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THE DESIGN OPTIMIZATION OF AQUIFER RESERVOIR-
BASED COMPRESSED AIR ENERGY STORAGE SYSTEMS

. Frederick W. Ahrens
Energy and Environmental Systems Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

ABSTRACT

The application of a general Compressed Air Energy Storage (CAES) power system design
optimization methodology to the class of CAES plants having aquifer air storage reservoirs
is discussed. The resulting procedure incorporates performance and economic models for
the aquifer reservoir, wells, piping, and air compression system. Its use allows identi-
fication of designs which minimize-the subsystem power generation cost (mills/kWh), while
satisfying constraints related to the geology, equipment, and utility load curve. The
design specification resulting from the optimization procedure includes: land area to be
purchased, well depth, number of wells, well spacing, wellbore diameter, main pipeline
diameter, required compressor system power and discharge pressure, and required compres-
sion time durations for each day of the week. A capital and operating cost summary for
the optimum design is a final output of the procedure. This paper reviews the models and
constraints incorporated in the optimization procedure. Although the basic framework is
well-developed, some refinements or additions to the modeling may be necessary to improve
the results; these possibilities are discussed. Results of case studies are included in
the paper in order to illustrate the power and potential economic impact of the techniques
described, to demonstrate some of the economic tradeoffs which occur in the optimal design
of aquifer reservoir-based CAES systems, and to show the influence of certain cost para-

meters.
INTRODUCTION

A major portion of the Department of
Energy research program on Compressed Air
Energy Storage (CAES) is devoted to addres-
sing air reservoir concerns. In the case
of constant-pressure (hard rock) caverns,
it is quite easy to design a reservoir
which satisfies the planned operating
cycle of the CAES plant, once the turbine
system air supply requirements have been
specified. It is then straightforward to
include the effect of cavern costs in eco-
nomic studies of turbomachinery options
(e.g., see Ref. 1). The situation is some-
what more complicated ‘in the case of con-
stant-volume (usually salt cavity) reser-
voirs. For these reservoirs, the peak
storage pressure (related to the amount of
cushion air) must be selected, which in-
volves finding the economic balance between
air compression and cavern volume costs.
The relative design simplicity of hard rock
and salt cavity reservoirs has resulted in
a DOE-sponsored research emphasis on the
long-term stability or reliability of the
reservoirs undergoing CAES plant operating

conditions.

When aquifers are considered for CAES
reservoir application, the number of design
parameters to be selected is much larger
and, in addition, there are many constraints

-imposed by the operating cycle, the inter-

action with aboveground machinery, and the
geological characteristics. These factors
give a great incentive to the careful ex-
ploration of aquifer system design options,
so that the economic benefit of the plant
can be maximized while simultaneously in-
suring its long-term capability to meet the
plant operational criteria. The primary
goal of the work reported here has been to
develop an appropriate, comprehensive,
means for performing these design studies.
The performance, economic and design opti-
mization considerations which form the
bases of the design procedure are described
and illustrated with example case study
results in subsequent sections.




DESIGN STRATEGY
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Because of the complexity of an aqui- -
fer reservoir-based CAES system, both in
terms of subsystem interactions and design
constraints, it was decided to orient the
formulation of the design procedure toward
the utilization of generalized, computer-
oriented techniques for solving nonlinear,
constrained optimization problems.? With
this approach, a basic framework for system
design can be developed so that new improve-
ments in the technical or economic models
can be easily incorporated. Implicitly,
the choice of basing the design procedure
on modern optimization techniques reflects
a recognition of the confusion and inade-
quacy which could result from applying the
wore traditional "parameter study" approach
to a problem of this magnitude.

SYSTEM CONSIDERATIONS

In principle, and probably in practice,
the design optimization of an entire CAES
system could be handled as one large prob-
lem, especially if the models employed for
individual system components were not too
detailed. However, consideration of a
general formulation led to the development
of an advantageous decoupling strategy
which enables separate optimization of par-
ticular subsystems without compromising
the optimal system design. Each of these

_suboptimizations is, of course, simpler to
perform that that of the full problem.

In broad terms, a CAES power system
comprises the following: the air compres-
sion train (compressors, intercoolers, af-
tercooler); compressed air piping; air
storage reservoir (any type); power genera-
tion train (e.g., turbines, combustors, re-
cuperator); reversible motor/generator and
the utility grid. Although the utility
grid is not physically part of the CAES
plant, this interaction should be consid-
ered in designing the plant, since the de-
sign (cost) of the plant can influence
utility usage (operating cycle). Conver-
sely, the utility load cycle affects the
plant design (i.e., a coupling exists).

For the purpose of design optimization the
overall system can be decomposed into three
subsystems (see Fig. 1). The first subsys-
tem (subsystem 1) comprises the air com-
pression train, the main piping and air
distribution system and the air storage
reservoir.
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Subsystem 2 is the power generation train.
The motor/generator and the utility grid
are incorporated in the third group (sub-
system 3). It is important to note that
this particular decomposition is general,
in the sense that it is not dependent upon
the internal design of any particular sub-
system. Furthermore, it minimizes the num-
ber of coupling variables. That is, the
interactions of subsystems 1 and 2 with
subsystem 3 are dependent on only one coup-
ling 'variable'" -- the utility load cycle.
The interactions between subsystems 1 and

2 (the ones of principle concern to the
plant designer) are dependent on only three
coupling variables -- the inlet pressure to
the power generation train (pti)’ the spe-
cific air mass flow rate (m') and the util-
ity load cycle.

The criterion for optimum design is
chosen to be the total normalized cost (C)
of the system (i.e., cost per unit of elec-
tricity generated by the CAES power plant).
This total cost is the sum of the individual
subsystem normalized operating costs.* The
costs have to be minimized subject to vari-
ous performance and technical constraints.
The implication for CAES plant design is
that, for a given utility load cycle, a sub-
optimization of subsystem 1 would prov1de
the minimum subsystem operating cost (Cl)
and values for the corresponding subsystem
design variables, as a function of the
coupling variables -- p,. and m'. Similar
optimization for subsystem 2 would yield

*
Typically the normalized operating costs
include fuel costs, maintenance, charge
rate on capital investment, etc.




) c% (the minimum operating cost of subsystem
‘2§’and its optimum design, as a function of
the coupling variables only. Finally, the
sum of CO and €9 can be minimized by inspec-
tion to %etermine the optimum values of the
coupling variables, the minimum plant cost
(C*) and the optimal plant design. The
process can obviously be expanded (in prin-
ciple) to include variations in the utility
load cycle and consideration of the resul-
ting economic benefits or penalties to the
utility. A noteworthy corollary of the
approach described is that changes in the
design options considered (e.g., turbines
vs. piston expanders) in one subsystem do
not invalidate the optimization results for
the other subsystem. The remainder of this
paper is confined to consideration of the
design of a particular variety of subsystem
1l -~ one with an aquifer reservoir.

AQUIFER RESERVOIR
TECHNICAL CONSIDERATIONS

The design of aquifer reservoirs for
CAES requires integration with the charac-
teristics of the aboveground machinery,
piping, and the utility load cycle. The
design also depends greatly upon site-spe-
cific geological properties like porosity,
discovery pressure, permeability and
threshold pressureﬁ’“ Some of these in situ
properties enter into the flow performance;
others impose design constraints. Compli-
cations are introduced by way of distribu-
ted flow resistance, formation heterogene-
ities and possible two-phase flow of water
and air. Due to the complexities, however,
aquifer reservoirs appear to offer a signi-
ficant potential for economic optimization.

For an underground porous formation
to be suitable for storing compressed air,
it should have certain structural features.
Suitable aquifers are usually in the ap-
proximate shape of an inverted saucer.
top consists of a tight porous caprock,
saturated with water. The interfacial
property of the air-water system in these
tight pores does not permit the flow of
air. Thus, the dome shape will prevent
any lateral or vertical migration of com-
pressed air. The compressed air is con-
tained in the pores of the rock between
the caprock and the bottom layer of water
and/or rock. In aquifers, the adjacent
water moves under an applied pressure
gradient and therefore requires careful
monitoring to ensure zero net movement
over a period of time.

The

For the purpose of analysis, it helps
to make a distinciton between edge-water
and bottom-water reservoirs. Edge-water
reservoirs, shown in Fig. 2, are character-
ized by relatively thin formations, a cap-
rock of appreciable dip, an underlying im-
permeable layer, and water driven to the
edge of the field during bubble development.
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Fig. 2. Edge-Water CAES Aquifer
Reservoir

In bottom-water reservoirs, depicted in
Fig. 3, a water-air interface lies in a
nearly horizontal plane beneath the air
bubble. This commonly occurs in thick |
formations. A characteristic unique to
bottom-water reservoirs is the phenomenon
of water coning. Because the bottom-water
reservoirs involve more design variables
and constraints, they have received the
greatest attention in the present optimi-
zation study.

AQUIFER-RELATED DESIGN CONSTRAINTS

As related to CAES systems, potential
constraints imposed by the aquifer charac-
teristics have been discussed in Refs. 3
and 4. These constraints were largely
identified from experience in natural gas
storage. The DOE-funded work in progress
on aquifer reservoir stability may result
in identification of additional ones. The
constraints presently appearing to be im-
portant for inclusion in the CAES design
procedures are as follows.

Air Bubble Size. After growing the air
bubble to the desired equilibrium size,
further growth or shrinkage due to the
daily variations in pressure is to be nul-
lified. This concern is reflected in two
related constraints. First, the total mass
of air stored during a weekly cycle should
equal the total mass removed. Second, for
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Fig. 3. Bottom-Water CAES Aquifer
Reservoir

long-term constancy of bubble size, a pres-
sure schedule having the average weekly
pressure (corresponding to the mean mass

of air in the bubble during the week) equal
to the aquifer discovery pressure should be
adopted.

Charging Pressure. In operating CAES
plants, no apparent advantage results from
using high injection pressures; actually,
there are economic benefits of injecting
air at the minimum possible pressure com-
patible with the reservoir dynamics and
power availability. However, during air
bubble development, a high pressure will
reduce the development time. An upper
limit on charging pressure is imposed to
avoid exceeding either the caprock
threshold pressure or the overburden pres-
sure.

Aquifer Geometry. It is obvious that the
reservoir design and storage capacity must
be compatible with the site-specific geom-
etry of the formation. Contour maps for

the site enable the information needed for

optimization to be determined. This infor-
mation includes the total bubble volume as
a function of bubble thickness (measured at
the apex of the dome) and the spill point
(maximum bubble thickness for which the air
will remain trapped by the caprock). The
corresponding constraints are that the area
occupied by the well-field must not exceed
the projected bubble area and the bubble
size must not exceed the spill point volume.

Water Coning. The problem of water coning
in bottom-water reservoirs means that, for
given reservoir conditions and well pene-
tration depth, a critical flow rate of air
exists above which air cannot be withdrawn
from the reservoir without simultaneous
production of water. The critical flow
rate is extremely sensitive to in situ
reservoir heterogeneities. It is known
that the presence of an impermeable bar-
rier like a shale streak below the well
would drastically inhibit bottom-water
from coning into the well. The phenomenon
of water coning has been studied exten-
sively in the past under the assumption of
steady state flow, but an order of magni-
tude estimation for CAES applications
(short discharge time) indicates that a
non-steady analysis is required to ade-
quately determine the maximum well pene-
tration that permits withdrawal of com-
pressed air without co~production of water.
Little attention has been given to this
situation in the literature. Therefore,
the coning height is presently treated as
a parameter in the design procedure. The
intention is to calculate the cost and
performance sensitivity of the aquifer sys-
tem to this parameter. This will help es-
tablish the priority to be assigned to the
study of transient coning.

Well Spacing. It can be observed® by con-

sidering the dynamics of flow in porous
media that, for a given charging or dis-
charging time, a critical distance exists
around each well beyond which only a negli-
gible amount of compressed air storage can
occur. This gives rise to an economic con-
straint on maximum well spacing (i.e.,
greater spacings would be wasteful of land
and bubble volume). The critical spacing
can be calculated from a diffusion time
formula.®*5

AQUIFER FLOW MODELING

Due to the design requirements imposed
by the system coupling variables (turbine
inlet pressure and mass flow rate) and the




- neéd’ to select a proper pressure ratio for
the air compressor train, a prediction of
the formation pressure drop is needed in
the design optimization procedure. Based
on an extensive study of the modeling re-
quirements for flow in porous radial disc
geometry (as applied to CAES applications
in edge-water aquifers),5 it can be reason-
ably expected that a simple quasi-steady
model will suffice. To allow consideration
of bottom-water reservoirs (having a coning
constraint), as well as to insure that po-
tential economic benefits of partially-
penetrating (i.e., shallower) wells can be
examined by the optimization procedure, a
more general, two-dimensional, version of
the quasi-steady model? is employed in the
present study. In order to easily use the
formation pressure drop equation (i.e., to
employ a single '"typical well” model), the
active part of the actual dome-shaped res-
ervoir has to be represented by an equiva-
lent cylinder having the same projected area
and a height equal to the ratio of actual
storage volume to projected area. This in-
formation is determined from contour maps.

The amount of mass stored or removed
during a given charge or generation pro-
cess is used, together with the void volume
of the active well-field within the bubble,
to determine the change in mean formation
pressure occurring during that process.
Combining this information with the quasi-
steady formation pressure drop prediction
enables the maximum and minimum wellbore
pressures occurring during the week to be
found. These values, in turn, are needed
in assessing the compatibility between the
reservoir design and the aboveground equip-
ment.

The chief uncertainty in the flow
modeling just described is that it assumes
values for the effective permeability and
porosity of the porous medium are known.
These values are influenced not only by
heterogeneities in the rock, but also by
the distribution of water throughout the
formation following bubble development and
subsequent dryout (to the extent it occurs).
Although moisture effects have been con-
sidered, ® more work is required to resolve
the issues. As a reasonable measure, for
design study purposes, the following sim-
plifications are used. First, to account
for the reduction of storage space because
of moisture remaining after bubble develop-
ment, a modified porosity has to be defined.
It is recommended that, until more accurate
information becomes available, the dry por-
osity value, reduced by the connate water

saturation,“ be used in all calculations.
Second, since, in a radial geometry, the
pressure losses are concentrated around the
wellbore, which should be relatively dry,
it seems justifiable to use the dry perme-
ability values in estimating the pressure
drop in the reservoir.

OPTIMAL DESIGN OF A CAES
SUBSYSTEM WITH AQUIFER RESERVOIR

The decomposition concept described
earlier suggests that the aquifer reservoir,
compressed air piping, and air compression
train should be designed concurrently as a
subsystem. This grouping has minimal in-
teraction with the rest of the CAES system.
It should be realized that any attempt to
design and optimize only part of this sub-
system (namely, the aquifer well-field
alone) would be less satisfactory and,
possibly, misleading. The resulting "'solu-
tion" would be dependent on assumed values
of parameters such as piping pressure drops
and would not directly allow the compres-
sion costs to impact the reservoir design.

Site-specific reservoir design studies
for CAES have been discussed in previous
literature. For example, a conceptual de-
sign of a complete CAES plant using the
Brookville aquifer as the reservoir was
conducted by General Electric.® The design
was based on more or less state-of-the-art
equipment and was used to test some general
conclusions concerning technical and econo-
mic feasibility of compressed air storage.
Also, Katz and Lady“ have analyzed (and
partially optimized) an aquifer and a reef
system to illustrate a design philosophy
for CAES plants using underground porous
media. The general techniques resulting
from the present project should aid in
conducting optimal design studies for CAES
systems in the future.

SUBSYSTEM PERFORMANCE MODELING AND

DESIGN CONSTRAINTS

The performance modeling and design
constraints associated with the aquifer
were discussed in an earlier section.

These aspects have received the greatest
attention because they are complex and
reservoir costs are dominant in subsystem

1. Rather simplified compressor train and
piping system performance models are used
in the present subsystem 1 design procedure.
However, the incorporation of more detailed
models would not alter its basic structure.




-~ -The design considerations are best
illustrated by reviewing a typical step in
the iterative search for the optimum CAES
subsystem design. The typical design step
includes compression train design, based
on flow rate and pressure drop calculations
for a charging process, and checking of the
available turbine inlet pressure, based on
pressure drop calculations for a power
generation process.

First, the compressor train mass flow
rate is calculated from the known turbine
flow rate and ratio of weekly power genera-
tion to storage time. This calculation in-
corporates the non-growth constraint for
the air bubble and also assumes (for sim-
plicity) that the mass flow rate during
every charging period is the same. Next,
the required compressor train discharge
pressure is calculated by adding the pres-
sure drops in the wells and compressed air
piping to the maximum wellbore bottom pres-
sure, predicted with the aquifer model.

The maximum wellbore pressure depends on
the weekly mass charging/discharging cycle,
the wellbore diameter, depth of well pene-
tration, well spacing, and number of wells.
From knowledge of the compressor train dis-
charge pressure and flow rate, and specifi-
cation of the pressure ratio across the
low-pressure compressor* (either 11:1 or
16:1), the total compression power is cal-
culated from available data.3’>*’

The pressure difference from well-head
to well-bottom reflects friction and grav-
ity effects using standard relationships.
The piping system friction pressure drop is
patterned after the simplifications employed
by Katz." It is assumed that the majority
of the pressure drop in the surface piping
system occurs in the main pipeline and that
an equivalent pipe length (L) can be de-
fined to account for pressure drops in the
feed, cross-feed and branch pipelines. The
most significant design variable of the
piping system is then the diameter of this
main pipeline. Standard relationships are
used in these calculations.’® A 2% addi-
tional pressure drop in the aftercooler is
added.

After the pressure drop analysis of
the compression process, some similar pres-
sure drop calculations are done for the

*The compressor train is modeled as com-
prising a low-pressure compressor, a
booster compressor, and appropriate inter-
coolers and aftercooler.
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power generation process occurring at the
time of the week for which the mass stored
(bubble pressure) is minimum. This proce-
dure enables the determination of the mini-
mum pressure available to the power genera-
tion train for the design being considered.
For a design to be acceptable, this pres-
sure must be at least as high as the speci-

fied inlet pressure.

In the compressor design stage de-
scribed above, the total charging time was
used; it influenced the predicted charging
flow rate and power. It should be noted
that this charging time duration and power
level must be checked for compatibility with
the specified utility load cycle. An ideal-
ized utility load cycle is shown in Fig. 4,
together with the corresponding reservoir
air storage cycle.

S B WER GENERATED
8Y CAES PLANT

TN N 107
w qu lees; '
2 b
g

PP p e
g \VAAVANY/

SUNDAY

T
[}

oe
t

|

|

|

S BASE- PLANT POWER

TUAL XCES!
POWER STORED  AVAILABLE FOR STORAGE

MONDAY  TUESDAY  WEDNESDAY THURSDAY FRIDAY = SATURDAY MONDAY

Fig. 4. 1Idealized Weekly Utility Load
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The power generation level and time sche-
dule is considered invariant, reflecting
the power demand for which the CAES plant
is to be designed. The excess power level
for storage and its daily available time
durations, however, have maximum values
but these may not be entirely needed by
the CAES plant which is being designed.
Since the compressor power and the time
variation in air storage over the week can
both influence the subsystem costs, the
tradeoffs between the two* allowed by the
present optimization procedure can lead to
potential operating cost reduction.

*The beginning and ending time for each
charging process and the compression power
(assumed uniform for simplicity) are all
considered as design variables, subject to
the maximum value constraints imposed by
the utility.



. SUBSYSTEM ECONOMICS: THE OBJECTIVE
" FUNCTION

At every stage in the optimization
process, the trial design being considered
has an associated set of costs. To put the
costs on a common basis, it was decided to
minimize the total operating cost (per unit
of power generated) attributable to subsys-
tem 1. In the terminology of optimization
theory, this operating cost is the objec-
tive function to be minimized. It com-
prises the annual carrying charge on capi-
tal, subsystem operating and maintenance
(0&M) costs, and the cost of compression
energy (electricity) derived from the base
plant off-peak power. The specific capital
costs included are:

(1) Main piping and distribution system -
dependent on piping design and number
of wells.

(2) Wells - dependent on number, depth,
and diameter.

(3) Land - for simplicity, assumed propor-
tional to projected area of air bubble.

(4) Compressor train - based on data from
Ref. 7.

(5) Bubble development - dependent on
equilibrium bubble volume (air com-
pression cost). '

The O&M cost is assumed proportional to the
capital charge cost. Further details on
the cost calculations and data are given

in Refs. 2 and 3. The design variables in-
fluencing the various cost components are
depicted in Table 1.

Table 1. Subsystem 1 Cost Factors
Cost Items
Bubble
Design Com- |Develop-|Air Com-
Variables Wells|Land |[Piping{pressor] ment pression
Utility Load
Cycle X X
Wellbore
- Diameter X X X
Well Pene-
tration X X X
Bubble
Thickness X X X X
Number of
Wells X X X
Well Spacing X X
Main Pipeline
Diameter X X X
L.P. Compres-
sor Pressure X X

OPTIMIZATION PROCESS

A detailed discussion of the nonlinear
programming (optimization) algorithms, or
their computer code implementations (OPT®
and BIAS?), which were employed in this
study, will not be given here. 1In essence,
these generalized procedures interact with
computer subroutine representations of the
subsystem performance and cost models, and
the constraint definitions, in order to
find that combination of design variables
which minimizes the objective function and
satisfies all the design constraints.
During the course of the search for the
optimum, .many (e.g., hundreds) of trial
designs are considered. The computer codes
used work only on the continuous design
variables. Discrete variables (those re-
stricted to only a few allowed values, such
as pipe diameters) must be examined '‘manu-
ally" by repeated application of the com-
puter code. 1In the present formulation,
the number of wells is approximated as a
continuous variable, because it is typically
a large number (e.g., a few hundred). The
present CAES design optimization procedure
results in the specification of the follow-
ing independent variables: air bubble size,
number of wells, well depth, wellbore di-
ameter, well spacing, compression (charging)
time duration for each day, compression
ratio of the low-pressure (L.P.) compressor
and main piping diameter. Much additional
information can subsequently be derived
from these results (e.g., booster compres-
sor pressure ratio, land area to be pur-
chased, etc.).

ECONOMIC TRADEOFFS IN DESIGN

The number of design variables (re-
lated to the flexibility of the model) re-
quires the investigation of many tradeoffs
during optimization. Although some of
these tradeoffs are perhaps obscured by the
"automatic" nature of the optimization, the
formulation of the procedure and operational
experience have led to the identification
of several tradeoffs.

(1) Active Bubble vs. Total Bubble Size.
Little incentive exists to sinking wells
near the outer periphery of the reservoir.
For a given bubble thickness at the apex
of the dome, as the active land area in-
creases, the average well thickness de-
creases (see Fig. 3) so that the perfor-
mance per well suffers and the number of
wells increases. However, fewer, deeper,
wells concentrated near the center of the
bubble results in development of a largely




ifactive bubble and in greater cost per

" well.

(2) Well Penetration. Greater penetration
of wells into the bubble reduces the number
of wells, but increases the cost per well.

(3) Well Spacing. Closely spaced wells
have less pressure drop (compression cost)
but also less storage volume associated
with each well.

(4) Bubble Thickness. Greater thickness
permits deeper wells (fewer needed) but re-
quires more surrounding land (projected
area of bubble).

(5) Compression Time. Use of all the
charging time available minimizes the capi-
tal cost of the compressor train (lower
flow rate). Use of reduced time (higher
flow rate) can alter the shape of the res-
ervoir mass storage cycle, reducing the
maximum pressure swing. This could reduce
the number of wells needed to meet the tur-
bine inlet pressure requirements.

~

EXAMPLE APPLICATIONS

The CAES subsystem 1 design optimiza-
tion procedure described in the preceding
sections has been successfully implemented.
Results of applying it are presented in
this section for illustration purposes, to
examine the potential economic impacts that
can be achieved with aquifer reservoir sub-
system optimization, and to examine the
effects of certain cost parameters.

Originally, it was planned to apply
the new procedure to the design of a 600
MW plant at Brookville, Illinois, so that
the optimized design could be compared with
the G.E. design.6 In preparing to do this,
however, it was noted that the G.E. design
appears to violate the spill point con-
straint for the Brookville aquifer site.
That is, the storage volume encompassed
by the G.E. Brookville reservoir design
exceeds that available above the spill
point, as determined from contour maps of
the aquifer layer. In the Brookville
study, the actual site-specific properties
(porosity, permeability, average aquifer
thickness) were used, but the reservoir
was approximated as a constant thickness
circular disc without water-related con-
straints. Application of the procedure
developed in the present study, which at-
temps to account for geometrical limita-
tions more correctly, led to a design with
about 700 wells; 308 wells were recommended
in the G.E. report® using the less restric-
tive aquifer geometry assumption.

The major testing of the capabilities
of the design optimization procedure has
been for the example of a hypothetical 600
MW CAES plant using the Media, Illinois,
Galesville aquifer as the reservoir. Con-
tour maps and ''material properties" for
this aquifer were taken from Ref. 4. The
geometrical information on storage volume
and projected bubble area as a function of
bubble thickness, based on the.contour maps,
is tabulated in Ref. 3. Other pertinent
parameter values used in the study are
given in Table 2.

Table 2. Galesville Study Parameters

Aquifer Discovery

Pressure 840 psia
Effective Porosity 14.3%

Closure (top struc-
ture to spill poinc) | 110 ft

Average Horizontal

Sand Permeability 448 md
Average Vertical

Sand Permeability 354 md
Specific Flow Rate 10.4 1bm/kWh

Turbine System

Inlet Pressure 750 psia
Utility Cycle:
Power Generation 600 MW

Power Generation
Time

Max. Compression
Power

Max. Compression
Time

Storage Temperature

Base Plant Electri-
city Cost

5 days, 10 hrs/day
590 MW

6 days, 10 hrs/day
(excludes Friday)

150°F

15 wills/kWh

Land Cost $1200/acre
Other Cost and Sub-
system Parameters see Ref. 3

As a starting point, a feasible (but
nonoptimal) design for the Galesville plant
was developed intuitively, although this is
not essential for the implementation of the
optimization procedure using the OPT® or
BIAS? algorithms. Table 3 compares the
initial intuitive design with two optimized
designs. The first one of these is the re-
sult of the formulation described in pre-
vious sections. The second design was ob-
tained by employing a further simplification
in which the charging time variables were
held constant. In all these cases, the
discrete design variables were held fixed
at the values: main pipeline diameter
(48 in.), wellbore diameter (7 in.), L.P.
compressor pressure ratio (11:1).




Table 3. Sample Galesville Study Results
Optimized
Fixed
Initial |{Optimized| Storage
Design Design |Time Design
Aquifer Reservoir
Specifications
Surface area to be
bought (acres) 5895 2777 2944
Active well-field
area (acres) 2758 2038 2944
Air bubble thickness (ft). 105.0 79.9 81.7
Well depth (ft) 1385 1369 1380
Well spacing (ft) 467 530 533
Number of wells 700 402 575
System Pragsures, Flow
Rates and Powers
Minimum available turbine
system inlet pressure (psi) 775.5 750.0 750.0
Total storage process
time (hrs) 59.4 51.4 60.0
Air flow rate during
storage processes (lb/sec) [1459 1686 1444
Compressor power required
) 385 449 384
Compressor discharge
pressure (psi) 850.3 879.3 874.6
System Costs
Land cost ($, millions) 8.843 4.165 4.417
Bubble development cost
($, millions) 6.818 2.580 2.779
Well construction cost
($, millions) 73.379| 41.915 60.190
Low pressure compressor
cost ($, millions) 4.642 4.996 4.619
Booster compressor cost .
($, millions) 4.455 4.897 4.511
TOTAL CAPITAL COST
($, millions) 101.59 62.00 79.97
REDUCTION IN CAPITAL COST (Z) - 39.0 21.3
BASE LOAD ELECTRICITY COST
(mills/kwWh) 11.45 11.54 11.53
TOTAL SUBSYSTEM OPERATING
COST (mills/kWh) 24.25 19.36 21.60
REDUCTION IN OPERATING
COST (%) - 20.2 10.9

There are many interesting observa-
tions to be made from the results in Table

3.

Both of the optimum designs reduce the

number of wells, average well depth and
bubble size, indicating that the starting

point was a case of overdesign.

This con-

clusion can also be drawn from a compari-

son of available turbine system inlet pres-

sures in the three designs.
fully formulated constrained optimization
problem has allowed a reduction in "'safety
factors" required in an intuitive design

process.

Thus, a care-

The optimization also underlines the
compromise necessary between compression
power requirements and capital costs of the
reservoir system. Higher compressor power
and cost are tradeoffs for lower land, bub-
ble development, and well construction costs.
In the first optimum design, the weekly res-
ervoir pressure variation is reduced by an
even distribution of air storage over the
entire cycle. This is accomplished by re-
ducing the weekend storage process dura-
tions. On the other hand, the simplified
optimization, with fixed storage times,
uses a larger active reservoir volume and
reduced reservoir formation pressure drop
(larger number of wells) to decrease the
cyclic pressure fluctuation. A noteworthy
feature of the optimum design is partial
utilization of the air bubble. This is
caused by the high cost of constructing
additional wells in the outer region of
the bubble, where they yield only minimal
benefit due to the tapering of the aquifer
formation.

The most important results are the re-
ductions achieved in the subsystem 1 costs.
The optimization procedure described herein
yielded a 397 lower capital cost and 207
smaller operating cost, compared to the
initial design! Restricting the storage
processes to fixed values caused these im-
provements to be only half as much. Al-
though substantial design improvements have
been made, further cost reductions are ex-
pected as the optimization algorithms are
fine tuned and the models improved.

Further optimization runs for the
Galesville problem have been made, using
different starting point designs, to deter-
mine whether the ''global' optimum has been
found. The best of these solutions has an
operating cost of only 17.8 mills/kWh, a
reduction of 87 from the optimum value given
in Table 3. This design has only 252 wells,
an active area of 1294 acres, a bubble
thickness of 91.6 ft., and a 53 hr. charging
time. Interestingly, the fixed charging
time (60 hr.) version of this solution is
very similar in design and cost.

When a CAES plant using the Media
Galesville aquifer was investigated by Katz
and Lady," they concluded "... use of 100
input/output wells seem reasonable for full
development (600 MW).'" This number, not
based on detailed optimization, is consider-
ably less than found in the present study
(252). The discrepency may be partially
due to the imposition of the diffusion time-




" - related constraint on well spacing in the

" optimization procedure. Whether that con-
straint is conservative or the assumptions
of the previous investigators overestimates
the reservoir flow capability under CAES
cycling conditions remains to be determined.

Examination of the various Galesville
optimization runs, and those done for the
Brookville site, shows that the optimum
wells penetrate nearly to the bottom of the
bubble, often being limited by the coning
constraint. Increasing the coning distance
parameter from 1 ft to 5 ft increases the
operating cost by about 1 mill/kWh, indica-
ting that the coning problem should be
studied further.

For the Galesville problem, the effect
nf wellbore and main pipclinc diameters on
optimum design operating cost are shown in
Figs. 5 and 6, respectively. The main pipe
size has little effect.
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Fig. 5. Fffect of Wellbore Diameter in
Galesville Problem

The effect of certain cost parameters
on the optimum Galesville subsystem 1 opera-
ting cost has also been investigated (see
Figs. 7-9). It was found that the optimum
design variables did not change as these
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costs were varied, thus explaining the
linear relationships in the figures.
though this observation may not be of gen-

Al-

eral validity, it would be comforting to

know that a CAES design would remain opti-
mum if the cost of base-plant electricity

were to increase in the future!
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CONCLUDING REMARKS

The design procedure described in
this paper appears to be the most complete
method availlable for designing aquifer
reservoir-based CAES plants. Limited com-
parisons with published results using more
simplified methods of analysis suggests a
possible inadequacy in those methods. Fur-
ther work is recommended to resolve these
issues.

The design optimization procedure is
general in its structure, but its current
computer implementation is somewhat res-
tricted (e.g., bottom~water reservoirs,
equal compression power for each charge
process, etc.). It 1s also based on a
somewhat idealized aquifer model and on
particular judgements on important con-
straints. However, extensions and refine-
ments can be readily incorporated as re-
quired. '

Utilization of the design optimization
procedure can be valuable, when carefully
applied. It can:

- result in actual capital and operating
cost savings in plant design,

- give insight into the economic trade-
offs among design variables, and

- assess the influence of uncertainties
in cost data.

Furthermore, if combined with a similar
optimization model for the turbine system,
a complete CAES plant design optimization
could be performed.

Some additional information on the
work presented is available in Refs. 2 and
3. A final report is in preparation which
will provide full documentation, including
listings of the computer subroutines embody-
ing the optimization-oriented CAES model.

ACKNOWLEDGMENTS

The important contributions of Ajay
Sharma (University of Illinois at Chicago
Circle), Rajesh Ahluwalia (Argonne National
Laboratory), and Ken Ragsdell (Purdue
University) in the development and imple-
mentation of the methods and models des-
cribed herein, and in the preparation of
previous manuscripts on the project, are
gratefully acknowledged. This work was
supported by the Division of Energy Storage
Systems, Office of Conservation, U.S.
Department of Energy.




-~ REFERENCES

Xim, 'C.S., and G.T. Kartsounes, 4 Para-
metrie Analystis of Turbomachinery Options
for Compressed Air Energy Storage Plants,
Proc. of Compressed Air Energy Storage
Technology Symposium, Pacific Grove, Cal.
(May 1978).

’Sharma, A., F.W. Ahrens, K.M. Ragsdell,
R.K. Ahluwalia, and H.H. Chiu, Design of
Optimun Compressed Air Energy Storage Sys-
tems, to be presented at the 1978 Midwes-
tern Energy Conf., Chicago, Nov. 19-21,
1978; to be published in ENERGY (journal).

’Ahluwalia, R.K., A. Shamra, and F.W.
Ahrens, Design of Optimum Aquifer Reser-
voirs for CAES Power Plants, Proc. of
Compressed Air Energy Storage Technology
Symposium, Pacific Grove, Cal. (May 1978).

*Katz, D.L., and E.R. Lady, Compressed Air
Storage for Electric Power Generation,
Ulrich's Books, Inc. Ann Arbor (1967).

Ahluwalia, R.K., F.W. Ahrens, A. Sharma,
H.H. Chiu, and G.T. Kartsounes, Dyanmic
Analysis of Porous Media Reservoirs for
Compressed Air Energy Storage, Argonne
National Laboratory, unpublished infor-
mation (1977). :

6Bush, J.B., Jr., Principal Investigator,
Economic and Technical Feasibility Study
of Compressed Air Storage, ERDA Report
No. 76-76 (March 1976).

"Davison, W.R., and R.D. Lessard, Study
of Selected Turbomachinery Components for
Compressed Air Energy Storage Systems,
prepared by United Technologies Research’
Center for Argonne National Laboratory,
Report ANL/EES-TM-14 (Nov. 1977).

8Gabriele, G.A., and K.M. Ragsdell, OPT:
A Nonlinear Programming Code in Fortran-
IV-Users Manual, Purdue Research Founda-
tion (June 1976).

9Root, R.R., and K.M. Ragsdell, BIAS: A
Nonlinear Programming Code in Fortran-IV-
Users Manual, Purdue Research Foundation
(Sept. 1978).

12






