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ABSTRACT

... This study con31ders the optimal management of a hot water geo-
thermal reservoir. The physical system 1nvest1gated includes a three-
dimensional aquifer from which hot water is pumped and circulated through
a heat exchanger. Heat removed from the geothermal fluid is transferred
to-a building .complex or other. facility for space heating, After passing .
through the heat exchanger, the (now cooled) geothermal fluid is reinjected
into the :aquifer, - This cools the reservoir at a rate predicted by an expression
relat1ng pumpmg ra.te, time, and production hole tempera.ture.

The economic model proposed in the study maximizes discounted value
of energy transferred across the heat exchanger minus the discounted cost of
wells, equipment, and pumping energy. The real value of energy is assumed
to increase at r percent per year, A major decision variable is the production
or pumpmg rate (which is constant over the project life). Other decision
variables in this optimization are production timing, reinjection temperature,
and the economic life of the reservoir at the selected pumping rate,

Results show that waiting time to production and production life
increases as r increases and decreases as the discount rate increases.
Production rate decreases as r increases and increases as the discount rate
increases.- The optimal injection temperature is very close to the temper-
ature of the steam produced on the other side of the heat exchanger, and is
virtually independent of r and the discount rate, 'Sensitivity of the decision
variables to gechydrological parameters was also investigated. Initial aquifer
temperature and permea.b:.hty have a2 major influence on these variables,
although aqu1fer poros1ty is of less 1mporta.nce.

A penalty was considered for productmn delay after the lease is
granted,. Production timing is sensitive to this ''incentive'' and to the amount
of royalty charged, although production rate is not, By mampulatmg these
two incentives the onset of production by a net benefit-maximizing producer
can be moved forward or backward in time,

.......

ii
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Chapter 1
INTRODUCTION
Charles R. Scherer and Kamal Golabi

1.1 MANAGING HOT WATER GEOTHERMAL ENERGY

The plumes of steam issuing from the geothermaeal steam-electric
generators near Geyserville, California only hint at the vast amount of energy
stored in hot water geothermal reservoirs throughout the western United.States.
Most western geothermal energy resides in hot water aquifers from which it
can be removed for space heating or electric powér generation, Although
energy production from this source has been technically feasible for decades,
the relative costs and revenues have never favored extgnsive' explditation until
recently. Now, due to thé recent increases in th.e value of energy and the
concern over the environmental impacts of fossil and nuclear energy sources,
more attention has been focused on geothermal energy. Given that the overall
economics have become more favorable, it is appropriate to consider reservoir
management plans that maximize the economic value of a particular reservoir,

From a resource economic vingoint, an ¢ptima1 pfoductio_n policy will

depend on, among other things, the relative costs and value of geothermal |
energy and other energy sources, both now and in the future, Recognizing
that energy value wi;ll probably increage with time raises the question of when
production of a particular.reservoir should begin, If the real value of energy
increases substantﬁélly ovér the next de’ca&es, then one mig’ht cpnsider post-
-poning production for awhiie.. Intuition ‘suggests fha.t & non-zero waiting time
may exist that maximizes present worth of net révenﬁes.

Hence, a general approach to this }Sroblem would make production.
rate and timing contingent on pertinent information on alternative_ sources, A

good example of this approach is given in Manne's (1976) Energy Technology




Assessment Model, where he points out that:

"Each energy source has its own cost parameters and
introduction date, but is interdependent with other
components of the energy sector.' [Manne (1976)p. 379]

But by their large dimensions,: such macro analyses tend to divorce careful
c§nsideration of the technology of particular energy soﬁrces from the plans
for their development. Accordingly, since we believe explicit treatment of
the pertinent process technology is important in developing meaningful
resource management fnodels, in place of a macro model we substitute thg
increasing value-in-use over time of the energy produced and compare this
with the costs of f:toducing_J it.

The heat enérgy in tﬁe aquifers is derived from magmatic intrusions
into the earth's crust, to §vhich heat is conducted from the interior of the
earth. * Although the heat source will be effectively infinite for the next few
decades, the rate of heat transfer from the magma across the aquicludes to
the aquifer matrix and fluid is governed by the rate of thermal conductivity of
the aquicludes, which is relatively low, so the energy of the geothermal field
is also effectively non-renewable in the future of economic relevance (given a
poéitive discount rate).* |

Although hot water.geothermal reservoirs may provide energy for
either electric power or non-electric steam generation, we are concerned only
with the latter application in this study. Hot brine (water) is brought to the
earth's surface (by its own pressure or pumped) and the heat energ& is removed

from the water either by a heat exchanger or by direct expé,nsion through a

* '
‘Although a thermal gradient exists everywhere from the center to the surface

.of the earth, a geothermal field, also referred to as an anomaly, may be
~detected (actually defined) by an unusually steep local thermal gradient near
the earth's surface. By local, we mean a kilometer or two in all (horizontal)
directions from the point where the gradient is greatest,



turbine, The spent brine is then dumped to waste, as in Wairakei, New Cie
Zealand, or it may be remJected into the aqu1fer some d1stance from the pro-
duction hole, If wasted, the chem1ca1 content of these brmes can cause sub-
stantial environmental damage Furthermore, since contmuous pumpmg of the

water at a rate faster than the natural recharge rate can cause land subs1dence,w
it appears ‘that remJectmn will be req\nred for all hot water geothermal develop-
ment in the U. S. | h |

Reinj;e;ctin’g cooled brine into the aquifer will cool the aqu1£er As the

temperaturwe djroPs, the i:iualitjr of ther‘ema‘ihi:ng‘ heat declines, and so does its
energy»:\‘ralue ‘Since the rate of coohng is d1rect1y proportmnal to the rate of
heat extraction, intuitively it seems that there m1ght be some econom1ca11y |
"optimal" startmg t1me and energy extrachon rate for such a reservozr . There
will also be a best 11fet1me and 2 best remJectmn temperature assoc1ated mth
this opt1mum pumpmg rate, and these des1gn parameters w111 be ‘sensitive to
several cost 1nputs, mcludmg royalt:.es In partmular. it is posszble that the
”best" extractmn pohcy may not be to start at once and produce (extract) the
energy as fast as current technology will perm1t, even 1£ the reservoir is not |
jointly oufned: e i—Io;ve;ver,'hfor discount rates Lgreate-r'than' the rate of‘ i;n"crea.se'"
in energy value, the present worth of deferred value rapzdly d1m1nishes as

extraction is postponed )

*  Good examples of. potential damage from subsidence are found in the California
Imperial Valley where substantial subsidence could seriously disturb the
vertical alignment of the irrigation canals,.and in the Wairakei fields in New.
Zealand [ Atherton et al, (1976), Stilwell and Hall (1975)].

The problems of mutual exploitatmn of a jointly owned reservoir.are well
known among natural resource engineers, economists, and lawyers, Since
water is a '""migratory' resource (unlike, say, coal), it is possible for one
joint owner to legally exhaust a resource held in common by several surface .

: property owners, In:the case of geothermal energy production, the problem
is that one owner's extraction of the energy will cool the reservoir(even if all
extracted fluid'is reinjected), reducing temperature ~and hence value =forall,
This may be a potential problem on the horizon for geothermal energy use.
Although we do not investigate joint management strategies in this report, ‘the
problem and its complications are discussed briefly as future work.

Aok



1.2 MOTIVATION FOR THIS STUDY

‘v Since tlie‘first geﬁeraﬁon of studies has determined that hot water geo- \ﬁ‘
therma.i éhérgy.is ""economically feasible,' it now seems appropriate tb consider
such faéférs as the‘ Best prodﬁction rate, the length of time produ;:tion" should
continué, the best reinjection tempera.tﬁre, and> the best time to Begin pfoduétion
of a éarticular feservoir in order to obtain the maximum value fronf the |
resource, These factors are interfelated and can be investigated with the
general tyl;:aof ”a.na.yl‘ytica.l model demonstrated in this report. ‘Hence the purpoée
of this work, as originally conceived by Scherér (1975), is to formulate an
evaluative, computationally-oriented opﬁmizaﬁon framework that is of
operational value to it’s users,

Anticipated users of this work can be divided into two groups. Firét,
members of the private energy resource development sector m;.y be interested
in answering the basic queétions raised above with a view toward profit-
maximizing management, Second, agencies of state and federal governments
charged with prudent management of geothermal energy resources on public
lands aré valso concerned with these same basic questions. Geotherma.l.
resources under lands which were originally in the public domain constitute a
significant fraction of the total known geothermal reséi‘ves. It is the responsi-
bility of public resource management agencies such as the U. S, Geo}ogical
Survey, U.S. Bﬁre'au of Land Management, and Depé,rt:nent of Enef’gy‘ to
determine which reservoirs (or public lands) shall be produced, when they shall
be‘produced,' and how fast, They are also in charge of determining - within the
limits prescribed l.)vy law —;whét the 'roya‘lties shall be on energy ‘extracted.

Since it has been held in recent court decisions (San Francisco Chronicle,

November 4, 6, 1977 and Fogarty, 1977) that the state and federal governments



retain rights to minerals and steamn (presumably hot water as well), even

though the surface use rights were deeded to private parties under the Home-

stead Act of 1916 the potenhally substantml royalties from geothermal energy

productlon on these lands will now be transferred to the federal and state
treasunes.‘ Thls w1ll most l1ke1y heighten the interest of state and federal
regulators m determmmg "appropnate" royalties. Moreover, they may vnsh

to employ certam 1ncent1ves to accelerate or postpone onset of extractmn in

\11ght of other nat1ona1 energy obJectwes, and the evaluative methodology

demonstrated in this report may therefore be useful in 111ustrat1ng the potent1a1
of government adrmmstered incentives to d1rect geothermal energy development.
Hence the analyt1cal methods that are of use to the pr1vate sector may be of
equal value to government regulators in evaluating and managlng public geo-
thermalresourc_es‘. Accordmgly. the prlmary mot1vat1on of this research,
supported by public resources, has been to contribute to the development of
analytical methods which will advance the state of the art of geothermal |
resource evaluatmn and management in both the private and public sectors,

We have also been concerned w1th the demonstratnon of a conceptual
approach as well as deve10pment of operatxonal analyt1cs. During the last
three decades — and espec1a11y more recently — there has beena great amount
of conceptual work on the theory of soc1a11y opt1ma1 natural resource depletmn.
This hterature 1ncludes work by Cummmgs and Burt (1969), Gordon (1967).
Heal (1976), Hotellmg (1938), Pearce and Rose (1975). Schulze (1974). Scott
{1967), and Sm1th (1968), and has been su;mmanzed by Peterson and F:sher
(1976), and in the proceedmgs of a symposmxn on exhaust1b1e resources in the
Revrew of Economrc Stud1es‘(l974_). _However. as Peterson and F1sher

point out:




"In their current state, these models are excellent vehicles -
for teaching concepts and techniques of dynamic optimization,
especially in the presence of externalities. ‘Unfortunately,
they cannot be used to manage actual natural resources,
‘because their functional forms are too simple and their.
empirical content too low."  [Peterson and Fisher (1976)
p. 17). : o , e

Hence, a second motivation for this work is the introduction of more physical

and empirical ""content'" into the theoretical optimal extraction literature in

CE

order to pfovide a lirik Bef.Ween'th'eory aﬂd aﬁpliéation. ' We have chosen non-
electrical hot water géothermal ‘ehérgy produvction as the ve'hic;.lie;"é'f this
demonstration, | |

 With the introduction of new technologies such as i‘ﬂ'lljigu‘:;water geothermal
energy prvodhc.tiovn, the need for technical and "engineering" data is often at
- least as great as the need for maﬁégement inirestigafion. A quesﬁdh then arises
as to which technical data are most important and as such should be the objécts
of additiqnai funded research. However, prior to management model investi-
gations such as this one, it is not always clear how data needs rank in order
of importance in determining how and when to produce a particular reservoir,
Therefore, a third motivation of this research has been to. demonstrate how the
pr,odug:tion' model developed herein can be used to determine the information

to which the planning and design process is most sensitive,

.3 . OBJECTIVES OF THIS STUDY
We now turn to a more specific statement of the objectives of this
research, First we develop an extraction model that assumes pfoduction begins -

immediately (or never), and then we address the following questions:

'-;a;, -At what rate and for what duration of time should a geothermal

'regervoir be produced, and to what degree should the brine be



cooled before reinjection into the aquifer in order to maximize

the present worth of profits?

b. To what extent are these decisions dependeht on the economic
parameters that influence value over time (interest rates and .
rates of growth in energy value)? In particular, how are these

decisions affected by variations (uncertainty) in these parameters?

c. What is’the ecoﬁomic worth of a reservoir, how is it assessed, ‘
ar;d in what manner a_nd to v;'hat extent is this value dependent on
physical and economic pafameters (such as initial temperature,
permeability, growthv rate in the value of energy, market interest
rate, royalty and land rent, équipment and operational.costs, and

costs of wells and their expected lives)?

d. To what extent can regulatory agencies influence the rate of
geothermal energy production by manipulating factors like

royalties, lease terms, and land rents?

e. Which are the critical geohydrologiCal parameters in the engineer-
ing design of the'geothermyal facilify? How beneficial would
it be to obtain additional information regarding these parameters

before the extraction facilities are designed?

We then relax the requirement that production begin at once. Instead we
- investigate the relationship between waiting time until start of production and
the other design parameters already identified. Specifically, the following

questions are addressed:

a. At what t1me should production start, how fast, and how long -
should a hot water geothermal reservoir be exploited in order

to maximize the net present worth of the resource?



b, Given tha.t.the entrepreneur can postpone production, what is
the present worth of the associated profits, and in what'{manner
and to what extent is this value dependent on parameters such as.
rate of growth of the value of eﬁergy, market interest .rate,
royalty,r land rent, and penalties imposed by the government f_qr

_ delaying extraction?

c. To what extent can regulatory ageéncies influence the timing and
rate of geothermal energy by manipulating incentives.such as. -
royalty, lease terms, land rents, and penalties for delays in

extraction?

1.4 OUTLINE OF REPORT

With these objectives in mind, we present some background informa-
tion in the next chapter on hot water geothermal systems and describe the
'physical relationship between extraction rate and temperature over time for
the reinjection case. Next, we review some fundamental principles of résource
allocation and then present our economic modell for selecting optir'nal' steady-
state production rate, reinjection temperature, and economic life of the
reservoir when the extracted energy is used for non-electrical steam production.
We then analyze the relationship between the cost of each component of the pro-
duction and éurface equipment and our decision variables, Using these éosts,
and data for a typical a.qﬁifer, we present the results of our optimization and
attempt to answer the questions discussed above. Chapter 2 concludes with a
discussion of these results.

In Chapter 3 we consider the best production program for a hot water
geothermal reservoir with emphasis on the optimal time to commence

production, Using pfoduction functions relating production rate to the quality

U



of producéd enefgy'and functions describing the extraction cost of geothermal
energy, we present an operational model that‘g‘ives the best time to begin
produéi:ioﬁ;' the optimal pumi:ing rate, and the best planniﬁg horizon. We
investigate the effect of economic i:arameters and incentives on profits, ex-
traction rate and timing, and study the extent to which regulatory agencies can
influence the timing and rate of exploitation by manipulating economic
incentives, In Chapter 4 we discuss these models critically and suggest

directions for further research, In the last chapter we summarize salient

conclusions,




Chapter 2

OPTIMAL PRODUCTION OF GEOTHERMAL ENERGY
Kamal Golabi and Charles R, Scherer

C

2,1 INTRODUC TION

In this chapter we develop the bas1c economic model for optimal pro-
duction of hot water geothermal energy for non-electric steam generators,
assuming production commences immediately (or not at all), A central
assumption and featurelof our model is that cooled or ""spent' brine is reinjected
back into the aquifer, causing the aquifer to cool over time in proiaortion to
pumping rate. To represent this physical phenomenon, we have used the
hydrothermal expression of Gringarten and Sauty (1975). This relationship
between heat energy extraotion rate and production well ter;nperature over time
was formulated for a productmn reinjection geothermal well doublet with
homogeneous aqu1fer. Our opt1m1zatzon model can be modified to accommodate
other hydrothermal models. However, the assurnp’non of reinjection is essential.

‘As the work on this project progressed, it became necessary to report
the resulta on the basic thodol at an early date, These are contained in a
preliminary technical report:by Golabi and Scherer (1977). This report has

been revised slightly and appears here as the remainder of this chapter.

+

2,2 ‘THE HOT WATER GEOTHERMAL SYSTEM

By hot water geothermal system we refer to a ‘homog"eneolyus saturated
aquifer bounded top and bottom by impermeable aquicludes (see Figure Z.'1).
The water in the aquifer (before any pumpmg) is in thermal equ1l1br1um w1th
both aqu1c1udes and with the aquifer matrix. The aqtnfer is horizontally un-

bounded in all directions; i. e., it is horizontally infinite,

The hydraulic operation of a hot water geothermal system may be

described as follows. Water is pumped from the production well (at [ 1] in

10
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Figure 2. 1) up to the surface where it enters the heat exchanger [2]. After
it leaves the.hea.t exchanger [3], it is piped to the reinjection well [4] and
pumped back into the aquifer [5] It then ‘moves through the aquifer toward
point [ 1]. The flow is turbulent from point [ 1] to point [ 5], and laminar
from [5] to [1]. Initially, when purping begins, the entire aquifer is in
equilibrium at temperature T o° Water is pumped out at that temperature and
cooled to Ti as the energy is gxtracted. After the water is pumped back inﬁ_o
the aquifer, it is heated by the aquifer matrix‘ as it moves from [5] to [1] :
along an infinite number of laminar streamlines, the shortest of which is a:
straight line between the injection well and the production well., For some
period the water will be ~heai:ed back to To by the tifne it a.{i,'frives at ‘pc.aint [1].
As heat is transferred from the aquifer matrix to the fluid, the temperature
of the matrix decrease;. It follows fhat a point in time, Ty will come when the
matrix can no longer heat the fluid to T by the tirvne the flfzid reacheé point [1].
When this happens, the‘ production well temperature at [ 1] (and hence at [2])
will begin to drop. If we denote the time-variable production welll temperature
‘as T:, this process of temperature degradation over time ‘f:an be plotted as,
shown in Figure 2.2. The point in time, T, when temperature begins to de-
cline below '1'Q is called "breakthrough,' referring to the tirner when the |
reduced fluid temperatute breaks through to the production well. ‘Breakthrough
is inversely proportional to Q, the water flow rate, as we shall see shortly,
The post "breakthrough' rate of decrease in temperature also depends on Q
and reinje.ction‘tempera.ture,v Ti‘ The_relationship between production well
temperature and time can be :speé:‘ified‘for a given flow rate using the work of
Gringarten and Sauty (1975). In their hydrothermal model, brine is withdrawn

at the rate Q and reinjected at the same rate. The temperature of the

12



(ré )

-~ TIME,t

FIGURE 2.2 THE TEMPERATURE .vs, TIME PLOT
FOR A GIVEN FLOW RATE

13



reinjected. f_luidl et time t is denoted by T.t. Fe; the first T years (02 t< 7))
'_I‘: = T: = To is the initial equxhbrmm temperature of the unexploxted o
reservoir and T denotes the breakthrough time. The breakthrough time is
inversely proportional to Q and is described by the following relationship
[see Tsang et al.- (1976) ]::

T‘(Q);'t/s, o R AFY

where t is a umt for time,

I oo . . . \ . ey
. R 5 : {

2xhD%p_c_ : e
b T _873_0_5—_p£ & o S e

: s 1 R )
and h 1s the aquxfer th1ckness (m), D the well separahon (m), Q the pumpmg
rate (m /hr), and p ' pf, C.s S the densities and spec1£1c heats of the aquifer
1 i

matrix and the f1u1d, respectively, The rela.tmnshlp between the heat capac1t1es

of the aquifer matrix, rock structure, and the fluid is given by,

p. ¢

aCa = Pceppt (1-d)ppep ‘ SRR (2. 3)

where ¢ is the porosity of the aquifer,

For the purpose of this analysis, we neglect the temperature drop in
surface pipes.so that the temperature of the fluid entering the heat exchanger
is 'I'; and the injection temperature, T:, equals the temperature of _the fluid
leaving the heat exchanger. The temperature after breakthrough is determined

. j\by a function g (T: , t/t.u) which gives the ratio of the temperature drop through.

\the heat exchanger experienced by the brine at time t, to that at time zero:

T-T
o

e o

-t
f B ey - @4
To - T,

[
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We will later show that the va.r1at1on in T is small and hence g can be a.pprox1-

mated by a functmn g which is valid for invariant T

2.3 THE NON-ELECTRICAL STEAM CONSUMER

We assume the energy extracted from the geothermal reservoir will
be ‘used to generate the low pressure steam for process heat or institutional
space heating (e. g. a hospital or industrial complex). Although the hot water
could be "flashed" directly to steam, the chemical co.mposition; of this flﬁid is‘
such that corrosion or scaling is anticipated. Since control of this problem
for a large institutional steam system would be far'more costly and complicated
than for a heat exchanger. the latter is preferred for this application. In our
model stea.m condensate from a buxldmg complex stea.m—heatmg system enters
the heat exchanger at the saturation temperature of steam (a.t the des1red |
’pressure) T (at [6] in Figure 2. 1), is heated and leaves the heat exchanger
as steam at Ts [7]. is circulated throughout the bu11d1ng complex losing heatl
to the building in the process of phase change, and returns .es condensate to the
heat exchanger [ 6]. | |

Aside from piping heat losses-, there are only two ways in which heat
can leave the doublet system ‘(includes re’servoir as well'as surface equiprnent):
by transfer to the steam cycle, and by heat loss from the heat exchanger. A
realistic model should irthgg.orate this heat loss, ‘and we shall return to this
detail in section 2.5.6. T‘or'no;;\e neglect heat losses in the heat exchanger -
and assume all the heat removed from the brine at any given time is used to °
gene‘ra‘te steam. b |

—

~

The effectiveness, €, of a heat exchanger is defmed in terms of the hot
and cold brine temperatures, T and T , and the temperature of the cold side

of the exchanger, T s The maximum transferable heat (given an infinite

15



exchan‘gev’arvea) i;sr Q oy pf_(T; - Ts)' However, since heat transier becomes
very expensive as Ti approaches Ts, the heat actually transferred is usually
less than the maximum defined above. Accordingly ¢ is defined as the heat
actually transferred divided by the maximum amox;.nt of heat that could be
transferred given an infinite transfer surface area. [Edwa.rdss_t al. (1973)
p. 253]:

' t

t
0

€ = % =
o

(2. 5)

O O e
.

chpf(T -Ts) T --Ts

For a giveh Q, eqn. 2.5 implies that & increases to unity as Ti — Té.' In
addition, the effectiveness of a heat exchanger is a function of the number of

transfer units NTU (t) at time t, [ Edwards et al. (1973) p. 243],

e = 1. NTUW®) 2. 6)
where

NTU®) = -l-‘—%)—A- . | (2.7)
and

k(t) = 0.00488 Ut)/c,p,

U(t)j is the overall heat transfer coefficient at time t, (BT'U/hr-fth - °_F), C; Pg
is the heat capacity (cal/cc °C) and A is the heat exchanger area (niz). The
units of k are m/hr making NTU in eqn. 2.7 dimensionless. *

We are now ready to’discuss the variation in T: with time. Combining

eqns. 2.5 and 2. 6 yields

o

t
To-T;  1.e"NTU®)  noyp ) o (2. 8)
Fox | NTUm S '

-

We have generally preferred to use metric units. However, for cases where
data are commonly available in British units, we have used this system of
units and included the appropriate conversion factors in the equations as
coefficients. '
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From eqn. 2.4 we have T, - T; = (T_ - T))§. Substituting this in eqn. 2.8

o
gives :
TO - Ti ) eN'I'U(t) -1
t o =
Ti - Ts g
which yields
t
T, - Ti ) eNTU(t) -1 7 2. 9)
To- T, gte o0 g -

Since g is a monotone non-increasing function of t with the range of [0, 1],

eqn. 2.9 yields the range of T:. Fort< T, g=1and

™ =T +(T -T)e NTUO | | (2. 10)
1 8 o] s :

Ast — o, g — 0 and T: — Ts . The variation of T: is therefore small and
g can be approximated by a function g which assumes Ti does not vary with time,
Using the results of the Gringarten-Sauty model, an expression for g has been

developed [ Tsang et al, (1976)] and is given by,

i ift< T s
glt/t) = | SRR (2. 11)
. S e,-¢1t/tuv+z ,e.-qut/tu+ ‘ ee¢3t/tu
B i t> T

Y3 = 1, 368. . o
In the remainder of this :;eport we will assume a reinjection temperature

Ti that is constant with time. Eqn. 2.4 can therefore be written as

17



TE - T, | | «
= gt/t) . (2. 12)

T - Tn .

o i

However, although Ti may be assumed constant with time, its value obviously

affects heat removed per unit of time (for a given Q) and hence discounted net

revenues. That is, lower values of Ti yield greater heat removals per time

but cause the field to cool more rapidly, Furthermore, to achieve lower values

of Ti ffor a given Ts), larger and hence more expensive heat exchangers are

- required. To see this, note from eqns, 2.5, 2.6, and 2, 7 that for a given Q,

To-h _ | -kO)A/Q 2. 13)
T -T
o s
yielding
A = Tc%T[ In (T_-T,) -1n (T,-T,) ] , (2. 14)

implying that A == © as Ti — Ts .

2.4 ECONOMIC MODEL

2.4.1 Costs

We begin this section with the definition of the costs and benefits
associated with extraction of geothermal heat energy. By ''cost, " we shall
mean the ""opportunity cost' to society of resources (steel, concrete, pumps,
well drilling services, etc.) used in. extracting geothermal energy, resources
that could have been put to some other alternative use. The amount that some
other party would be willing to pay in order to procure the services of these
""social resources' will be called their ""opportunity cost." We will further

assume there are no primary ""externalities" associated with this energy

18
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extraction. This is a good assumption, because spent brines will be re-
‘1nJected, preventmg sub51dence and escape to the atmosphere of noxious
gases, Secondary 1mpacts. such as p0pu1at1on influx to build and operate the

geothermal system are assumed small and are neglected

2, 42 Benefits

Turning to vthe,valkue or benefits of the ext.racted energy,"there are at
least two ways to proceed ’I'he firstis to assume demand for the_en_ez:gvy is
price sensitive, usmg the area under the demand curve as an index of ”w1_111ng:
ness to pay' and hence social benefit or value [Hotelling (1938) ). This is the
. appropriate approach if demand, as perceived by the energy producer, is at
least somewhat price-elastic. Alternatively, if there are other sources of
energy (including imports), then we define benefits as the cost to the customer
‘of the next Ieast expen‘sive alternative energy source to geothermal, reasoning
that he will be this much better off if i1e uses geothermal energy in lieu of this
next best alternative. For exarnple, a customer using geothermal energy to
generate steam for space heating has the option of generating steam with an
oil or coal-fired boiler, each of which also has some social opportunity cost,
The lowest of these costs is therefore taken as the "price'' or value of the
geothermal energy. 'I‘he geothermal energy consumer is w1111ng to pay up to
that amount in order to buy the geo\tﬂhe‘rmal energx. . Of course in a purely
competitiyeenergy market, this ‘l_east e:‘:pensiye price is the only market
price, and the _geotlrerr_nalrenergy?rod‘ucingcom_pany is simply a price -taker
attempting ,to,r_naximize profits,  _ S:inc:e‘ther_e;:are a}tﬁernatiye»ke‘_ner,gy__jsources for
space neating, we shall consider the opti\mal‘e;:tract.iyon of geothermal energy

using the latter benefit measure (as oppos,e,df to price-sensitive demand).
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2.4.3 biscount Rate

| The éSSential factor in the theory of optimal extraction is time.
Indeed, the major question is "how much now and how much later ?" In order
to structure a framework in which to examine this question, we need t§

- explicitly state how time affects the costs and benefits of the extraction
précess, and how time affects our perception of these costs and benefits, We
now briefly discuss both of these topics, beginning with the latter.

Assuming we can estaBlish some time series of costs and benefits
associated with the extraction process, we can proceed toward answering the
"how much now, how much later" question by first‘ det:ermining the relative
values (a's’ seen from the present) of a dollar now and a dollar later, It is
generally accepted that a dollar today is worth more today than a dollar a year
from now (we shall temporariiy disregard the impact of inflation for now, and
subsequently show that it need not be considered at all for the purposes of this
report). In this sense, we tend to '"discount' future value. Specifying the exact
weighting between '""now'" and "later'" is a matter of subjective judgment or
preference of the individual., It is rooted in the individuals attitude toward the
present and ‘the fufure, and revealed in such actions as saving vs. spending
(consuming). Identifying the rate at which the individual discounts future
dollars is relatively straight forward.

Similarly, it is relatively easy for the firm to establish its discount
rate as the highest possible rate of return on alternative investment, If the
present worth of the revenues minus the costs of some activity is positive at
this discount rate, then the firm should undertake this activity, in lieu of the
next best alternative.

But thiﬁgs are not quite so simple when public resources are Being

expropriated and ""used,' as would be the case in the present study if the
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geothermai»re sources were iﬁ the public domain, Many authors haye wriften
extensively on the problem of specifying the correct weighfing of dollars no;w
vs. dollars later for public sector resoﬁrce allocation. While this research
has generated several useful insights into this problem, many of them seem
to be contradictory, and the serious student of this problem is bound to be
_somewhét pefplexed in his attempt to discover the "most sensible" éppro‘ach :
to the correct social discount rate for public sector resource allocation.

We éan approach the problem from the perspective of traditional economic
theorists. Drawing on basic welfare theorems (and ultimately a whole philosophy
on political economy), economists recognize that the ""private market'' does not
always produce the ''right" amount of all goods and services, Certain goods
and services are best produéed by the pﬁblic sector (usually governments), The
question then is how much of each resource should be diverted from the private
sector to produce these ''public goods," The concern here is that the social
value of goods that éould have:beén'produced' priVately vs}ith these diverted
resources would ’exﬁeed the social value of fhe“gbods produced in the public
sector. To prevent this, some economists argue that the social discount rate
should be set equal to the private market rate of interest. Only if a project
has a positive net present worth at thiys rate should it be undertaken in the
public sector, ‘

However, there are several problems with this simple rule. Beginning
with the more mechanical; we note that there is no single market rate of interest.
Indeed, the best we can find here is ﬁn"érbitrary composite of rateg of return
on various forms of investment and debt, with differing :iék and diffefingv
maturity (in time). Secondly, it can be shown that different percg‘ptions ot"
risk (Smith's vs, Joriesf attitude tol\xra_a:;c'llzti‘sl::; _i:ﬁblic Vs, V_private attitude

toward risk) influénce attitudes toward the future. Thirdly, and perhaps of
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most im;&ortapce to this study is the proolem of inter-generational eqdity;
if resources are limited, then it is always the present generation that de-
termines how much they shall use and hence how much shall rernain for vfuture U
.lgenerations. And this is a subje‘ctive matter involvirrg a tradey—off,{ at a
collective level, of altruistic vs. hedonistic attitudes, Even if a social
discount rate could be estimated based on this consideration, there is no reaslorl
to believe it would conform to the rates estimated using the oth:er afpproaches.
From the above discussion, it is clear that the pr'obleni ofl‘the'”colrrect”
discount rate is a difficult one indeed. 'Since we have not undertaken to solve
this conundrum in this report, our only recourse is to 1ncorporate the time
value of money and resources into our study on a parametnc bas1s. We shall
con51der a range of d1scount rates, presentlng results for several values with-
in th1s ratlge, o | o | " | |

2 4 4 Effect of T1me on Costs and Beneﬁts

VWe now con81der the effect of t1me on the costs and benef1ts of the
geothermal energy extract1on problem, a subJect far less frustratmg and com-
bphcated than the questmn of perceptmns of these costs and beneﬁts. As Hanke,
| Carver, and Bugg (1975) pomt out, 1t is appropnate to dzsregard mflatmn in
a dyna.mm analys1s, if real (as opposed to 1nf1ated) costs and benef1ts are used
" and the discount rate is not compensated for inflation. 'Covnirersely, if one of ~
" these is inflation compensated, then they must all be. Accordingly, we will
use "real" benefits, costs, and discount rates, However, since we must now’
# 'g/o"-fu'.rther and deeper for each BTU of energy consumed, we shall formulate '

- our model for: the general case where the real value of energy is allowed to -

increase.-with time. "~ - e : SOl e ' .

We are effectively assuming away the '"technological fix" here. This is prob-

ably rather conservative, As the economic rent on -remaining '"in place'

resources increases, potential returns to speculative capital investment in
research and development market grow large, and substantial attempts at

2. ‘technical innovation are made. In'this way, technical innovation is shown to

be consistent with, .and a natural outcome of, the model of a purely competitive u
economy [see Barnett and Morse (1963)] Whether such a market ex1sts and
functions in the public interest is, of course, another matter, .

22



-

We will use two kinds of relationships for the increase in real value of

energy:
_ 5 .rt
a.t Pt-POe ’» -
(2. 15)
b. Pt = Po(i +rt)
where
£ = price (value) of energy at some time, t,
0= price (value) of energy at time t = 0,
r = rate of increase of real energy price per year.

2.4.5 Economic Problem of Resource Extraction

We can now state the general economic problem of geothermal energy
extraction. The question of when and how much energy to extract from a
geothermal aquifer depends on the relative benefits and costs of the energy now
and into the future., On one hand, the real value of the energy mcreases with
time as outlined above. This suggests that extraction should be postponed to a
time when the net social value (benefits minus costs) is greater, On the other
hand, pumpmg energy costs increase at the same rate, and a positive discount
ra.te discounts these greater future values, s0 the rate of 1ncrease in value
of ene_rgy‘and the discount ratevwork against each other in determimng when and
how much energy to extract, Furthermore, the temperature—time profile for a

particular purnping rate, Q;implies a significant trade_-off betw_eenenerg'y

robtained now and later. If energy is extracted rapidly at first, the teniperature

will decrease rapidly, seriously diminishing the quality of the heat in the future.
Moreover, for a given pumping rate, more heat can be extracted by lowering

*
the reinjection temperature. ‘ However, for achieving lower reinJection temper-

atures we require larger and hence more costly heat exchangers.

Note that by eqn 2. 12 'I'o --_ZT‘Og + Ti(l -g). This implies that To decreases
. as T; decreases. 'However,, T, - T;» which determines the amount of
heat recovered, increases as T; decreases.
23



2,4.6 Production Model With Exponentially-Growing Energy Value
(Exponential Growth Model)

In th1s section, we structure the productmn model as suming the value p
of energy increases exponennally with tune, and that the price (value) of energy
at time zero can be computed, based on the cost of alternatwe sources of
energy. We shall refer to this version of the productmn model as the "Exponent1a1
Growth Model." We assume the producer is a price taker who can sell all ‘
extracted energy at a price just under the cost of the next most expensive steam

alternative. From eqn. 2. 15 we have

where Pt is the price (value) of energy at time t, t > 0, and r is the continuous
»'annua.l rate of increase of real energy price with time. At the end of this
section, we present a method for the computation of Po'

The amount of heat removed from the reservoir per unit time is the
product of the flow rate, heat capacity of the fluid and the temperature drop
through the heat exchanger experienced by the hot brine, For the first T years,
this temperature drop is To - Ti’ From that time until the termination of the
project at time“L, the temperature drop is governed by eqn. 2,12, Since a
certain amount of heat is lost in the heat exchange, we limit the é.pproa.ch of the
brine temperature at the heat exchanger inlet to 6 C of the brme outlet
temperature (6> 0). ’I'h:.s restricts the "opt:mal 11fe" of the prOJect to L&’ where

LB is such that‘

T °-T. =6 S ' (2. 16)

Note that by -eqn. 2. 12, eqn. 2. 16 yields
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o~

6

gllg/ty) = T (@.17)
o i '
which 1mp11es that for gwen Q and T L6 is a decreasmg functmn of 6 Our
opt1m1zat10n problem is therefore : ﬂ
,, C ._T(Q) ,
Maximize ™= (i-n)f 34, 76P e’ Qc pf(T T)e
Q) T-’L’r"‘(:"f ’ . .
i 0
L A
+(t-m [ 3476 P Qe pf(T ST g/t ) @. 18)
T(Q)
= CR, Ti’ L)
subject to
L/t) > 8
gl .u) T - T
o i
Q> 0,
where
‘M = royalty for geothermal lease paid as a percentage of the value
A of produced energy,
Q = extractmn rate tm /hr) ,
¢, = spec1f1c heat of the fluzd (cal/g C) ’
bf = fluid dens1ty (g/cm ),
APO = assumed energy price ($/MBTU) ,
i = real discount rate |
T = breakthrough time (years) ,
L = project life (years) , |
cRQ, TiL) = cost function descnbmg the present worth of total capital

and operating costs,
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and 34, 76 is a conversion factor to yield revenues in dollars per year. By
taking time in“d>a'ys, we could have obtained a closer apprdximatibh to the

discounted profits, However, for simplicity, we compute time in years.

‘Let
B = -n-thpaca/26280 C¢ Pe
T = B/Q
tu= 63/Q -
Yy = yl0e
a: .i-r

a = 34,76 Pocfpf(l- n)

" where ¢~j are the exponential parameters of g in eqn. 2.11." Fort> T, eqn.

2. 11 can therefore be written as

t/t ) = -¢iQt+ e-¢20t+ e_%Qt B ' (2. 19)
g w - Y1 € Y2 Y3 . o | | .

Thus, the integral in eqn. 2, 18 reduces to

3/Q
T = 'aQ(To - Ti) . [ e %t gt
0
_ L ~at 3 f-tP,.Qt ;
+2Q(T_-T,) (e Z v;® J“v)dt
8/Q j=1 :

- C(Qv Ti, L) ’

yvielding
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&/

-WR+a)BlR - (R+a)L ],

m=2Q(T, - Ty ‘._1~ ” * Z e

i

j=1
-CQ, T,y L) . (2.'20)

2.4.7 Production Model with Linearly-Growing Energy Value
(Linear Growth Model)

Since the assumption of exponentially increasing value for energy may
tend to overestimate this value after several decades, we present an alternative

model for the rate of increase of energy. Specifically, we let. -

~.':Pt7..= ;P°(1-+rt_).:,‘ ST i e a s e (24.21)

where Po and r are the parameters defined in section 2. 56 We "shav.llﬁfefer

~ to this variation of the model as the "iLinear_ Growth Model." As in the

previous section, we continue to assume that price (value) is a given value to
the firm. In this case our optimization problem becomes:
T(Q) o
Maximize n = (1 -1) f 34,76 Po(i +rt) Q"cf pf-('I‘o - Ti') .e-lt dt
Q, Ti’ L ) . )
L

+ (1-11) f34 76 P (1+rt)Qc pf(T A-T )g(t/t )e it dt (2. 22)
TQ)

-CK, Ti’ L),

subject to ' ' V St e
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Invoking eqn. 2, 19, we can write

» p/Q L -
n=aQr T | [ asretars [ erngrse)etar (2. 23)
0 s/Q

-CQ, T, L)

Now we can evaluate eqn., 2, 23 to obtain

1.e-18/Q o-i8/Q

- 1[—
‘1

-(q:jo +i)g/Q -(\ij +i) L

‘ 3
e - e
+Z.
Yj

j=1 \]JjQ+1

12
; (\leQ +1)

3 -(§Q+i) L [(¢J.Q+1)L+1]
- T .Ziyj (-]

3 )
by Z Y e'NJJ'Q“) 8/Q [W,Q +i) 8/Q+1]
j=t (4,0 +1)2

- C(Qo Ti’ L) ’

which gives © in terms of our decision variables.

1+38) -4
1

(2. 24)

N§te-thaf in eqns. 2.20 and 2. 24 the lifetime L has been assumed to

be greater than the breakthrough time, T. When L < T, eqns, 2, éO and 2,24

have to be accordingly modified. This modification will be discussed in section |

2, 6.
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2.4.8 Determining P,

-

We have defined P as the cost of the least expensive alternative //'
;;hethod of producing one million BTU's of low pressure steam. At the present
time, this alternative is produéing steam in a boiler heated by fuel oil or coal.
The components comprising the cost are capital, fuel, and operating costs.

Based on empirical cost data (Hayden, 1976):
Original Capital Cost = $55/Boiler HP,

which equals $1643/M3TU/hr, as each Boiler HP is equi#ileh‘_c to 0, 033475
MBTU/hr. Taking the lifetime of the equipment as 25 years, the annual
(fixed) capacity cost is obta.ineci by multiplying the original capital cost by CRF
@i, 25), where CRF (i, n) is defined for this 'sfudy as the capité.l recovery factor
(when the interest rate is i and the lifetime of the equipment is n)v plus cost of

insurance, and lro,cal taxes expressed as a fraction, m, of original capital

costs: =
. .\ :
CRFf,n) = = 4, (2. 25)
(14i) -1 _
Therefore:

Annual Capital Cost = 1643 - CRF fi, 25) $/yr/MBTU/hr .
The fuel cost (No. 2 fuel oil at 15¢ /gallon) is §. 66 per thousand pounds
of 5 psi steam. Thus: |
| Fuel Cost = §. 66/h;/MBTU/hr = 5782 $/yr/MBTU/hr
In a.dditibn‘, the opei'atio'n of pump and boiler fgn' costs $125/Boiler HP per

year. Hence:

Operating Cost = 125 $/yr/Boiier HP

1]

3734 $/yr/MBTU/hr .
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The value of the energy P, is therefore

.

p; ‘= 1643 CRF @, 25) + 5782 + 373¢ ($/yr/MBTU/hr),
yielding | | R '
. P_ = 0.1876 CRF(, 25) + 1.086 $/MBTU. (2. 26)
2.5 COST FUNCTION , e o

2.5,1 Preliminaries

A In this section we develop the cost function; C(Q, T;, L) . The components
of the cost fonction are: 1) costs for wells a.nclrca.sin_g_\ayr;d their t:x_aintenaric_e o
2) well a‘ssembli_es,» | 3)-pu.rr.§p_s and their o;}:,erationv,- 4) Pi???. aod oii:e cleening,; ”
5) heat_ eocchengete ’ a.pd ‘>6)I_te;;r%tk(a‘.nd‘ eale.r_ies. Ifl t_hi‘e ’seﬂcit:ion» we !develop the
relatjopﬁehip between the costs of each piece of equipment and our decision
vari’_a.b'lee. | | - | f' , |

We will denote the maximum flow rate from each production well by 5 ‘

This upper limit is determined by two factors. The first is theassetnpt:lifonv in
the Gringa;teneSauty hydrothermal modei that the flow into tl';:e pgoduction well

be laminar, Laminarity is indexed by the Reynolds number

Np = lvd- , 2. 27)

where V is the specific discherge givexi ‘b}’r

= Q , ‘ o |
V= ZRI‘WE - i i R R U, (2.28)

$.n

In the a.bove ‘rel.a.tionship\s, w is the well radms, d the avere.ge grete d1ameter. N

and v the kmemat:c v:scoe:.ty Hence. once the propert:es of the field are

determmed, the £irst 1im1t on flow rate. Q1 will be known. , . ’/
'I'he second hmit is a functmn of the technology of geothermal brine

pumps. These vertical pumps are limited both by their technical ca.pa.c1t1es
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maximum flow rate) and the drawdown generated in the production well, which
. is in turn dependent on the flow rate, The steady state drawdown for the

production well is gi(ven by De Wiest (1967, p. 249):

AP = =2 n = . |  (2.29)
w

The hydraulic conductivity, K, is obtained from

K = 1.1653 x’m‘11 % ) B @30
where y is the specific vw"eiéht of water (1b£/£t3),. p the absolute viscosity

(1bg é}eé/ffz), k the ivntrixi’si.cr penﬁeébility of the aquifer (millidarcies), and

1. 1653 x 10" 11 2 conversion factor, so that th; units of K are m/hour. AA'Again,"
once the"'hgeig“h‘t‘ of the aquifer, the intrinsic permeability,and the temperature

of the hot brine é.re known, this second maximum flow rate, 52. that would be
consigt{ent with current pump technbibgy can be determined. @ is the minimum

| on andQ | |

We w111 denote by S the present va.lue of total salanes and rents for

the geotherma.l reservoir paid durmg the life of the project, i.e,
L , S

S = j (Annual Rents + Annual »Sala.-ries) e'it dt . (2. 31)
Note that S is independent of the extraction rate, | S‘ing:e‘.there are cefta.in fixed
costs that must be paid for each doﬁblet, the total e;st function, C(Q, T L),
is a step fﬁnchon of Q (see Figure 2. 3) with Jurnps equal to the present value
of well and overhea.d assembly costs plus fixed capztal costs of pumps ‘and
heat exchangers. Let q(Q, T L), 0 < Q < 5 ‘be the cost function descnbmg

the preéénf va.lue of total costs (excludmg rents and salanes) as socxated mtl1
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TOTAL bISCOUNTED COSTS, C (Q, T;, L) IN THOUSAND DOLLARS
&
]
=
|

"~ 16,000

12,000 |-

4,000 |-
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() 500 . 1000 1500 : 2000
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thure 3. Total Disooumed Costs vs Pumping Rate for Given Pto;ect Lives

FIGURE 2.3 TOTAL DISCOUNTED COSTS vs. PUMPING RATE FOR GIVEN PROJECT LIVES
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one doublet, Then, suppressing the dependence of C and q on Ti and L,

we can write

cQ) =0 ifQ=0
=q@)+S . i#0<Q<B
=qR) +qR-Q)+5s #h<Q<20
and in generalé ' ' , | |
C}Q) = né(ﬁ)+q(o-n'd)+s if nQ) <Q5(.n+1)‘;(3: " (2. 32)

forn=14,2, ....

In our analysis, wéj take the useful life of pumps and heat excha.ngers;v
as ten years ana that of pipes and well assembliés 33’ ZS\era.rs. We will later
demonstrate that the well life is a crucial determﬁ';ing factor of the economié
lifé of a reservoir, | Since the life of a geothermé.l v_v,éll may vary from field to
field, we will,lét well life be an input parameter. We assume that pa.y'mentsv
fox"”the',cosft 6£ ;_-:Jach typ>e of equipment and'é.’ccrued interest are distributed
uniformly ‘bver“ the lifetime of the equipment., Furthermore, each piece of
equipment (with the exception of the v'vellzls)’has a salvage value equal to a
percentage of if;s remaining unpaid ¢§';ts, if it is sold before its lifetime is up.

For eac‘h doublet, let

wC { = Cost of kwells and casing,
WL =  Useful life of wells,
PM = Totai ::ost of the vertical and horizontal pumps,
WA = Cgst of well assemblies,
WM . = ,a,Aﬁnual,well maintenance costs, . :
PO(t) = Operating costs of pumps as a function of time,
HE = Cost of a heat éxchanger, ’
PP = Cost of ﬁipe's,l o
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PC = Annual pipe cleaning costs,
= Life of the project,
L1 = The smallest multiple of 10 containing L,
L2 = The smallest multiple of 25 containing L,
- Lg = The smallest multiple of well life containing ‘'L,
5y = Salvage value of pumps as a percentage of their
remaining payments,
sy = Salvage value of heat exchangers as a percentage of
' their remaining payments, |
Sg = Salvage value of pipes as a percent of their reriiaining
payments, '
54 = Salvage value of well assemblies as a percentage of

their remaining payments.

The total cost function of one doublet is therefore

q(Q,Ti.L) =0 ifQ=0

L
o =f [ PM +HE) CRF (i, 10) + (WA + PP) CRF (i, 25)
0

+ (WC)CRF @, WL) + WM + PC + PO®t)] e 1t at (2.33)

- ! it
+[(1-5,) PM + (1 -5,)HE] CRF i, 10) f e at
L

L
+[(1-8) PP + (1 -5,) WA] CRF{, 25) fz‘e‘“dt
L
Ly |
+ (WC) CRF (i, WL) f e-itar f0<Q <8,
L

where CRF (i,*) is the capital recovery factor defined in eqn. 2,25. The last
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three terms give the present value of the extra costs ass‘ociated with project
termination prior to completion of lifetime cycles of various equipment
components,.

To better visualize these extra termination costs, suppose L, the life
of the project is 23 years and the useful life of wells, WL, has been assumed
to be 10 years, “‘Then L1 and‘L3 are 30 years-and -LZ‘-": 25-years. The wells
which have been drilled in the beginning of the 21st yesi" stilnl‘llﬁiave a useful life of
seven years. S1nce wells do not ha.ve any sa.lva.ge value, we assume the re-
maining payments on the well cost become 1mmed1a.te1y payable The present

value of th1s cost is
_ 30
WC CRF(1, 10) f dt
23 |
The other pieces of equipment, however, have a sé.ivaée value. For example,
consider pipes which have a life of 25 years. The pfesent value of the unpaid

cost is
25

PP - CRF(, 25) f R T
23
Since a percentage of this cost, namely s5, can be recovered by resale, the

termination cost for pipes is

' v 25
(1 -s3) PP CRF(:, 25) f dt .
23 ’

In the remaining parts.of this section, we‘will obtain relationships describing
the costs for pipes, pipe cleaning, pumps, operation of pumps and heat

exchangers as functions of our decision variables Q and Ti’».. ‘
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2.5.2 Pige'Costs

The data in Table 2, 1 have been supplied by a leading pipe manufacturer

. . V)
(Lupear, 1976) for the cost of steel pipe. We will assume a flow velocity v of
6 ft/sec. Both the flow velocity and the pipe specification are made in accordance
with standard industrial practice which is based on suboptimization analyses
(Lombard, 1976). Multiplying the flow rate Q (in m3/hr) by 16, 938 gives the
flow rate in in.3/sec. From
Q= 1'rd2 v/4,
and v = 72 in, /sec, we obtain
' 0.5
d = (4x 16.938 Q/w x 72)
= 0.5473 Q% 5 in, (2. 34)
A polynomial regression of degree two gives the following relationship
between CP, the cost/ft and d:
cP = 0.1337d% +0.737d - 1.33 (2. 35)
Substituting the value for d from eqn. 2,34 in 2,35, and multiplying by 3. 28
(ft/m) and D (the separation distance in meters) yields the pipe cost:
Pipe Cost (§) = k D[0.1313Q + 1. 323JQ - 4.36], (2. 36)
where k_ is a cost multiplier to reflect pipe support and installation costs.
We will assume an additional cost for pipe cleaning. The pipe cleaning
cost, PC is proportional to the length of the pipeline,
Hence
PC = P, D (2. 37)
where P is the estimated annual cost of cleaning one meter of pipe.
o
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Table 2.1

PIPE COST DATA

-4 (Diameter, inches) - P (Cost, $/1t)

b v e e e e e .. 408
B e e e e e e e e . 6.89
B v v w e e e . .. . 13,06
10 . v v e e e e e e . 19.99
12 0 0 e e e .. . 28,92
14 . v v e e ... . 33,98
16 . o v v e e e e . . 42,93
18 . v v v v o s i . . 5589
20 . 0. e . . 67.30

Cost of ASTM — Grade B Steel Pipe — Schedule 60

Source: H. Lupear, 1976
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2.5.3 Pump Costs

Because of the very large drawdown gene'rated in the production well ’
at rather high production rates (see eqns, 2.29 and 2. 30), it is not economical u
and probably infeasible for a single pump to lift the brine from the aquifer,
pump it through the pipeline and heat exchanger to the injection well and
overcome the pressure Wbui'lldup in the injectiori-we‘ll.‘ We therefore require
that two pﬁmps be used for each dqublet. The first will be a vertical turbine
pump installed in the production well, .This pump will lift the brine to the
surface and send it through the piping system and he'a.f:»exchanger to a second
pump, the latter being a hérizontal p_unipicapa.ble of pﬁnping the brine back to

the aquifer through the injection well, In this section, we obtain a function

describing the relationship between extraction rate and total pumping costs.

2.5.4 Production Pump

The vertical turbine pump in the production well will discharge the
brine to a surface piping'system. The pump consists of five component

assemblies: 1) the Drive, and ‘electf,ric fnbt'oi', '2) the Discharge Assembly, on

which the motor is mounted, 3) the vertical Lineshaft, 4) the Column Assembly,
through which the lineshaft extends and 5) the Bowl Un‘it.v le1 this section, we
present our estimation of the cost of each individual component. The pump
capacity cost, PM, is the sum of these costs and the cost of the horizontal

injection pump discussed in 2, 5. 5,

@) The Motor Cost
The cost of the electric motor is a function of its brake horsepower, as
given in Table 2. 2. A linear regression gives the following relationships

between motor cost and horsepower (with a correlation coefficient of 0, 998):
Motor Cost ($) = 14,97 HP + 1907, 1 . (2, 38)
o
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Table 2.2

PUMP MOTOR COSTS

Horsepower, HP. Cost, $

250 .+ . . . . 4 .. . 5578

300 . . . . ... . . 6387

350 . vt e e ... T212
400 . . ... .. . . 8039
- 450 . . . ... ... 8890
500 . v . o 4 . . . . 9622
600 . . . . . . . . 10440
700 . . . . . . . . . 12024
800 . . . . . . . . . 13741
900 . . . . o . o o o 15459
1000 . . . . . . . . . 17176

Cost of ‘.1760 rpm, 60 cycle, General
‘ Electric motors

Source: G. Crabtree,v 1976
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We next consider the horsepower requirement of the drive.

When the rotating energy of the drive is transmitted through the
lineshaft, some of this"enérgy is lost in the lineshaft bearings by mechanical -
ffictibn.' For each RPM, 'the shaft horsepower loss per 100 ft of lineshaft can
be obtained from pump manufacturers' bulletins as a function of shaft diameter.

On the other hand; once the total hydraulic d-ownthrust a:nld the_»l'.xors‘epower:,
requirement of the pumping unit are known, the shaft diameter can be determined.
The horsepower in eqn. 2. 38 is the sum of the horsepower z;equirement (bfal_ce
horéepower to pump, BHP) and the horsepower loss. |

The brake horsepower (BHP) is given by Peerless (Bulletin B-141,

p. i5): | ,,
Capacity (gpm) ° Total Heal (ft) * Specific Gravity 2. 39)
3960 * Vertical Pump Efficiency

BHP =

The total head in eqn. 2,39 is the sum of the distaﬁce the brine has to be lifted
and friction losses in the system. Friction losses consist of the loss caused

b‘y the skin friction as the water rises in the column pipe as well as friction
losses in the heat exchanger and the pipeline system. We will denote the friction
.losses by b, Of course, for accurately estimating b, the flow rate Q (which
determines the pipe and column diameter and indirectly the shaft size and hence
friction losses in pipes and column) and heat exchanger area A (which with Q
determines the head losses in the heat exchanger) must be known., Since we

“are seeking these quantities (and the magnifude of b is small compared to the.
~ total head), we assume a value for b in the cost function. ‘Once the optimal Q

and A are known, b can be more accurately estimated and if its value is

* The authors gratefully acknowledge the assistance of Cra.ig Brown and
George Crabtree of FMC Corporation, Poorless Pump Division, who
supplied cost data and design features of Peerless pumps,

40



signifiéantly different from the original b, Q, and A can again be computed
based on the new value for b, Our expériencbe indicates that the value fSr b
can be safely estimated at 20 m.r (The pressure drop in a 12-in. 1000 ft standard
steel pipe w1th Q = 500 rn3/hr is 3.05m (Peerless, Brochure EM 77, p. 11), and
the skin friction in a 12-in, column of length 765 ft containing a shaft of 2-3/16
in. diameter is 49m (Peerless, Bulletin B-185, p. 81). - The remaining 12.05 m
is ample enbﬁgh for the pressure drop in the heat exchanger (Perry, 1950, p.’
391). o

Let z be the static level of the brine, that is, the vertical distance in - =
meters betwéen thé diséh’a.rge and the free pool when no water is being pumped.
The total head is therefore the sum of the drawdown AP, z, and b, From eqn.

2. 39 therefore,

Q- 264/60[AP(Q)+z+b]3 28 . sp. gr.
3960 - Effy,

BHP =
(2.40)

0. 003644Q sp. gr.
Eff .

[AP +z+b]
where &P is a function of Q and is given b}i eqn. 2,29, |

Our next step is the computation of shaft horsepower losses. From tvh‘g
horsepower ratings table for,AISI-AIOflS,threaded’lin'esh»afft‘ - 1760 RPM (PeAearlesv_s,
Bulletin B-185, p. 85), we note that the HP rating for a given shaft diameter
does not significantly vary over a widefré.z;ge of the thi‘ust va.lues (1,000 -20, 000
Ib). We take the values ’cor_x"e‘spbdding:t‘o 10,000-lb thrust, and thus relaﬁe the
shaft diaméter to BHP. Since both HP loss and shaft and tubing costs are |
related to shaft d1a.meter (Peerless, Bulletin B 185, p. 84, 87; Crabtree,
1976), we can also relate the latter two quant1t1es to the brake horsepower.

The data are gwen in Table 2 3.
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Taking the mean value of the shaft HP loss column (2. 34 HP/100 ft),

the estimated HP loss is
HP Loss = 0,0234 (AP + z) , ‘ (2.41)

which when added to the BHP obtained in eqn; 2.41 gives the total hos'epower

required of the drive. Hence, from eqns. 2. 38, 2. 40, and 2.41' we obtain

0.003644:Q sp. gr.

Eff

Motor. Cost = 14,97 [
' \'%

(AP + 2z +>b$
| " (2. 42)

+0.0234 (AP +2z)] + 1907. 1

(i) Dischargé Assembly Cost
This combonént constitutes a2 minor portion of the pump costs. In the
cost estimation, "'xve‘ take the cost of a 10 x 10 F Standard Fabricated Steel Head,

which is recommended by the pump manufacturer for our range of flow rates.

@iii) Cost of Shaft and Enclosing Tube

The verﬁéal lineshaft is enclosed in a tube and extends downward
through the column assembly to the bowl unit, As mentioned earlier, the shaft
diameter (which determines the tube diameter) is a function of the horsepower
requirement of therdvfivej. The lé.st column of Table 2.3 gives the’cbmbined
cost of shaft and its enclosing tube per foot of lineshaft length, A linear
regression yields the following relationship between the shaft aﬁd ﬁbe cost,

and the horsepower requi_rement (with correlation coefficient of 0, 967):
Shaft Cost ($/ft) = 0. 112 HP - 3, 089.

Therefore,

Shaft Cost (§) = {o. 112[2: 0036449« sp. gr. (\p 4, 4b)

Eff v

(2. 43)
+0.0234 (8P +2)] - 3.089} [ 3.28 (AP + z)]
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SHAFT AND TUBE COSTS _

Table

2,3

J vBI—iP Shiaxle?i :m 2 'Ihl::g:::n a‘ th_zits s2 a.ns:ih aTi;:be 2
..~ |BHP/100 4t Dollar/ft
50. 9 1 1-1/2 .53 15,0
81.6 | 1-3/16 2 .72 19,5
188 1-1/2 2-1/2 1. 25 26. 2
281 1-11/16 3 1.4 34,6
443 | 1-15/16 3 1.9 36.9
| 5601;.,vz-3/1é 3-1/2 | 2.3 50.8
767 | 2-7/16 . 4 29 92,0
1051 | 2-11/16 5 3.4 163, 2
1387 | 2-15/16 5 4.2 163. 2
st | 3-3/16 | C s |as o 168.4

a

‘PP-

b G, Cravtree, 1976

84-87.

; 43.

Bulletm B 185, Peerless Pump D1v1s10n. FMC Corp. - |




which simplifies to

_ sp. gr. |
Shaft Cost ($) = [ 0.001339 Q -%E%— (AP + z +b) | O

+0.0768 (AP + z) - 10, 132][ AP +2]

(iv) Column Assembly Costs

As in the cbmputa.tion of pipe costs, the flow rate dete:mi,ng,s the size
and hence the cost of the column assembly, The setting (length of column
assembly) is the sum of the static level z, the drawdown and four meters of
section‘pip‘e connected to the bowl unit. The cost per meter of fhe column
a;sembly is given‘b>y the terms in brackets m eqn. 2. 36. Hénce VColum'n

Assembly Cost (CAC) is given by

CAC ) = [z+4+Q1n (D/r_)/2nKh][0. 13130 +1.323JQ -4.36]  (2.44)

~) Bowl Unit Cost

| The bowl unit or the pumping element consists of one or more ’pumping
stages. Each stage lifts a given quantity of water by a given height and con-
sists of 2 bowl case and an impeller which rotates at the speed of tﬁe drive,
The cost of the bowl unit is proportional to the number of required pumping
stages and hence to the lift and capacity.

Although any two reference points can be used in the extrapolation of
bowl unit cost, we take as our reference points the cost of two bowl units for
which data are readily available from pump manufacturers.

Let c, be the cost of 2 bowl unit capabie of lifting 50 m3/hr (220 gpm) .
of water a distance of AP(50)+z meters and cz‘the coét ofla. bowl unit capable
of lifting 250 m3/hr (1100 gpm) of water a distance of AP.(ZSO) +z meters,

The Bowl Unit Cost (BUC) is‘ therefo_re- ,
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(c5-c,) * ([APQ)+2] - [AP(50) +2])Q - 50)
BUC = ¢, + - '

1 ([aP(250) +2] - [ AP (50) + ] (250 - 50)
'. (c;-cy)[Q-50) (In D/r_)/2wKh] @-50)
°t ¥ TT(250-50) (in D/r_)/2wKh] (250 - 50) | (2. 45)

"

Ty F e, -¢) R -50)%/40,000 .

2.5.5 InJectJ.on Pump _ |

The cost of the mJecnon pump is considera.bly less than the productmn
pump. We requn'e a honzonta.l pump with a d1scharge head of AP to overcOme

the pressure buildup in the injection well.. The drive is supphed by an electric

motor.

@)  Pump Cost

- The pertinent data (Brown, 1976) is shown in Table 2,4. The discharge
heads in the second column corespond fo the drawdown generated by' flow rates
in the first colurnn (based on typical field data), The last column indicates that

the cost is proportional to the flow rat‘eQ.’ Hence

v

Horizontal pump cost ($) = 24Q . R (2. 46)

(i) Motor Cost

The horsepower of the horizontal pump can be determined from eqn.

2.39 yielding' =

re _ 0.003644 Q* sp. gr.
BHPy = 2R

2.

Substituting in eqn. 2. 38 yields the cost of the horizontal motor, MCH
[~
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Table 2.4

. HORIZONTAL PUMP DATA

Capacify Discharge Hd. PumpSiSec. Pump Cost Base Total
3 (feet) ’ Number (dollars) Dollars Dollars
m=~/hr) , , .
50 76 AD-11 800 | 400 1200
250 380 TU-15 4000 2000 6000
500 760 Tu-22 | 8500 | 4000 | 12500
Source: C. Brown, 1976
Table 2.5

HEAT EXCHANGER COSTS

Heat Exchanger
Area

)

.- Cost .
(dollars)

5000 . . . .« . + . . . . 75000

2500 . . . . . .« « . o 40000

46--




‘ Q n(D/r ) o
MCy($). = 0.054%2}1. spv gr‘[g Zn-Kh»v’, ]+‘1.90?-,1 ) (2. 48)

2 5 6 Pump Opera.hﬂg Costs

Let R be the price of electncity ($/kwh) at t1me t, supplied to the

motors of the vert1ca.1 and honzontal pumps.» Smce the price of energy is

t

a.ssumed to mcrease with time, eqn, 2. 15 y1e1ds L

Rt = Ro eIt for the model of section 2.4, 6 -

Ry

Ro(l +rt) for the model of section 2,4.7
Then pump operating cost at time t, PO(t), is given by
PO(t) = (HPV +HPH) 0.7457 x 8760 Rt s

which, combined with eqns. 2.40, 2,41, and 2.47 gives

.
i

PO(t) = Ry [23 89 | 4p. gr. (AP +z+b) + 152,86 (AP +2)

23.8Q° sp. gr,
- EffH

¥ “AP] . (2. 49)

where km is a multiplier indicating annual maintenance costs of pumps and

their motors.

2.5.7 Heat Exchanger Costs

- The heat exchanger cost is proportional to heat exchanger area A, The
cost estimates in Table 2, 5 were supplied by a manufacturer (Breese, 1976)
for heat exchangers with stainless tubes and cast iron shell. Based on these

~ data, the relationship between the heat exchanger cost (HE) and area A is:

HE = 5000 + 1507 A
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where A is inzmz'. Combined with eqn, 2. 14, we can write

HE"= 5000 + 150. 7156) [In(T,-T,) - In(T;-T)] . | @.50

2.5.8 Well and Well As sembly Costs

The cost for wells and their casing has to Be determined based on the
thickness of the impermeable strata and the aquifer for each individual field.
The well assemblies (Christmas tree valves, etc.) afe.to some extent a
function of the capacity. In our computer program,' we have allowed these
costs as well as an annual cost for maintenance of each pair of production

injection wells to be given as inputs.

2.6 RESULTS

2.6.1 Preliminaries

In this section we present the results of our analysis of the two
economic models discussed in section 2.5, . The objective is to find the
extraction rate Q*, project life L*, and injection temperature T’; which maxi-
mize the functions described by eqns. 2.20 and 2,24, subject to the constraint
that the difference between the production and injection temperatures would
~ remain greater than a prescribed amount, 6 degrees centigrade.

We begin by expressingv T;‘ as a function of Q and L, thereby reducing’
the number of decision variabies to two, It is easily seen from éqns. 2,20 and
2. 24 that the total revenue is a decreasing linear function of Ti" i.e., the
revenue increases as Ti —— Ts' This follows from the fact that a lower
injection rate implies that for any given pumping rate Q, a larger amount of
heat can be extracted. However, it follows from eqn. 2, 14 that for a given

steam temperature Ts’ achieving lower values of T, requires larger and hence
o/
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more expensive heat exchangers. Since both the cost and revenue functions
are contmuous in T s, it follows that for any given value of Q and L, the opt1ma.1
injection temperature 'I‘ , is achleved at the point where the marginal revenue

with respect to 'I'i equals the marginal cost of further reducing Ti' In other

words_
©ORg _ec|
.5Ti %* 5Ti %
T, T.
i i
and
3R, _ 8¢
5Ti * aTi *
Ti Ti

whereR1 and Rz denoterrevenues for the models of sections 2.4.6 and 2. 4. 7,
respectively, |

Note that the dependence of the vcost function C(Q, Ti’ L)' on ‘I‘i is ox;xly»
through the cost for heat exchkangers which is described'by ecin'. 2.50, and
their salvage values, Denoting the sum of terms which do not contain the heat
exchanger cost HE in eqn.’ 2.33 by J’(Q.. L), the tota.ll‘.cost f\.mctic‘)ri'of ohe ‘douvblet
can be written as ; R o | |

M R .

q@, T, L) = I, L) +f HE - CRF (i, 10)e'1tdt + f (-8, HE® CRF (i, 10) e "*tat
: 0 L : '

= J(Q, L)+HE- CRFG, 10)[(1 :e‘I_"l) -5, (e L "‘Li)] /i, (2. 51)

where J is‘ii’ndépend'eht of T; Let

| ) - L i, L
CRF(i, 10)[ (1 -e -

1)-552(9' -e -1)]/i.

= 150.7

M 5
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Substituting the value for HE from eqn. 2. 50 into eqn. 2,51 and utilizing

eqn. 2.32 we obtairi

"

C@, T L) = nI@, Lyi) + nQM[ In(T - T.) - In(T;-T,)] +7Q -nQ, L, i)

+ (@ -nQ)M [In(T - T,) - In(T;- T,)]

nJ @, L,i) + JQ -nQ, L, i) + QM [In(T - T,) - In(T;- T))] .
Hence |

8C QM
. S (2. 52)
0T, | T, - T,

3R
To obtain 5—,1—.1- , note that eqn, 2.20 can be written as
i

A
[

= RI(Q’ Tia L) - C(Q' Ti’ L)

aQ(To- Ti)u'i -CR, Ti’ L) (2. 53)

and eqn. 2,24 as

3
"

Rz(Qo Ti’ L) - C(Qn Ti' L)

a.Q(To- 'I'i) o, = cQ, T, L) , (2. 54)

where oy and Ty denote the terms inside the brackets in eqn. 2.20 and eqn,

2. 24, respectively, yielding

3

-aQ oy | (2. 55)

and

5T, - "R . | 2. 56)
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;

Therefore equating -eqns. 2,'55 and 2, 56 with eqn. 2. 52 yields respectively

T1 = st + 2o, for the exponential model (2. 57)
and
i T ‘g ac, or the linear model . - - -~ . .. k(.s)

e R IR A R T, P

And so we conclude that Ti may appropriately be expressed as a function of Q

and L for purposes of optimization.

2.6.2 Optimization Algorithm

The algorithm used for obtaining the optimal solution to the linear and
exponential models is a grid search over values of L-and Q. . The lifetime, L,
is varied from L in t° Lmax in inerements of Linc . For each L, the pumping
rate Q is varied from Qmin to Qmax in increments of Qinc“ These values of

L s L, L._,Q .,Q » and Qinc are specified by the decision maker

) m;n max inc min max

according to judgment and are inputs to the computer program. For each Q

and L, the § constraint is checked to make sure the difference between the
production and injection temperatures does not fall' below. 8 degrees centigrade.

In this regard, note that by eqns, 2,17 a.nd 2, 19, the temperature drop is a

lfunctmn of Q* L. Therefore 1£, for a gwen L and some Q, (Q <Q ), T (Q)

- T < 6, 1t follows tha.t T (Q) - T < 6 for a.ll Q> Q Thus, the search for an
opt1ma1 Q ceases at Qand resumes w1th Q Q k at L + L C.A For each L |
and feasible Q, 'I‘ (Q, ) is computed from eqn. 2 57 or 2 58 and the values
for the present worth of pro£1ts, w , are determined. The set of values |
(Q R L T, ) that y1e1ds the ma.x1mum w, are the optimal dec1s1on vanables

For our example computatmns we use L

min = 0 years, Lma.x = 250 years,

L = 1 year, Qmin = 50 m~ /hr, Qmax = 5000 m~/hr, ;and 'Qinc -VSAm /hr.

y

inc
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To determine the profit for each set of decision variables, the present
worths of total revenues and costs must be i:ompﬁted. To begin, we estimate ,
the cost of the 'neéessary equipment and their salvage values as well as et
operating costs according to the equations developed in section 2. 5. These
costs are, of course, functions of our decision variablesvas well as input data,
The tofal discounted cost for each doublet is then cbmputed from eqn. 2. 33,
and total costs ciQ, Ti‘ L) from eqn. 2, 32.

| As mentioned in section 2. 4.7, when lifetime L is greater than the

breakthrough time T, eqns. 2.20 and 2, 24 yield the present worth of profits.
However, when L< T, a modified version of these equations has to be used for

the exponential and linear models. The present worth of profits when L < 7

is given by
v = aQ(T_-T) (1-¢"*)/a-C@ T, L) (2. 59)

for the exponential model and

m o= aQ(T_-T)[(-e Ty i r {e'ﬂ"(l +Li) - 1} /i¥1-c@, T, L)
(2. 60)

for the linear model, These expressions are derived from eqns. 2,18 and
2. 22 by setting the upper limits of the first integrals equal to L since L < T.
Of course the second integrals are equal to zero.

The fortran progr‘az'n used to execute this algorithm can be readily
utilized by other users, Technical geothermal and economic data are input
' to the program. The cost subroutine can bé easily modified by different users
to accomodate the particular costs involved in the exploitation of each individual
fiefld. The computer program, the cost subroutine and instructions for their‘

use are given in Appendix A. The approximate time required for an optimum

A
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solution (for a particular i and r) was under 10 sec cpu time on the UCLA

IBM 360/91 computer,

o

the linear and exponential models, ‘The computation is carried out for a particular

In section 2. 6.4 we discuss the results of our computation for both

set of data which to our best judgment reflects the current value of pertinent
costs. The geohydrological data have generally been chosen in the midrange
of values associated with known geothermal resources. We will call these

data the "basic data" and the models using these data the '"basic models." -

2.6.3 Basic Data
The following data have been used in the analysis of the basic models

(211 costs are in 1976 dollars).

" Thickness of Aquifer, h . « « « 4 4 4 o s 0 4 o .. . . 100m
Doublet Separation, D | e 6 e s s o 4 4 e e e e s s s e e 300m

Well Radius, L T T T T ‘. . o« 0,15m

Well Capacity, Q e e e e e e sis s P . 500 m3/hr.
Porosity of Aquifer, ¢ . . . . . . . . . e et e e . .. 0,20

Intrinsic Permeability, k . . . . . . | e s o o s o e e o+ 200m.d.
Initial Eqﬁilibriurn Temperature, TS . . . ¢« o ¢ ¢ o ¢ o 150°¢C
Temperature of Generated Steam, T . . « . ¢ . . ... 109°¢C

Heat Capacity of Fluid, pc, « « 4 « + « « o o o o « o o o 0,92 cal/ee®C
Heat Capacity of Rock, PRER * + * * * » o e e st e e 0. 50 cal/cc®C
Specific Gravity of Fluid . « . . ¢« « « < v ¢« ¢ ¢ ¢ o o o o 0.9173

Overall Heat Transfer Coefficient of Fluid, U(©) . . . . . . 1000 BTU/hr £#2°

F
FriCtion LosseS’ b . . . L ) ‘u . o>—o oo . .‘,a L ) . oo Zom
Static Level of Fluid, 2 . « o « 4 « « « ¢ 4 o ¢ o + o o . Om

Vertical Pump Efficiency, Effy, . . . . . s e e s e e e .. 0,75

&
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Horizontal Pmnp EffiCiencY’ EffH e s o @ '. o'.o "o‘ . '. o" P 0.75

Pump Salvage Value as Fraction of : : o :
RemammgPayments, 51 T ) ; o

'Heat Exchanger Salvage Value as Frachon ,
of Remaining Payments, D R e . 0,40

Pipe Salvage Value:as Fraction of-

of Remaining Payments, 53. s s e e e e e e o e . . 0,40

Well Assembly Sa.lvage Value as o o
Fraction of Remaining Payments, 34 e d e e s . . 0,40

Pipe Cleaning Cost, P_ .+ « « . . v v v v v o o 0 .V . 10$/m/year
Pipe Support Multiplier, kp e e e e e e e e e e e 1 25

Cost of 50 m3'/hr Bowl Unit, € e e e e .+« « « . 1250 dollars
Cost of 250 m>/hr Bowl Unit, €y« + + + « + « + + « . o . . 394idollars

. Pump Maintenance Cost Coefficient,’ km e e e e e s e se W 1,10

Well Cost per Doublet, WC « & « « « « ¢ o « « « % & « « & 600,000 dollars
Well Maintenance Cost, WM « '+ + « « « « o « « « ¢ « » « . 6000%/yr/doublet
Useful Life of Wells, WL « &+ ¢« + ¢ + « o« « o o e s s o« « o 25years

Well Assembly Cost, WA « « + e s + o5 o« « « o« + « o« 35000 dollars
Electricity Cost in 1976, Ro e e b s s e e s e e e e e e 3¢/kwh

Annual Salaries . « « « o o ¢ ¢ + o s+ e o s o o s s s . . 50,000 %/year
Annual Rents. « + + o o ¢ o o o o o o o o o o 0 o 0 0. 4 000‘$/year
Royalty, nu cee e .. RN .' o e s e e e ‘. . . 0,10

M1n1mum Allowable Temperature Dﬁference, I R 6°C

The absolute wscos:ty 11 (m po1ses) of the flu1d 1s d1rectly computed from the

{ Bmgham formula (Bmgham, 1922, p. 340)

.p‘..= 2.1482 [(T, - 8.435) + J8078.4+ (T_-8.435)2 [ - 120 (2. 60a)

Multiplying p in poises by 0. 00209 gives the viscosity in 1bg sec/ft?.
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2. 6.4 Results for the Basic Models

In th1s section we present our results for a set of 1nterest rates i, and
a set of rates of increases in the price of energy, r, using the bas1c data. As
we mentioned in section 2. 4. 3, the determination of a single market interest
rate is very difficult. In fact, it is more likely that different investors would
use different interest rates, depending on their perceptmn of r1sk a.nd thel.r
best alternative investment opportunities. Accordmgly, we present our results
for a,rahge; of interest rates from i = 0.06 toi = 0,15 We also vary the value
for r within 2 range that we feel corresponds to likely futures, na.m_ely. from
zero to three percent, enabling us to examine the sensitivity of our decision
variables to changes in this important parameter as well. In addition to this -
general survey we discuss in some detail the _restﬂts when r = 0,024 and i = 0, 10,
which we have chosen as our basic case. Energy prices are forecast to
.increase at 2.4 percent per year in constant dollars according to the 1977
National Energy Outlook (Federal Energy Administration, 1977), and 10 percent
is the discount rate designated by the Office of Management and Budget

(OMB Circular A-94).

2.6.5 Profits
We beg:n with the present worth of maximum profits, w for the

exponential and linear models respectlvely as shown in Tables 2 6 and 2, 7.
By profits we mean the d1fference between total discounted revenues and costs.
The values across the top row represent discount rates, while those in the
bottom denote values for P, the 1976 velﬁe of one million B'l’U'of 5 psi \pi‘.‘peline
steam (which depends on interest rate by eqh. é. 26). "I'he left column contains
the values for r. For each i and r the optimal profit is given in the table.

| Asllexpected, the ta‘bles show that optimal profits increase as r increases

and decrease as i increases. That this would a.lwa.‘y’s"be true can be seen by the
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Ty Tttt T T T T
'b 0006 ‘i0'a8 0010 0.12 0015 r
i ‘ |
| l
| | |
i ' ! : N
| 0.000 | 375, 317. 266. 220. 160. |
| | l
i C.C1C | 554. 456, 37s. 303. 226, |
l | {
| 0.020 | 839, 628, 505. 412, 323, |
l | ’ {
t 0.C24 | 1065. 728. 5€1., 457, 337, l
| | I
} 2.030 | 1503. 938. 688, 537. 389. |
I i {
| P | i
' [+ | 1.16“ 1.107 1.119 .113 1.118 '
{ $,M4BTU | ‘ i
| | |
Table 2. 7

Table 2.6

PRESENT WORTH OF MAXIMUM PROFITS,- 11' $1976, $1000)
: FOR EXPONENTIAL GROWTH MODEL

*
" PRESENT WORTH OF MAXIMUM PROFITS, =« ($1976. $1000)

N~ 1T T i
1 t.J6 3.08 0.1C 0.12 0.15 |
| i
| i
| {
o | {
{ C.000 374. 317. 266, 220. 160. l
L. . | {
1T %.C010 543, 647, 369, 304, 223. |
I l : |
| 0.020 | 717, 584, 479, 393, . 291, i
| { . A : R
i 'J €24 | 787, 635, 523. 429, 318, 1
| { ‘ |
‘ .OOCJO‘l 913. 721. 5880 Q82. 3580 '
Lo | | T
op | N
o o | 1.134 14107 - 1.110 1.113 1.118 |
| S/MBTO | | |
| ] |

FOR LINEAR GROWTH MODEL
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following argument. . Obviously for fixed Q and L, n is decreasing in i and
increasing in r., Let i1 <'i.2 and suﬁpbse Qll. L

mgximize ?rr(il;Q. L) and
QZ’ L2 maximize w(iZ;Q. L). Then, ) ' B ‘

1

w(il;Qi, Ll);ﬂ(il;Qz, LZ) >1r(i2;Qz. LZ) .

2

Similarly let r, <r, and suppose (.)1 and L! maximize 1r(r1;Q, L) and Q?, L

1

maximize v(rZ;Q, L) .. Then
| v(rz;Qz. Lz)z m(rys Qs L1)> w(r;;Q,, L,)
For each i and r, the profits for the exponential model are higher than
the linear model, - This follows from the fact that [f(t)e™ dt > St 1 +rtrae

with the equality holding when r = 0. Note that the profits in tables 2, 6 and J

2.7 are identical when r = 0,

2. 6.6 Optimal Pumping Rate

We come now to the_ most important decision variable of this chapter, Q.
_ Table.s 2,8 and 2. 9_pres‘ent‘ thé“ 6p4tin‘1a1 pmﬁping rates, Q*,‘ for the two models,
The optimal pumiainé ratels'increase as i increaseé and decr\ease g.é r.increaSe!s,
with the values for the linear model slightly larger than those of the exponential
model (though not by much, except when r = 3,0). Furthermore, the :d_‘ifference
betweén the optimal pmping rates&for the two _n?,odels increases as r:,i:‘icreasé_s.
These results are consistent with intuition wh:e‘r;eby asr i.sv increasgd. we,.,tend
to extract heat more slowly, thus r_éserving a larger amount for the future when
value is higher, However, as i inérgases we tend to éxtract,hea.t at 2 higher ‘
rate, leaving less for‘tlzxe.;future when energy"va‘lue (although ‘rapidly inq:easing)
is heavily discounted., The fact that the energy valu‘.gs‘ﬂ are higher fb’ﬂ the e:{_:-f
ponential modevl than £he linear quel accounts for the decision to extract less

g heat when the growth rate is exponential, especially when r is large, |
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Table 2. 8.

* . .
OPTIMAL PUMPING RATE, Q (cubic meters/hr)
FOR EXPONENTIAL GROWTH MODEL

N - T | P
{ 0.95 0.08 " 0.10 0.12 0.15 {
| ’ . |
| |
| | ‘ _ , o |
' l . Lo (S H e '
| ©C.CG0 | 389, 390, 400, 405, 420, I
| 1 , . SR TR 'R
{ C.C10 | 365. 375. 385. 395, 41C. |
| | , , : A |
| 0.020 | 325, 375. 388, 395, 410, {
l - o ‘ , . C e . . |
| 0.C24 | ' 320. 345, 385. 395, " 410. |
| | o , 1.
i 0.C30 | 310. 340, 360. 380, 405, |
| { , , |
| P |
! o | 1.104 1.1¢7 1.110 1.113 1.118 i
{ $/MBTU | o 1
| | |
Table 2.9

o
OPTIMAL PUMPING RATE, Q (cubic meters/hr)
FOR LINEAR GROWTH MODEL

’
'
[
i
‘
[}
]
)
[}
[
]
[
[
)
]
[]
'
i
[}
i
i
i
'
{
!
!
'
]
)
]
[
[}
)
]

) — 1

| 0.06 0.C6 0.10 0.12 0. 15 i

| : I

| I

I | |
| | , : : S , . o | I

| £.000 | 380. 390, 400. 405. 420. I

l ! i

{ C.C10 | 365, 375, 385, 395, . 415, i

! ' | . LI o

{1 C.020 | 365, 375. 385, ) -.395, 410. i

[ ! i

] 0.C24 | 365, 375, 385, 395, 410.. S

I § | | | I

| 0.€30 |  325. 37s. 385. 395, 410, |

i ‘- 1

'lﬁ"p "1 | | |

| o | 1. 104 1.107 1. 110 1.113 1.118. '} ‘
| $/MBTU | 1 &/
I B N
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2.6.7 Optimal Project: Llfe

Tables 2 10 and 2 11 present the opt1ma.1 pro;ect 11ves for the two
me&eis. The econom1c hves are nonmcreasmg ini and nondecreasmg in T
w1th the values for the exponenual model larger than those of the linear m’odel.
Thus, as Eutﬁ.,rﬁ_ profits are discounted more heavily, we tend to extract a |
greater afn,Q\{Pt of heaft!,pe‘r unit of time over eishorter pe;'éqd in ccﬁngex:i'eon ;.
w1th when thed discount rate is not as high, On the other he:nd, wheh the e’nergy
is :expecte;dA to rapidlyvi,nc.rease in va.lue with ti;he, extraction of heiat,,vo’ver_ a .
lor:}ger pexf%qdim of time 5.‘5},}1‘nore profitable and, ‘given the definition of p:.fro_fits in
this case, :a.}“hetter use, 9f{ the resource, L . -

The cross signs on some of the lifetimes in Tables 2.10 and 2. 11
indicate the beginning: of a._ra.rige of oPtimal values for L. 'Ihat is, the present
worth of maﬁcimu.m profite remains constant for lifetimes greater thah the
numbers indicated by a cross,- until a tirneLa, after which it.-decreases.
Although the project lives within the range of LT to L6 are equally desirable
from a profit perspectwe, they a.re all assoc1ated mth the same values of Q
and A Accordingly which L is a.ctually "best" is of no operational 1mportance.

For the ba.s1c model a.nd 6 = 6 L6 > L ax wh1ch we have chosen as 250
years, T’herefore 1\- is effectwely constant from LT to 250 years for these
results. We shall return to Ly and its reletionship with § in section 2.6.10.
However,hyve continue now with our discussion of the 'profit plateau' phenomenon,

\
2.6.8 Response of the Profit Function

l It is now possible'to discuss the response of the profit function ':tvb'valu'es
of ‘L end Q* (L), the purhping rate which maximizes v (L, Q) for a given L ‘ We
begm by noting that the objective functlons in eqns 2,20 and-2, 24 tend to |
bec;ome independent of L as L gets large, That is; for 4 given Q,’ théi'e ‘exists

a 7 (Q) such that



Table 2. 10

*
ECONOMIC RESERVOIR LIFE, L (years)
FOR EXPONENTIAL GROWTH MODEL

“"""“i’"""'"""“." °°°° - - - "’“--“'"""'-"'
{ i 0.06 0.C8 0.10 0.12 C. 15 |
{ { |
| s [ {
| { {
| l : B l
|- C.000.1, 20, 20. 20. 20. 20. 1
| | A |
I 0.C10 | 25, 25. 25, 25, 25. |
| | ! B
| c.c20 | 250.7 25, 25, 25, . 25, i
| i + + l
| 0.C24 |. 2597, 218, 25, 25, 28, N
i | |
i 92.030 1 2s9.t 220.F - 1es.t 125.} 25. |
| | | f
I p | {
| o | 1. 134 1.107 1.110 1.113 1.118 i
| { {
' $ /MBTU | ‘
+ Denotes the start of an optimal range of values. (See section 2, 6 7.)
Table 2. 11
ECONOMIC RESERVOIR LIFE, L* (years)
FOR LINEAR GROWTH MODEL
0.06 0.08 0.1 0.12  0.15 |
i
{
|
I l
' 29, 20. 20. ' 20. 200 l
| |
' 25. 250 : 250 25. - 20. l
{ : |
i 25, 25, 25, .25, 25. i
l ~ {
| 0.C24 | 25, 25. 25. . 25. 254 |
{ | |
i 9.€30 | 2208 25. 25, 25. 25. {
| l i
[ [ | {
R SR 1.1C4 1.1C7 1.110 1.113 1.118 i
| { l

-t Denotes the start of an optimal range of values. (See section 2,6, 7J)
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lim «(L, Q) = v(Q) . , (2. 61)

L-——oa

for both the exponential and linear models, This follows from the fa;f that

fox_i both models, the revenues are monotone increasing functions of L and the
tefms containing L approach zero as L —e, Furthermore the cost function
C(Q. Ti’ L) = C(Q) as L —eo, This last statement is a co-nsequenge*ofi the fact

that by eqn. 2. 33 we can write

-l
)

-iL ,
aR, T;, L) = ACQ) (_1;.%__) +opQ) (L=¢

a

AL (2. 62)

2 e-il_o T
by C (e,
j=1 .

where AC indicates the annual costs (excluding pump operating costs), OP is
the first };ear pump operating costs and the last term is the total termination

costs. From eqn, 2.62,

AC@) , OPQ)
1

a

im  q@, Ty L) =

an"d therefore CQ, Ti’. L) approaches C(Q) as L gets large. On the other hand,
the terms 'R, and RZ in eqns. 2. 53 and 2. 54 depend only on Q as L approaches
infinity and therefore for L large enough.' r is dép’endent only on Q. - The',‘validity
of eqn. 2. 61 is thus established. |
Leiv:Q' be the maximand of v (Q) which is defined by éqﬁ. 2. 61, It follows

that

oo . %

o 1im Q (L) = Q',

L-——-Q)
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which impliee that for L larger than some L', not only the pumping rate but
the other quantit:':es_ef iuterest, ‘pamelfy the iujection tempera,ture T:, the
breakthrough time ‘r* and the cost function C remain effectively constant, Our
computational experience indicates that for most cases, L' is around 100 years.

'I'he asymptotic behavior of the profit function and the convergence of
(L, Q) to Tr@) and Q (L) to Q'is 111ustra.ted in Tables, 2 12 and 2.‘13 Here
mcreas:ug values of L are given in the second column. For each L, the value
of w[ L, Q%V(I:)] and Q* (L) are shown as v)ell as the correspcndrng values .fpr
optimal heat exchan‘ger*area A*, injection terhperatur'e 'I":< ' breakthro‘ugh"'time
-rg, total costs C(Q, L, 'I‘ ) and pump capac1ty and operatmg costs (all optzmal
with respect to the given vaIue of L). B |

Note also that in the base case presented in Tables 2. 12 and 2 13
(r =0, 024, is= O 10), the opt1ma1 life occurs at 25 years which is the assu;med
well life. Because a second well cost must be incurre‘d if.;project life'is greater
than one vdvelvl'life‘, there is always a local maximum fer the ﬁrefit function
=[L, Q* (L)] at L = well life, In the base case this local ma;'cimuz:n exc_:eeds Q)
and hence L= 25 is'optimal. However, when the value of the energy 1s allowed
to increaee ata faster rate than r = 0. 024 (or alteruatiVely if the‘ disceunt rates
are small) wr(Q) is larger than peaks attamed at L = WL and large 11fet1mes are
optimal. This can be seen in Figure 2.4 where for r = O 03, ﬂ}Q)) m (L, ,Q) for
all L when i < 0. ,12 Note, however, that as i mcreases. w(Q). the plateau of
the profxt functmn gets closer to zero, so that there is an i above wh1ch the
local mammum at the well 11fe dominates n(Q) For r=0, 03, th1s mterest
rate is O 15 (as seen in F1gure 2. 4, -n-[25, Q (25)] dommates ﬁ@) ). ‘As yve
further increase i, the present worth of max1mum prof:.ts decreases unt11at
i=0, 32-'"when 11-* = 0 (which means, incidentally, that the so-called mternal
rate of return is 32% for this particular value of r). For i > 0. 15. the -

economic life remains at 25 years. Note that 32% is the maximum internal rate
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Table 2,12

PROFIT AND DECISION VARIABLES RESPONSE TO LIFE
-EXPONENTIAL GROWTH MODEL
G ,=0.10, r =0.24)

v

. 3 [} 1 % - . .
n(L,Q*)] L' Q*w)' A 'r: * . C(Q*,T:,L) PUMPS ~ POC
($10%) ‘(¥RS) (@>/hr) @®) (°¢) (¥RS) ($10%) ¢510%) (510)
47.51% S, 470, 447, 1€9.27 1,45 2021,8 96.0 65S. 4
345,50 10. 435, 432, 109.22 1.56 2u88.7 94,0 9¢0.1
443,58 1%, 409, 398, 103.2¢ 1,68 2740.8 113.1 1057.5
529,086 26, 395, 391, 109.22 11,72 2901.6 112.9 1157.6
.1560,89 | 24%. 385, 1379, 109.23 1.77 2993.9 117.0 1199.3
519.18 3C. 339, 376, 109.22 1.79 o 3122.4 116,0 1234.6
532.02 35. 3178, 371, 169,22 1.81 3151.7 116.6 1246.9
544,919 . 40, 379, 357, 1C9.22 1.84 31513.6 114.6 1244%,0
550.38 45, 370. 367. 1€9.22  1.8% 3131.2 115.7 1283.7
€85.89% s9. 370, 367, 109,22 1,84 }198.2 115.9 1277.3
$52.71 ce, 370, 1367, 109,22 1.84 ' ”L3216J3 "116.4 1286.5
555.23__ €2, 365, 362 1€9.22 1.88 3185.9 113.8 .1299.95
€£6,.65 . 6%. 365. 363, 109,22 1.€E6 = 3191.2 14,0 1263,7
557.83 7¢. 36S. 363, 109,22 1,86 3194.5 110.0 1266.5
.. 558.52 . 7%.; 365, 36], 109.22 1.86 . . 3196,9 14,0 1268.95
558,59 8C. 365, 363, 109.22 1.86 -'3198.9 114.1 1269.9
55¢8.93 88, 365. 303, 109.22 1.E6 3230.0 116.1 1270.8
°$59,19 ~ 9C, 365, .363,.109.22 1,86 2230,7 114, 12714
£549,35 9%, 365, 363, 1€9.22 1.£6 S 3201,.2 114, 1 127t1.8
559,97 166, 1365, 363, 109.22 1t.86 J21.5 14,1 1272.1
559.5¢C 10¢€. * 36S5. 363. 109.22 1.86 ’ 3201.7 116,17 1272.3
559.56 110, 335, 363, 109.22 1.86 3201,9 14,1 1272.3
559,60 - 115, 365, 363. 109,22 1.86 . ; 3232.0 114,17 1272.6
£59,.62 120. 365, 363, 109,22 1.8 . 3202.1 116,11 1272.6
-§59.64 jZS- 365, 363. 109.22 1.§886 3232.1 1w,t 1272.7
- §59.,65 - - 130, 365, 13613, 109,22 1.86 T 3202.1% 118,1 1272.7
$59.65 13¢, 365. 363. 1€9.22 1.§6 3202.2 116,11 1272.7
556,66 - 140, 365, 363. 1€9.22 1.86 L3202.2 114,10 1272.7
859,66 148, 365, 363, 109.22 1.£6 3292.2 114,71 1272.3
£s9.66 _ 150, 365, 3613. 109.22 1. 86 3202.2 14,1 1272.8
‘556,66 1¢¢, 365, 363. 109.22 1.56 N 3202.2' 114, 1272.3
559,67 160, 365. 363, 109.22 1.86 3J202.2 114,19 1272.3 -
559.67 168, 365.; 363, 109.22 1.E6 ) 3222.2 118, . 1272.8 .
‘659,67 - 11¢., 365,  383. 109.22 1,86 } 3202.2 1w.1 1272.8
559.67 175. 365. 363. 1€9.22 1.86 3202.2 16,1 .1272.3
559,67 .. 180, .:365. 383. 109,22 1,86 v 3232.2 11,1 1272.8
§86.,67 13¢, 36S. 363, 109.22 1,86 3202.2 114,11 1272.8
559;67\}w’9°¢4“}65m 363, 10%.22 .86 ) 3292.2 14,1 1272.3
$59.,677°  19%, 165, " 363. 109.22 1.66 : '3202.2 14,1 1272.8 "
£556.67 20C. 365, 363, 109.22 1.86 3202.2 114, 1 1272.3
€89,67.  .20%, . 365,  363. 1€9.22 1,.€6 E .- 3202,2 114,91 .1272.8"
559 .67 210, 365, 363, 109.22 1.86 3202.2 16,1 1272.8
£96.587 215, 365, :363.,1C9.22 1.86 ‘ 3232.2. 114.1 1272.d
§89.67 220, 365, 363, 109,22 1,8 = ©3202.2 0 114,71 1272.8
€86,67 £2¢, 365, 363, 1€9.22 1,€6 3202.2 194, 1272.9
. 559,67 - . 230, 165, 363, 109.22 1,86 : N 3292.2 14,1 .1272.8
€59,.67 235, 3685,  3&3. 109.22 t.86 ) 3202.2 14,1 1272.8
$56,67  .240, 365, 363, 109.22 1,86 . - 3232.2 16,1 1272.8
B89 .67 4, 365, 303.7°109.22  1.£6 ° S 3202.2° 113,1° 1272.8"

559,67 250. 365, 363, 109.22 1,86 3202.2 114,17 1272.3
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Table 2,13

PROFIT AND DECISION VARIABLES RESPONSE TO LIFE

LINEAR GROWTH MODEL
(i=0.10, r = 0, 24)"

Mio*@w] 1ot At T,*

(510%) (¥RS) (a*/hr) (x)

45.37

336.58

424.89
500.12
£22.5¢
472.82

479,18
4€6.68

488.66
491,36
4E6.18
487,18
4€7.48
487.86
487.99
487.€5
4€7.7¢

487.76

487.78
487.80
4E7.77
" 487.78
8€7.78
4€7.78
4€7.78
887,78

4€7.78

487.78
4e7.78
487,78
4€7.78
4€7.78
487,78
487,78
487.78
4€7.78
487,78
4€7.78
487,78
4€7.78
4€7.78
8E€7.78
4€7,78
487.78
487.78
887,78
4€7.78
4€7,78
487.78

1€,

15.

2Q..

25..

3c.
3s.
4q.
4s,
5C.
5%.
6C.
6%,
7C.
7s.
8cC.
8s.
sC.
9S.
1C0.
1CS.
110,
115,
120.
125,
130.
138,
18¢.
148,
15¢C.
1¢8.

16C.
16<.

17C.

175.
18¢.
18€.

.19¢,

19¢<.
CC.
208,
210,
1<,
22¢.
228,
23C.
235,
260,
245,
2%¢C.

470.
435,
405.
395,
iss.
3s0.

375,

375
370.
370.
370.
370.
370.
370.
370.
370.
370.
370.
370.
370.
370,
370.
370.
370.
370.
370,
370.
370.
370.
374,
370.
370.
370.
370.

370..

370.
370.
370.
370,
370.
370.
3740.
370.
370.
370.
370.
370.
3700
370.
37¢,

447,
u]z'
395,
349.
3718,
37“.
359.
‘369,
164.
36S.
365.
36S.
365.
365.
365.
365.
36S.
365.
365.
365.
36S.
36S.
36S.
365.
365.
36S.
365,
365.
365,
365.
36s.
365.
36S.
36S.
365,

365,

365,
365.
365.
J§s,
365.
368,
3é65.
365.
365,
Jés,
365.
365,

°c)

189.27
109,22
109.24
1€9.23
109.23
1€9.23
109.23
1€9.23
109.23
1€9.23
109.23
109,23
109.23
1€9.23
109.23
1€9.23
109.23
1€9.23
109.23
1€9.23
109.23
169.23
109.23
169.23
109.23
1€9.23
109,23
1€9.23
109.23
1€9.23
109.23
1¢9.23
109.23
109.23
109.23"

109.213

©109.23
1€9.23
109.23
1€9.23
109.23
1¢9.23
109.23
109.23
109.23
1€9.23
109.23
1€9.23
109.23
109.23
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(YRS)

1.45
1.56
1.68
1.72
1.77
1.78
1.81
1.€1
1.84

~1.84

1.8“

. )

1.€64
1.64
1.84
1,64
1. 84
1.84
1.84
1.64
1.84
1.84
1.84
1,88
1.80
1,64
1.8
1.€4
1.84
1,64
1.84
1.64
1.8“

.64
1.86

1. 84
1. 84
1.84
1. 84

1. E4

1.84
1.84
1.84
1.64
1.84
1.€4
1.64
1.84
1.8“
1.84

($10%) ($103)

2020.4
2481.9
2726.1
28717.8
2961,.3
30381.3
3103.6
3135.8
J122.4
3135.1
3149.8
3154.9
3158.3
3160.3
3161.7
3163.0
3163.5
3163.8
3164,.0
3164,2
3168,.3
3164.3
3164.4
3164.4
3164.4
3164.4

3t164.4.

3164.4
3164.8
3164.4
3164.4
3164.4
3164.4

S 3164.4

3164, 4
3164.4
3164,.8
3164,.4
Ji64.4

3164.8
3164.4
©116.7

3164.4

3164, 4

3J164.4

3164, 4

3164.4
3164.4
3164. 4
3164.4
3164, 4

.96 'o
98.0
113.1
112.9
117.0

116.0 .

116,.6

117.2

115.7
115.9

116.4. .

116.6

116,66
116.7 -
116.7 -

116.7
116.7
116.7

116.7

116.7
116.7
116.7
116.7
116.7
116.7
116,7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7
116.7

116.7
116.7
116.7
11647
116.7
116.7
116.7
116.7

C(Q*,Ti*,L) PUMPS POC

($103)

654.0

9u3. 4
1043.49
1134, 2
1187.1
- 1198.0
1199.4
1222, 4
1205.6
. 1218.9
1220.3
1224.6
1227. 1
1228.6
1229.6
1230.2
1230.5
‘1230. 3
1231.0
1231.1
1231.1
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2
1231.2.
1231.2°
1231.2
1231.2
1231.2
1231.2
1231.2
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TOTAL DISCOUNTED PROFITS, = [L, Q*(L)] IN THOUSAND DOLLARS
: | |
[=4
[~]

16,000

+

Q ;
Qo
o

-
.Nx .
3

_ - i=0.06
(Q*= 310, L* = 250)
(Q* = 340, L* = 220) i=0.08
(0" = 360, L* = 165) i=0.10
(a* =380, L = 1251 =012
(Q* = 405, L*=25) i=0.15

- EXPONENTIAL GROWTH MODEL

r=0.03

PROFITS IN 1976 DOLLARS

FIGURE 2. 4
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PROJECT LIFE, L (YEARS)

150

PRESENT WORTH OF-TO.TAL PROFITS vs. PROJECT

"LIFE FOR GIVEN INTEREST RATES

200




of return in our range of growth rates, The minimum internal rate of return

for the project is obtained when r = 0. This minimum rate is 25. 6 %.

2.6.9 Practical Significance of the 'Profit Plateau'

‘In evaluating the significance of the 'profit plateau' one should bear in
mind the assumption that the real value of energy increases indefinitely with
time., In view of the great uncertainty surrounding future energy prices, it is-
difficult to sﬁpport the position that energy value will rise forever, Perhaps
its rising trajectory will slow and/or actually decline after a decade or two,
in which case L* would be much less than some of the values. indicated in .
these results. We conclude that the 'profit plateau' and associated long
reservoir lives should be interpreted as indicating optimal reservoir lives
of at least five or six decades, as opposed‘ to, say, two or three. Furthermore,
it seems worth repeating that over a very w:‘;de range of L*. the variation in Q*
is quite small, suggesting that decisions on whether to pump for 25 or 60 years

are not necessary at the outset of production,

2. 6. 10 Effect of 6
In the discussion above, the effect of §, the minimum é.llowa.ble temperature

difference between production and injection temperature, has been neglected.

In Tables 2,12 and 2. 13, the optimal pumping rates are small enough that even

after 250 years the temperature difference is still greater than 6°C, and hence

the pumping rates remain unaffected during the period under consideration

(250 years). In fact, for every positive §, there is an L6 such that Q*,(L) and

hence the corresponding profits, «[L, Q* (L)}, will decfe#se a.isy L iﬂcreases

Thus L

beyond L signifies the end of the plateau region of the profit function.

& 8

This phenomenon is observed in Figures 2. 8 and 2, 9 where for higher production
, , " » ,

temperatures (which imply higher flow rates), Q (L) and n» decrease after the

corresponding L,
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Note that by eqns. 2,12 and 2, 19, the temperature difference is a
decreasing function of L * Q(L). If no restriction existed on the temperamre L
difference, the pumping rate Q (L) would remain constant for L > L', Since

g(L /t ) = 6, it follows that as L 1ncreases beyond L the value of Q-*_(L)

6’
decreases so that the § constraint is not vlolated.

E3
The quantity Q (L ). Lazcan be easily computed. Noting‘ that the first. -

term in eqn. 2. 19 dominates the other two (411 4; 3 nIJZ 580 413) y eqn.

2. 17 can be'written as

U . . . .
R e s s
Yi T,

yvielding . ‘ . g

w oo g o ¥y (T Ty
iy = g

(2. 63)

'Unless the value for & is chosen very large (and therefore not permitting

Q(L) to approach Q, Q* (L Q'. Note from eqn, 2,63 that for fixed Q, T

§ =
. *
increases the value for L6' However, as To increases, Q (L) increases for all
L (and hence fgr:',I._,_&), reducing the value for LG' - The total effect of increase in
To is that - . ‘;Yl' (To,_ Ti)” o
¢1Q {(Lé)

and hence Lg decreases as T mcreases. Figure 2.9 illustrates this point..

2. 6. 11 Q'ptu'nal InJechon Temperature e

Tables 2 14 a.nd 2 15 gwe the opt1ma1 mJectmn temperature 'I' ‘ The
opt1ma1 1n3ect10n temperatures decrease slzghtly asr increases and increase ”
shghtly as i mcreases. Th:s can be explamed by the fact that at h1gher pumpmg

rates, it becomes more expenswe to a.ttam lower 1nJect10n temperatures.
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Table 2. 14

S S -
OPTIMAL INJECTION TEMPERATURE, T; (°cC)
FOR EXPONENTIAL GROWTH MODE L

0.06 0.08 0.10 0.12  0.15

P, e Y YL RN P R R R R E R E B R L A B R Rl i RSB BOP PO ® PO o

|

l

|

l,

! | | | . | |

| 6.C00 | 109.23 109,25  109.26  109.27 109,28
b | | .

| 0.C10 | 109.23 199.24 109.25 109.26 109.27

| l |

| 0.€20 | 109.19 109,22  10S.23  109.24  109.25

| [ . |

| C.C24 | 109.18  109.2C  109.23  109.24  109.25

| c - |

| 0.030 | 109.15 199,18  109.20  109.22  109.25

[ |

o | . | l
I Fo- | 1.104 1.107 1.110 1.113 1.118 |
{ $,8BTU | {
| l |

- @ ®eDas o - - em am - -san - - -

Table 2. 15

%*
OPTIMAL INJECTION TEMPERATURE, Tj (°C)
FOR LINEAR GROWTH MODE L

c.06 0.08 0.1C 0.12 0.15

¢.000 : 109.23 109, 2% 109.26 109.27 109. 28 :
J.C10 : 109.23 109,24 1€9.25 109.26 10§.27l :
: 109,22 109,23 109.24 109.25 109.206 :

0.C24 : 109.21. 109.22 1€9.23 109.24 109.26 :
| |

|

0.€30 | 109.13  109.21 109.22 109,23 1€9.25
{ :

I i

Po- 1 1.104 1.107 1.110 1.113 1.118 i
$,8BTU | |
| i

- D R A D ) D WD WS G- A 4B AD G DGR AR A D AR G R W @R S A S -vp ap > an - abem G wnsis B9
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However, a.lthough there is some small vanatmn of T with r and i, the most
unportant 1nformat10n conveyed by th1s table is that: 1) the value of T is
remarkably stable with respect to i and r, and 2) this value of T is very
close to Ts (the temperature of 5 psi steam: 109 °C). The resultmg high
costs of heat exchanger equipment are evidenﬂy offset by the valueiof the extra
energy extracted by havmg T close to T

‘ Note from the footnote on page. 23 that a.lthough the productlon temperature
T; increases as T, mcreases, the difference To - Ti which determines the
a.n;ount of recoverable heat at time t, decreases as Ti increases. 'I'hie con-
firms eqns, _2. 55 andv 2. 56' which show a decrease in total revenues as 'I‘i
increases. We conclude that, a.lthough injecting the brine at a high temperature
prclongs the duration of ri;ime that the production temperature remains above a
specified level, it has no effect on prolonging the e’conomic lifetime of the

project,

2. 6. 12 Optimal Heat Exchanger Area

Ta.bles 2. 16 and 2. 17 g:ve the Opt1ma1 heat exchange areas, 'I’he optimal
areas mcrease w1th i and decrease w1th r. As 1 increases and r decreases, the
optimal flow rates increase, thus requiring Iarger heat exchanger areas, even

though the fluid is injected at higher temperatures.

2. 6. 13 Optimal Breakthi'ough Time

*

Tables 2,18 and 2. 19 give the optimal breakthrough times 7 .. :These
times are inversely proportional to Q . Note that the optimal breakthrough
times occur very early in the project, namely during the first two years —

£
long before L .
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, Table 2. 16
] *
OPTIMAL HEAT EXCHANGER AREA, A (square meters)
*FCE{ED(PCﬂWEPTTLAL:GIUDVVITILACHDEI;‘ c

D D S D P M D T S8 D W A > A g O S e D e LD G G D G G TS S D S A S N G G o WD TS D R P Y GRS S s G A R = D T TS G S ey S WD

| 0.99 0.08 0.10 0.12 0.15 !
’ o S : |
I |
l |
‘ : e o |
t 372, 378. 385, 387. 396. |
{ - |
l 358, 355, 372, 379, 389. |
i : . ; L |
| 131, 371, 377. 384, 393. |
l ’ ’ - |
| 3131, 348, 379. 380, 395, [
| ' ’ ’ !
| 329, 349, 362, 37e. 393. |
{ . - ' f i
| P { - -
| ° { 1. 104 1.1¢7 1.110 1.113 1.118 1
| S/HBTO | ' |
i | l
Table 2. 17
, *
OPTIMAL HEAT EXCHANGER AREA, A (square meters)
FOR LINEAR GROWTH MODEL R
) NGttt iabaes mmsssssssssesses , : . 7
| 0.36 0.08 .10 0.12 0.15 |
| 1
| |
l |
| | |
1 0.C00 | 372. 378. 385. - 387. 396. |
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Table 2. 18

- OPTIMAL BREAKTHROUGH TIME, T (years)
FOR EXPONENTIAL GROWTH MODEL

o | ~ ' )
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| .
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Table 2,19
%
OPTIMAL BREAKTHROUGH TIME, T (years)
FOR LINEAR GROWTH MODEL
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2.6.14 Costs

~Tables 2. 20 aﬁd 2..721 ﬁresentitc‘wtal project costsrahd Tables 2. 22 and ;
2. 23 the total operating costs for pumps. Note that the pump opgrating costs, -
which are mainly the cost of the eiectricity used to oﬁerate the pﬁmps; con-
stitute a major portion of total costs, The electricity cost increases with
time at the rate of e** or 1 +rt depending on the growth model. The ‘puznp
operating costs constitute between 35 and 469 of total costs for the ‘exponential
model and between 35 and 41% for the linear model. Tables 2. ZOV through 2, 23
ghow that as r increases and i decreases, not only do the pump operating costs

and total costs increase, but the ratios of pump operating costs to total costs

increase as well,

2,6.15 "Avei'ige Cost'" per MBTU

Based on the optimal decision variables and costs, we can also compute
a quantity which gives a measure of average costs of generating one MBTU of

steam heat over the lifetime of the project. For example, leti = 0.10 and

t3
r = 0,024, Then for both models, Q"= = 385 m3lhr, "~I..’°< = 25 years, Ti = 109. 23°C

and -r* = 1. 77 years. Total heat produced, THP, is therefore
A L* o
* %% * *
34,76Q cfpf(To- Ti)" +f* 34,76Q cfpf(To- Ti)g(t) dt
T

THP

25

34,76 x 385 x 0, 92 (150-109, 23) |1.77 +f (0. 338 ¢-0+ 0013t
1,77

- 0,06177t -7. 5386t

+ 0,337 e + 1, 368 e ) dt

7,472,778 MBTU .
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Table 2. 20

PRESENT WORTH OF ALL COSTS, C(; Ti» L') (51976, $1000)
FOR EXPONENTIAL GROWTH MODEL

l . y
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I [ | | i
] 90.C00 | 3296, 2988, 2743, 2520, - 2295. |
| | |
{ - 2.010 ) 3581, 3171, - 2858, ¢ 2615, - 2344, 4
{ | |
| C.C22 ) 14700. 3298. 2952. . 2692, - 2402, N
i { ' ‘ |
'“‘0102“ l}'HQEQSQ : 3787{ ’ '299“.' 2725(” 24273 '
{ | : i
1 92.030 1 5109. - 3922. 3272, 2890, -+ 2440, -}
cEemecoewemwe cvw e e cemcowe coevwovenew ---.-¢_----c¢¢---o-------.---d
Lo,
| 0 | 1. 104 1.107 1.110 1.113 1.118 |
| $/MBTU | e e H
) | |
Table Z 21

PRESENT WORTH OF ALL COSTS. C(Q T1. L ) ($1976 $1000)
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Table 2,22

PRESENT WORTH OF PUMP OPERATING COSTS $1976, $1000)
FOR EXPONENTIAL GROWTH MODEL
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Table 2,23

- PRESENT WORTH OF PUMP OPERATING COSTS : ($1976, $1000)
FOR LINEAR GROWTH MODEL .
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\

Let C be an average yearly cost, so that;the total d1scounted cost if annual

payments of C .are made for L years wou;ld be equal to C(Q T L ):
k% -i
cR, T., L) -.-[ c_ etgt .
i a
0

With C(Q -, Ti’ L )=$2,993,900 and i = 0, 10;;[Ca equals $326, 163. The total

. B . = . .
undiscounted costs = Ca—." L =$8,154,075, which makes the average cost for

the exponential model equal to :

$8, 154, 075/7, 472, 778 MBTU 1,09 $/MBTU .
¢ . { -

Similarly, for the linear model, the total undiscounted costs ,w_oultl; be $8, 070, 993,
yielding an average cost of 1,08 $§/MBTU. Comparing these two’values-,‘we see
that the difference between results with each growth model is not great.v

" We wish to émphasize that these are average values over the life of‘ '
the project when T = 150 °C. The unit cost of steam heat would be lower at
first and higher toward the end of the progect These a‘verages would be’

substantially lower if the 1n1t1al temperature were h1gher than 150 C

§
Vsl

2. 6. 16 Sensitivity Analysis

In this section we d1scuss the sens1t1v1ty of the optirnal decis1on
vanables to changes‘ 1n)the parameters of the model The rate of increase
of the real value of energy has been assumed exponent1al (the exponential
growth model) and the values for i and r are 0, 10 and 0, 024. respectively.
Results for the linear model are generally su'nilar to those of the exponentlal
model. except that prof1ts are lower aind opt1mal pumping rates are higher for
the linear model The plots in Figures 2,5 through 2.8 and 2 10 through 2 14

represent pro£1ts. 1r[L, Q (L)]. as a functmn of L, for cl1£ferent values of the

*
parameter under consideration. The maximum of 1r[L. Q (L)] is of course . .



2. 6. 17 Sensitivity to Well Life

Figure 2. 5 presents the behavior of the profit function with respect to
changes in expected well life (WL)’, The well life has a great effect on both the -
profits and the optimal project life. The predominance of_ZS-ye'a‘.r_.opti:r‘nal
lives in Tables 2. 10 and 2, 11 is dﬁe to the fact that the well life has been chosen
as 25 years in the basic model. In fact, it seems that with the exception of the
case where r=0, the optunal lives are either equal to the well 11ves or a.t LJr
the point where =[L, _Q (L)] reaches a plateau. As seenin Figure 2. 5, ‘the
optimal project life when well life is below 40 years is equal t§ the well life.

At WL = 40, the global maximum of v with respect to L is slightly higher tiia.n the
local maximum at WL = 40. Ha.ci the interest rates been higher than 10, the
plateé.u of the profit curves wquld have béen lower so that even at WL =»’40

years, L would be 40 years.

Note the discontinuity of the profit function at multiples of the well life
in Figure 2,5. These discontinuities can be easily explaix’ied by the fact that
néw wells ha\}e to be installed at multiples Qf well life, For instance, if WL = 10,
there is a sudden decrease in the amount of profits if» L = 14, because the enti'té
new well cost must be paid even fhough only one additional year of heat is
produced. For longer lives, the discontinuities become less significant,
because the discount rate reduces the incremental cost of each well, and
because each cost increment becomes progressively smaller compared to total
costé. After 50 years vthe profit function is relatively stable with respect to L,
implying that the present worth of the well cost paid in full during_‘th'e 51st yeai
does not affect the present worth of profits significantly, 7 o

Note that well life has a bsig.nifica'nt effect on maximum pr;ofiiv:s.' If
expected well life incre;s,es from 10 years to ZS-Yéa_fs, maximum prqfii/:s'

increase from $420, 570 to $560, 890, If well life increases another 15 years
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from 25 to 40 years, maximum profits increase from $560, 890 to $606, 970,

We conclude that the gains from prolongmg well 11£e (perha.ps by extra ma.1n- U

"~ tenance expend1tures) are substant1a1 but charactenzed by decreasmg returns
to additional 'flife-prolongir_lg" efforts.
2. 6;;18 Sensitivity to .iquer Poros1ty and Permeab111ty

i ¢

F1gures 2,6 and 2. 7 deal with significant geotherrnal pa.rameters.

“f.

na.rr;ely poros:tty ¢, and intrinsic permeability k, F1gure 2, 6' summanzes the
effeet of the uncertainty in the value of porosity. If poros1ty‘1s 10% mstead of
20% (base case);, the ophmal profit is only $493, 380 mstea.d of $560 890, a
decrea.se of 12%. Note, however, that the optimal pumpmg,rate is not at:all:
sensiﬁve to porosity in this range. If porosity is 30%, the maximum proﬁt is
$é>28_, 190, an increase of 12%. This time, though, the “eﬁﬁﬂ;alvdeéisien"v,arieble
chaugesisli:ghtly' the pumping rate is reduced from 380 ﬁiB/hr te 370"'m3/hr.
Nevertheless, it is clear that the model is remarkably robust in determmmg the
opt1ma1 pumpmg rate over a wide range of poros:t:les. ‘This is an important
result, because it suggests maJor expendxtures to accurately determine porosity
in order to compute -the "correct" pumping rate woald probably not be warranted,
N On the other hand, the effect of uncertainties in intrinsic permeability
is greater than that'for porosity. As seen in Figure 2, 6, reduction in
permeability .frgrn '200 millidarcies (base case) to 150 millidarcies reduces the
optirrxal profits from $560, 890 to $241, 620, a reduction of 57%, and optimal .
ptmri)ing rate:from 380 m>/hr to 310 m>/hr, a reduction of about 18%, An
increase in petrmee,b‘ility‘to 250 increases the profits to $859, 300, an increase
of 53%, while’Q* increases 13% to 430 m3‘/‘hr. The‘Perrrieabil'rty governs pump-
ing costs. As permeability increases, ‘the drawdown in the production well

decreases, thereby requiring smaller pumps and less energy for pumping the
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' TOTAL DISCOUNTED PROFITS, 7 [L, @* (L)] IN THOUSAND DOLLARS
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same amouni of flow. As a result, the optirnal profits are increases. We -
conclude that unlike porosity, expenditures for accurate information on
permeability may be very important, for profits and design flow rate are

indeed sensitive to values of permeability.

2.6,19 Sensﬂ::.wty to Initia.laAquifer Equilibrium Temperature

Among the physxca.l geothermal parameters, the one w:.th the grea.test
impact on profits and the optunal decision variable is the initial equilibrium
temperature, T . This is the temperature at which the geothermal aquifer
fl_ui<i and the aq’uifei- matrix are in thermal equilibrium. In Figure 2.8, profits
have been plotfed as fuxiction'of project life for T;) = 150 °C (our base case), 160 °c,
17‘0‘°C, end 180°C. As seen from this figure. of:tima.l profits _a.re ihcreesed with
te‘mperat:urein a nonlinear fnanner. Optirrial proi'its and flow raies as functiens

of temperature can be tabulated as follows:

o .
TO(OC) . $) Q (m3 /hr) Lt (years)
150 560,890 - 380 50
160 1, 982,890 875 ' 150
170 5, 007, 890 2400 75

180 10,478,610 4900 50

In g’eneral, as the equilibrium temperatui-e increases, it is optimal to extract
energy at a higher rate and terminate the p‘r‘ojectk in a s_horier‘ period. The ohiy
exception to t}iis t-r‘end irs;when the tempei"a._:ture is 150 °C. Since the profit is
ra.ther low at this temperature. the wefl cost has a sev'ere impact on the profits,
| thus. making it imperatwe to termmate the pro;ect at L = 25, Even in this case,
‘the total discounted profits if the project is termmated a.t L= ZS are not much
higher than total profits had the pro;ect life been say, 200 years ($560. 90 Vs,
$559, 510).
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Figure 2.'9 g1ves a plot of the opt1ma1 flow rate as a function of progect
life, - As seen from the plot, the & constramt of 6 degrees does not have any .
effect on the ;pumpmg rate when To = 150 or 160 °C, because the opt1mal flow
rates are so low that even.at L = 250 years, the constraintvi‘s not violate:d When
Q has reached its plateau level Q'. Note, howérer, that at the higher temperatures
{when Q' is h1gher), the 6 requirement forces Q (L) to decrease as L mcreases.
The r!'reducuon pomt" occurs at 150 years when T =170 °C and 55 years when
T, = 180 °c. ’

’ It is interesting that 6 does not have any effect on Q or 1r (that is, we
would have obta.ined the same Q and 'rr* even if 6 had been zero. However, Q"= (L)
would have been larger for larger 11fet1mes) For both of these temperatures,.
the profits have peaked at lifetimes shorter than the "reduction pomt " The
explanation for this is that when T, = 170 C for instance, the plateautflow rate
is Q' = 2'4010 m3[hr and at L = 75 years, the term containing L in the Vrevenue
function (eqn. 2.:‘20) is r;;egligible, s0 that the effect of increase in L is minimal,
ﬁowever, t,he cost function is still increasin.g in L (since L is not large enough)
arzd therefo.rea as L increases. the profit, which is the difference of these two "

terms decreases after L = 75 years.

2.6.20 Sensitiv:i't:}'r to Economic Parameters

(i) _‘ Cost of Electr1c1ty

F1gures 2 10 through 2, 14 deal w1th economic parameters. .The
econormc parameter that most mﬂuences profzts and opt1ma1 flow rate is the
present day cost of e1ectr1c1t'y' for pumping.‘ F1gure 2, 10 shows that if

electricity could be obtained ata lower cost, profzts. optimal flow rate, and

Recall that electric power costs are as sumed to rise with time at the same
rate as the value of energy, namely, according to the particular growth
model.
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eccnomic lifetime would increase. Since pumping energy cost constitutes a

major portion of the total costs, this result is hardly surérising. However, ‘&6}
the rnagnitﬁd’e of the increase in pfofits is interestixig. f ’I'he tcfai disccdx‘;t'ed

- optimal pr‘ofi:ts incﬁease by 43% when electricity cost decreases from 3?é kah

(base case)xbtoﬂlz L5£"/kwh and by 130% wizen it decreases to 2 £ /kwh. It}is:
mterestmg to observe that the optimal pumping rate mcreases by only 10 5%

frcm 380 m /hr to 420 m /hr when electnc:ty cost decreases from 3 é /kwh to

2, Sé /kwh, w}ule it increases by 142% to 920 m /hr when electricity cost is de-
creased to 2¢/ kwh We conclude that when pumping is necessary, pumping energy

plays a maJor role in the engineer1ng-econom1cs of geothermal energy productxon.

(ii) - R oyalty
The behavior of profits with respect to changes in royalty are rﬁore

uniform, Figure 2, 11 shows optimal profits decrease by 37% when royalty is
incr"eased from 10% (base case) to 15% while it increases by 38% when royalty
is dfe:cr'eased\to 5%. Although these chapges in royalty cause significant changes
in piofifs, 1_:h,ey hardly affect Q*, as Figure 2, 11 shows, We conclude that the
amount of royalty paid is of more concesn to the investor than to the design
engineer, |
@ii) Well Cost

. The effect of changes in well costs for each doublet is summarized in
F1gure 2. 12, An increase of $200, 000 over well cost of $600, 000 (base case)
reduces opnmal prohts by 52% wh:le the same amount of decrease in well cost
increases the proﬁts by 57%. Although these changes in royalty and well cost
do not s1gn1f1cant1y alter the optimal pumping rate, it is clear that well cost
playfs a major role in determining the economic viability of this type (nonelectric)
of geothermal project,
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At this point it is appropriate to make a comment about the long
ecoﬁomic lives in some of the cases presented in Figures 2, 10, 2,11, and
2,12, In none of these cases ivsrthe optimal profit much higher than the profits
at 25 years, For example, if WC = $400, 000, the present worth of profits at
25 years is $8i54, 840 while the present worth of profits at the optimal life of

160 years is $879, 850,

(iv) Landv Rent and Salaries

] Figure 2, 13 shows effects of changes in land rents and salaries. In our
basic mo'del‘ this total amounts to $54, 000/year. An increase of this total
annual cost fo $70, 000 decreases the optimal profit by 26% while an increase to »
$100,‘000 decr:eases the profits by 75%. However, the optima.l‘ pumping rate
and economic life remain constant at 380 m3/hr and 25 years, respectively,

in the face of these changes.

) Well Maintenance Costs

| The effect of the annual well maintenance cost is the least among the
mainreconomic parameters., An increase of 50% in these costs reduces optimal
profits by only 5% while doubling these costs reduces profits by less than 10%.
Again the optimal pumping rate and economic lifetime remain unchanged. This
is an intergsting result when considered together with the effect of expected
well life on profits. In’section 2. 6. 16 we saw that there were significant gains
in profits if well life could be prolonged. Here we see that this approach to
well life prolongation —';aci;ive well maintenance — is nof very costly, Although
we present no relationship between well maintenance expenditures and well
life, it is reasonable to speculate that a good well maintenance program could
be fairly cost benefic'i;al.‘ However, recalling that gains in profits were in-
creasing at a decreasing rate as well life increased, we can also see that there

would be some '"optimal'' maintenance expenditure, beyond which expenditure
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would outweigh costs., We conclude that potential gains in profits may

justify further investigation in this area of ''optimal well maintenance, "

2. 6,21 Comment on the Shape of the Profit Function

We would like to make a final comment about the shape of the proﬁt
functzon (L, Q) As seen in Figure 2.3, for each L, the total cpst functmn_is
a pxecemse convex function of Q. It can be easily shown‘_that the revenue
function is concave in Q and therefore the profit function is a pieé:ewise concave
function of Q with discontinuities at multiples of J, the maximum flow""rs.te from
each production well. Since each segment of the profit function is cbncsve sach
- segment has a maximum. We can show that if Qi is the maximand of the it11

segment, then

Q 2Q,-820;,-20>....

In other ,words, the distance between the maximands and the beginning of the
segmenfs becomes progressively smaller,

Using this result we can show that for a special case (when g = 0) the
' Iine-'ljoining the maxima is also concave in Q. We think this result (which is
domonstrated for our base case in Figure 2, 15) is true for all values of @, but
a formal proof has eluded us so far. The s:gmﬁca.nce of this result is that an
effic1ent algorithm can be designed to find the value of Q (L) for each g1ven L
For our base case for example (see Figure 2. 15), after finding the value_s of
Q (L) and Q (L) (which can be efficiently computed), the search for Q(L)
terminates since Q (L) >Q (L) implies that Q (L) =Q (L)

2. 6,22 Experiment on a Finite Aqu1£er

Recall that the hydrothermal model of Gringarten and Sauty, on which

our economic model is based, assumes a horizontally infinite aquifer, Due to
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interest in the effect of this assumption on our optimal decision variables; we
investigated the case where the aquifer is finite (2 x 2 kilometers). For this !
purpose an equation showing the temperature decay vs, time for this aquifer

was developed by Chin Fu Tsang of Lawrence Berkeley Laboratory and our

computer program was accordingly modified to accommodate this case. Prev .
liminary results indicate that the design decision variables (pumping rate-and =~
heat exchanger area) are not significantly different in the finite and infinite . = -

reservoir cases, However, an accurate determination of the relationship between

reservoir size and decision variables requires further study. - - - = !

2.7 suMMARY

[ { QTN '

It is generally understood that a posztwe d:.scount rate fie emphas:.zes‘
the future in favor of theu present, and we have found th;t to be the case in our |
results. Assuming shadow and actual market prices of energy are the ‘same (a.s
the effects of externa11t1es have been 1gnored), we find that for each as sumed
rate of mcrease 1n the value of energy r, the present worth of maximum. profzts

* (wh1ch is also the econom1c value of the reservoir) decreases wh11e the
opt1ma1 pumpmg rate Q » increases as the discount rate i, increases. Wh11e
it can be eas11y shown tha.t mcrea.smg the discount rate always.reduces the
present worth of maximum prof1ts, the increase in Q as 1 increases 1slnot
necessanly 1nev1tab1e. We conclude that, as theory pred:cts, a greater
emphas:s on the present '"tilts'" the deszgn decisions on opt1ma1 pumpmg rate |
toward more rap1d heat energy extraction rate s. That is, we opt for extractmg
heat a.t a h1gher rate, leavmg less for the future when prof1ts are heav:.ly'
d1scounted Furthermore, for any two growth rates T, and rz. w1th ri < rZ h |

* o
the percentage change in both Q and T as iis mcreased is grea.ter for r,

than for r1
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For each given interest rate, the maximum profit increases with r
while optimalb pumping rate Q*, decreases. Since larger values of r mean
energy is more valuable in the future, we conclude that as r is increases, we
tend to extract heat more.slowly, thus conserving a larger amount for pro-
duction and sales in the future when its value is higher. Thus the interest rate .
and the growth rate work against each other in determiningQ*, the optimal
pumping ‘rate ,and wfg, the present worth of profits,

The economic life of a reservoir L* (the planning horizon) is nonincreas-
ing in i and nondecreasing in r. Thus, as i increases, future profits are
discounted more heavily, and we extract a greater amount of heat per ye_ar
over a perzod which tends to be shorter in comparison to when the d1scount rate
is not as h1gh On the other hand when energy is expected to rap1dly increase
in value with tu‘ne, extractlon of heat over a longer penod of time tends to be

3 S - .

more proﬁtable.

P

Although the optunal extraction rate increases w1th discount rate when

1

the value of T 1s small (r less than 1% for the exponent1al growth model and

2.4% for the lmear growth model), we find that opt1ma1 economic life does not
- .
decrease in proport'lon as m1ght be expected Instead 1t remains constant for

all values of i for these lower values of r. Accordingly, since Qg'< increases’
with i, Vtotal energy extracted increases w1th i, another example of high discount
rates that d1scourage "conservatxon. " On the other hand when r is not small |
the economic life tends to decrease as i increases. |

In add:tmn tolt‘l'le d1scount and growth rates, we f1nd that well 11fe is an -
nnportant parameterun determmmg the economic 11fe of the reservoir when r .
is pomtwe. This is revealed in our results that show opt1ma1 pro;ect 11fe is

equal to .e:':.pected well 11fe, except when ris large and i is small In th1s latter

case, the relatlve importance of the future, when energy value is very h1gh, is
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so great that much longer economic lives are chosen. However, here the .
effect of increasing the discount rate i is to reduce this economic life - since
Q* increases, We conclude that Q* and L* tend to move inversely as i increases,.

In view of the above conclusions, we emphasize that the interpretation of
L* as the 'economic life of the reservoir' must be understood in the context of
the deterministic nature of this model. Our results state that if all parameters
(in particular i and r) are known with certainty, then it is indeed optimal to
pump Q* m3/hr of brine over L#< years. However, 'as the values of these
economic parameters tend to change with time according to some random
process, it is more appropriate to consider L* as an anticipa.ted production
period. Furthermore, sincé the same values of Q,"< and other design variables
are associated with a wide range of values of L, the interpretation of L* is not
especially important for the purpose of process design,

The amount of heat extracted per unit of time is not only a function of
the extraction rate but the degree to which the extracted brine is cooled in the
heat exchangers. Since the effect of heat losses in transmission is neglected,
this heat exchanger outlet temperaturé is equal to the reservoir injection
temperature Ti' Our results indicate that the optimal value of injection
temperature T.;‘, is remarkably stable with respect toi and r and is very close
to Ts’ the generated steam temperature, We also find that in the context of the
Gringarten-Sauty hydrothermal model, a higher Ti has no effect on prolonging
the economic lifetime of the project. That is, although injecting the brine at
a high temperature could prolong the duration of the (post breakthrough) time
that the production temperature remains above a specified level, it is not
actually profitable to do so,

In the examples we have studied in this report, the optimal breakthrough

times occur very early in the project, namely during the first two years, The
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amount of heat that is extracted during this period is far less than that
extracted after the breakthrough time. For example, in our base case the
heat extracted before the breakthrough time is less than 12% of the total heat
extracted during the life of the project. We conclude that for nonelectric uses
of geothermal energy, termination of the extraction process at breakthrough

~ time would be premature.

As mentioned earlier, well life has a substantial effect on both the
economic life of the project and maximum profité. On the other hand, reduction
in profits from increasing expenditures for well maintenance costs is minimal,
Although we present no relationship between well maintenance expenditures and
well life, it is reasonable to speculate that 2 good well maintenance program
might be very cost beneficial. However, gains in profits increé.se at a de-
creasing rate as well life increases, so there will probably be some optimal
maintenance expenditure beyond which marginal expenditures would outweight
marginal costs. |

Our results indicate that expenditures for well construction (well costs)
do not have a significant effect on the optimal pumping rate but have a great
impact on profits.; ‘Hence, even though engineering design is not highly sensitive
to this parameter, it plays a major role in determining the economic viability
of the project. - As in' the above pazjagra.ph, this also suggests an area of potentially
productive investigation if a relationship can be generated between well capital
and maintenance cost and well life,

A similar observation can be made fqr the importance of royalties and
land rents. While both these items can significantly affect profits, their impact
on optimal pumping rate is minor. Hence, ‘we conclude that royalties and land ’
rents are not the obvious economic incentives for control of production rate by

public regulatory agencies, given that the decision has already been reached to
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produce a particular reservoir. We will see this same result in the next’
chapter where we find that rents and royalties are somewhat more important
in influencing the profit maximizing entrepreneur's decision on the timing of
production' (when to commence).

The economic parameter that most influences profits and productidn o
rate is the i:resent day cost of electricity for pumping, assuming it escalates at
the same rate as other energy values. Pumping energy constitutes a major
portion of the total costs and plays a major role in the economics and engineer-
ing design of geothermal energy production, This effect is demonstrated by the
fact that if the electricity cost had been 2 ¢, kwh instead of 3¢ /kwh, the maximum
profits would have been higher by 130%, the optimal pumping rate by 142%, and
the optimal heat exchanger area by 145%. Accordingly, these results represent
a rather conservative estimate of the economic viability of geothermal (non-
electric) enefgy production when the wells can be produced without extractive
pumping. |

Among the physical geothermal parameters, the one with the greatest
impact on economic viability (profits) and the optimal decision variables, is
the initial equilibrium temperature T o Both the profits and the optimal pump-
ing rate greatly increase as the temperature increases., For instance, an
increase of 10°C in the initial temperature of 150°C (which \;va.s chosen as the
base case) increases profits by 253% and the optimal pumping rate by 130%.
Since the economic worth of a reservoir is equal to the present worth of
maximum profits, we confirm that the initial equilibrium temperature is a.
major consideration in assigning an economic value to a particular reservoir.

In contrast to the initial temperature, uncertainties in porosity of
aquifer does ﬁot affect the optimal pumping rate or profits significantly. In

fact, within the range of 10 to 30% porosity, the optimal pumping rate remains
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virtually constant, This suggests that major expenditures.to accurately
determi_ne; porosity may not be warranted for -the purpose of computing the
optimal pumping rate. On the 6£her hand, intr‘insic'. permeability has a
relatively gféater impact on the economics and design of a geothermal facility.. -
When permeability is higher, the drawdown in the production.well is not as
great, .so smaller pumps and lveissy. energy for pumping (the same amount of flow)
is required. As a result, both the optimal profits and optimal pumping rate .
increase. . We conclude that unlike- porc'ols,ity,, expenditures -for accurate informa-.
tion on permeability may be .important, for profits and pumping rates are indeed

. sensitive to values of permeability. .
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Chapter 3

. PRODUCTION TIMING AND ECONOMIC INCE,NTIVES
Kamal Golabi and Charles R. Scherer W,

3.1 INTRODUCTION
In the preceding chapter we dei'eloped an economic fnodél forrlixot water
geothermal energy production when the question was whether or not to produce;

a particular reservoir, and if so, at what pumping rate, etc. Although the
results seemed to be sensitive to a number of i)arameters, the influence of land
rents and royalty rate on production rate was seen to be minimal. We now
consider a more general version of this model that contemplates not only how

fast to pump the reservoir (and for how long, etc.), but also when to start.

'} This is a useful extension for private sector prodﬁcers. From the entrepre-
neurial point of view, it is a demonstration of how the profit maximizing geo-
thermal company might determine how long to postpone the onset of production,
assuming that the real value of energy is increasing with time, It is also
valuable for public sector resource trustees and regulatory agencies who are
responsible for lease timing and royalties, and who might consider using the
latter to control production timing, For these parties, it contributes to
development of a model of entrepreneurial exploitation activity that can be used
to predict the effect of various incentives and penalties on private producers.
These are the general goals of the model in this chapter, The more specific

- objectives have already been stated in section 1. 3.

In the remainder of this chapter, we review the operation of the geothermal
system to incorporate a waiting time variable. We then extend the economic
model to include this delay. A procedure is presented for selecting the optimal
time to start production, the best production rate and reinjection temperature,

and the economic life of the project when the extracted energy is used for
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producing steam., Using the cost functions developed in the previous chapter
and data for a typical aquifer, we present the results of our optimization and

attempt to answer the questions raised in Chapter {..

Foo
4 .

3.2 PRE LIMINARIES

3.2.1 - The Hot Water Geothermal System with Waiting Time

We begin the exposition by assuming the project starts at time u.v As
heat is transferred from the aquifer matrix to the fluid, the temperature of the
‘matrix decreases, After T years from the start of the project (i.e., at time
T + u), the matrix can no longer heat the fluid to T° by the time the fluid reaches
point [1] in Figure 2. 1. When this happens, the prbduction well temperature at
[1] (and hence at [2]) will begin to drop. If we denote the time-variable pro-
duction well temperature as T:,' this process of temperature degradation over
time can be plotted as shown previously in Figure 2, 2, - The time T (after
pumping starts) at which the temperature begins to declihe below To is called
breakthrough, referring to the time when the reduced fluid temperature breaks
through to the production well.

'The breakthrough time is inversely proportional to the production
rate Q, Combining (2.-1) and (2, 2) we ‘can write

TQ) = 8/Q . . (3. 1)
where '

o 2 ' | '
B = «hD capa/26, 280 Py o L (3.2)
Thus, the g function in - (2, 12); when production starts immgdia_tely, can be

alternatively expressed as a function of Q and t. When waiting time is

positive, g also depends on u and we can write:.:
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[0}

’T__—,ITI."-:g(t: u, Q) . ' R ’ ‘3.3)
(o] 1

Incorporating the waiting time, u, in the g function gives

1 , : : Htlu+rT
o & —wat-w | o ,, o
gt,u,Q) = | Zyje J ft>ut+r (3.4)
) : _ I : e
where y, = 0.338, y, = 0.337, y3 = 1.368, §, = 0.0023/8 , 4, =0.1093/p,
and Yy = L. 3}_343/5.‘ Note that when u =0, (3.4)and _(Zt 11) give ideptical |
answers for each Q ;.nd t. | |
| We note that for fixed Q, T is also a function of ti‘me,l‘ burt‘a..s shown in
Chapter 2, the variation in T, is small and T, can be assuxped.consgafnt 1n our
analy{si,s.wHowever, although 1t is reas_pnable to a,s‘.sumevTi cV:Qnsta.nt”w‘iﬂ? o
time, its value obviously affects the amount of heat removed per qnit of time |
and hence affects discounted net revenue;. That is, lower values of T;
yield greater heat removals per unit of time, but cause the field to c‘ool more

rapidly.

3,2.2 The Production Timing Problem

' We can now state the problem of geothermal reservoir production
timing. On one hand, the increase in the value of energy suggests that =
extraction be postponed to a time when the net profits (or social value) is
greater. On the other hand, pumping energy cost also increases with time, and

a positive discount rate discounts the greater future earnings. Furthermore,
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to hedge against the uncertainties in the availability of known geothermal
reservoirs, the firm may wish to lease the land é,t the present time and incur
annual rents, even though the actual extraction of energy is postponed to 2
later time. Conversely, the government, as part of its policy to encourage
the early extraction of geothermal energy, may wish to levy an annual penalty
(in addition to rents) on the firm during the time the land is under lease but the
reservoir is not being exploited. Rent and penalties would be incentives for an
early extraction time, Alte:na.tively, an "Fearyli start'" bonus could be provided,
in the form of a tax break available during the first f years after the beginning
of the lease. But this is just the reciprocé.l of the ""penalty'' proposal, and
would probably have the same effect on v‘sta.rting date; t;he difference would be in
the distribution of the "incéntiire" befween the Public (penalty) and the private
sector (tax break). |

To these factors we must add the effect of ext,ra.ction rate on the quality
of the unextracted resource, once the actual pumping of ener'gy starts, The
temper"a.turv'e-k-time profile for a particular ptimpihg rate "implieé a trade-off
between the quantity of extraéted energy and fhe terhj:era’tufe of the unexi;ra.cted
resource, For example, if eneréy is extracted at a high rate, the tejrhpe'rature
will decrease rapidly, .seripusiy diminishing the quality of heat in the future.
Another decision variable that must be considered in our analysis is the
temperature at which the brine should be réinjected in the aquifer. More heat
can be extracted“by reinjecting at a lower temperature, but achieving lower
reinjection temperatures ~is' possible only by utilizing larger and hence more

costly heat exc_hangers.‘ '

3.3 PRODUCTION TIMING MODELS
L | o , .
In the following pages we determine the best starting time u , project

% - L -
life L. , extraction rate Q , and reinjection temperature Ti’ and present an
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efficient method for computation of (u*. L*, Q'* ’ T:‘). We investigate two
related models. In the first, we assume the reserv‘oir is either owned by the
geothermal firm or it can be leased for production whenever the firm is ready
for actual exploitation of the resource. In the second model, we assume the
firm avoids the risk that an exploitable reservoir would not be available in the
future by leasing the land immediately and pé.ying .rents and possibly penalties
during: the time the land is leff unexploited. Once these two models are analyzed,
based bn the subjective probé.bility that a reservoir of Sirﬂilar ché:aéteristics
would be avai.lable at a later time, the fifm can decide whether to iea.se the
land now or start leasing at the onset of extra.ctién. When the probability of
availability is a fﬁnction of time, ‘fnaking this decision is considerably more
difficult, |

In both of these models, a royalty is paid as a fraction of gross revenues
once exploitation starts., According to the Geothermal Steam Act of 1970, the
royalty is between 0, 10 and 0. 15 of gross revenues. The Geothermal Steam
Act (Sections 6a and 6c) also specifies that the lessee should start exploitation
of the field withinten years from the beginning of the lease, In order to
determiﬁe the time when it is most profitable (from the entrepreneﬁr' s viewpoint)

to extract geothermal energy, we waive this requirement in this study.

3.4 MODEL1I

In thie model we assume fhat no costs (including land rents) are incurred
before the onset of extraction. We 'seek an extraction rate Q*. starting time u*;
project life L*. and reinjection temperature Tf, such th;.t the present worth of
profits is x;zaxiﬁxized. The amount of heat recovered per unif of time is the

product of the flow rate, heat capacity of the fluid and the temperature drop
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experienced by the hot brine in the heat exchanger, * “For the first T years
after the start of extraction, this temperature drop is T0 - Ti' From that
time until the termination of the project at time L + u, the temperature drop
is governed by eqn. 3,4, Since a certain amount»éf heat is lost in the heat
exchange, we will require that the difference between the heat exchanger inlet .

and outlet temperatures remain above a cértain degree, 5°C.

3.4.1 Revenﬁe Functioﬁ

Let R(u, L, b. 'I'i). denote theAnet‘r.evevnues of the extra.ction process’
when the Project sfarts a.tvt:'u"ne u (yeé.rs),ﬁ the br-ine is extré.cted at the rate of |
Q (m3/hr) for L years and is reihjected in‘the aquifer at terhpefature Ti(/OC‘).

We can write:

THa
Ao rt -it .
R@u, L, Q, Ti) = (1-1])]“ 34,76 Poe Q cfPf(To-Ti)e dt
» u
Ltu _
, t -it .
+ (1-m) 34, 76 poe" Qep (T -T;)g(tu, Q) e dt , (3. 5)
Jr+u ' ’ v o

n = royalty for geothermal lease paid é,s a fractioh of the value of
produced energy, » : S

c, = specific heat of the fluid (cal/g °c),
pe = fluid density (g/,cm3) )

assumed energy price at the present time $/MBTU), | ;

g
"

i = discount rate ,

T = breakthrough time (years)

and 34, 76 is a conversion factor to y:iéld revenues in‘dollars' per year,

* The maximum transferable heat, Hyp» éduals"dcfpf(Tt;T ) corresponding té an

infinite exchange area, The heat actually i:ra.nsferredoI-Ia,s is the product of Hp,
and the effect%veness of heat exchanger defined as (T:’)-Ti)/(Tg-Ts) yielding
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We will now evaluate eqn, 3. 5 and show that once R (Ob L,Q, Ti) has

been computed, R(u, L, Q, Ti‘) can be readily obtained,’ Let

A = 34,76 (1-n)P chpf(To-Ti) e

& =i-r o o ; SR | (3.7)

3

Then eqn. 3.5 can b‘e‘written as

L+u 3 | o
- (4.Q) (t-u)
R, L, Q, T,) = f dt+Af -at j  at.

T

which yieids

3 -(¢jQ+a)T -N‘Q+a)L

) Z -au |e 7 -e. : ‘Qy
+ A yje T OFa (3. 8)
. j:l J ' i :

-au =T

-Ae. (1 -e

R (u, L,Q.T ) =

By letting u=0in eqn, 3.5, utilizing eqns. 3.6 and 3.7, and eva.lua.ting the

S

zntegrals, we notice that the net revenues, when the extrachon process sta.rts
o

1mmed1ate1y, may be wr1tten as:

-@Q%)  -WQwIL

3
. [ i-e-d."l' ' e -e .
R(O, L’ Qa Ti) = A — Z Y. (3. 9)
. ; . B ' J : quQ +a

j=1

which ena.bles us to wnte

R(u.L,Q,T) = ¥ R(0,L,Q, T,) . | (3.10)

Note that in egn., 3. 5 the lifetime L is assumed to be greater than the

breakthrough time 1. For L < 7, the following relationship is used:

u-e"’”‘)]

' -au
R, L, Q, Ti) = A’
[+
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3,4.2 Cost Function' + -, .. =

In this section we develop the cost function C, L, Q, Ti)' ~ The major

costs associated with geothermal energy extraction are:

1) Capital cost for wells and their casing (WC)
2) Annual well maintenance costs (WM)

. 3) Capital cost for well assemblies (WA) -
4) Capital cost for pumps (PM)
5) Capital cost for heat exchangers (HE)
6) Capital cost for pipes oy (PP)
7) Annual pipe cleaning costs PC)
8) Operating cost for pumps - (PO)
9) Land rents and salaries : ' s

10) Termination costs o 7 . (TC) -

In Chapter 2 we developed detailed e;:pressions describlng the various
components of costs as functmns of the operatmg (des1gn) decision var1ables, |
namely Q and T In th1s~ sectmn we will categonze these costs and show the
effect of postponement of extract:on time on the cost function. We assume the
total productlon flow is ach1eved by means of a cluster of producuon wells
arranged close together so that the d1stance between them is small compared to '
D. A pa1r of productmn and 1n3ect1on xwells is called a doublet As expla_med |
in section 2.5, 1, there are certain £1xed costs that rndst be pa1d for e‘ach. do:uhlet,.
so the total cost function C(u, L,Q, T, ) is a step funct1on of Q, ._w1th Jumps equal
to the present value of well and overhead assembly costs plus f1xted caplta.l costs
of pumps and heat exchangers, Denoting the total costs assoczated w1th a
doublet (excluding rents and salaries which do not depend on the extractmn rate)
by q(u, L,Q T, ), and suppressing the dependence on u, L, and T we can wnte

cR) =@ +i@- no>+s "‘*if‘,n§:<;6‘_<_"(ﬁ+1'j'd”' S B

[

forn=1,2,. . . . Here, Q is the maximum flow rate from each production

well and is determined by the geology of thef:leldandpump technology, as

N A Lo
L is also a decision variable in our optimization, but ultimately not part of the

equipment specification, as are Q and Ti'
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explained in section 2.5.1. The term S denotes thepresent value of total
salaries and land rents for the geothermal reservoir, i.e.,

L+u .
f (Annual Rents + Annual Salaries) eitar (3. 12)

u

S)

e-Ug0) |

Therefore, to evaluate the cost function C(u, L, Q, T;), we only need to determine
the function qfu, L, Q, Ti)' This function consists of capital costs, operating
- costs, maintenance costs, and termination costs.

To begin, we evaluate the present worth of total capital costs (KC). We:
take the useful life of pumps and heat exchangers as ten years and that of pipes
and well assemblies as 25 years. Smce the life of a geotherma.l well may be
different for different fields, we let well life (WL) be an input parameter, We
assume that payments for the cost of each type of equipment and accrued
interests are distributed uniformly over the lifetime of the equipment, and we
can therefore specify capital recovery _factor‘s for annualization of capital costs.
The total capital cosf is therefore |

L+u
f [PM +HE) CRF (i, 10)

u

KC u, L, Q, Ti)

4+ (WA + PP) CRF @, 25) : (3. 13)

+ (WC) CRf‘(i, WL) ] e-it g

e KC(0,L,Q, T,

where CRF (i, n) is the capital recovery factor for a piece of equipment when its

useful life is n years and the interest rate is i, -
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T‘c; ek{aiuaﬁé terﬁxihatioh costs Wé note that each piecé of equipment

u (with the exception of \‘ive‘lls) 'ha.'swa.rsﬂalw}aéﬁe iralue equal to a per;:en't'a'ge of its
remaining unpaid costs, 1f the prpject _tefm:t.nates ‘befque the lifetime of the
equiément is concludt;:fd. The ‘termination coét is the present value of the extra
costs associated w1th terminaﬁng the project prior to completion of lifetime
cycles of various equipment components, ‘Let‘ 8ys Sy Bq1 8y denote 'the
,salvage,valu\g,:’ as a fra.é:tion of the remaining payments, of pumps, heat
exchangers,. pipes.,-‘and well assemblies, respeétive,ly. Let Li’- Lz., and L3
indicate the smallest multiples of 10, .ZSV,Y and well life containing L. The termin-

ation costs are therefore -

‘ L, +u
TG L,Q, T,) =[(1-5,)PM + (1 -5,) HE] CRF i, 10)f ST
" : , L2+a .
. Ltu
o Lyw | |
4+ (WC)CRF(, WL)["' e itat | (3. 14)
‘ , . L+u . 1 . , . )

= e c(0, L,Q, T) .

The operating cost of pumps consists of the cost.éf\electricity to operate
the produétion and injecfion p;ur‘npvs and the cost of maintaining the purnpé and
their motors. Note that the real cost of electficity increases at the same rate

as the value of geothermal energy, so we can write

R = R erF . RRSETET P & ' R - ’ (3'15)

109



where R‘; and Ry are the prices of "electﬁéitir ($/kwh) at the present and at
time t. ' ‘The present value of operatin‘g’é;ést is therefore
L+u

/ kL EQ) RoeIt e ttar

u

PO(u, L,Q )

e / k ERQ)R e
« 0

-at

dt

e PpO0,L,Q) 1 (3. 16)

where E (Q.), ig ‘the énergx requirement fvorfthe. mpto‘ris of the_. é:gdﬁétioﬁ\énd
injection pumps and km is a multiplier indicating anpqal mg.vinterv‘xa_nce‘ éoéts of
pumps and their motors, and o is given in eqn. 3. 7; The EQ) function is
developed in Chapter 2,
The maintenance cost consists of well maintenance costs and pipe
cleaning costs. ‘
Hence L4u
[ (WM +PC) et at
u . L ,

MC (u, L, Q)

e MCO,L,Q) . - B

We can now combine the different components of the cost function for

one doublet and from eqns. 3.13, 3. 14, 3. 16, and 3. 17 write

Q@ L,Q, T,) = e [KC(0,L,Q, T)) + TC(0, L, Q, Ty)

+MC(0,L,Q)] +e  %[PO(0,L,Q)] . (3. 18)
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Leq q, denote the terms inside the first bracket in eqn., 3, 18, Sub-_
) stituting in eqn. 3. 11 and suppressing the dependence of C and q on L and -Ti’ ‘

we can write

C(u: Q)

e'iu[nq‘i(b.ﬁ) +q,00,0Q -n(—))v+_3(0)]
- -
+e” " [n- PO(0,D) + POI0,Q -nQ)]

(3. 19)

where C1 and CZ represent respectively the total extraction costs (excluding
pump operating costs), and pump ope‘fatin’g;cb.si:s for given Q and L when

extraction starts immediately,

3.4.3 Optimization Problem

Ha.ving developed the revenue and cost functiqng.' we are now in a
position to present our optimization problem. We wisﬁ to maximize the _t_qt_:;l
discounted net benefits subject to the constraints that t_ﬁe difference between the
heat exchanger inlet and outlet tefnj:eratures‘ remain above a ce:rt'ain degree s°c,

and the injection temperature be above the steam temperature. Our.problem is

. Maximize 1w, L,Q, Ti) = R'(u. LQ, Ti) - Cfu, L, Q, Ti)

wLQ,T;
subject to . : o ;
(T, - T gtu, Q) >6
T{ZTSA B | "(3.20)
o u, L,Q >0 .
“Let ' |
B = R(0,L,Q,T)-Cp . | (3.21)

111



Then utilizing'eqni 3. 10 and eqn. 3.°19, we can write the objective function
as

e ““R(0, L,Q, T;) -e ¢, - e Mc

w(a, L, Q, Ti) 1 2

ep e iug 3. 22)

- .
In section 3.5.2we present analgorithm that efficiently solves eqn. 3, 22.
Before d§in§ so,b we vneed some results enabling ‘us to show th;t for solving |
eqn. 3.22 we need only to consider the problem when extractién is»immediate,'
and then only the two decision variables Q and L. Once (Q*, L*) has been
obtained when u = 0, (u*. L*, Q*, Ti*) and w# W, L,Q, Ti) can be :efficiently com-

puted,

3.4.4 Some Results
Result 1: When u = 0, the optimal injection temperature can be expressed
as a function of Q and L. Specifically

™ =T +M (3. 23)
1 8 agc

where

M = 30.96 CRFG, 10)[(1-e 2E1) - s, (e e 01)] /4

and ¢ is the term inside the bracket of eqn. 3. 9.

Proof: The optimal injection temperature is achieved at the point where the
marginal revenue with respect to T; equals the marginal cost of further

reducing T.. Eqn. 3.23 is obtained by setting

3R _ 3C
9T. _ OT. ¢
1 1 ok
T;
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This result reduces_ the number of decision variables to Q and L, as

now T, can be expressed as a function of these two variables,

Result 2: For each Q and L, the optimal starting time u  is either

equal to zero or is given by

| aB | | |
4 = - .;h,(ﬁ.:_i) . (3. 24)

Proof: In our investigation we will confine ourselves to cases where Q and L

aB

are such that B>0, that is ic, > 0, Ff'or suppose B< 0. Then

Be @ _.c,e™™ < 0for allﬁ,
1 b

mha) =
and at this (Q, L), the projectis nof profitable at any u, i.e., (u, L,Q) is
dominated by (0, 0, 0).
When B> 0, we can distinguish two cases:
Case I: c
This case includes the case where 0 < B < Ci' that is, when revenues are

greater than pump 6peratingl cost (B =R - C2 > 0) but not large enough for the

venture to be profitable atu =0, i,e., R < C1 + CZ‘
~ Setting the derivative of = (from eqn, 3.22) with respect to u equal to

zero we obtain .

%
ae™® B =i C,
yielding
* s *
aB _ _-iu aqu -ru
= T e e = ¢
1C1 '

as g =i - r, which gives
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* 1 aB
u --?ln‘-iq'

To check the second order condition:
% %

2 ~iu
Cie

<x,2Be"c"u

' (a) -i

228 @/T)InGB/CY) 2 /7 InGB/iCY)
_ 2 lnBliC)* T i2c, In@B/ic)/T

2

m"‘la(oua/icl)"‘/r -i Ci(o,B/iCI)i/r

(aB/iCI)Q’/r @?B -aiB)< 0 .

Case II:

*
In this caseu =0, To show this, we first note that for any positive u,

. ~iu
i,1-e | ©. 25)
- i . e:g'u

This follows from the fact that e"1t < e'a't asa <i,

enabling us to write

u u
[e'ltdt</ eaudt
0 0

or
1-e”% 1™

1 (¢4

Since 8B 5§, it follows that

1C1 -
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which gives

B(1-¢" > C (1-e71%
or 4
B-C,>Be™@_c e |

In other words,

TT(O:Q: L) > ‘lT(u:Q: L) "9 

and hence u = 0 is optimal, B | ' Q.E. D,
The implication of the above result is that for every Q and L, the best

starting time, u(Q, L) can be eé,sily obtained, In our next result we show that

in our search for u*, we do not have to compute u(Q, L) for evefy Q and L.

Rather, we can confine ourselves to a small subset, and thus compute (u*. Q*, L*)

efficiéritly. V‘ Before presenting our next :r‘es’ulu‘:» howéver,' Qe will obtain an

alternate expres;ion for Tr(u*) when a,B/iC1 < 1i:

N % %
wfa)=Be™® _cC,e

aB.a/r oB \i/r
In (IEI) _ eln (1C1)

7=Be -C1

aB 1/r

_B(u.B)a/r c, (1C ) .

ic, (3. 26)

Result 3: Let A s {(L,Q) s.t. B < 1}
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Suppose L, Q) maximizes BIICC: over A. Then either (- -117 ln (q,.E/i'(_Zl). I, 5)
is the optimal vector or (0, £,6), where (ﬁ, 6) are the optimizing decision v

variables when extraction is immediate.

Proof:

Choose some arbitrary (L,Q)€ A.

B _ B . gi/r BV
3 s = implies that —a/r - =7 2 0
1 Cy » C Cy
/r i/r :
Since (%—) > | %) , Wwe can write
(& )cx./r Bi/r -B-i/r 5 (g)i/r Bi./r Bi/r
i Cicz.fr - -G;L/'r - i C@F - E;ﬂr

Multiplying and rearranging the terms we obtain

afr i/r 5 \a/r =\ i/r
B(@) o () T 3(2) i ()T L e
Ny MYy iC, iC,
. aB . aB . . . . .
Since both c and —— are less than unity, their corresponding profit functions
1 iCy

are given by eqn, 3,26, and hence eqn. 3, 27 implies that we can do better with
(L,B) in comparison with (L, Q). | ;
Now choose any (L, Q) which does not belong to A, Then by Case II of

Reéult 2, u*(L,Q) = 0., Therefore, if the ma.ximu;mvn- is not achieved by (L, Q),
then it must be obtained by some (L, Q) such that u(L, Q) = 0. Since (ﬁ,ﬁ) is the
optimizing decision when u = 0, our result is bproven. Q.E.D,

| We now discuss the second model which allows for the introduction of
penalties and rents during the time the land is left unexploited.

u\
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3.5 MODEL 11

In this section we investigate the .problem-of optimal timing"and energy
extraction when the KGRA is leased at the present time and land rent’s are paid
notvonly during the active éxploitétion time L, but also during the period that
energj isv not being extracted. In addition, the government might 1evy é,n |
annual penalty on the firm during the time that the land is left ul.ne_xplpvited.'/ The
other aséumpti@ns of the model are the same as Model 1. In fact, Model 1 is
a special‘kt':ase of Model II, in the sense that the two models ka.re identical if the
pre-exploitation rents and penalties in Model II are set to zero, As mentioned
before;‘ Model II can be used not only to.cofnpute' the optimal extraction and
timing of geothermal energy, but the extent and limitations »of the influence
that regulatory agencies can exert on extraction of geotherma.l energy through
manipulations ‘of rents, r’oyalty, and penalties,

Let y be the annual pre-exploitation rents, and p the aﬁnual penalties
that are indposed on the firm dufingﬂxe ti’r:ne» tﬂe reservoir is left une.”xplbited.

The other vsymbols are those defined in section 3.4, Let

C3 =p+y
C,/i = G ‘ - , (3. 28)
C,-G=H | | . - (3.29)

Then by eqn. 3. 22 and the fact that the payi‘nent of C3 is stopped after u years
(the starting time of extraction), we can write
-it

: u
R(0,L,Q, ‘I'i)e"c"u - Cle"iu - Cze'au-/ C3e dt
0

w W, L, Q)

n
v 1)
o
]
a
bl
]
Q

geu Cylt —e iy (3. 30)

~which by eqns, 3.28 and 3. 29 simplifies to

E
Known geothermal resource area
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n
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o
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1S
]
1
o
o
M
5
1
Q

(3. 31)

Note that land rents during the time period L that the reservoir is under ex-
ploitation is included in C,. The dependence of =« oani has been suppressed
since Ti is a function of Q and L, as we showed earlier,

From eqn. 3. 30 we ol;;erve that if B < 0 then v (u, L, Q)< 0, implying
that extraction is not profitable at.this Q and L. Accordingly, in our analysis
we restrict ourselves to the céses wl.aere Q and L are such that B >0, We now
show this model has properties which are similar to those shown in Results 2

and 3 for Model 1,

3.5.1 Some Results

-3
Result 4: For each Q and L, the optimal starting time u is either

equal to zero or is given by
* i aB

Proof: We distinguish three cases:

: oB
Case I: 0 < H <1

Setting the derivative of the profit function in eqn. 3. 31 with respect to u equal

. to zero we obtain

o

3 . %
-au R 111
wde s aBe 7~ = iHe |
yielding
L% * *
aB _ eg-in ou  _ -Tu
iH :
as o =1i-r, which gives » O/
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o,

aB

b . sk
- Since 0 < T <1, 0<u < wandu is wg:ll defined, To check the second

order condition:
. *2*
™) =aBe ™ _iHe Y.

2gc@/r)in@B/il) .2, (/r)n@B/iH)

= i

dZ B‘el'n (an]iH)cL/r L ilgeln (on:tB/"iH)

alr i/r-
aZB(%-I?-) - i%H(

oB
iH

alr >
-[a®B -iaB]< 0 .

(B
iH

Case II:

aB
m2t-

In this case $= > 1 implies by eqn. 3. 25 that

. . -iu
.§. > 1 S ...._.__...1 =&
H = a = 1 .e"0U
which gives
s B(1-e‘°°“)_>_H(1_-e'm) .

ilr

. (3.33)

Subtracting G from both sides of eqn. 3. 33 and utilizing eqn. 3.31, we can write

or )
w(0, L:Q)Z ™, L, Q) for all u,

and hence u”* (L,Q) =0,
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Case III:
aB

w0

Since B is positive, H < 0. From eqn, 3,34,

T, 1,Q) = Be™*M . He ™. G

- QL - -
<Be ™ _He W _Ge qu

e “*B-H-G) . ‘ | (3. 34)

Now if B - H> G,
e *“B-H-G)<B-H-G=7(0,L,Q)

and hence u* (L,Q) = 0.
If B-H< G, then from eqn. 3.34, w(u, L,Q) <0 for allu and @, L, Q)

%
is dominated by (0,0, 0). Hence, u =0 or is given by eqgn. 3.32.

Q- E' Do
Before presenting Result 5, we obtain an alternative expression for
*
wla ):
* * .k
mfa)=Be ™ _He™ .G
s/ T cppni/ T
- Beln(a.B/lH) ) Heln(a.BllH) .G
B alr B i/r A :
= B[;-I_-I—] - H[_lﬁ. -G . (3. 35)
Result 5: Let
B o
6= {R,L)s.t. 0<Fr<il.

i o e
Suppose @, L) maximizes E over 6, Then either (- -:é ln(-g'-é), L, Q) is the
i ,
optimal vector or (0, ’I:.,é), where (i, 6) are the optimizing decision variables

when extraction is immediate,
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Proof: Choose an arbitrary (Q,L). If (Q, L) ¢ 6, then H and H (the value

corresponding to Q and L) are positive, as B > 0, Since

alr Li/r f Bl _ Bl
(CI./:I.) > (Ga/l) and :a?_ -I_Ta‘ s
al/r ilr =i] ilr i/r =i/
F) 27 - S| o< I e
H g/ =1 Hu,/r -I:Ior,/r

which gives
alr v i/r r=va/r . r.o=mi/r
BEBI T _u|®BlT e<B|B} g% .aq,
iH iH - i .3

or by eqn. 3. 351

T @ L), LQ) <@ @T), L0

Now suppose (Q, L) is not a member of 6, Then if ?—HB—Z 1, by Case 11

* % :
"of Result4, u =0, If %_?—5_ 0, then either u =0 or (u, L, Q) is dominated by

(0, 0, 0) depending on whether B >C, or B < C,. Thus, if the maximum of =
is not achieved by (Q,L) ¢ 6, then (0, ﬁ.é) must be optimal where (f., 6) is the

optimal decision when there is no delay in extraction.
: » Q. E. D.

3,5.2 Optimization Algorithm

Since Model I is a special case of Model II, namely when preQektraétion
rents and penalties are set to zero, it suffices to present an algorithm for
Model II. The algorithm consists of a grid search routine over values of L and
Q, combined with a procedure to compute the optimal starting time for each L.

The lifetime L is varied from Lonin t° Lma.x in increments of Linc' For

O/ each L, the pumping rate Q is varied from Q_ . to Qma.x in increments of Qinc'
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e

These values are specified by the decision maker and are inputs to the program. - W
For each Q and L, the & constraint is checked so that the difference between the
productioﬁ and injection temperatures does not fall below § degrees centigrade.
In this regard, note that by eqn, 3.4, the temperature drop is a function of
Q-+ L. Therefore if, for a given L and some Q;, (Q_1 < Qmax)’ ,.,'I.'i‘b(Qi) - ;['i
< 6, _‘it £ollqus tha.t‘ Ti"(Q_) - T, <8 for all Q >>_Qi. For each L and feasible Q, |
T: (Q, L) and B, are computed. The program then computes 11*. the present ‘wvc‘)rth
of the maximum profits as follows: |

if B <0, since 7 <0 for all u in this case, the program selects'the next®
Q, If B >0, then H is computed, For ﬁonposiﬁvg H, thé program selects the |
next Q if B < 01 (as again the venture is not profltable) and computes -n-(O)

=B - C 1f B >C The value of 11-(0) is compared with the prewous maximum

1 1°
wh1ch is stored say in Sl’ and the maximum is retained. For pos:tive H, the

ratio %% ie computed. If this ratio is greater or equal to one, then 1r(0) is
computed and compared with the value in S, I %—‘% <1, then P-t 'is computed

and stored m say S,. When for the given L, all feasible values ‘of Q 'a'r:e considéréd.
S, contains the maximum Bi/HG' and the corresponding Q. The optimal starting
time u and profit w{u) are then computed for this value and corrfpared ‘with the "
value in Si' The maximum of the two is the maximum profits for this particular

* % k% :
L., When L = Lm'ax’ the program has computed vfu ,L ,Q , Ti) as well as the -

.optimal decision variables, Note that the values are computed more efficiently-

than Result 5 suggests, as we do not compute w(0) for all Q's, .
. The flow chart for the algorithm is presented in Appendix B, along with .
the computer program for the models in this chapter. The computer p).'ogr:a.:'é.n~

developed for this study can be readily utilized for decision making under a

- different set of conditions, Geohydrological and economic data are inputs to the
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program and the cost subroutine can be easily modified to accommodate the

particular. costs;involved in the exploitation of each individual field.

7 - The optimization is conducted with a particular set of-data which to': -

our best judgment reflects the current value of pertinent'costs. The geos = - -

hydrological ‘ddta have generally been chosen in midrangk of valués aésociated

with known ‘hof'.w;&atér.géiétherrhal reésources. 'Although most of thesé data'are

the samhe 25 those in Chapter 2, we list them all “a'gaih:"'for" the readers' con- -

Y

venience.

3.6 ., THE DATA ., ..

The following set of data is. common to all the results, . :

y e

M1n1mum Allo ’fablAe Pﬁzfo_*];ecrt Life, Lfmin .

[es o

Maximum Allowable Project Life, L

.

Tinc* °

Project Life Increment, L,

Min.njnum( ;x#gacf;;on Rate, -er‘xin;

, quignum_ﬁq_;trapﬁpn Rate, Q

Extraction Rate Increment, Q

Thickness of Aquifer, h.. .

Doublet Separation, D .. .. ..

Well Radius” B rw' . : t: s o . .
Well -Capacity, @ & & Wwie o e ove o

Porosity of Aquifer, ¢ *, .

FNPR

max ’
inc

IntrihAsic Permeability, k . % .

Initial Equilibrium Temperature, T

Temperatiure of Generated Steam, T,

Heat Capacity of ‘Fluid,’ pec,

Heat Capacity of Rock,. PRCR - *

123

max .

' iOﬁ yeérs ‘
250 years
. 5 years

50 m>/hr

5000 m>/hr _

.. 100m

. 300m..

. 500 m>/hr

I O. 20 spoe v
. 200 m.d.

109%¢ "

. 0.°92 cal/¢e%C

0.50 cal/cc®C



Spec1f1c Grawty of F1u1d e o e s e o s s 8 o e o o s
Overall Heat Transfer Coeff1c1ent of Fluid, U(0) . . .
Frictmn Losses, b . . c o o s s+ e s o o o e & o

Sta.t:.cLevelofFlmd, Z 4 e s e o e s e s e e e e e

Vertxcal Pump Effxc:.ency, Effv

HonzontalPump Eff:c:ency, Effi; . . .. e e e o

Pump’ Sal#age Value as Fraction of Remainirig Pa'.yrxw.eni:s,s1

Heat Exchanger Salvage Valueas Fraction
ofRemaming Payments, By o e s e e e e e

Pipe Salvage Value as Fraction of Remaining Payments, -

Well Assembly Salvage Value as Fraction
of Remaining Payments, R

Pipe Cleaning Cost, R
Pipe Support Multiplier, kp e s e s e e e e e e e
- Cost of 50 m3/hr BowlUnit, ¢y . . . . o v v o o v
Cost of 250 m>/hr Bowl Unit, €, . « o o « « o« . .
Pump ‘lbié.i‘ntenance Cost Coefficient, k_ . . . . « « &
We11> Cost per Doublet, WC . + . & o v o o v o o o .
Well Maintenance Cost, WM . . . . . . . . . . ..
Useful Life of Wells, WL & . « &« ¢ ¢ o o o o « o &
Well Assembly Cost, WA . . . . . ¢« ¢ ¢ o ¢ ¢« &+ ¢« .
Electricity Costin 1976, R_ . + « « v « v v « & o .
Annual Salaries . . ¢ ¢ ¢ c e 0 s e s e e e e e s
Annual Post-exploitation Land Rents . . . « « « & o &

Mimmum Allowable Temperature Difference, 6. . . .

0.9173
1000 BTU/hr ££2°

: ZOIm

—Omi

0.75
0.75
0.40

0.40
0.40

0.40

10 $/m/year

1. 25

1250 dollars
3941 dollars

1. 10 |
600, 000 dollars
6000 $/year/doublet
25 years

35,000 dollars
3¢ /kwh

50,000 $/year -
4,000 $/year

6°c

The absolute viscosify of the fluid is directly computed from the Bingham

formula (eqn. 2.60a).
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3.7 RESULTS

In this section we present the results obtained from exercising the
economic model discussed in sections 3.4 and 3.5. We consider fi.r‘st‘ the
benefit (proﬁt) maximizing levels of profits, starting time,’ productzon ra.te,w “
injection temperature, and breakthrough time for several values of d1scount "
rate and rate of energy value growth Smce real prices and costs are used,
an 1nf1at10n1ess dzscount rate is also used, The purpose of th1s sectmn 1s to
show how these results are affected by these two important para.mveters. ' ) We o
consider a range of 4 to 15% for the discount rate snd a range of 0,01 .té- 003
for r, In this section, the royalty n is assumed to be 10% of grossrevennes,
and the sum of annual pre-exploitation land rent and annual pena.ity, C3,V is
8, 000 dollars, In the remaining sections we discuss the sensitivity of our

result to variations in C3 -and 7,

3.7.1 Proﬁts
‘I'he present worth of maximum proﬁts, ™ 1s presented in Ta.ble 3 1
The values a.cross the top row represent d1scount ra.tes, and the left column
denotes d1f£er.ent values for r. The bottorn row contains values of P the 1976 .
.value of one miliion BTU of 5 psi steam (which, by eqn. 2,25, also.depends,‘p’n,
the interest rate). 'For each i and r the maximum profit is given in the tablle.‘
As expected, profits decrease as i increases and increase as r

increases, That this should always be sois shown in section 2, 6, 5.

3.7.2 thimalKStartinJg Time

In Table 3.2 we present the opt1ma1 startmg t-n'nes, u ’ for productmn..
The optimal startmg time increases with r. and decreases with i, rangmg from .
zero to 21 years. - This is 1ntu1t1ve when the rate of increase in value of ,

energy is hzgher, the profit maximizing entrepreneur tends to postpone the
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, Table 3. 1

el . o »
PRESENT WORTH OF MAXIMUM PROFITS, » ($1976, $1000)

£ | 0.6  0.06 0.08 ~ 0.0 Ql2 0.5 .
o
0.000 | 77 554 . 455 375 308 226
0.015 | 1039 656 535 438 ° . 359 264
0.020 | 1778 860 619 505 412 303 '
0.024 | 259 116 731 seL | 457 ' 331
0.030 | 4sor 158 952 - 688 s37 39 |
p, |1.a00 1.04 1,107  1.110 1,113 1,118 |
$/MBTU : L
Table 3.2
OPTIMAL STARTING TIME, u (years)
0,06 0.06 0.08 0.10 0.12 - 0.5 |
0.0 0.0 0.0 0.0 0.0 0.0
0.015 |14.15 0.0 0.0 0.0 0.0 0.0
0.020 [15.28  4.72 0.0 0.0 0.0 0.0
0,026 [16.70  5.63  1.24 0.0 0.0 0.0
0.030 [20.98 6,97  2.45 0.30 0.0 0.0
Py 1000 1006 1,207 1310 1,013 1018
sieo |0 e e T
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onset of extra‘ct’ion.‘ Conversely,’ the reseryoir is producedsooner if the
value of energy is not ,expected to rise as fast. However, thetable also
shows that even if the value of energy increases at a fast rate, it is not
optimal to postpone extraction if future earnings are d1scounted heavily (for

the range of parameters considered).
: y . B

3,7.3 iOptirnal Extraction Rate. | ‘ N
:Table 3.3 presents the optimal production rate, Q*. The optirhal
productlon rate mcreases with 1 and decreases with r.. ’I‘hus, vyhen ris in;
creased, the opt1ma1 strategy is to start later and extract heat more slowly.
leaving a larger amount for the future when value is h1gher. However, a hzgh

d1scount rate encourages the entrepreneur to extract energy at a faster rate
(as well as start sooner). ”

It is inlteres‘tingtolnote that even in cases where production 1s opti:mally
postponed, the extraction rate is about the same as when production is necessarily
immediate. This can be seen by comparing Tables 2.8 and 3.3, This means
that even if the entrepreneur chooses topostpone_ the onset of production, he
will nevertheless produce (whenever he starts) at about the same rate as,when :

he starts immediately,

3.7.4 Optimal Project Life

L
v

Optimal reservo1r life is non-mcreasmg ini and non-decreasmg in T,

'I‘hus, ;when future prof1ts are d1scounted more heavily, the entrepreneur tends

P
to start extractmn sooner and pump the energy faster over a shorter perrod ofi
time compared with v;rhe'n the dxscount rate is not as h1gh However. .when the
value of energy is expected to increase rapxdly with time. he tends to postponev"
extrachon and produce the energy over a longer penod of t-zme._ | ‘

The optimal project life is 25 years in most cases, due to the fact that j

the useful well life has been assumed to be 25 years. Because a second well
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OPTIMAL PUMPING RATE, Q (cubic meters/hr)

Table 3,3

0.04 0.06 0.08 0.10  0.12 0.15
0.010 350 370 380 390 400 410
0.015 300 360 380 360 400 410
0.020 300 330 370 380 390 410
0.024 290 320 350 380 390 410
0.030 280 320 340 360 380 410
P 1.101  1.1064  1.107  1.110  1.113 1.118
$7MBTU
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cost must be incurred if project life is greater than one well life, there is
always a local maximum for the profit function w(-, *, L, * ) at L = well life
(the dots represent the oE'timal decision variables for the L under consideration).

When r is low or i'is high this local maximum is the unique global maximum.

3,7.5 Optimal Injection Temperature

‘The optimal injection temperature is very stable with respect to i and
r, and ig close to T, (within one degree centigrade). The resulting high costs
of heat exchangers are-evidently offset by the value of the large amount of

\

: ¥
energy that can be extracted when Ti is close to Ts.

3.7.6 Optunal Breakthrough Time

The optimal breakthrough times are 1nverse1y' proportional to Q » and

are therefore decreasing in i and increasing in r.

3. 7.7 Sensitivity to Rent, Penalty, and Rovalty

In the remaining sections we discuss the sensitivity of profits and our
decision variables to changes in the total annual payments for the pre-exploitation
rent and penalty C3, as well as changes in royalty 1. In the results presented
in sections 3, 7. 1-3.7. 6, C, had been assumed as 8000 $/year and n as 10%
of&groés revenues. In the next sections we vary C3 from 0 to 16,000 $/year
and n from 2, 5% to 15%. Nofe that the post-exploitation rent is assumed to be
4,000 $/year for all cases. Results are presented for three different interest
rates, namely 0, 04, 0. 08, and 0.12, with r = 0, 024 in all cases, This figure
is based on the estimate of average rate of increase in the value of energy
according to the 1977 Natlonal Energy Outlook (Federa.l Energy Administration,

1977).
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3. 7. 8 Sensitivity of Profits

Table 3.4 shows the sensitivity of maximum p;'bfits to changes in
royalty and C3; the sum of annual rent and penalties before extraction starts.
As expected, ‘maximum profits decrease as royalty or C3 is ‘i‘n‘crea;‘s’ed. | ‘I'hié
decrease is more prominent when the interest rate is low. The profit is more
sensitive to ch’anges in royalty, Moreover, as royalty is lowered, the effect of
changes in C3 on profitg becomeé less significant. In fact, when n _<_. 0. 05 and
i=0,080r0. 12, profifé remain unaffected by cha.ngeg in C3, because pro-

duction is undertaken immediately even with no postponement penalty.

3.7.9 Sensitivity of Starting Times

Table 3.5 presents the effect of char_xges in C3-_and non u*. The optimal
starting time decreases as C3 is increased and increases as 7 is inc'rea.sed.
-Thus postponement penalties encourage early production‘while a high royé.lty
effectively postpones production of the reservoir., Note that significa.nt &élays
- in production occur only when the discount rate is low. When futuz;e earnings
are heavily discounted (i.e. i = 0, 12), the entrepreneur prefers immediate
production unless royalties are very high, in which case production is post-

poned, but for relatively short periods of time.

3. 7. 10 Sensitivity of Pumping Rates

Table 3. 6 shows sensitivity of'Q,=< to changes in C3 and n. As seen from
this table, the optimal pumping rate is decreased as royalties are increased.

Thus, when royalty payments are high, the entrepreneur tends to extract less

energy, reserving more for the future when the value of energy is higher. We .. -~

-
L3 - L] £ . oy "
see, then, that n functions as an incentive for '"conservation'': as nincreases,

production is deferred, and undertaken at a slower rate, saving energy for the
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Table 3.4

O
SENSITIVITY OF MAXIMUM PROFITS, v , TO 'REN'TS",

_ PENALTIES, AND ROYALTIES ($1976, $1000)

(1=0.04) ..

0.025 0,050  0.075 . ..0,100 . 0.125. 0,150

334 318 202 2696 . 2499 2311 , | ..
3303 3073 2853 2644 243 22 |
3264 2030 2807 25% 2390 2105 |

‘398 2951 2720 2510 2201 2086 |

2762 2556 2347 2138

- .-~-(jr+°'¢8) EIRETUEE 5 IR R T

:0.025  0.050 -0.075 _ 0,100 - 0.125 _ 0.150

1115 .- 984 - 859 . .747: . 647 . 557
~1115 - 984 855 .738.. . 632 - 538

1115 984 . 855 -~ 731 - 620 - 520

1115 .. .984 . 853 726 .- - 610 505

1115 983 850 . 722, . 602.. . 491.. .

.(1-Q.12)'v-

0.025  0.050 0,075 0,100  0.125 0,150

/

4000
- 8000
12000
16000

729 637 546 457 371 299 0 o
729 . 637 546 - 457 - .- 370, 291
~729. . . 637 .. 546 .. A57. ... . 370 . .. - 286

728 637 546 457 368 282
729 636 545 456 366 279
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Table 3.5

_ SENSITIVITY OF OPTIMAL STARTING TIMES, u', TO RENTS,
" 'PENALTIES AND ROYALTIES (yeare)

(4=0.04)

\. n| 0.025 0.050 0.075 = 0.100  0.125  0.150
Cy B '
o] 13.8 154 172 188 207 . 227
4000 | 12.7 14,3 161 - 17.8 - 19.6 21.6
8000 | 11.6  13.2  15.0 16.7 18.5 20,6
12000 | 10.6 12,0 - 13.9  15.6 174 19,2
16000 | 9.2 108 127 4.5 16.2 18.0

| ~ (4=0.08) |

0.025  0.050  0.075 0,100 0,125 0,150

o] o0 0.0 1.5 3.1 49 6.7
4000 | 0.0 0.0 . 0.5 2.2 3.9 5.7
8000 00 0.0 . 00 1.2 3.0 48

12000{ 0.6 0.0 0.0 03 2.0 3.9
16000 | 0.0 0.0 0.0 0.0 . 1.1 2.9
- (1=0.12)

"n)0.025 0.050  0.075 0,100  0.125  0.150
fc3_

ol o0 00 00 - 0.0 0.9 2.7
4000| 0.0 0.0 0.0 0.0 0.0 1.8
gooo | 0.0 0.0 0.0 0.0 0.0 0.9

12000 | 0.0 0.0 0.0 0.0 0.0 0.2
;sbdo 0.0 0.0 0.0 0.0 0.0 0.0
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Table 3.6

%*
SENSITIVITY OF OPTIMAL PUMPING RATES, Q , TO RENTS:
A PENALTIES, AND ROYALTIES (m /hr) : .

(1=0.04)
n|o0.025 0050 0.075 0.100 ' 0.125 . 0.150
Cs
o | 310 300 - 300 - 290 - - 280 . 280
4000| 310 300 . 300 - 290 280 280
8000 | 310 - 300 - 300 - 290 280 280"
12000 | 310 300 - 300 . 290 . 280 . ~ 280
160001 310 - 300 . 300 290 - 280 280
(1=0.08)
m,[ 0.025  0.050  0.075 0.100  0.125  0.150
Cs
o | 370 30 360 350 340 330
4000 { 3720 360 350 350 - 340 330
8000 | 370 . 360 350 350 340 330
12000 | 370 360 350 350 340 330
26000 | 370 360 350 %0 340 330
(1=0.12)
nf.0.025  0.050  .0.075  0.100  0.125  0.150
3
o | 40 40 400 390 - 390 380
4000 | 410 - 410 400 390 380 380
g000| 410 410 400 330 380 380
12000 | 410 - 410 400 390 380 380

116000 410 410 390" 390 380 370
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future. Pumping rate is practically unaffected by increase in rent and
penalties, the latter being much more effective in influencing timing than rate

of extraction,

3.8 SUMMARY

The prunary focus of this chapter has been on when to commence
production of a hot water geotherrnal reservoir, n'otin'g"that this is appropriately
a matter of interest for both the entrepreneur 'anld pertinent government regnla-
tory agenciesk.r Our analysis has ’emphas‘ized the likelihood of an increase in.v
the real value of energy. However, our inquiry recognizes that the most
desirable production rate Q*, the best planning horizon 'L*, the best injection
temperature T:",‘ ”an&‘th)e optimal startingr tirne‘n*, are interrelated, s0 we
have 'enalr'jzedrtheir'efvfect on the overall nlanning strategy eirnultaneonsly.

For the royalty of 10%, the results indicate that the best ':‘starting time,
u*. is qnite"s’ensitive to both the disconnt rate, i, and the rate of increase of
the velne of energy, r, ranging from 0 to about 21 years. Na.tura.lly this waiting
time is longest wnen r is large and i is smeli. We conclude that if government
pervceives the appropriate socvia;l‘disr:ount rate to 'be low ‘A(e. g. real discount
rate of 4%, or a nominal value of 9%, assuming a 5% inflation), and anticipates
annual real increases in costs of alternative forms of energy of at least 1%,
then 1t may be best to postpone productmn for several years, either by not
leasing a partu:ula.r reservoir, or by the economxc 1nducements d1scussed in
this report. -

lO'ptimal productidn rate is increasing in i and‘decreasing in r and
econom1c plannmg horizon is non- mcrea.smg in i and non-decreasing in r,

Thus, when prof1ts are d1scounted more hea.v-xly, the entrepreneur tends to

start extraction sooner and produce the energy faster over a shorter per:.od

134



of time compared to when the discount rate is not as high. These results are
consistent with the results of Chapter 2 when extraction was assumed to start
immediately,

For fixed values of r andi (r = 0,024 and i = 0. 04), we find u is quite
sensitive to royalty and postponeme:it penalty, ranging from 9 to 23 years as
penalty decreases and royalty increases, For larger values of i, waiting time
ié less sensitive to penalfy or royalty, and approaghe; zero as i is increased.
On thg .c;,other hand, >pumping rates are réma.rkably insensitive to penalties and
royaltiés. |

The significant variation of waiting time with pegalty and royalty suggests
that these kinds of economic incentives could moti\;;t‘e Va profit maximizing

entrepreneur to accelerate (or postpone) production if his real alternative rate

of return was less than 6% (about 11% nominal, assuming a 5% inflation). By
the previoﬁs set of results, he would be less motivated by ‘these incentives if
his alternative rate of return were higher and if r were lower than 0, 024 (in
which case he tend# to start immediately, regardless of penalty or royalty).
Conversely, if r were higher than 0, 024, this‘ ‘sensitivity would extend to Vhigher
values of ré,te of return. | “

Since decreasing royalty tends to accelerat_g,,sta-rtiﬁé"time, it is important

to note that the use of this incentive'r'go,,acé‘éié/rate production generally requires

P

"

the government to fore’_;’g,o..sorﬁé revenues from royalties (present worth of
royalﬁes would be éi‘nalleﬂt). Of course, this can be avoided - to a limited
extén‘t— - by increasing the no-start penalty. | This ‘manipulatio'n of incentives
(penalties and royalties) can be done so that the entrepreneurial profifs remain
constant. As an example, note that rthe profit when i = 0. 04, rent and peﬁalty
= 0 and royalty = 0, 15 is about the same as when rent andi penalty = 16, 000

. * .
and royalty = 0. 125, though u reduces from 22, 7 to 16, 2 years. This would
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suggest the possibility of identifying "iso-profit'' curves along which the
entrepreneﬁr was indifferent, even though starting time varied significar.xtly v
along this curve. Moving along one of these curves to decrease waiting time,

the government would necessarily give up some royalty, though the entrepreneur
would theoretically be indifferent.

On the other hand, if the government opts to delay production of a
. particular reservoir, these resulté suggest there are two ways of accomplish-
ing postponement. The first is to withhold the subject reservoir from leasing
proceedings, and the second is to lease now, but with a higher royalty rate
(recall the Geothermal Steafn Act specifies a range of royalties). Moreover,
given the exogenous decision to postpone, these results indicate that the
economically induced postponement would actually favor the government
financially, since total present value of royalties would be greater, though at
the expense of the entrepreneur's profits, As such this regulatory option would
constitute a de gﬂ_transfer from the private sector to the public sector, with
obvious political implications.

Finally, if the entrepreneur's alternative rate of return is large enough,
the above incentives will be of little influence in forestalling production, in
"~ which case the only way for the government to achieve postponement (if this is
suggested based on its own valuation of the discount rate), is to withhold the
geothermal field from leasing,

We conclude that, in the context of our assumptions, the question of
when to produce a hot water geothermal reservoir is non-trivial, but amenable
to analysis — as demonstrated in this report. Secondly, we find that postponement
of production (given appropriate values of i and r) could result in larger net

present .values of this energy resource. That is, it might be desirable from

136



a social point of view to wait., Finally, under certain circumstances,"
- government may be able to influence onset of production by manipulating

royalty rates and nonstarting penalties,
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Chapter 4

| DISCUSSION
Charles R. Scherer and Kamal Golabi

4.1 PURPOSE OF THIS CHAPTER

In this chapter we offer some critical remarks on the models and
results _;of,ﬁchapt;ers 2 and 3. Noting fhat reéearch_ proceeds as a series of
."closer looks,'" each providing a vantage point for the next ''look," we present
the following list of caveats and criticisms as a guide to oﬂlérs who may wish.
to extend the initial investigations. The list is long, for much remains to be .

done.
4.2  ASSUMPTIONS ON THE AQUIFER

4, 2.1 Homogeneous Aquifer Medium

The technical "production function" used for this study assumes a
homogeneous aquifer medium — as if the medium were some relatively uniform
size sand or gravel. This may or may not be a good assumption, depending on
a particular aquifer. If an aquifer is uniformly graded such that the flow
through this porous medium actually is laminar, then the basic geohydraulic
assumptions of the Gringarten-Sauty (1976) model are supported. If not, there
may be some question about the valid application of this model and its results.”

Suppose, ‘for example, that the flow thought to occur through a particular
sand aquifer is actually moving through large cracks in fractured but otherwise
impermeable rock. Here the flow is probably turbulent and breakthrough is
likely to occur n‘;uch faster than might be expected with the effectively
homogeneou}s aéuifer, since the surface contact area is quite small in the case
of the fractured rock. The point is that a production strategy obtained using an
economic model based on an inappropriate geohydrologic assumption may be

undesirable for guiding production decisions.
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However, while the results of this study must be qualified by the
assumption of a homogeneous aquifer, the‘cohlcepts embodied in our economic
model would be equally apﬁlié;ble for aquifers cﬁé'réctérized by other than
homogeneous media. One need 'only'" identify the analogbus temperature-time
decay function best suifed to the particular non-homogeneous media under
consideration,” ‘But the identification and spécification of this furiction is not
always straightforward.' In fact, there may be great-uncertainty about the .
actual composition of an aquifer, even after a production and reinjection well
doublet is sunk. However, by drilling enough wells, one can obtain a fairly
good idea. On the other hand, wells are very expensive, so the entrepreneur
must often proceed to production with less than full information on the
structure of the aquifer., Under these cir;:u:nstances; it wéuld 'r;e dvesirrable to
have an economic model that explicitly incorporates uncertainty and considers

the value of additional inforrhation obtained by drilling more wells,

4, 2,2 Infinite Aquife‘r

Throughout this report we have assumed the hot water geothermal
aquifer was bounded top and bottom,_ b}:t not hori;on'tally: Of course this is a
technical fiction, for no.aquifer can be indefinitely unbounded. However, if
the aquifer is large enough and the between-well distance small enoggh. ‘the |
‘field flow streamlines will be effectively undisturbed and a finite aquifer will
behave almost like an infinite reservoir, . Then the question is, how. small can
a finitei;'eservoir'be (in dia__meter);bef}ore it ceases to,fun.ctiqn as _a.n'ilnfipit,e:_
reservoir, The answer to this question is beyond the scope of this ,re;port.;.
However, when this minimum dimension is established, it will serve as 2

lower bound on the size of reservoir for which this model is valid,

. [ R 4
[ -
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4.3 MULTIPLE EXTRACTION RATES

Throughout this report we have'as;:sﬁmed'the producfién i:umping ra.l:ioL
is held constant during the life of the reservoir. Howevéf, it wduld be possible
to investigate a production strategy featuring more than one pumping rate
during the life of the reservoir, Since the temperature hisfof{es for each
pumping rate must be superimposed for the aggregate effect over time on the
produétion hole temperatu're, bp’timiz#tion would be réstrictéd to evaluation
of a few different strategies, An obvious strategy for a multiple pumping
scheme might' be to increase pumping rate at or soon after’bfeakthrouéh. As
usual, the desirability of this ma‘xiagenient option would depend on the discount

rate (i) and the rate of increase of energy value (r). If i 'is. large and r sma.il,

then it would probably be profitable to step up pumping after bfeakthrough
to capture the incremenfal energy sooner rather than later. On the other

hand, if r itself is increasing with tinie, then this may not be the case.

4.4 HOT WATER GEOTHERMAL ENERGY AS A RENEWABLE RESOURCE
‘The possibility of multiple pumping rates leads naturally to a final
remark on the 'exhaustibility' of this natural resource. In section 1.1 we
have agsumed the aquifer is recharged so slowly (by interior earth heat) tﬂat
it is non-renewable over a horizon of economic relevance, However, this is
just an untested assumption and may be invalid if the aquifer is alternately
pumped and then rested, If this on/off strategy is employed, the present
economic worfh of the reservoir might be enhanced. We have ieft further
inquiry in this direction to another investigation.‘ However, since one of the
motives for this research was demonstration of economic exfrac_tion i:heory.
we note that unlike fossil fuels, the distinction between i'enewable am‘i‘noﬁ-
renewable is not clear for hof water geothermé.l energy; vperh‘apa geothermal

energy should be considered '"quasi-renewable, "
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4.5 OTHER DETERMINISTIC TRAJECTORIES FOR VALUE OF ENERGY
In the second chapter of this report we assumed the rate of increase of
energy value was either exponent1a1 or hnear The latter option was dropped

in Chapter 3. Both cases preclude the poss1b111ty of energy value mcreasmg

at a decreasmg rate. {-klthoughﬁthe future of _‘e_uergy values is indeed uncertain,

it is c’oncew'kable that the rate _of,iucrease_of real value of energy might tend to

zero ov'er time, 1f t_n_ot perrhanently, atl least ,temporarily. If this‘ were to happen, -
then optimal production rates WOuld probably increase and reservoir life times .
would be correspondmgly reduced Delay txmes would be reduced. Although

we carefully cons1dered the s1gn1f1cant sens1t1v1ty of production parameters to

a range of values of the rate of increase in energy value, we did not investigate

this latter case. Nevertheless, it should be considered m order to provide

extractmn plans for a fuller range of poss1b1e economic futures

4,6 TREATING VALUE OF ENtRGY AS STOCHASTIC PROCESS

A range of ualues wasg investigated for r in this study because the actual
trajectory over time of 'euergy value is uuknown."" Had there been no sensitivity
of design variables and w,aitin‘g time to r, there would be little need for a model
that explicitly i\n“co'rporates energy value as a random variable. But our results
indicate this jz’sei‘zs"i".‘:"i"vit:y is significant, suggesting that a stochastic treatment
merits further attention. We ernphasize thevpra.ctica.limportanc‘e of this
because entrepreneurial activity in the geothermal area is characterized by -
investments rriade in a physical and ec onomic environment that is. highli’uncertain.
The questions of how much capital to commit to production capacity and what
the optimal management policy is are clearly related to the value of energy over
time. How the producer nlakes these decisions in the face of uncertaintyisa real‘

and practical problem. Furthermore, although it is the question faced by the
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private entrepreneur, itis alsb of potential interest to.the regulator
responsible for accelerating or arresting the rate of geothermalienergy . u
‘develop,ment, Stochastic versions of the economic models contained in this
study could reveal actions for reduction of risk that would increase the ,value
of the resource for all.
Assuming the entrepreneur is a price taker, the value of energy is

independent of pumping rate, so it would be straightforward to recast the
economic models of this study in a probabilistic framework. We leave this to
another, investigation, anticipating that some formal mechanism can be developed
to enable the entrepreneur to choose an appropriate level of capital to commit
to reservoir development when future energy value is uncertain,
4.7 PRICE-SENSITIVE DEMAND

| In section 2. 4 2 weudiscussed the Basis forﬂv elvaluating the "social
benefifs“ dérived from pro&ﬁction of a hot water géothermé.l re‘ser\'rOir’.' Our
app'rloacli h‘a.‘s been to irhpﬁte to each BTU produced the unit value of the nexf
more kc’:botly energy source in lieu of which geothermal energy is purchased.
The tacit assumption is that a quantum of heat energy would be procured,
regardless of the cost (within bounds),g for space heéting (or some other Price-
inelastic demand); the question simply is how much of this quantum should be of
geofhér;nél origiﬁ. It is also in"xpliéit‘ that the energy demand local (within a
hundrqelc»i z;;iles) to the f_eseﬁ'oir' .i's small comparéd to the market for the next
most".erxpér‘lsive energy source (oil-fired boiler), so that the 'energy'cu‘st'otner -
and the seller of the alternative source are both price takers in this alternative
market. The upshot of this is that price-sensitive demand is never actp.ally ‘_
considered. Benefits are linear in BTU output. If geothermal energy demand
were treated as dependent on price (reflecting cost), then this would no longer

be the case, : u
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If geothermal energy demand is price dependent with a déwnward
sloping de'mand'Curve.- and if the area under the demand curve (between’ limits’
denoting the energy-oufpixt) is taken as a surrogate for benefits — a standard
approach — then geotlﬁermalvenergy benefits will increase at a'decreasing rite

as annual energy consumption increases, This situation might obtain if the geo-

thermal entrepreneur were able to commari_d a local monopoly .on geothermal
energy supply.’ Though even here it seems there would be some price above
which an "imported" alternative would be cheaper. -

In any event, if the denﬁand cirve shifts out with-time, then"be‘nefits v
associated with given output would also grow with time, as was the cage in the
models studied in this project. The relative elastic'ity and rate of increase of
benefits with time (for a given output) would probably affect the t1m1ng and rate
of productmn, as well as reservou _life. For example, 1£ elastnnty and the
rate at which demand curve shifts mcreased w1th t1me s0 that benef1ts per
unit increased dramancally with time, production m1ght be delayed and pro-
duction rate might be slower th?.n the results contained in this report 1nd1cate.
Alternatively, these deg‘nan_d curves might result in benefit_s (per umt) that
increased at a.decreasing rate, resulting in higher production rates.

_As}ixnplied in the above disicus sion, :the a.uthor‘s ar'e_somev'vlliat un-
certain about the existence of geothermalent:epreneurs ‘who face signifieantly
do(wnwal:d sloping demand curves. However, to fully evaluate fhe welfare
implications of ’th,is resource productiop problem, it may benecessary to

investigate production policies using a "willingness to pay" ‘objective,

4,8 SEPARATION OF'PRODUC TION AND INJECTION WELLS
| ’I’hrOughout this report we have as sumed a productmn-m;ectmn doublet

separated by a distance D In sect1on 2.2 we follow Gringarten and Sauty in
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showing breakthrough time increasing with the square of D. Since brine

. pumped prior to breakthrough yields the greatest heat per unit of fluid, it
follows that the capturable heat and the '"value of the reservoir' will increase_
with D, at least up to a point, However, as D increases, the energy required
to move the fluid from injection well to production well will increase, and so
will insulation costs for preventing surface pipeline heat losses. Hence,
there maf come a point where the gains from retarded breakthrough are out-
weighed by the associated extra costs.

We need only add here that even before D approached the horizontal
bounda.nes of the aquer, it is poss1b1e that the productmn and injection wells
would be so far apart that there would be 2 h1gh likelihood of a geological fault
between thexrr. In fhis event the injected fluid might move off in the faulted
plane, so d1stort1ng the f1e1d of flow as to render the Grmgarten-Sauty
as sumptmns totally mvahd The problems introduced by this eventuality have
essenually already been discussed in section 4. 2, 1 on homogene1ty and un-
certamty. Although we did not investigate the "opti:na.l" well separation, it
clearly merits further 1nvest1ga.uon in the kind of economic framework developed

herein,

4.9 WELL FIELD SPACING

The subject of well separation is not limited to one-dimensional optimi-
zation., Having investigated the best value of doublet separation, D, the next
question is how should the entrepreneur position a second doublet with respect
to the first, assuming he owns the entire reservoir, By arranging several |
doublets on one field, we may increase the a.mourzt of energy obtainable from

the reservoir. However, it is intuitive that these well systems will interfere
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hydraulically and thermally, and a simple generalization of the Gringarten
y and Sauty results suggests the trade-off between energy now versus energy
later. By drilling 10 doublets on 100-foot centers and pumping them at rate
Q, we obtain ten times as much energy ac from one doublet pumped at rate Q;
but breakthrough might come much earlier, and the decline of temperature
after breakthrough would certainly be more rapid.  The best strategy for well

spacing on an exclusively owned reservoir remains to be investigated.

4.10 J'OINT PRODUCTION OF A COMMON RESERVOIR

As ment10ned in the footnote to page 3 of Chapter 1, the comphca.tmns
ar1s1ng from Jomt productmn of 011 wells are character1st1c of the classxc
"commons” problem where the act1v1t1es of each party 1mpose external costs
on the other and cause the resource to be explo1ted "too fast” for their own
common good 'I'he external costs are 1mposed because the pu_mpmg activities
of each party 1ncrease the pumpmg head for the other (as we11 as for themselves)
The "too rap1d" explo1tat10n is due to the tendency of the resource to migrate to
the extract1on pomt, thereby enabhng one owner to extract all the fluid. Under
these circumstances, each‘ hastens to remove as mnch as possible .(so lcng as
marginal operating cost is less than market price), selling it at whatever
(depressed) price results,

In the case of oil and water (for consumptive uses)g the flﬁ‘id is not
repiaced; its vomn‘{é ;ts'.consumptiyely used, In the case of geothermal energy,
the water is only a carrier of the desired re‘source, and while the water is
replaced, the energy is not. This means that the injected cool water from

producer A is likely to migrate to the producti"on"well of producer B, prematurely

E

Or vyater wells |
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cooling his well. In this case, B pumping faster to extract the energy before
A will only induce more of A's injected effluent to migrate to the producing
well, thereby further reducing the economic value of the produced well..

The obvious solution to this " commons" problem is to unitize the field,
in which case the administrative and allocative arrangements worked out for
oil\andngé;‘;.vxnit‘izatic;n would probably be réadily adapted to this case. The
remaining problem would then be how to best exploit a set of wells with inter-
ference (including the option of eliminating the interference by using only one
doublet), This is essentially the problem considered in 4, 9,

Although the unitizatioﬂ approach may not be especially elegant in concept,
it is cer:ta'inly tangible and readily comprehended. In contrast, it is hard to
imagine how one might cbmpute (let alone administer) a scheme of charges or
fines to ""optimally’' manage two or more independent but interfering geothermal
producers. We have left this challenging problem to another investigation,

noting that without some prearranged solution to the joint operation problem,

all parties are likely to lose 'in common. "
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Chapter 5

C ONC LUSIONS
‘Kamal Golabi and Charles R. Scherer

5.1 BEST MANAGEMENTOF A HOT WATER GEQ'I‘HERMAL RESERVOIR
! A major ohjective of this study was to determine vrhen; how fast, and
how long a geothermal reserv01r should be produced and to what degree the.
brme should be cooled, in order to ma.x1m1ze the net value of the reservo1r
(defmed as the present worth of revenues mmus eosts of productmn), when
the real value of produced energy mcreases at a rate of T percent per year.
We have developed and demonstrated an engmeermg econom1c model for
answermg these queshons using real1st1c data for a hypothetlcal hot water
geothermal system The results are consmtent w1th pred1ct10ns from the
economic theory of non- renewable resource management, as 1nd1ca.ted in the

next ‘sectlon.

5.2 -SENSITIVITY OF DECISION VARIABLES TO INPUT DATA

The influence of physical and economic input data on the decision
variables is summarized qualitatively in Table 5. 1, Production rate (m3/hr)
increases with permeability, initial aquifer temperature, and the discount
rate. It decreases with increases in initial® pumping power costs and r, the
the rate of increase in energy value (see 5, 1:.above). ‘The economic - life of
the reservoir increases with initial aquifer temperature, well life, and r,
but decreases with initial pumping costs and the discount rate, Pro-
duction starting time is postponed as r ‘increases and moved forward
in time as the discount rate increases, -~ When the discount rate is

low, the production starting time is postponed as ‘royalty

3*

Pumping costs increase with time in all cases, Here we are concerned
only with the initial cost of pumping energy, to which the present worth of
all pumping energy costs are tied, That is, doubling the initial cost doubles
the total discounted pumping energy cost for a particular pumping rate,
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(percent of total revenues) inc;-eases, and moved forward as land, rents,
salarits, and delay penalty increase, When the discount rate ié higher, this
particular sensitivity is notably diminished. Although production timing can
be influehc}éd by these economic parameters, production rate'is generally
insensitive to them. In all cases the brine is best rein:iected at a temperature
very close to the temperature of the low pressure steam produéed on the
other side of the heat exchanger from the hot brine, Likewise, based on data
used in our example, breakthrough times are generally shoft compared with
reseArl'voi;jl_ives, and in all cases most of the extracted energy is removed
a.ftber breakthrough.

Of these data inputs, ‘only initial pumping costs are known in the present
with certainty, although the discount rate, while somewhat subjective, is
relatively determinable. Likewise, aquifer temperature is known before
production, though not before the first hole is drilled. On the other hand, the
rate of increase of the value of energy is completely unknown and ""better
information'' can be purchased ’only from professional diviners.

One of the most important physical parameters - one that is not readily.
measureable — is aquifer permeability, In view of the sensitivity of reservoir
engineering decisions to this physical parameter, it should be carefully
investigated by prospective geothermal entrepréneurs. In addition, it might
be worthwhile for the U.S. Department of Energy to sponsor research on
quick and accurate methods for determining aquifer permeability.

The other important parameter is well life. Here there is really no
substitute for experience, but it would appear that serious consideration
should be given to the prediction of well lives by experienced reservoir
engineers prior to production of a reservoir. In addition, perhaps the U.S.
Depa_rtment of Energy would find it worthwhile to fund literature and field

investigations of hbt water well lives,
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Table 5.1
' SENSITIVITY OF PRODUCTION PARAMETERS TO
PHYSICAL AND ECONOMIC DATA

Production  Production Reservoir Reinjection

| - Profits Delay Rate Life = Temperature Bré‘akthrough
PHYSICAL DATA e - |
Porosity t
Permeability - T X
Initial Aquifer Temperature X T X X
Well Life 1
ECONOMIC DATA
Well Cost x ¢
Well Maintenance Cost 1
o
Land Rent, Salaries, and X X
Delay Penalty
Royalties X X
Discount Rate- | X X X | X
Rate of Increase of X X e X

Value of Energy

The symbol X indicates significant sensitivity of production parameter to input data. Blank space indicates
sensitivity is not great.

t Indicates sensitivity not evaluated.




" We'conclude this section by noting ‘that an active well maintenance
program; the cost of whi¢ch seems relatively unimportant, might contribute
significantly to prolonged well life; " If so, this would appear to be a potentially g

cost-beneficial subprogram, both in terms of production management and in

terms of U, S. DOE research and development.

5.3 ECONOMIC VALUE OF THE RESERVOIR
In this study we defme the "value of the reservoir" as the maximum of

a function which is the present worth of benefits (production derived revenues)
less the present worth of the costs 1ncurred in producmg the reservoir. As
such the value of the reservoir is essentially expected discounted profits. ¥
Table 5, 1 1nd1cates dlscounted profits are sens1t1ve to all maJor physxcal
and economic mput data except aqu1fer por051ty and well mamtenance cost
Profits increase dramatically as initial equilibrium temperature increases
and/or as initial purmping power costs decrease.
5.4 USE OF ECONOMIC INCENTIVES TO INFLUENCE

PRODUCTION RATE AND TIMING

These results are useful for two purposes. First, they may be used to
direct and/or predict the actions of a profit maximizing entrepreneur.
Secondly, to the extent that a regulatory agency's valuation of future energy
value and social discount rate diverge fromthe private entrepreneur's valu-
ation of these parameters, the agency can use this evaluative technique to
determine production times and rates deemed more in the public interest,.

State and federal regulators who determine when and how fast to pro-

duce a geothermal reservoir have two control options available. They could

F3

Strictly Spea.kmg, the value of the reservoir to society is equal to profits
plus royalties, since the latter represent a transfer payment rather than
a true opportunity cost.
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accelerate or postpone production and/or specify production rate by fiat.
Or they could use delay penalties and royalties as economic incentives to
achieve the same ends. Our results indicate that production timing is indeed
amenable to adjustment by these incentives, although produ‘ction rate is not.
However, when these incentives are exercised, the enfrepreneur's profits,
as well as the government's total royalty revenues, may also vary.

In the current socio-political milieu, decisions on timing and rate
of geothermal energy prbduction ‘are likely to be made amidst tugging and
hauling by energy companies, conservationists, and other interested
government agencies including the Office of Management and the Govern-
ment Administrative Office. In this context it is interesting to note that
production timing can, to some extent, be adjusted using both royalties and

delay penalty without affecting the entrepreneur's profit picture,
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APPENDIX A

Fortran IV Computor Program Listing and
User's Guide for the Basic Production
Model of Chapter 2
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0001
0002
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0006
0007
0008
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co10
0011
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0014
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0020
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OPTIMAL GEOTHERNAL SXTRACTION MODEL" |
CJONE AT, 1871 e L

., oA

"DIMENSION S#(19,15),PEC(10) ~ = . »

DIMENSICN ATINE(10,10)

DIMENSICN G (10,10,10)

DIMENS ION 91(10 10),QP(1O 10),ALI(10) DLT{10), A'NSI(ZO 20)
DIMENSION AINT(10),E(1C),2Q(10,10), AA(10 10).&!1(10 10)
DIMENSIOK ALIF(10,10),TOW{(10,10),PRO(10,10) ;ATHET (10,10)
DIMENSION AT1(10,19), AIZ(10 10) ALG:T(1O 10),ACON (10, 10)
DIMENSICN AEUM(10, 10)5'

COMMON QS, PK,D,A,B,DRCON, EFFV,EFFH Li C2 EXA SPGRE, CST10
COMMON CST25,EXCOF CRFTO.CRFZS ARM Z,Aﬂ E,COST, PUCST E1,E2
cOoMMON S1,S2, S3;SH;5LV10;$LV25,BE.ENCST,ES,CRFN,HCST,HHC
ccruoN CHCST

INPUT DATA FOR PFCGRLH

TABLE COHHENTS

"GEOLOGICAL AND AQUIFER DATA Y

READ(5,11) HBCAER,PHI,SPGKF, TO T5 SHK

REAL(S5,13) A,D,RW,A,B -

TEMPERATURE DEPLETION EQUATICK COEFFICIENIS
READ(S5,14) PBHIC,PHI1,PRI2,GAMAN,GAMAY,GANA2

INTEREST. RATES '
REAL (5,15) M, (AINT(I),I=1,H)

ENERGY GROWTH RATES
READ {5,15) N, (R{J) . ,J=1,N)

COST EUUATION CONSTANTS . ;
READ (S5, 16) A!.Cl,CZ;UU,EK,CH,PP,]KH,Z.

EXOGENOUS PAEAMETERS : .
READ(S 17 QﬂIN,QHA!.QINC,ALHIN,ALHAX ALINC QBAR

SALVAGE VALUES, PuMp EPPICIENCY. TENPERATUEZ LIHIT
READ{S,707) §1,52,S3,5S4,CELTIA, EFFV,SFFH .

-ECONOMIC PARAMEIEES ' ‘
READ(S 621) WNCST,wNMC, OHCST RENT SALR! ROYLT

WELL LIFE, GROHIH TYPE (LIN CB LOG)
READ(5,19) HLIFE K ’
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PORTRAN IV G LEVEL 21 MAIN DATE = 77203

oQ24
0025
0026

0027

0028; -
LA

0029
0030
003y

0032 . .

0033

0034

0035 -

0036

0037

0038

0039
0040
cou1

0042

0043
0044

fnanna nnan

c
c
C

NN

a0 a0n -

00A n0On

NnOon

A

CALCULATE HEAT CAEACITY OF FLUID, DENSITY OF FLUID,
ANL YISCOSITY OF ELUTL, :

HCAPF=1.008%SPGRF
GAMAP=62,U427%SPGRF
FKU=,209/100./ (2. 1482* (T0-8.435+(8C78. “0(10°8 435) 3%2)
® *%,.5)=-120.0)
“CALL" TO RCUTINE TO ERINT ALL INBUT DATA

GOTC 1001

1000 ¢ CONTINUE
.:'C‘ .

E nzrzauzuz LINIT rcp LOOPIVG
DKM= (ALYAX ~ALNIN) /ALIHC
. KAL=LFIX (DKH) +1
IF (ALMIN.EQ.0.0) - KNL=KML~1
‘AK=4, 88900, (1900, 0 $HCAEF)
COMEUTE HEAT CAPACITY CF AQUIFER
HCAPA= (1.0-PHT) *HCAPR¢ EHI*HCABF

COMPUTE BETA ., ,

BETA=6,2832%R4D%s2, O*HCAPA/(HCAP?*52560 0)

COMPUTE lQUIFER CONDUCTIVITY

“ i CKK=0,000000000011653
¢ CKeCKK*SHK*GAMAF/FNO

CONPUTE CONSTANT IN CRANCOWN

PATIO=C/RN
DRCCN=ALOG(RATIC)/(6 2832*CK*H)

s

COMPUTE CHI

CHIO=PHIO/ (6,0%EBETA) . R ’ s
CHI1=PHI1/ (6.0*EETA) |
CHI2<PRT2/(6.0%BETA) -

T

BEGIB LOOPING POR ElLﬂ DISCOONT PATE

":oo 22 I=1,8 .

DBTBRHIN& CAPITAL RECOVERY ‘FACTOK FOEK 10-YEAR
LIFETIME EQUIPMENI, 25-YZAR LIFETIHL EQUIPHE&T,
ANL !HE ﬂELL.

‘ cos1o-(1 Ooaxnr(z);ta1o o

CON25= (1., 0¢ATINT (L)) **2S,
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. FORTRAN IV G LEVEL 21 MAIN ~DATE = 77203

0045 CCNN=(1.0+AINT (I)) #*¥LIFE : )
Couh ‘ CRE10=AINT (I)*CCN10/(CON10-1.0) +CH
0047 CRFN=AINT(I) *CONN/ (CCNN-1,0) ¢CM - .
€048 CRF25=AINT (I) *CCK25/(CCN25-1,0) +CH
0049 .. PO=0,1876%CRF25+PP -
. 6C5¢C ~ PRPO(I)=FO
C
Cc BEGIN LOOP FOR EACH ENERGY RATE
. c . . .
0051 DO 33 J=1,4
0052 DO 933 KK=1,8
00S3 933 G(I,J,KK)=0.0
0054 WRITE(6,89) AINI(IL),E(J)
0CsSS WRITE (6,40)
0056 ALFA=RAINT{I) -F (J)
C
c SET INITIAL PROJECT LIFE. -
Cc .
8057 RL=ALMIN
6058 IF(ALMIN.EC.0.0) AL=ALINC
0059 QP (1,43)=0.0C
C P e S
Cc BEGIN LOOF POR EACH PFOJPCT LIFETIME
C
00680 DO 84 J1=1,KdL
Coe1 o cscen=0.0
0662 CSF¥U=0.0
0063 CSENT=0.0
c : 4 ' .
Cc © INITIALIZE PUMPING EATE TO MINIMUM
C
0064 Q=QNIN
c : E , ] :
o CCHPUTE SMALLEST MULTIPLES OF 10, 25, WL CONTAINING L
C - '
0066 Wi=(AL=-,001),/25.0
0G57 Y1=(AL~-,001) /WLIFE
0Cs3 KK=IFIX(22)
0069 LL=IPIX(WW)
0070 MM=IPIX(YY)
: C. co : . y
c SET PROFITS TO MINIMUM VALUE ($0.00)
C
0C71 PPO(1,J)=0.0
C
C INITIALIZE A®RAY CF DATA FOR QUTPUT
C
€072 AQ(1,J)=0.0
0073 AR (I,J)=0.0
0074 ATI(I,J)=0.0
0C75 ALIF(I,J)=AL
gCc76 TO% (T,J)=0.0

0c77 ACCST (1,J)=0.0 d :
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0078
0C79
0089

0081
0082
0083
0084
0085
0C86
0087
0088
0089
0090
0091
0092
0093
0094
0095
€096
0097

0098
0099
0100
0101
0102
0103
0104
0105

0106

0107

0108

onnn

w

anoononoN

333

OO WOOONDO0O0

0O

ACON(X,J) =0.0
APUK(Z,J)=0.0 . o
AENST (I,J) =0.0 o . .i‘

COMPUTE INTERMECIATE VALUES FOR EQUATIONS DESCRIBING
THE CCST PUNCTION CF BOTH EXPONENTIAL AND LINEAR GROWTH

DIS1=~RAINT (I)*AL

DIS2=EXP(DIS1)

DIS3=-AINT (I)*10.0%(KK+1)

DIS4=EXP(DISI)

DISS=-AINT(I)*25.0¢(LL+1)

DIS6=EXP (DIS5)

DIST==AINT (I) $WLIFE® (NN+1)
DIS8=EXE(DIST)
E=(1.0-DIS2) /AINT (I)

E1= (DIS2-DIS4) /AINT ()

E2=(DIS2-DISY) /AINT (I)

£3= (1. 0-DIS4) /AINT (I) =S2*E2

E4= (1.0-EXF (~ALFA*AL)) 7ALFA
ES= (DIS2-DISB) /AINT(I)
EE=E+ (1.9-DIS2¢ (1. OoAINI(I)*AL))‘R(J)/AINT(I)**J 0
IF (K.EG.1) EE=E4

IF(K.EQ.2) GO TO 401

DETERMINATION OF . EARANATERS FOR EXPONENTIAL CASE
BREAKTHROUGH H‘S KCT CCCURED.
- 'FIND EXCHANGER AREA, INJECTICHN TEMPERATURE, AED EEVENUES.

BKT=BETIA/Q
IF(BKT.GT.AL) GO TC 333

"GO 10 335

TI=(15C. 7*53*CRF10)/(AK‘J“.76‘PO‘HCAPP‘EE)0T$
EXA=Q‘(ALOG(TO°TS)'ALOC(TI-Tﬁ))/AK
EXCOF=EXA/C

THETA=34, 76%PO*HCAPF*EE* (TO~ II)

GO TO 207

BREAKTHROUGH HAS CCCUBED. ,
FIND INJECTION TERPERATURE, HEAT EXCHANGER AREM, AWD
 REVENUES, -~ ,
EVALUATE TEMPEFATURE DEPLETION EQUATION,

CONTINUE | '

COMEUTE SIGNA1

-SIGHEA=EXP(~ALFA*BETA/Q)

SIG1=(1,0-SIGNA) /ALFA

COMEUTE SIGMA2
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0109
0110
c111
0112
0Nl
o114
0115
0116
¢117

0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
c128
0129
0130
0131
0132
0133

0134
0135

0136
0137
0138

0139
0140
0141
0142
0143
o144

0145

c

NnonNn

61
62

63
64

wOnonOonon

33e

aonNnoOn

21 MAIN DATE = 77203

SIGC1=CHIO*(Q+ALFA
SIG1T=CHI1*Q+ALFA
SIGZ1=CHI2*Q+ALFA
STO11=-SIGN1*BETA/Q
SI012=-SIGO1*AL
SI111=-SIG11*BETA/C
SI112=-SIG11*AL
STI211=-SIG21*BETA/C
ST212=-SIG21*AL

TEST FOR EXPONENTIAL UHDEBFLOR

DO1=EXE(SIO11)

1F(SI012.LT.-170.0) GO 10 61

DC2=EXE(S1012) ,

GO 10 62

p02=0.0

B11=EXE(SI111)

IF(SI112,1L1.-170.0) GO TO 63

D12=EXB(SI112)

GO T0 64

D12=0.0

D21=BXE {SI211)

IF(SI212.LT.=-17G.0) GO 10 65

D22=EXP(S1212)

GO T0 €6

D22=0.0

SIG2=GANAO* (LO1- noz)/sxsot+caaa1*(:11 D12)/SIGI1
+GAMA2* (D21-D22)/S1G21

TI=(150,7¢EI*CRF10) / (AK*34 .76 PO*HCAPF* (SIG14SIG2)) +TS

GO 10 204

DETERMINIATION OF PARAMETEERS FOR THE LINZAE CISE.
BKI=BET2/Q
IP(BKI.GT.AL) GO TO 334
GO 10 3136

BREAKTHROUGH HAS NCTI CCCURED.

FIND INJECTION TEHPERATUBE, HEAT EXCHANGBB AREL,

ANL BEVERUES.,

TI=(150.7%*E3*CRF10)/ (AK*34,.76*PO*HCAPF*EE) +IS
EXA=Q* {ALOG (TO-TIS) <ALOG (TI-TS))}/AK
EXCOF=EXA/Q

THETA=34, 76*PO*HCAPF*EE* (TO-TI)

GO T0 207

CONTINGE

BREAKTHEOUGH HAS CCCURED., EVALUATE TEMPERATURE
CEPLETTION EQUATION.

SS1=-AINT(I) *BETA/C
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FORTEAN IV G LEVEL

0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157

0158
0159
0160
0161
0162
0163
o164
0165
0166
0167
0168
0169
0170
0171
0172

0173 -

0174
0175

0176
0177

0178

0179
0180

0181

0182 = -

0183
o184
0185

NOOO

nonon

301
302

303
304

305
306 -

21 . mAIN © .~ DATE = 77203

SS2=EXP(S51)

§53=(1.0-582) JAINT (D)
SS4=(1,0-552%(1.0- SS1))/AINT(I)**£ 0
DB1=CHIO*Q¢AINT (I) o
DB2=CHI1%Q¢AINT (I) -
DB3=CHI2*Q+AINT (I)

DB11=CE1*BETA/Q

DB12=CE1*AL

DB21=DEZ*BETA/Q

DB22=DR2*AL

DB31=CEI*BETA/Q

DB32=DR3*ALl -

tzsr‘roa'sxponzurxgniuunzarndn_

DB111=EXP(~-DB11) : e s

IF(CB12,GT.170.0) GO IC 301 .

DB122=EXP (=DB12) .

GO 10 202 R

DB122=0,0 ST e

DB211=EXP(-DB21) = " B

IF (DB22,GT.170.0) GO TC 303

DB222=EXP (~DB22)

GO TO 304

DB222=0,0 '

DB311=EXP(-DE31) N

IF(B32.6T.170,0) GO TO 305

DB322=EXP (- nezz)

GG T0 306

DB322=0,0

CONTINUE -

PRItGlHAO‘(nB111 08122)/0810GAHA1*(D8211 DBZZZ)/BB‘*GIHRZ
#(CB8311-CB322) /CB3

" FR2=GANAOD* (DB111% (1,00 CE11) =DB122% (1,0¢DB12))/DB14%2,0
¢GAMA1% (DB211% (1,0+0B21) =DB222% (1,0¢DB22)) /DB2##2.0
$GAA2* (DB311# (1,04LB31) =DB322% (1,04DB32))/DBI*92.0

FEJI=PC* (SS3¢FR1)+R(J) % (SSL+ER2) *PO"..

TI=(150,7#E3*CRF10)/ (AK*#34 ,76%HCAPF*PR]) ¢TS5

, COHEU!E lkEl OF THE: H’IE'EXANGER
kEXA*Q‘(lLOG(TO‘TS)-lLOG(II'IS))/lK

EXCCF=EXA/C

© TP(DELTA.EC.0.0).GO 10°32 -

CCMPUTE CONDITION THAT TEHP”R&TURE DIFFERENCE IS
SMALLER THAN CELTA. o 2

CON1=CHIO*Q*AL

LT CONZ=CHIT*C®AL

CONIE=CHI2®Q#AL . -~ -’ &
IF(CON1.GT.170.0) GO TC 27
COH11=GAMAO®EXP (=CONT) =
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C136
Q187
g1€8
0189
0190
0131
0192
0193
C134
0195
0196
0197

c198
0139
0200

0201

0202
0203
0204
0205

0206
0207
0208
02¢€9

0210
oam
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223

27
117

28
18

29

NONO
N

NOODO NOO W

Q
N

- 79

99

GC 10 117

coN11=0.9

IF(CON2.GT.170.0) SOTI0 28
CONZ2=GAMAV*EXDP (-CCN2)

GO 10 18

CONZ2=0.0

IP(CON3.6T.170,0) GO TC 29 :
CON3II=GAMA2*EXP (-CCN3)
GO T0 19 : '
CCXN33=C.0 _
CON=CCN114CQON22+CON33
DEL=DELIA/(TO-TI)

IF THE TEMPERATURE HAS FALLEN BELO® THE ALLCWABLE

LINMIT, CONTINUE TC NEXT LIFE AND STAKT SEARCHING.

IF (CON.GT.DEL) GO TO 32
GC 10 38
CONTINUE

CONEUTATION OF THETA1 ANC THETA2
IF(K.EC.2) GO TO 402

EVALUATION FOR THE EXPONENTIAL CASE.
THET1=34.76%PO*HCAPF*SIG1* (TO-T1) *C
THET2=34,76%PO*HCAPF*SIG2* (TO=TI) *C
THETA=THET1+THET2
GO TO 207

EVALUATION FOR THE LINEAR CASE.
THETA=Q*34.764HCAPF# (IC-TI)*FR]
X=C/QBAF

IF(X.EC.1.0) GO TOQO 78
Go 10 79

FIND COSTS FOR A SINGLE % SLL CPERATING AT MAXIMUM RATE

QS=CBAR

CALL KOST
CSCCN=COST+SLVIO+SLV2S
CSPU=PUCST
CSERT=ENCST*EE
COSTS=CSCON
POACS=CSPU
EECST=CSENT

GO 10 80

CONTINUE

IF(X.LT.1.0) GO Tn 99

- II=IFIX(X)

GO TO 101
I1=0
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o’ FORTRAN IV G LEVEL 21 HAIN DATE = 77203

c | _
Cc CCHMEUTE TOTAL COSTIS
C .

0224 101 QS=Q=-II*QBAR

0225 IF(CS.EC.0.0) GO 10 81

0226 GO TO 82

0227 81 C0S1TS= CSCON‘II

0228 PUNCS=CSPU*II

0229 EECST=CSENT*II

0230 GO TO 80

0231 82 CALL KCST

0232 CO0S1s= CSCON*II*COSI*SLV1OOSLV25

0233 . ' ’ PUNCS=CSPU*II+PUCST

0234 . L EECSTzENCST*EE+CSENT*I1

0235 80 ALLCS=COSTS+¢ (RENT+SALRY) *E
C o :
Cc COMPUTE NET REVENUES
C

0236 REV=TBETA*(1 0~-ROYLT)
C
C CCHEUTB PROFITS IN THOUSRNDS OF DOLLARS.
C

02137 REV!—(BEV-ALLCS)/1000 0
C .
Cc SCALE DATA T 1,000-% RANGE FCR OUTPUT
c

0238 SCCONtCSCON/1000 0

0239 -+ COSTS=ALLCS/1000.0

0240 PUKCS=EUMCS/1000.0

0241 EECST=EECST/1000.0
C : , . o
C ARE THE PROFITS FCER THIS PROJECT LIFE A NEW HMAXINUE?
c IF SO, UPDATE CATA ARRAY.
c .

0242 IF(EEV1.6T.PEO(I,J)) GC 10O 3

0243 G0 10 30

0244 31 PRO(I,J) =REV1

0248 - . - - AQ(I,3)=Q.

0246 A (1,J)=EXX

0247 ATI(I,d)=T1

0248 ALIF(I,J)=AL

0249 BKTI=BETA/Q

0250 TOW (X,J)=BKT

0251 ACOST (I,J) =COSTS

0252 ACON(I,J)=SCCON

0253 ' : APUM (I ,J)=EUNCS

0254 AENST (I, J)=EECST

. C ’

Cc NEXT VALUE OF (EUHPING RATE)
Cc

0255 30 Q=Q+QINC _

0256 IP (Q.GT. QHAX) GO TO 34

0257 : G0 10 23 : '

0258 34 CONTINUE
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0259
G26¢C
261
0262

02483

0264
0265
0266
0267

0268

0269
0270
0271
0272
0273
0274
0275
0276
0277
0278

0279
028¢
0281
c282
0283
0284
0285
0288
0287
0288
0289
0290
0291
0292
0293
0294
0295
0296
0297
0298
€299
€300

Nnnn

RCUND PFOFIIS TO NEABEST $10

IEFC=ERO(I,J)*100.C+0.5
PRO(I,J)=IPEC
PRC (T, J) =ERO (I,4) /100.0 ' .
WRITE (6,87) PRO(I,J) ,ALIE(I, J),AQ(I J) AA(I,u) AII!I,J),
*  TOW(I,J),ACON(I,J),ACOST(I, J),APUH(I 3, AENS;(I J)
6 CONTINUE

ARE TEE PBOF!TS FCR THIS COHBINA;IOW OF DISCCUNT AND
ENEEGY RATES AT A - MAXIMUMZ2 ..
IF SO, PLACE THE LATA INTO THE ARRAY.

aoOoNnNnOo w

IP(ERO(I,J) .GT.CP(I,J)) GO TO 703;
GO TO 7C9 oo

708 ¢PB(I,J)=PRO(I,J)
G(I,3,1)=PFO(I,J)
G(I,d,2)=ALIF(I,J)
G(I,J,3)=AC(I,J)
G(1,J,4)=AA(I,d)
G(I,J,5)=ACGST (I,J)
G(I,Jd,6)=AENST(I,J)
G(I,J3,7)=ATL (I,J)
G(I,J,8)=TOW(I,J)

709  AL=AL+ALINC

84  CONTINUE -

313 CONTINUE

22 CONTINUE

c OUTPUT TABLES OF FESULTS

DO 503 Jz=1,8

WRITE(6,618)

WRITE(6,607) (SN (3Z,d),d=1,15)

WRITE(6,610)

WRITE(6,604)

WRITE (6,603) (AINT(JY).J!=1,H)

WRITE (6,604)

WRITE(6,611)

VRITE (6,604)

WRITE (6,602)

po 501 Jx=1,N

¥RITE(6,604)

IF (J2.GT.6) GO TO 500

WRITE (6,617) R(JX) ,(G(JY,d%X,J2) ,d¥=1,K)

GO T0 SC1 .
S00  WRITE(6,619) R(JX),(G(3Y,JX,J2Z), J¥=1 %)
501 CONTINUE '

WEITE (6,608)

WRITE(6,602)

WRITE (6,604)

WRITE(6,612) (PEO(I),I=1,H)

¥RITE (6,620) .
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0301
0302
0303
0304
0305

0306 .

0307
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318

0319
0320
0321
0322

0323
0324
0325
0326
0327
0328

0329
0330

0331
0332

01333
0334

01335
033¢
03137
G338
01339
0340

0341
0342

602
603

604
605
606
607
609
610

611
612

613
617

618

619

620
621
707

800 .

c
c -

c
1001

3

*

&

«

*

&

%

%

%

WRITE (6,604)

WRITE (6,610)
WRITE(6,613)

I¥ (K.EC.2) GO TC 505
WRITE (6,605)

GO TO 504

WRITE (6,606)
CONTINUE
PH=PRI%*100.0
CONTINUE

PORMAT ({F6.2,E6.4, 3F6.2)

FOREAT (SF6. 2)
FORMAT (6F6 . 4)
FOBRMAT (I1,5X,8F8,4)
FORMAT (BE7,2,E8.3)
FOREAT (7F8.2)
FORMAT (§6.2,3X,I1)

DATE = 77203

POBHAT(GX,'vas',SX,'YES',QX,'Q",UX.'A*',u!,'TI',“X,'TLU'
4X,°CSTQB®,4X,*TICST®,4X,*PUCST®,3X,'ENCST//)
FOBMAT('1',///+VIX,*INTEREST KATE=',¥6.4,2X,
- YRATE OF INCREASE OF PRICE=',F6.4///)
FORMAT (6X,¥9.2,2X,F5.0,1X,F5.0,1X,F5.0,1X,F6.2,1X,F5.2, ZX,
57.1.2X,F7.1,1X.P7.1.1!,?7.1)

FOBHAT (15x' '_--.---.* cececenecvecssersvoeveevssnsevecsencwecal

levovrsascmnvvorovccavnsl
FOFMAT (15X,'} I= |
F6.2,5X,'1")

Y, F6.

2,4X,F6.2,4X,F6.2,4X,F6.2,0X,

FORHAT(1SX,'IF.8!,']',53*.'|')‘
FORMAT (26X, °*P(T) =P (0) *EXP(+ER*T) !, /)
FORMAT (26X ,'P (T) =P (0) * (1+R*T)*,/)

FORMAT (15X ,1548,///7/7777)

FCRMAT (1544)

FORMAT (15X ,*
]

')

FORMAT (15X, 91 ' 2K, 'R=0 ,4X,"{*,53X,'|")

FORMAT (15X,*| P(0) |
F6.3,5X,*{?)

FQRMRT (//////77) '

FORMAT(15X,*) *,FS5.3,!
4X,F6.0,5X,'1")

FORMAT (15X,*1 ',FS.d,°
UX,F6.,2,5X,%(1")

',F6.3,

“x,E6.3,ux.F6.J.“l.E6- 3,“x'

'.FG.0,“!,?6.0,“X,F6.0,“!,?6.0,

- FORMAT (1" ,///77 41X, TAELE? ,///7) _
'.'F6r2 QX“FG.Z QX,FG.Z,QX,P5.2,

FOEHAT(lSX,'I',1X.'$/HBIU',1X,'|',S3X,'|')

FORMAT (S5E10.2,F6.4)

,PORHAT(uE5.2.3FS.2)

WRITE (6,800)
FORMAT ('1°)
STOF

SPECIAL SECTICN FCF PRINTING CUT INPUT VALUES

WRITE (6,1101)

WRITE (6,1102) HCAER, HCAPF PHI
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0343
0344
0345
0346
0347
0348
0349

0350

0351
0352
0353
0354
0355
0356
0357
0358
Q359
0360
0361
0362
0363
0384
0365

0366

0367

0368

0369
0370

0371

0372

0373

0378

1101
1102

1103

1104

1105

1106
1107

1108

1109

1110

1M1

x
%

]
*®

®
3

*x
3

*
&

L
*

*
L 3

*

L 3K 2 2N BN J

21

WRITE
WRITE
WRITE
WRITE
WRITE
WRITE
YRITE
WRITE
WEITEZ
WRITE
VRITE
WRITE
SRITE
WRITE
SRITE
WRITE

(6,1103)
(6,1104)
(6,1105)
(6,1106)
(6,1107)
(6,1108)
(6,1109)
(6,1110)
(6,1111)
(6,1112)
(6,1113)
(6,1114)
(6,1115)
(6,1116)
(6,1117)
(6,1118)

IF (K.EC.1) WK
IF (K.EQ.2) WP

MAIN DATE = 77203
SPGRF,TC,TS
SMK,GAMAF,FPdD
A,D,5%

BHIO,PHI1,PHI2

GAMAO, GAMA1,GANA2
AN,CM,PE o
C1,C2,4CST 58 .~
UU,PK,OHCST,RENT,SALRY,RCYLT
AKN, %
$1,52,53
s4

EPEV,EFFH
GNAX,QNIN,QINC

'QBAR,ALEAX,ALTNC
WLIFE,4#C,DELTA

ITE (6,1119)
ITE (6, 1120)

WRITE (6,1121) (AINT(1),I=1,4)
WRITE (6,1122) (E(I),I=1,X)

G01IC 1000 ' ‘

FORMAT ('1',43X,'PROGEAN DATA'////)

FORRAT (' *,°HEAT CAP, CF ROCK ',FS.2,
3x,'HEAT CapP. CF FLUID ',F8.2,
3X,'POR0SITY CEF AQUIFZR ',FB.2)

FORMAT (' ',*'SPEC. GRAVITY OF PLUILC ',F8.%,
3X,*AQUIEER INIT. TENP. ',E8.2,
3X,'STEAN TEMEEEATURE . ', F8.2/)

FORNAT (' ','INTRINSIC EERMEASBILITY °',F8.2,
3X,'FLOID ONIT WEIGHY ',F8.2,
3X,*FLUID VISCOSITY ',F11,.8/)

FOBMAT (' ','AQUIFER REIGHT ',F8.2,

3X,°WELL SEPEEATION

3X,'WELL RACTIUS
*,'A - HEIGHT «F3.2,

3X,'B = HEIGHTI e F8.27)

', 8.2,
¢
v
]
', YEHI(1) ', E8.4,
]
L
L
L
|

£8. 2)
FORMAT (1 .

FORNAT (°
3X,'PHI(2) ,F8.4,
3X,'PHI(3) ,F8.4)
', 1GANNA (1) LE8.4,
3X,*GAXNA (2) SF8.4, .
3X,'GAHMA (3) L F8.4/)
' ,'UNIT PIPE CLEANIKG COST',F8.2,
3%,"INSURANCE/TIAX % COST ',F8.2,
3X,'FU2L & OPEFATING COSTIS ',F8.2)
*,'ECWL UNIT COST 220 GP¥ °',F8.2,
3x,'BOWL UNIT CCST 1100 GEN',FS8.2,

FORMAT ('

FORNAT (*

PORMAT (*

3X,'WELL CCST '1,F10.2)
FORMAT (' °*,'HEAT XEER. COEFF. 1,F8.2,
3X,'PIPE INSTILLATION *,F8.2,
3X,'CVERHEAD CCST ',F8.2/
¢ 4, YRENT ',F8.2,
3X,'SALARIES ' ,F9.2,
31X, 'BCYALTIIES : ',FB.2)
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0375
0376
0377
0378
0379

0380

.0381

0382
0383
0384
0385
0386

1112

1113

1114
1115
1116
1117
1118

1119
1120
1121
1122

21

FOEMAT
*

FORMAT

-

FORMAT
FORMAT
L
FORMAT
* .
FORMAT
«
* :
FORHAT
‘ B
* :
FORMAT
FOEMAT
FORNMAT
FORNAT
END

MAIN

DATE = 77233

(' *,'PUMP SERVICE COST MULT.*,F8.2,

3X,'ELECTRICITY COST

{(* .','BUMP SALVAGE VALUE
3X,*HEAT XCHG. SALVAGE
'3X, 'PIPE SALVAGE VALUE

(* 'p'RELL SALVAGE VALUE

(* *,'VERT, PUME EFFICIENCY
3X,'HORZ. PUME EFFICIENCY

(* *,'PUMP BATE LINIT (MAX)
3X,'POMP RATE LIMIT (MIN)
3X,'PUMP BATE INCREMENT

(* ',"MAX, WELL FLOW RATE
3X,'PROJECT LIFE
3X,'TIME INCREMENT

(* *,°WELL LIFE
3X,'WELL MAINTENENCE
3X,'XCHG. TEME. DELTA

'} F903/)
',F8.2,
'FBQZ'
+FB8.2)
1 F8.2/)
«F8.2,
s F8.2)
'Fso 2'

s F8.2)

(/77% *,'GROWNTH IS EXPONENIIAL')

(/77" '»'GRONTH 1S LINEAR')

'
(777' :;'DISCOUHI FEATES

{ /' ",'ENERGY COST RATES
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PORTRAN IV G LEVEL 23 KOST . DATE = 77203 17,

0001 : SOUBEOUTINE KOST
g THIS SUBPOUTINE CCMBUTES THE CISCOUNTEL COSIS FOG ONE
c CCOBLET (u<=QMAX). :
g ALL PABAHETEPS USEC ARE LOCATED IN CONMON STORAGE, .
0002 ccaMON CS,PBK,D,a3,8,LRCCN,EFFV, BFFH,C1,C2,EX3,5PGRE,CSI10
0003 COEMON CST25,EXCOF CPFIO,C?FZS AKM,Z,AN, E,COST, PUCST ,E1,E2
6oou - conMoN s1,5S2,53,54,SLV10,SLV25,E8 LENCST,ES, CREY, HCST, WAC
€005 CCHNOY CHCST
g, 313 cosT
0006 | c PCST—PK*D‘(O 1313*&5*1 JZJ‘QS*‘O 5 u 36)
e | AJNUAL PIPE cnsxuluc COST ‘
0007 cv cLesT=AmsD | .
g HEAT EXCHANGEF COST ‘P}b ‘
0008 c . ECST=5000.0+150.7=EXCOF*CS
g HCEIZONTAL PUNE CCST |
0009 c PCSTH=24.0%QS
g HORIZONTAL MOTOF CQST
0010 ¢ MCSTH=0.0546*SPGRF*QS**2,0*DRCON/EFFH+1907, 1
g BCWL OKIT COST
0011 ¢ BOCST=C1¢ (C2-C1) *QS**2,0/40000.0
g CCLUNMN ASSEMBLY CCST
0012 ¢ COCST=(A+4.0+(GS*DRCON) *(0. 1313%QS+1,323%QS**0,5-4,36) +3981,0
g VEETICAL SHAPFT COST
0013 ¢ SHCST= (.001339%QS*SPGRE* (DACON*QS+A+B) /EFEV+0.0766% (DRCON*
*  (0S+2)=10.132)* (LRCOK®CS+R)
g VERTICAL MOTOF CCS1
0014 ¢ MCSTV=0. OSQG‘SPGRF*QS*(DECON*QS*A*E)/EFEV01907 1+
*  0.35%(DECON*(S*1)
g CAEITAL COSTS EOR EUMPS |
001S ¢ PPCST=CCCST+MCSTV+SHCST+#CSTH+BUCST +PCSTH
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PCRTEAN IV G LEVEL 21 . . KOST . .  DATE = 77203 17/5¢

c
. c . PEESENT WOKTH OF Eump cosrs
. €

0016 ] pncsr-ppcsr*cas10t(aoz1t(1 o-st))
c
c AEKUAL PUNE OPERATING COSTS _

0017 ENCST=AKN®2%(23.80%QS* SEGRP* (DRCON*QS+A+B) /JEFFV ¢152,86%

*  (DECON*QS+2) +2).80%CS4SPGRF*DRCON*QS/EFPH)

c .
c TOTAL DISCOUNTED cosr FOR OME nouaLzr WITHOUT SALVAGE
g o

0018 csw1o=cocst’ncsrvosacsxoacsrn*aucsropcsrnozcsr

0019 . CST25=PCSTHOHCST -

0020 COST«(CSI10‘CRP100C5225‘CR?ZS*CLCSTOHHCOiCST*CEBN)‘EOENCST‘EE
¢ I
c SALVAGE COSTS _

, c . ‘
0021 . SLV10=PPCST#CREI0*EI* (1, o-sigezcsrtcar10tstt(1 0-52)
0022 SLV25=ECST®CRE25%E2% (1,0+53) 40HCST*CRF25*E2* (1,0-54)
- ® - ¢NCSTHCRFNSES ,
0023 RETURN ~ - g
0024 END ‘ ‘ - S L
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DATA CARD LAYOUT

Title Cards
1 f

Geological and Aquifer Data

1 7 13 19 25 80

Coefficients of the g F ti
1 7 13 19 95 31 e Byyunction

Interest Rates .

7 15 23 3 39 2

, A : 2 ‘ : . -
: s , - _
' ﬁard 12 1<;225 . XXX XXAK [XKA ¢ XXX [XAR « XKXK XXX e XXAK [XX0 XXX XK ¢ XXXXK XXX o XHXK xxx.xxxx2§>// j
‘ M ijj AINT(1) |AINT(2) AINT(3) AINT(4) | AINT(5) | AINT(6) | AINT(7) AINT(8) ./ /42




eLt

Ca:d 13

Card 14

Card 15
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" GUIDE TO DATA CARD LAYOUT

CODES

DESCRIPTIONS

SYMBOLS |

UNITS

&HCAfﬁ ‘ Heetﬁcepeeity of Rock o chR,. ; qéi/geolc
PHI APorosity of Aquifer . ’ '-?. :‘Free;ipn
SPGRF ::Specific Gravity of Fluid "~ {sp. gT. f-—f—;—-
TO Initial Equilibrium Temper-l f ?o °c
ature 1o j
TS Steam Temperature | _iTs | oci
SMK | ivIntrinsic Permeability ‘k _ ﬂ;uilliuareies .
B ‘| Thickness of Aquifer “h o
D "Ddublet~Separeriou | :D : o
’W | weil Radius | rw ‘m
A Static Level of Fluid z o
B Friction Losses | b n
PHIQ Coefficient of g Functilon ¢1
PEIl | coefficient of g'Fuuction ‘¢é ,';;"_'"
PHI2 Coefficient of g Function ¢4 -
GAMAJ Coefficient of g Functiun' Y -
GAMAL Coefficient of g Functicn - Yy —_—
GAMA2 Coefficient of g Function Y3 -
M Number of Interest Rates _— —_—
N Number of Energy Growth — —_—
rRates |  ¥ o .
AINT(T) AInterest Rates;'Ilg_H v 1 Fraction
f'Rates of Growth in Value Fraction

R(J)

of Energy, J <N
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GUIDE TO DATA CARD LAYOUT (continued)

CODES DESCRIPTIONS ‘bvMBors | ©  uwrrs
AM ?iﬁé.01eaning5Cdst pct " $/m/yeer
cl Cost of SO m3/hr Bowl Unit :51‘ s
c2 ' Cost of 250 m /hr Bowl Unit 'éé ‘ $f
uu Overall Heat Transfer ‘ueoy | BTﬁ/hf;ftz-oF :

Coefficient of Fluid '
PK Pipe Support Mhitiplier ‘ k.p '
™ | Miscellaneous Costs of m ' Fréction
Capital in Equation (26) o
_ 3 .
PP Constant term in Equ. (27) —_— ‘
ARM Pump Maintenance Coefficlent k
PR
z Electricity Cost at Time Rb $/kwh
~ Zero : o
QMIN Min. Pumping Rate .to be Qﬁiv' S ms/hr
Considered ' ) P“
QMAX | Max, Pumping Rate tobe | q o3 /he
Considered: R . ‘
QINC | Incremental Increase in Q.. o /he
} Pumping Rate ' ‘ '
ALMIN Min. Project Life to be L. _ years
Considered : o Ban - S
AIMAX | Max, Project Life to bée'=" thAx " 'years
Considered R ‘
ALINC Incremental Increase in Lye  years
Project Life | ' B ‘f B
QBAR Capacity of Each Ptoduction ,6' .ﬁ;/ht
Well . » o
' : f I . _ Fraqtion of
51 Salvage Value of 2umpe. ol 81‘_:'Remaining Payments
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GUIDE TO DATA CARD LAYOUT (continued)

CODES DESCRIPTIONS SYMBOLS UNITS
Fraction of
s2 Salvage Value of Heat 5, Remaining Payments
Exchangers
Fraction of
s3 Salvage Value of Pipes S Remaining Payments
Fraction of
s4 Salvage Value of Well s ]
Assemblies 4 Remaining Payments
DELTA Min. Allowable Temperature 8 °c
Difference '
EFFV Vertical Pump Efficiency ‘Effv Fraction
EFFH Horizontal Pump Efficiency EffH Fraction
WCST Well Cost per Doublet WC - $
WwMC Anpual Well Maintenance Cost{ WM $/year/Doublet
OHCST Well Assembly Cost per WA $
Doublet
RENT Annual Land Rents Rent $/year
SALRY Annual Salaries Balaries $/year
Fractlion of
ROYLT Royal
yalty n Gross Revenues
WLIFE Well Life WL Years
K No. Denoting Model : —_—

1 = Exponential Growth
Model

2 = Linear Growth Model

——————————
——————
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APPENDIX B

Flow Chart and'-Computor Program
for Optimal Timing Model (Chapter 3)
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< START ’

L <L min

Q¢ Qpin

F 3

y

8 \ F §
Constraint :
viclated
?

Yes

No v Q+Q+Qjnc

Compute
T;, R0}, Cy, Cy

v

Timing
Computations

Compute
(See Fig. 4)

max % {u)
wheau >0

max = (0) >
max = (u)

Yes

Are there
aeny Q>0
whenu >0
?

v

v

FIGURE B.1 FLOWCHART FOR
OPTIMIZATION ALGORITHM
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A 4

max x (0} > 0
?

Print
all zeros for
this value
of L.

Compute u*

Compute
costs with
u*>0

Print
results for
this value
of L.

Print
tables and
results

END

A

L« L+Linc




Enter
{Pcint B of Fig. 3)

A4

Compute C,, C, .
= (0) = R(0) - (Cy +Cy)
’ B=R(0)- >

-]
A
(-]
A4

G =Cyh
H -C,-G

= (0) >
previous

max.
4

===> previous

max.. Y
v
Save ‘ Save Do
parameters. , parameters
>0 . fu=0)
4 4 y

A

| o
Exit .
(Point C of Fig. 3)

FIGURE B.2 FLOWCHART FOR TIMING COMPU TA TIONS
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ﬂﬂ?*(]U 8.435+(H078, a+(10 B.d43S)x22)2%,5)-120,)
4 ACALL® T ROUTINE TO PRINT ALL INPUT DATA

0 1001
TINUE

DETERMINE LIMIT FOR PROJECT LIFE LNNP
NY/ZALINC

KMLsSKM
3*HCAPF

L=1
)
COMPUTE HEAT CAPACITY 0F AQUIFER
HCAPA=(1,0-PHI)*xHCAPR+PHIAHCAPF
COMPUTE BETA
BETA=6,2832xHaD*%2,0+#HCAPA/ (HCAPF £52560.0)
COMPUTE AQUIFER CONDUCTIVITY

CkKz0,000000000011653
Ck= C“K*SMKRGAMAF/FMU

COMPUTE CONSTANT IN DRAWDNWN

o000 OO0 OO0

00

RATIO=D
DRCON =ALOG(RATIU)/(6 CR3I2ACKAH)
COMPUTE CHI
I0/(6,0%xRETA).
I11/7(6,0+8ETA)
127(6,0%xHETA)
GIN LOOPING FOR EACH DISCNUNT RATF

[p/ele]

CHIO=PH
CHI1=PH
CHIZ2=PH

@D
m

o ]
pun
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N
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=
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(mlnlel

BEGIN LOOP FUR EACH ENERGY RATE

po 33 Jz=1,M
PO 933 Xk=1,11
933 G(T,J,KK)=0. 0
WRITE(H,R9) AINT(I1),R(I)
ARITF(6,40)
c ALFA=ATINT(TI)=P(J)
E SET INITIAL PROJECT LIFE
AL=ALMIN . .
IF(ALMIN.EN.0.0)  AL=ALINC ' o '
c AP=0.0 S ' :
E REGIN LOUP FOR EACH PROJECT LIFETIME
DO 84 J1=1,5ML "
DO 98k LL=1/,S
986 TSAV2(LL)=0.0
3 REV3=z0,0
£SCON=0,0
CSPU=0.90
c CSENT=0,0
E IHITIALIZE PUMPING RATE 10 MIN]MUM )
c N=AMIN e
% COMPUTE SMALLEST MULTIPLES OF 10, 25, *L CONTAINING L
’ 77=(AL=.001)/10.0 :
Wz (AL=.001)/25.0
YY=(AL=.001)/WLIFE
KK=IFIX(22)
LL=IFIX(Wn)
. MM=TFTIX (YY)
E SET PRIFITS TO MINIMUM VALUE ($0.00)
REV0=0.0
c TRATZ2=0,0
E INITIALIZE ARQAY QF DATA FOR NUTPUT
c
C COMPUTE INTERMEDIATE VALUES FNP EQUATIONS DESCRIBING
E THE COST FUNCTION.
NIS1==AINT(I)*AL
DIS2=EXP(DTS1)
DIS3=~AINTCI)*10,0%x(KK+1)
DIS4=EXP(DIS3)
DISS==AINT(I)*25.0x(LL+1)
DIS6zEXP(DTSS)
DIS7==AINTC(I)AWLIFE X (MM+1)
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70.0) GO TO 63
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FO*EXP(=ALFA#*TIMST)

=0)

LE PUMP RATE WAS FOUMD,

R
0 TNPRICATE THIS (N

N, AL,R,0,0,0,0,G,0,0,0,0,Q

< —
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ouUIPUYT IS

—

I

~
[aVI1gVia\]
D> >

+87)

N © ~ON
,OQ. SNNNC DTN IDNTUD o

N00,.N0*100,00+0.5

—

ve

- (&

] c
DO +C -
O s - D>
20oC W
CO~—C LCx

ONT T

[ S T TR PN
CSONINT + N\~
e (D= P NV

D=0 NS UR VU W O

~NO<EIH W HNOYA WS NOWOX ~
W == u =t H ey = W
=T U OQONL—O=T 10— 1N
G S F GONE D S>NON D> e
@ CixX~=NLu-OC0A WWOCOY LI
TCECLWr-OULYFOWO—x X QW a =

331
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FIND THE MAXIMIZING
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o
E - HORIZONTAL MOTOR COST. . .
_c MCSTH=0,0546xSPGRF QS 42, OﬁDPCﬂN/EFFH+l°07 1
E ~ BOWL UNTT CNST ,
c BUCST=C1+(C2=C1)#0S*22,0/40000,0
E COLUMN ASSEMBLY COST o
c COCST=(A+4.0405*DRCON) #(0,1313240S+1,3234054%0,5-4,36)+3981.0
E VFRTICAL SHAFT CIS1
; SHCST=(. 001539tdS*SPGRF*(DRCON*QSfA#B)/EFFVfO 0768*(DRCON*QS+A) ~10
c Z.ISE)NDRCDN*QSMJ _ o ‘
E '"VERTICAL MNTOR cosr
c MCSTV=0, OSUOiSPGRF*0%*(DPCDN*0%¢A*B)/EFFV#1907 140,354 (DRCON#*QS+A)
E "CAPITAL COSTS FOR PUMPS
c PPCST=COCST+MCSTV+SHCST+MCSTH+RUCST+PCSTH
E PRESEMT &ORTH OF PUMP COSTS -
c PUCST=PPCST#CRF10*(E+E12(1.0=51))
E ANNUAL PUMP UPERATING CNSTS
ENCST=AKMAZx(23,R0%0NS*SPGRE X (DRCON*IS+A+B)/EFFV+152.86# (DRCON*QS +A
c %)+23%. BOtQS*SPbPF*DRCUM*QS/EFFH)
E TOTAL DISCOUNTED COST:- FOR nne DOUBLFT wITHOUT SALVAGE
CSTIO=COCaT+Mc§IV+SHCSI+MCSTH+BUCSTopCSIH+FCST
CST25=PCST+JHCST
COST:(CSTIO*CQF!0+CSTES*CRF25+CLCST+WMC+WCST*CPFN)*E+FNCST*FE
¢ SALVAGE. COSTS' o
SLVlO:PPCST*CRFIO*Elth.O-Sl)+ECST*CRF10kF;i(1 «52)
g%¥52§PCSFACPF2$kE2*(1.0-33)+DHCST*CRF2S*E,*(l sa)+~c31*cnrw*es
~ END o '
PRESENT wORTH 0OF MAXIMUM PROFITS, Pl+ . ($1976,51000)
ECONOMIC RESFRVOIR LIFE, L* (YEARS) .
OPTIMAL PUVMPING RPATE, Q% © "(CURIC METEPS/HR)
OPTIMAL HEAT EXCHANGER AREA, 8%+  (SQUARE METERS)
PRESENT ANORTH OF DELAY COSTS, '¢$1976,%51000) -
PRESENT wNRTH OF FQUIPMENT €0OSTS,. ($1976,%1000)
PRESENT WORTH OF PUMP APERATING COSTS, ($1976,$1000)
PRESENT WNRTH 0OF ALL CNSTS, C(A,L,T1,U) ($1976,%81000)
UPTTMAL STARTING TIME, U+t "(YEARS) .-
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