out each unconstréined minimization, but
changed at the end of each stage using the
following updating rule:

(o+1) (m)
%3 3
_’=1,2',3,...,J, )

=<gj(x(m))+o >, : (3.7)

(m+1)_ (m) (m)
Ty —hk(x )+Tk R
k=1,2,3,...,K, (3.8)
where x(®) minimizes the mth stage penalty
function. Because of the bracket operator,

g has no positive elements, whereas the el-
ements of T may be of either sign. These
parameters serve as a bias in the arguments
of the penalty terms, which together with
the updating rules tend to increase the pven-
alties associated with violated constraints,
thus forcing successive minimization vectors
x(2) toward feasibility. OQuite importantly,
the method leaves the curvature of the cou=
tours of the penalty function unchanged from
_stage to stage when the constraints are lin-
ear. Furthermore, when the constraints are
nonlinear, there exists a second-order in-
fluence on the curvature of the contours of
the penaltyv resulting from changes in o and~
from stage to stage. This approach has bgen
implemented in the computer program BIAS"3{
which was developed by Root and Ragsdell in

the Design Group of the School of Mechanical
£ngineering at Purdue.

3.2 Llinearization Apoprcach- the Generalized
Peduced Gradient Method )

The reduced gradient method was criginally
given by Wolfe for a ncnlinear o'jgc§;ve
function with linear consiraintst-%:.23), a

generalization of Wclfe's methed to accom-
vodate nonlinearitiss in both the objective
function and constraints was first accom~
plished by Abadie(26), Concurrentlvy to both
Wolfe and Abacdie, Wilde and Beighter devel-
oped their differential alcorithm based on
the constrained derivative{(27). The con-
strained derivative and the reduced gradiert
employ much the same theoretical basis, rcut
for purposes of this discussion the method
shall be known as the Reduced Gradient Meth-
cd. The constrained nonlinear programming
problem of (3.1)-(3.3) can ke restated in the
following form:

Minimize: f£(x), x=[x1,xz,x3,...,x“]T (3.9)
- R
eR
Subject to: hy(x)=0¢=1,2,3,...,L (3.10)
ASXSB,. (3.11)

where A and B are lower and upper bocunds on
the design variables respectively. The in-
equality constraints have been included as

equality constraints through the following

transformation:

hj(x)=gj(x)-§j50, (3.12)

038,%= 3=1,2,3,...,3. (3.13)
The variables S. are nonnegative slack var-
iables, which mast be included in the design
variable set, so that N represents the num-
ber of slacks plus the original number of
design variables. The design variables are
divided into two classes, called state and
decision variables, or
x=(z,y1T, (3.14)
where 2z is the vector of decisions and v con-
tains the states. We divide x such that
there are exactly the same number of states
as constraints. The decisions are completely
free, whereas the states are slaves to be
used to satisfy the constraints. Let us ex-
amine the first variation of the functions

in (3.9) and (3.10):

df=vzf<x)sz+vyf<x)Tay (3.35)
dh=T h (x)dz+7 h(x)dy=0, (3.36)
where

GRICERL O X ! (2.7)
7,5 (x)= [%igé%?”'%r_} ! (3.8)
A=y -1 (3.19)
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Now solve (3.16) for dy:
dy= =17 h(x)17'7_h(x)dz. (3.22)

Substituting 13.22) into (3.15) and rearrang-
ing vields the following linear approximation
to the reduced gradient:

(3.23)

. ‘T o e T T,. -1
Vrf(X) =7,£(x) "=% [7yh(x)]

.
:zg(x).

The reduced gradient defines the rate of
change of the objective function with re-
spect to the decision variables, with the
state variables adjusted to maintain feasi-
bility. Expression (3.23)  gives the changes
necessary in the states for a given change
in the decisions for linear constraints.
Geometrically, the reduced gradient can be
described as a projection of the original
N-dimensional gradient onto the (N-L)-di-
mensional feasible region described by the
decision variables. A necessarv condition
for the existence of a minimum of an uncon-
strained nonlinear function is that the ele-
ments of the gradient vanish. Similarly,

a minimum of the constrained nonlinear func-
tion occurs when the appropriate elements of
the reduced gradient vanish. A computer
code, OPT, utilizing the Generalized Re=-
duced Gradient Method has been developed by
Gabriele and Ragsdell(28) in the Design Group
of the School of Mechanical Engineering at
Purdue.

3.3 Scaling

"Very often in practice we encounter nonlinear
programming problems which are poorlv scaled.
- This mav occur for a varietv of reasons, but
most often due to numerical incompatibility
of units employed. That is, one design var-
iable may be in miles while another is in
inches, or a constraint may measure in pounds
per square inch while others are expressed

in feet per second, acres, or feet. When

the problem is poorly scaled we have diffi-
culty comparing violations in the various
constraints, and relatlng these constraint
violations to Zhanges in the objective value.
Dr. Ronald R. Root has developed a scaling

algorithm, as a part of his doctoral dork(zg)
in the Design Group of the School of Mech-
anical Engineering at Purdue University. The
goal of the method is to automatically scale
or condition any nonlinear »rogramming »rob-
lem so as to increase the probabkility cf suc-
cess of modern NL? methods. The problem is
transformed by deiinition of scaling para-

meters:

gg(x)=u.gj(x) (3.24)
hy (x)=2, h, (x) (3.25)
and

x{=n, X, . (3.26)

We define a matrix J which contains the con-
straint gradients as rows, and preset a, and

so that all constraint values at thejstart-
ifg point, x(VU), are of order 10. e detact
a poorly scaled variable or constraint by
noticing rows and/or columns whose nonzero
elements are all significantly greater in
modulus than other zlements in J. Once the
poorly scaled variables and constraints are
detected, we define 2« _, ; , and 7, so as to
produce roughly ecuangraélen sensitivities.
The details are given by Root(30)  mhig
scaling algorithm has proven to be very use-
ful, if not indispensable in obtaining the
numerical results reported in the next sec-
tion.

The general utility of these and other al-
gorithms for engineering design applications
has f§T§ntly been demonstrated by Sand-

gren and a portion of his results is .
given in Figure 7. The curve marked "En-
hanced BIAS" denotes the performance of the
Method of Multipliers with Root's scaling
algorithm, and OPT and BIAS (without scaling)
are algorithms 11 and 1 respectively in the
figure. Quite abviously OPT and BIAS are
among the very best NLP algorithms available
today.

4, MNUMERICAL RESULTS

Using OPT and BIAS and the previously de-
scribed optimal design formulation, we have
sought the plant design which minimizes the
normalized overating cost of generation

of 600MW for ten hours each weekday. We
have employed the Media, Illinois Galesville
aquifer as the storage reservoir. Contour
maps and material properties for this aquilexy
and ot?ez)proble §rameters, are %%ven bv
Sharma Katz ! and AhluwaliaC . The
subsystem 1 problem was solved for-a number
of combinations of P and m” using BIAS
with automatic scaling. Recall that BIAS
does not require a feasible starting point.

Contours of constant minimized operating
cost for subsvstem 1 are shown in Figure 8.

A very significant cost variation is evident.
The steeply rising cost at high pressure re-
flects the presence of a constraint, buils
into the aguifer mathematical model rather
than appearing directly in the optimization
problem constraint definitions. This con-
straint insists that the mean weeklv pressure



in the aquifer should equal its natural "dis-
covery" pressure (840 psia in this example)
in order to maintain a constant mean air
storage vclume. Figure 8, indicates that.
small m” values (i.e., low air flow rates)
are favored. This is due primarily to the
higher cost of the air storage reservoir as
the gquantity of air stored is increased.

The optimum subsvstem 1 designs corresponding
to points in Figure 3 were also found to
vary widelv. Of particular interest is the
numker of wells required. It was found to
vary from a low of 54 in the lower left
(low cost) region to values in the 200-500
range in the upver right region. Finally,
is noted that the efiects of the discrete
variables (low pressure compressor compres-
sion ratio, wellbore diameter, and main pipe
diameter) have been studied, for one set of
coupli?g variables, and are reported by
ahrens(33) The only significant variation
is due to wellbore diameter, which causes
the cost to increase for increasing diameter.
For the present study, these discrete var-
iables are held fixed at ootimal or near
optimal valuses. The subsvstem 2 problem was
solved using OPT. Contours of constant min-
imized operating cosi Icr subsystem 2 are
presented in Figure 9 for a range of p,_, and
m° values. The minimum cost contour (2%
mills/kWh) corresponds approximately tqQ de-
signs having the minimum allowed (15007°7)
turbine inlet temperatures, T; andTs. These
corresvond to conventional designs proposed
for CAES plants. The maximum cost contour
(24.5 mills/kWh) shown is near tc the con-
straigt boundry representing the uvper limit
(2400°F) on turbine inlet temperatures.
These are advanced designs requiring con-
siderable cooling air. From the overall
system viewpoint, the advantage of these
turbines is that they reduce the amount of
air which must be stored (proportional to
m”), thus reducing the reservoir cost. The
results in Figure 9 are based on r_=16. It
was fouhd that use of r3=ll yieldea similar,
but slightly higher, coSt results throughout
. the region explored. The optimum recuper-
ator effectiveness, ¢, was found to vary
from 0.52 to 0.77 for the ranges of coupnling
variables yielding solutions. The most com-
mon value encountered was on the order of
0.7.

it

By the nature of the decomposition strategy
employed in this studv, the optimum CAES
plant (that design which minimizes the power
generation cost for the specified utility
load cycle and aguifer site) may be easily
found by superposing the results from Fig-
ures 8 and 9. The resulting minimized cost
contours are shown in Figure 10. Interest-
ingly, even though the individual subsystem
contours are open, their sum exhibits an
overall optimum which is within the coupl-~
ing variable domain considered. Figure 10
demonstrates that the power generation
(operating) cost of the optimum CAES plant
is slightly under 37.75 mills/k%Th, and that
the optimum values for the coupling var-
iables are, approximately, p, =625 psia and
m°= 8.5 lbm/kWh. Xnowing thé optimum coupl
ing variables, one can readily obtain the
optimum values of other design variables
from the separate subsystem 1 and 2 op-

~

timization results. These, and some perti-

- nent dependent variable values, are indicated

in Table 1. The associated cost components
for the optimal and an initial feasible de-
sign are listed in Table 2. It is of interest
to note that the constraints active at the
solution are the three associated with the
requirements that (a) the well spacing should
not exceed the maximum spacing consistent with
e@ificient acuifer utilization (as dictatad by
unsteady flow considerations), (b) the wells
should not penetrate the air bubble so as to
allow water coming into the well during a
discharge process, and {c) the weekly min-
imum aquifer pressure should not dror below
that regquired to maintain flow into the tur-
bines. The low pressure turbine inliet temp-
erature (T.) is at its upper bound (2400°F)

at the soladtion. Finally, the charging time
durations were found to take their maximum
allowed value on weeknights, but not on the
weekend,

5., DISCUSSION

The optimal design approach affords a sig-
nificant orvortunity for cost savings in the
construction and operation of compressed air
anergy storage svstems; as can pe seen Iirom
the previously given results. Cn the other
hand, the models necessarv to adegquately re-
present such a practical physical svstem can
be gquite ccmplex. e have given what we
feel to be the least ccmplex systam model,
which will produce a meaningful optimal de-
sign. Even with our simplified approach the
complete CMAES system optimization (including
subsystems 1 and 2) involves 20 design var-
iables, 4 discrete design parameters, 8
linear constraints, 5 nonlinear constraints,
upper and lower bounds on all design var-
iables, and a nonlinear objective function.
Furthermore, the model includes functions
which require calculation of the modified
Bessel functions of the first and second
degree and first and second kind, and various
spline approximations for empirical data.

We expvected the full CAES problem (that is,
including subsystems 1 and 2) to provide a
significant challenge to modern nonliinear
programming methods. We sought relief in
decomposition theory, whereby the largest
MLP contained 16 design variables, 12 con-
straints, variable btounds and a nonlinear
objective. We did, of course, have to solve
the resulting optimization problems for var-
ious values of the coupling variables. Our
experiments with subsystem 1 and 2 support
our original fears concsrning the difficulty
of the complete CAES problem. Furthermore,
the subsystem optimization problems have
value within themselves. That is, these
subgroups results provide insights that would
be difficult at best to gather in any other
way. Finally, the deccmposition strategy
employed here allows an orderly modular ap-
proach of design to be emploved. That is,
we might envision a different storage system
(such as a hard rock cavern) which would
oroduce a different subsvstem 1 model. We
could perform the subsystem 1 optimizations
and svnthesize the overall svstem results
just as before. That is, the subsystem 2
results would be unaffected.



The results presented in Figures 8, 9, and 10
demonstrate an interesting consegquence of the
decomposition strategv. Subsystem 2 results
show a very simple dependence on the coupling
variables which is intuitively satisfving.
Subsystem 1 results also show a somewhat
simple variation with chances in p and m~.
Interestingly, neither of the subsyétems had
an optimum inside the desicn space explored.
However, once the two subsvstem results were
combined, a distinct minimum is found. An-
other benefit of deccrmposition in this par-
ticular problem is that for the purpose of
plant site selection, only subsvstem 1 results
need be considered. When one of manv avail-
able sites is to be selected, as is the case
with a proposed CAES pilot pilant in Indiana
or Illinois, the geological and cost data for
the various aquifers can be input to the pro=~
cedure and the optimal designs of subsystem

1 at various sites can then be compared in
making the final decision. Hcwever, since -~
different sites might have different base
electricity cost, etc., a consideration of
the interactions of subsystem 1 and 2 with

subsystem 3 may be important to the evaluation.

An interesting aspect of the optimization of
subsystem 1, showing the great value of cpt-
imal design, is as follews. The authors orig-
inally felt, based on engineering judgment,
that the CAES plant for the site assumed in
this study should be designed with o_, ¥ 750
psia and m” ¥ 10.4 lbm/kWh., . Tz a préiiminary
paper on CAES svstem design(1“71 results for
an intuitive subsystem 1 design and an opt-
imized design were presented. The former had
a capital cost of $101.6 million, an operating
cost of 24.25 mills/kWh andé 700 wells, while
the latter had a $62 million capital cost,
19.36 mills/kWh operating cost and 402 wells,
Finally, referring to information in Tables

1l and 2, it was found that the subsystem 1
design at system optimum have a capital cost
of only $22.26 million, an overating cost of
12.51 mills/kWh and only needed 54 ywells!

In conclusion, it can be stated that a com-
puter-aided optimal design technique has
been develcved, and aprlied, for design of
a complex power svstem with erergy storage.
The results presented demonstrate the great
value of the optimization approach, in gen-
eral, and of the decomposition method, in
particular, for this type of system.
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Table 1. Ootimal CAES Plant Design
Number of wells A' 54
Active well-field area (acres) 276.1
Air bubble thickness (£ft.) 69.75

Average- active formation thickness (ft.) 45.45

Wellbore diameter (in.)

Surface area to be
purchased (acres) . 1973

Main 'piping diameter (in.) 48

Total weekly storage time (hrs.) 52.1
Compressor power required (MW) 371
Compressor system discharge
pressure (psia) 969
Low pressure COmMPressor sressure
ratio 11.0
Recuperator effectiveness 0.715
Low pressure turbine inlet
temperature (°F) 2400
High cressure turbine inlet
temperature (°F) ' 1625
Sremium fuel heat zate (Btu/%Wh) 4230
Inlet pressure to subsystam 2 (psia) 625
Specific turbine system air flow
rate (lbm/kWh) 8.5
Table 2: CAES Plant Costs
Initial Feasible Cptimal
Capital Items Design: ($10°%) Design ($16°)
Land 8.843 2.959
Piping 3.449 3.449
Bubble Develop-
ment 5,818 1.407
Well Construc-
tion 73.379 5.637
Low Pressure
Corpressor 4,642 4.486
Bocoster Com~
pressor 4,455 4.656
Recuperator 3.643 3.102
Turbine System 7.054 12,553
Balance~of~
Plant 42, 000 42,000
Total Capital
Cost 154.283 80,249
Other
Base Load Electricity
(mill/KWH) 11.450 9.662
Premium Fuel
(mill/KwWH) 9.715 10.723
Subsystem 1
Operating Cost 24.25 12.51
Subsystem 2 .
Operating Cost 21.99 23.12
Total Power - R
Generation Cost
(mill/XWH) 46.24 35.63
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