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ABSTRACT

An analytical methodology is developed for assessing alternative modes of generating
electricity from hot dry rock (HDR) geothermal energy sources. The methodology is
used in sensitivity analyses to explore relative system economics. The methodology
departs from more conventional approaches for evaluating geothermal electric energy
systems because of the complexities introduced by the many critical, operator-
controlled variables in the system. For example, drilling activities and reservoir
fluid production rates are interdependent in their effect on system performance and
are subject to management choices initially and over time.

The methodology used a computerized, intertemporal optimization model to determine
the profit-maximizing design and management of a unified HDR electric power plant
with a given set of geologic, engineering, and financial conditions. By iterating
this model on price, a levelized busbar cost of electricity is established. By
varying the conditions of development, the sensitivity of both optimal management
and busbar cost to these conditions are explored.

A plausible set of reference case parameters is established at the outset of the
sensitivity analyses. This reference case links a multiple-fracture reservoir
system to an organic, binary-fluid conversion cycle. A levelized busbar cost of
43.2 mil1s/kWh ($1978) was determined for the reference case, which had an assumed
geothermal gradient of 40°C/km, a design well-flow rate of 75 kg/s, an effective
heat transfer area per pair of wells of 1.7 x 106 m2, and a plant design tempera-
ture of 160°C. Variations in the presumedigeOthermal gradient, size of the
reservoir, drilling costs, real rates of return, and other system parameters yield
~ minimum busbar costs between -40% and +76% of the reference case busbar cost.
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EPRI AND LASL RERSPECTIVE :

PROJECT DESCRIPTION

This final report concludes a study of economic and technical relationships that
will be importahf‘defefminants of the commercial feasibility of producing electri-
city from hot dry rock (HDR) geothermal resources.  Some portions were funded by
EPRI and other portions were funded by the Los Alamos Scientific Laboratory (LASL).

Since HDR reservoirs are manmade, there is much greater flexibility in their

development and management than with natural reservoirs. This fact also introduces
complexity into attempts to model the process. For example, reservoir temperature
and -fluid production rate can be specified by design; consequently conversion

plant design and cost-must be determined conjunctively with optimum reservoir
design and management'strategieé.. These strategies also involve time-staging
decisions. .. o : '

This project was initiated to develop an analytic model with the capability of
dealing with_the above complexities while exploring the various economic and techni-
cal issues and.tradeoffs inherent in alternative approaches to: (1) designing the
HDR reservoir, (2) managing the time path of heat extraction from it, and (3)
designing_the conversion process to produce electricity. Since HDR technical
feasibility -has yet to be‘proven,lthe;project<is best‘régarded as an attempt to
improve -analytic techniques for long-range assessments and research'p1ahning.

- PROJECT OBJECTIVE

The objective of the project was to develop and explore the -use of a physical-

economic model that could be used to optimize HDR investment and management
, Strategies for alternative sets of geologic, economic, and engineering parameters.

CONCLUSIONS AND RECOMMENDATIONS

The _contractor has developed a dynamic optimization model and used it to simulate
the operation of an HDR electricity plant and reservoir under'widely varying input




assumptions. The analytic model has successfully highlighted economic trade-offs
in different design and management strategies for the HDR reservoir and electric
generation systems.

The model differs markedly in approach from previous geothermal analyses. The
primary differences involve several key items related to reservoir and surface
conversion plant design and operation that are treated as variables in this study.
In previous studies of natural hydrothermal systems, these characteristics are
usually specified or restricted by preexisting site conditions. There are,
therefore, some departures in this work from the EPRI Technical Assessment: Guide

and from conventional electric utility "revenue requirements" methodology for
economic comparison of generation alternatives.

Although the analyses are conducted in constant 1978 dollars, the real (inflation-
free) rates of return assumed were in most cases higher than would be possible for
a regulated utility. Attention of the reader is drawn to this conservative bias.

Results from using this model may be criticized on the grounds that they represent
optimizations around large unknowns. Many questions concerning the dimensions of
technical feasibility of HDR still remain. On the other hand, the issues raised
in the analyses point out the desirability of interdisciplinary research as a
vehicle for guiding hardware research into directions that will be most productive
economically. The model as developed provides a powerful tool for analyzing
drilling and -management strategies in a consistent and systematic way. It
undoubtedly will aid in HDR investment decisions when a viable data base is
established.

The results of this study do not relate directly to current utility planning
problems but may be of interest to those involved in longer-range research and
technology assessments. In addition, the work may set an important precedent for
increasing the efficiency of research and development by illustrating the role that
an interdisciplinary approach may play at an early stage of technology development.

Richard J. Urbanek, Project Manager
Milton F. Searl, Program Manager
Energy Analysis and Environment Division

Jefferson W. Tester
Geosciences Division
Los Alamos Scientific Laboratory
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SUMMARY

This work develops andruses:an analytical methodo]ogy.for assessing alternative
methods for generating;electricity from hot dry rock (HDR) geothermal energy
sources. The‘study:had two major goals. The first was to develop a methodology
for systematica11y examiningueconomicAtradeoffsVfromkdifferent HDR investment and
management strategies., The second Was_to apply this methodology to analyze the
sensitivity of HDR system economics to changes in key system parameters. .

The study's first goal was.achieved by building an intertemporal optimization model
based on a dynam1c programm1ng algor1thm. The traditional minimum revenue
requ1rements method for comparing electric generation alternatives was not

applied because capital costs and the time staging of capital outlays cannot be
chosen a Er1or for HDR systems. The determ1nat1on of . the Teast cost drilling
strategy for HDR reservo1rs and the power plant design require.an. analytical
framework wh1ch 1s 1ntertempora1 1n design. .

The model deve]oped 1n th1s study treats as exp]1c1t var1ab1es well flow rates
for the HDR reservo1rs per1od1c;dr1111ng/redr1111ng activities, and reservoir
temperatures. Key parameters in the model, which are subjected to sensitivity
analyses,_1nclude dESIQn temperatures and installed capac1ty for the HDR power
plant, the geothermal temperature grad1ent the effective :surface area of HDR.
reservoirs (based on the mu1t1p1e fracture concept), max imum well -flow rates for
each pair of wel]s, and drilling costs. Given values for these parameters,
1ntertempora1 strategies for dr1111ng and reservoir management are chosen which
maximize the present va]ue of proflts net of all taxes. . Parametric techniques
are used to detenn1ne ‘the resu1t1ng busbar. cost {in 1978 dollars) for each set of
values for these parameters.;

Since HDR technology is in its tnfancy, many of its. physica] and engineering

characterwstlcs and behav1or had to. be _hypothesized for purposes of: this study.
A major assumpt1on under1y1ng the use of the model for sensitivity analyses was
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that a proven technology exists having the characteristics as posited. This has
major implications for the sensitivity analyses. Any sensitivity analysis is
both model dependent and data base dependent.

THE METHODOLOGY

The study's first goal is achieved by an intertemporal optimization model. The
logic of this model is one wherein at the beginning of each decision period the
plant manager chooses: (a) whether or not to drill or redrill to create or re-
stimulate an HDR reservoir, (b) the terminal depth of such drilling activity, and
(c) well-flow or reservoir production rates. The criterion gﬁiding these deci-
sions is to maximize the present value of system profits, net of taxes. These
decisions are based on beginning-of-period values for reservoir temperatures and
established drilling depths.

The two basic interrelated components of the model are, first, the power plant
and, second, the system of HDR reservoirs. These components are characterized as
follows.

The plant consists of a binary fluid Rankine-cycle power system. For a given
plant design temperature and installed capacity, power output in each period‘is
determined by the capacity factor and two performance parameters: the difference
between fracture reservoir temperature at the beginning of the period and plant
design temperature; and the ratio of the actual reservoir production flow rate to
the design rate. '

Plant capital costs are also determined by design temperature and installed
capacity. These costs, along with site-acquisition costs and exploration-
development costs, are staged over a nine-year construction period with
cumulative interest charges included.

Gross periodic revenue for the plant is determined by applying a constant busbar
selling price of electricity to actual power output. Periodic costs include
operation and maintenance costs, a revenue tax (2.5% of gross revenues), property
taxes, and any drilling costs for HDR reservoirs incurred during the period.
Plant construction and setup costs (roughly one-half of total capital costs) are
financed by bonds whose real rate of return on investment is varied between 3%
and 12%. The drilling and subsurface reservoir costs and the surface fluid-
gathering system (roughly one-half of total capital costs) are financed by a mix
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of preferred and common stock for which the average real rate of return on
investment is varied between 6% and 21%. Fifty-one percent of the present value
of profits is charged to federal/state income taxes. Finally, the useful
l1ifetime of the plant is varied between 20 and 50 years.

An HDR reservoir is modeled as a system of parallel multiple fractures that are
connected to the surface by a pair of inclined boreholes. For this study, each
fracture has an assumed radius of: 300 meters, and the number of fractures, which
determines the effective surface area of hot rock in the system, is varied to
alter the nominal lifetime of the reservoir. An idealized cracked-plane model,
developed at Los Alamos Scientific Laboratory (LASL), is used to calculate tem-
perature drawdown from the system of fractures. A potentially critical assump-
tion implicit to this treatment of reservoir performance is that fluids flow uni-
formly over the fracture sgrfaces; that is, preferential flow paths are not gen-
erated. The plant's design-flow rate divided by the design well-flow rate deter-
mines the number of HDR reservoirs required by the plant.

Initial rock or reservoir temperature at the bottom of the borehole is calculated
as T = 15°C + VT(D), where 15°C is the earth's crustal average temperature, VT is
an average gebthennhl temperature gradient (°C per kilometer), and D is drilling
depth (in kilometers). Values used for VT vary between 20-60°C/km. For a given
reservoir size (number of fractures), the well-flow rate then determines the rate
of reservoir temperaturevdrawddwn; "In any decision period, HDR reservoirs can be
restimulated by entering the initial boreholes and redrilling to new areas of -hot
rock incurfing'whatéver costs are associated with the operation. Redrilling
produces the initial rock temperatures plus a modest increase because the reser-
= iyoir is:at a-deeper, hotter depth. Costs for redrilling include rig mobilization
' ,costs;;as:wellfas drilling costs. ' : - s ' ’ ’

: The optimization model, as 0utlined above, is used to achieve the second objec- -
~ tive of this study: the parametric analysis of key variables in an HOR system:
usedfto?géneréte1electficity; ‘To facilitate analysis, a "reference case", which
represents an .appropriate set of parameter values, is postulated for the HDR sys-
tem. : These vaTUés akefﬂiStéd‘infTabIe S-1. ’The'mbdel»determines a levelized
busbar cost p*,'which Jjust covers: the costs and normal profits of the system;'
In considering these busbar costs, it is important to recognize that the real,
inflation-free values of debt and equity rates of return (i = 9% and r = 12% in
Table S-l) are very high relative to those which characterize capital market
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. Table S-1
PARAMETER VALUES FOR THE REFERENCE CASE

Reference Case Conditions

Real Rate of Return on Equity = 12.0 %

Real Rate of Interest on Debt = 9.0%

Number of Fractures: = 6

Fracture Radius - = 300 m

Geothermal Gradient = 40°C/km

Plant Design Temperature = 160°C

Design Well-Flow Rate per

Pair of Wells = 75 kg/s

Capacity Factor = 0.85

Plant Capacity = 50 MW(e)

System Life = 30 yr

Operation and Maintenance = 1.3 mills/kWh
Contingency = 13 %

Working Capital = 10 % of surface plant cost
Taxes = 51 % of taxable income

conditions facing the power industfy. These high values, admittedly arbitrary,

are purposely used to reflect the assumptions that HDR facilities will initially

be viewed in capital markets as involving higher levels of risk and uncertainty

than those in commercial systems. In this comparative approach results for

greater and lesser risk, as reflected in higher and Tower r and i, are shown in

the results presented in Figure S-1 ($1978). In the reference case, the levelized busbar
cost was determined to be 43.2 mills/kWh. This value was then used as the basis

for evaluating the effects of changes in other system parameters.

The results of the parametric analyses are summarized in Figure S-1. Some of
these relate directly to prospects for future research and development: and to the
minimum conditions under which HDR-produced electricity might be commercially--
feasible. For example, the results suggest the'need for fairly precise estimates
of drilling costs to 6btain reliable feasibility studies.




&/

Because the technical feasibility of designing and operating a system of multiple.
fractures has yet to be proved, it is difficult to assess the practicality of a
reference case ‘using six, 300-m-radius fractures that result in a relatively low
rate of temperature drawdown. The large increases in busbar costs that obtain as
the number of fractures decline (Figure S-1) point to the :potentially critical
dependence of system feésibi]ityzon reservoir size as represented here by the
number of fractures. Also, a commercially feasible HDR system will require aver-
age rates of temperature drawdown that do not exceed (all else equal) some 5-8%

cof initial temperatures-over.a five-year period. Thus, research. focused on re-

servoir design'for:minimizing'temperature,drawdown is also a prerequisite for a
meaningful assessment. In practice, research- should be directed at developing:al-
ternative designs that incorporate the effects of large single fractures; multi-
p1e parallel systems; and therma] stress cracking to produce sufficient reser-
voir heat: transfer area. '

Finally, it-is interesting to.speculate as to what minimum characteristics an HDR
system must have to produce electricity at a competitive price.” The first re-
quirement is to establish future competitive prices for.of the U.S. when
HDR-produced electricity might .be used. While numerous unanticipated difficult-
ies attend comparisons of estimated busbar costs from differing sources, a con-

- servative future competitive busbar price of 30 mills/kWh (in 1978 dollars) for:

nuclear-coal mixes was used. This price is an estimated average of busbar prices

in 1985 (5-1).

The method of analysis vafie573ach parameter ihdividua11y while all others remain
constant at their respective reference case values. Therefore, a busbar cost of
<30 mills/kWh obtains in each of the following cases and indicates a set of mini-
mum conditions for a commercially compet1t1ve HDR fac111ty, assum1ng a proven
technology.

¢ Geothermal témberaturergradients are at 50°C/km and higher.

e The reduction in drilling costs is 30-40% of those used
in the reference case.

e A large number of fractures per pair of wells (8 to 10)
combined with higher well-flow rates ( 125 kg/s)

¢ Real debt and equity rates are on the order of 3% and 6%,
respectively.

A higher competitive price wou]d_have'a significant impact in relaxing the
requirements listed above. '
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Although the costs of well and surface plant components are not based on
detailed engineering design estimates, they do include direct and indirect cost
factors which account for contingencies, installation, auxiliary hardware, and
associated services. At this stage of development, this method is considered to
be acceptable engineering practice and is a necessary precursor to the
refinements that will result from more detailed analysis.

In conclusion, it seems appropriate to comment on the close working relationships
and intellectual interchange that have evolved over the last two years and more
between LASL and University of New Mexico economists and the reservoir and chem-
ical engineers at LASL. Throughout the project strengths and weaknesses of al-
ternative choices for parameter values, functional representations for reservoir
and/or economic. processes, etc. were evaluated. There is little in either. the
model or :resulting analyses that has not been the subject of joint; intensive
scrutiny and discussion by economists and engineers. It is somewhat unusual for
economists to be so involved in assessment studies for activities at such an
early stage of technological development. We hope that the results of this work
demonstrate the value of such early involvement, particularly as they relate to
the provision of insights that assist in the selection of R&D efforts which are
particularly critical to the potential economic feasibility of HDR-produced
electricity.
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Sect1on 1
INTRODUCTION AND OVERVIEW

This study is a final report for research concerning hot dry rock (HDR) geother-
mal resources conducted by the authors under contracts with the Electric Power
Research Inst1tute (EPRI) and the 'Los Alamos Sc1ent1f1c Laboratory (LASL) over
the per1od May 15 1976 to November 2, 1978. The goal of this research was
essentially twofo]d The first purpose was to develop a method for economic trade-
off ana]ys1s of HDR-produced e]eetricity The second Was to use the deve]dped
method for ana]yz1ng the sens1t1v1ty of the HDR system to parametric changes in
key economic and reservoir parameters The parametric ana]yses are then used to
focus on potential pr1or1ty areas for future research and development, as well as
on developing a set of conditions from which we might speculate as to the future
commercial feasibility of HDR-produced e]ectricjty.

There have been several engineering-economic studies concernihg electricity pro-
duction from geothermal resources over the past few years'(l1§), and the ration-
ale for still another economic study of geotherma1-resourtes‘may serve to place
the research reported here in perspective. These earlier studies focus on "wet",
liquid or steam dominated, geotherma]'resources.’ Those systems typically involve
a natural underground reservoir containing natural steam and/or hot water that is
" brought to the surface through a set of drilled wells. ihdi'genous geothermal
fluxd flows under artesian pressure or is pumped through a gather1ng system of
pipes to.a centrally lTocated power plant, which may produce electricity, process
heat, or both.  The location of such geothermal resources, as:well as system.
character1st1cs such as the size of the resource, geotherma] temperature, and
fluid-flow rates, .are essent1a11y fixed by natural condltions. .

~ The HDR geothermal resource differs from the wet geothermal resource in several
critical ways (5). To appreciate these differences, cons1der the schematic re-
presentation of an HDR system in Figure 1-1.  The 1nJect1on well is dr111ed some
3-10 km below the surface of the earth to geologlc areas of hot, low-permeab111ty
crystalline rock. An artificial "reserVoir“ is then created in the hot region
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using hydraulic-fracturing techniques originally developed by the petroleum
industry. The HDR reservoir then consists of single or multiple fractures having
radii of 100-500 meters (m) and widths of a few millimeters in cross section. A
second well is directionally drilled to intersect the fracture(s) with sufficient
separation from the other well to avoid flow short circuiting. Pressurized water
is then circulated down the injection well to remove energy transferred as heat
from the rock and is recovered from the production well for use in the generation
of electricity (2, 5, 6). ’

Thus, unlike liquid/vapor-dominated natural geothermal systems, the HDR systems
are manmade, and their characteristics are, in large part, amenable to control
and design. ~For example, the ldcation of exploitable HDR resources is not only a
geologic/geographic issue, but also an economic issue. That is, although most
areas will overlie hot, crystalline basement rock at some depth, a key considera-
tion is the drilling costs required to reach the resource. Similarly, resource
quality, that is reservoir temperature, is a design variable. Given the
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Figure 1-1. Schematic of a Hot Dry Rock
electric generating facility. A single-
fracture reservoir in low-permeability,
basement rock is depicted.
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geothermal temperature gradient for an area, the deeper the drilling to establish
the HDR reservoir, the higher are reservoir temperatures. Additionally, well-
flow rates for HDR reservoirs may be set by design within limits determined by
the success of the technology. Conditions determining the chemical composition
of circulated fluids will certainly be site specific and may be important in de-
signing power cycle and reservoir components»{Z).

The fact that the system for exploiting HDR geothermal energy is a manmade one,
in contrast to the natural, wet geothermal system, requires making decisions con-
cerning a wide range of interrelated reservoir, generating plant, and site char-
acteristics. These include installed capacity and design temperatures for the
electric generating plant, HDR reservoir design paraﬁeters (such as, heat trans-
fer surface area ofithe,fracturés and well-flow rates), and geothermal tempera-
ture gradients that relate to plant siting considerations. Most of these are
fixed by site location in studies of natural geothermal systems. As the tech-
nology for exp]oiting HDR geothermal resources differs from that appropriate for
exploiting wet reserves, sokthe framework for economic analyses appropriate for
analyzing HDR systems differs markedly from those appropriate for natural, wet
systems. This notion is developed in.considerable detail in .Section 3.

The United States' first circulating system for extracting heat from hot granite
below the surface of the earth was completed by scientists -at LASL in June 1977
under the sponsorship of the US Department of Energy. The experimental HDR re-
servoir, located in the Jemez Mountains in central New Mexico, has a vertical
depth of about three kilometers, with an initial downhole temperature of ~185°C.
Since June 1977, an active. program of experiments and tests aimed at understand-
ing reservoir performance. and characteristics has been ongoing (8-10).

Because the technology for deyelobing,ahd exploiting-HDR reservoirs is in.its in-

fancy, values. for critical reservoir parameters can only be bounded ‘within a

broad range at. this.time.. However, a methodethat;alﬂows,for early. economic trade-off

. analyses based on parameter values uﬁthin:these broad‘ranges may be worthwhile

for a number of reasons. Experimental‘research on HDR reservoirs must compete

“with other research .for funding, and a method that generates 1ns1ght as to the

necessary cond1t1ons for commercially feasible HDR-produced electricity may then
be useful in considering the relative priority of HDR in new technology research.
Further,ephysicaliscientists}at LASL face a wide range of alternatives in terms




of major directions for future phases of HDR research. These choices may be
influenced by information as to the sensitivity of HDR system costs to changes in.
these reservoir parameters. Finally, economic analysis of HDR-produced electric-
ity may be of value to the broader research comunity concerned with analyzing

and forecasting future economic conditions as they reflect alternative scenarios
related to the nation's energy situation.

It is important that the results reported in this study be viewed within the con-
text described above. For the analytical method developed, a proven technology
for HDR-produced electricity is assumed. The results from the models dévé]oped
below are then of the form: given that reservoir parameters for this proven tech-
nology take on “these" values; “these" are the appropriate management choices and
costs for the system. Different values for reservoir parameters wi11,'howe9er,
yield different economic trade-offs and system costs. Analyses must then be (and
are) conducted for a wide range of variations in values for key reservoir para-
meters. '

The expositional structure of this study is as follows. In Section 2 a heuristic
description of the technical and economic issues, which are relevant for the ex-
ploitation of HDR geothermal resources, is given. This section is purposefully
nonrigorous and is intended to provide the nontechnical reader with an insight
into the engineering-economic issues relevant to HDR systems. For more detailed
engineering descriptions of LASL's HDR system, a number of publications are
available (6, 9-11).

Section 3 is concerned with the first purpose of this study: the development of a
method for evaluating the economic trade off of HDR-produced electricity. The
rationale and need for a new methodology for evaluating an HDR system is discussed
and the justification for using particular economic concepts is given. The method,
an intertemporal optimization model based on a dynamic programming computational
algorithm, is presented along with a description of data and parameter sets that
are used for empirical applications of the model. Then a summary of parameters

and variables is given; and the plan for analysis is described. Concluding re-
marks relate to the caveats that must be considered in interpreting the results
from model solutions given in later sections.

Sections 4 through 7 deal with the second purpose of this study: parametric ana-
lyses. Results from the analytical model as they apply to a reference case are
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analyzed in Section 4; drilling and management strategies for an optimally de-
signed and operated HDR system are described. Attention is focused on parametric
variations in plant design temperature in Section 5. Important resource, plant
engineering, and reservoir design parameters, especially as the latter relates to
temperature drawdown, are considered in Section 6. Parametric variations for
economic parameters are analyzed in Section 7.

In the concluding Section 8, ramifications of the parametric analyses for future
HDR research are suggested. Also, an effort is made to use the multifarious
analyses of the study to focus on the speculative question: What might be some
of the minimum conditions for the commercial feasibi]ity of HDR-produced
electricity? ’




Section 2

TECHNICAL AND ECONOMIC ISSUES RELEVANT
FOR THE EXPLOITATION OF HDR RESERVOIRS

THE HDR FACILITY

To provide the reader with some insight into: the nature of .an HDR facility, we
‘begin with the following extremely simplified characterization of one process by
which HDR reservoirs are created and used for electricity generation. For the
following discussion, refer to the schematic representation of the HDR reservoir
and the associated electricity-generating facility shown in Figure 1-1. A bore-
hole, referred to -here as a well, i$ drilled into the ground to a depth of be-
tween.3 and 10 kilometers (km), -Depending on the heat flow and geological char-
acteristics of the .intercepted region as the well extends deeper, the average-
temperature -of the surrounding rock increases. At depths between 3 and 10 km,
low-permeability, crystalline basement rock at temperatures in excess of 150°C
may be encountered, thus the.description: "hot dry rock."

Once the well has been drilled into a region of hot dry rock, one or more Targe
fractures are created in the-hot granite by pumping water into the well at high
pressure. .. Such -hydraulic-fracturing techniques- are commonly used to enhance re-
covery in oil/gas reservoirs. Fractures in the HDR reservoir will have radii
from 100 to 500 m or more with a maximum aperture of ‘about 5 millimeters (mm) or
less.  As discussed below, a very large single fracture (radius of 1000 m or
more) may result: in negligible temperature Tosses but will suffer from the con-
sequence of averaging fluid outlet temperature between the 1nJect1on and produc-
tion we]l and may not have the stability of smaller fractures. ,

_ With the reservoir estab]ished, a second well is drilled to enter the’fracture(s)
some distance above the first well. With the second well completed, a system for
circulating water is established. Water s injected into one well under
pressures suff1c1ent to avoid vaporization. - 'Ehergy in the form of heat is
transferred to.the water as it flows across the rock surface, and the heated
water then returns to the surface through the recovery well at temperatures above
100°C for use in generating electricity.
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It can be expected that as water circulates through the HDR reservoir, return
flow will carry dissolved minerals and suspended solids. Poor water quality may
cause scaling, fouling, or deposition problems as are often encountered in V
liquid-dominated systems. Although all dimensions of this problem for HDR
reservoirs are not presently understood, there are no indications to date of
water quality problems from LASL's brief experience with HDR experiments at their
Fenton Hi1l site (7, 10). These problems aside, however, an HDR system consists
of a closed-Toop circulation system, in which case the environmental impact may
be extremely low. Furthermore, assuming minimal risk of induced seismicity from
pressurized fractures, it is probable that HDR facilities can be located in'or
near urban. centers.

The technical feasibility of many facets of HDR systems has been demonstrated in
the first field experiments being conducted by LASL at Fenton Hill. At present,
a reservoir has been created by hydraulic fracturing in low-permeability, crys-
talline basement rock at ~185°C. The reservoir has been flow tested for 75 days
at a maximum energy extraction rate of approximately five megawatts of thermal
energy [MW(th)J. Although the present reservoir has only 8000 m? of heat
transfer area (effective fracture radius of ~50 m) and is too small to be of com-
mercial value, plans are under way to enlarge this to a 50 MW(th) capacity with
an extended lifetime (10).

Results from the experimental research and conceptual design studies are suffi-
cient to provide a basis for selecting a range of values for HDR system charac-
teristics and costs, which at this stage of development seem to be most important
for assessment purposes. System characteristics are first, geothermal gradients;
second, well-flow rates and reservoir sizes as they affect the rate of reservoir
temperature decline and lifetime; and third, surface plant design as it relates
to the choice of design temperatures and plant capacity. A critical cost in-
volves the drilling of the boreholes for the subsurface system. Management-
related issues associated with these sets of characteristics and costs will be
discussed in detail.

GEOTHERMAL GRADIENTS

One determinant of the quality of a HDR resource is the geothermal temperature
gradient, referred to here as simply "the gradient." It is a measure of the




change in rock temperature encountered as depth changes, normally given in de-
grees centigrade per kilometer of depth (°C/km). Common values for this gradient
in the US lie between 20°C/km in the eastern region and 30°C/km in a large part
of the western three-fourths of the U.S. Gradients for generalized regions in
the continental U.S. are given in Figure 2-1 (12).* In very active hydrothermal
regions, average grad1ents can be as high as 250°C/km. " In conduction-dominated
areas such as that found at LASL's Fenton Hill experimental site, regions with
anomalous heat flow may have average gradients that range from 45 to 70°C/km or
more (13-18). ‘ :

Any effort to evaluate the magnitude of the HDR resource must identify the grad-
ients that can be commercially exploited. This follows from the obvious ramifi-
cations of the gradient on dr1111ng costs. For example,'if we wish to reach rock
temperatures of 2509C»1n an area with an average gradient of 50°C/km, the,pair of
wells required for the reservoir would be drilled to something less than 5 km at
a cost of approximately $6.1 million. To obtain the same rock. temperature in an
area with an average gradient of 20°C/km, the wells would be drilled to a depth
of ~12 km at a cost of more than $226 million.

WELL-FLOW RATES, RESERVOIR SURFACE AREA, AND RESERVOIR LIFETIME

Almost everyone has had the experience of walking barefooted on a cement driveway
or sidewalk on a hot, sunny day. If one pours water on the cement, the tempera-
ture drops as heat is transferred to the water., How fast the cement cools de-
pends on the rate at-which water is app]ied relat1ve to the surface area of the
cement. ) )

The cement example, however homey, 111ustrates a maJor techn1ca] prob]em in the
exploitation of HDR reservoirs. Heat flows through the rock toward ‘the. fracture
but at a very slow rate because of the low thermal conduct1v1ty of the rock. As
water passes. over the surface of the fracture local cooling of the rock will
take place. Over t1me, the outlet f1u1d temperature will decrease. At issue, of
course, is how fast will the temperature decline; that is, what will be the

*Data n Figure '2-1 are not meant to suggest that these average,gradients are
found "everywhere" in a given region. For any given region, a wide range of
anomalous conditions would undoubtedly exist in "pockets“ throughout the
region--some yielding much higher grad1ents . a
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reservoir's useful "Tifetime?" As in the cement example, this will depend on the
rate at which water flows or is pumped through the reservoir (the "well-flow
rate") relative to the surface area of the fractures. The greater the total
effective surface area of the reservoir, the lower the rate of temperature
drawdown.

Surface Area of the Reservoir

‘As mentioned previously there is an obvious economic incentive to create as/large
a fracture(s) as poss1b1e. There is however;‘a/limit to the surface area that
one would create in an 'HDR reservo1r. This limit is not imposed by costs, but by
natural features of the rock formation and the surround1ng earth-stress field.

The fracture takes on an orientation and d1rect1on determ1ned by in situ stress
patterns of the formation. Furthermore, natural weak reg1ons in the formation,
such as sea]ed old fractures ‘may s1gn1f1cant1y 1nf1uence the initiation and
propagation ‘direction and extent of the hydrau11c fracture.

Ramifications of the direction, or orientation, of the fracture are also import-
ant in determining reservoir performance. The use of nonvertical slanted well-
bores improves the probability of intersecting vertical, hydraulic fractures (see
Figure 2-2A). In addition, to maximize the use of the fracture surface area, the
injection wellbore should be located below the production wellbore and separated
from it by as large a distance as possible. A]though mafntaining maximum separa-
tion distances has the disadvantage of averaging temperatures'over a wider range,
it may significantly reduce the probability of short circuiting.

Larger surface areas for HDR reservoirs may result from natural and/or manmade-
forces. One possibility is that as the surface area of the rock -over which water
flows ‘becomes cooler the crysta111ne rock will crack. ‘Water then flows through
these secondary cracks and crevices, ‘and the total heat transfer surface area is
expanded.  This phenomenon is called thermal- stress cracking enhancement (19-23)
kSee Figure 2- ZB. : :

A second possibility for maintaining temperatures in the HDR reservoir with the
limitations on radii described above is to simply redrill the reservoir when rock
' temperatures in the or1g1na1 reservoir fall beyond some Timit. One may enter the
original wellbores and vertically drill deeper to higher temperatures or direc-
tionally drill somewhat laterally to reach new rock-areas at the‘origina]_rockr
temperature and create a new reservoir. |
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A third possibility for controlling temperature drawdown in an HDR reservoir is
to periodically shut down the subsurface system. With pressure maintained in the
reservoir during the shutdown period, new preferential water flow paths through
hotter areas of the reservoir may result, and thermal redistribution over the
face of the rock and/or thermal recuperation from the influx of energy from sur-
rounding rock may result. These latter possibilities are referred to as a
"healing" process in the HDR reservoir.

Finally, the surface"area of an HDR reservoir may be_expandéd by the initial
creation of a cbnnectéd'sequence of "small" fractures. The creation of multiple
fractures (Figure 2-2C), the summed areas of which are suffiﬁiently large, will
minimize the rate of temperature drawdown (6, 24, 25). Thus, rather than creat-
ing one fracture with a radiu$>of 0.6 km, six connected fractures with radii of
0.25 km may be created. Longef reservoir life (attributable to larger surface
areas) is thus obtained while reducing the uncertainty as to the direction,
orientation, and extent of the fracture.

28
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The multiple-fracture concept -is used for numerical analyses generated in this
study to introduce the dimension of a variable finite rate of drawdown. Each
fracture is assumed to have a radius of 300 m, and fractures are horizontally
spaced at intervals of 50 m to avoid thermal interaction. As the number of frac-
tures is increased, the effective surface area for the HDR reservoir is corres- -
pondingly increased and the rate of drawdown decreased.

The Well-Flow Rate

The impacts of various well-flow rates on temperature drawdown were mentioned
above. Of course, the well-flow rate can be varied. During periods when Tow
flow rates are used, conditions analogous to the healing process described above
for well-shutdown periods may result, in which case the reservoir lifetime may be
affected by periodic variations in well-flow rates. However, the electric gener-
ating plant will be designed for use of a particular flow rate (referred to as
the "désign well- f]ow’rate“) Lowering the well-flow rate below the design rate
in an effort to pro]ong reservoir lifetime will then result in decreased effi-
ciency in the power p]ant and Tower the initial levels of electrical output.
Thus, during any period’ in which lowering the well-flow rate is under considera-
tion, the relevant management issue is whether or not the benefits of a pro]onged
reservoir life exceed the value of losses in electrical output dur1ng 1n1t1a1
periods. ‘ ‘ '

An admittedly simplified method of treating reservoir life as it relates to re-
servoir size and well-flow rates is used in this study. Temperature drawdown in
the HDR resérvoirs is related to the effective area of the reservoir (denoted S,
in square meters) and well-flow rates (deneted m, in kilograms per second, kg/s)
by a simplified “error function", erf(m,S), which is described in some detail in
Append1ces A and B. S T :

Denoting the design well-flow rate as riy, it is assumed that periodic power
'output from the electric generating plant varies proportionally to ﬁ/ﬁd.A

THE ELECTRIC GENERATING PLANT

The thlrd set of HDR system character1st1cs of 1nterest here is that wh1ch ln-'
- cludes the des1gn and sca]e of the HDR power p]ant. The thermodynam1cs of the
power-generating cyc]e relevant for HDR-produced electr1city 1nvolves a hnde
range of prob]ems and issues of central importance (8, 26, 27).




The analyses that follow are based upon the use of a binary cycle power plant
with mechanical draft condenser/desuperheaters (dry cooling towers), where the
cost of the power plant has been minimized for various fluid temperatures by
varying the plant's design and operating conditions (g, 26). Two characteristics
of this plant are of particular interest for these analyses: the plant's instal-
led capacity, [expressed in megawatts of electricity, MW(e)] and the temperature
of working fluids for which the plant is designed (denoted T4, in °C). These

two characteristics of the power plant are given particular attention because of
their direct impact on revenues and costs for the HDR facility.

The relevance of installed capacity to revenue-cost valuations is perhaps the
most obvious. - First, the cost of the power plant increases proportionally to

its installed capacity when its installed capacity is =50 Md(e). In other'
words, because of the inherently Tow conversion efficiency of the plant‘and the
equipment sizes, such as heat exchangers that tend to be very large with multiple
units. required, economics of scale are not important above 50 MW(e). For instal-
led capacities below 50 MW(e), however, the cost per unit of installed capacity
is inversely related to the size of the power plant. Second, increases in-
installed capacity imply the need for increasing numbers of reservoirs (pairs of
wells) to supply the power plant. These result in proportionally higher
increases in drilling costs.

The choice of the power plant's design temperature will also impact the HDR
facility's revenues and costs. Recalling the discussions above concerning poten-
tial rate of temperature drawdown in the reservoir, as the temperature of fluids
from the HDR reservoir fall below the design temperature, efficiency is lost in
the power-generating cycle and electrical output and revenues decline. An
-especially difficult problem therefore involves the selection of a "best" design
temperature for the particular physical character1st1cs of the HDR site and for
the expected future time path of reservoir temperatures.

The plant's design temperature affects costs in two distinct manners. First, the
higher the design temperature, the higher the temperature of geothermal fluids
required to maintain efficiency in the power plant, and therefore, all else
equal, the greater the depths required for the HDR‘reserVOirs. Of course, drill-
ing costs increase very rapidly as one dri]ls:to greater depths, and higher
design temperatures then imply higher drilling costs for the HDR facility.
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The second impact on costs related to the plant's design temperature involves the
number of reservoirs required by the power plant (similar to the impacts of
installed capacity). As the design temperature changes, the design flow rate of
geothermal fluids through the plant changes; thus, the design temperature deter-
mines a plant design-flow rate (Md in kg/s per megawatt of installed capacity).
The plant design-flow rate is inversely related to the design temperature; that

, higher design temperatures imply lower design-flow rates. The number of HDR
subsurface systems N required by the power plant is detenn1ned by the Eq. 2-1,
where Q is plant capac1ty in MW(e) '

Q'Md

Ly - : . h ' N

(2-1)

N =

Therefore, for a given design well-flow rate and installed capacity, higher de-
sign temperatures imply lower plant design-flow rates My, thereby reducing the
required number of subsurface systems. From this ratio the basis for the argu-
ment made above concerning installed capacity is clarified: higher installed
capacities increase the number of required subsurface systems, and therefore,
drilling costs. Thus, higher design temperatures may increase individual well
drilling costs by requiring that reservoirs be drilled to greater depths but de-
crease both the costs of the electric generation plant, because of improved effi-
ciency, and well costs‘by’reducing‘the"required number of subsurface systems.

WELL DEPTHS AND DRILLING COSTS FOR HDR RESERVOIRS

The critical role of well depths and the associated dri]11ng costs has been
alluded to in several 1nstances in the d1scuss1ons above. These expend1tures are
such an 1mportant cost component for HDR systems that they warrant partvcu1ar _
attention. For example, in the 50- Mu(e) reference case to be discussed in .
Section 4, the present value of drilling costs (exclusive of the f1u1d-gather1ng
costs) account for 49% of the present va1ue of tota] systen costs ($112 million).

Dr1111ng costs for the HDR' fac1l1ty con51st of four components rig mob111zat10n
and demob111zat1on, initial dr1111ng, redr1111ng, and fluid gather1ng. One could
argue for a fifth component, namely costs incurred for ‘exploratory dr1ll1ng, but
for the purpose ‘of this study these costs are included in startup costs discussed
in Section 3. Rig mob111zat1on and demob111zat1on charges are f]at .fees charged
for setting up and d1smant11ng the dr1111ng rig. As treated in this work, rig
mobilization costs are est1mated at $67,800; $203,400; $339,000; and $474,600 for
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drilling depths to 2025, 2025-4050, 4050-6075, and 6075-8100 m, respectively..
Rig mobilization costs increase with drilling depths simply because larger rigs
are required for deeper drilling. Rig mobilization costs are incurred for
initial drilling activities and any redrilling activities undertaken in later
periods.

The second drilling cost component is the cost of initial drilling required to
establish the HDR reservoirs. The relation used here -to calculate drilling costs
is a modified form of the relation given on pages 80-82 and 128-131 in Ref. (9)
and is based upon an extrapolation of oil- and gas-well costs scaled to observa-
tions on costs for several geothermal wells (28). The calculation of 1976 costs
of drilling one well as specified in Ref. (26) is multiplied by a 13% contingency
factor and a 20% inflation factor and then doubled to state costs in 1978 dollars
for drilling two wells to a depth D (29). Assuming that fractures are oriented
strictly upward from the deepest well. The cost (in 1978 dollars) for drilling a
pair of wells (Eﬁ) to a depth of D meters is

¢, = $174.65 (D) exp(0.00039 D) . (2-2)

This statement of drilling costs is an overestimate in that the recovery well is
actually drilled only to a depth of D-2R, where R is the fracture radius. To
place this cost function in some perspective, average costs for drilling. and
equipping o0il wells along the central California coastal region are given in
Table 2-1 for average depths of 2449, 3376, and 3966 meters by the American
Petroleum Institute. These costs multiplied by two and adjusted for price
changes since 1974 (using the price index of 159.2 from the Report of the Cost
Study Committee, Independent Petroleum Association of America) are compared with
the cost of drilling a pair of wells calculated by Eq. 2-2.

From the discussions above concerning design temperatures, recall that the HDR
electricity-generating plant will require N pairs of wells determined froﬁ

Eq. 2.1. Recall also that each of these HDR subsurface systems has F fractures,
where each fracture has an aésumed effective radius of 300 m. The F fractufes
are spaced horizontally at‘SO-m,intérvals (see Eigureqé-zc).. The relation given
in Eq. 2-2 is used to estimate drilling costs for two wellbores at an a?érage |
'depth of D meters, and, by assumptioh, establishihg the first of the F fractures.
Additional drilling is requirédrto establish the remaining (F-1) fractures,




TABLE 2-1
ESTIMATED DRILLING COSTS

Estimated cost

- Estimated Well-Pair . for drilling
Drilling Depth Cost Using Eq. 2-2 , 2 0il wells
(m) (thousand 1978 §) - (thousand 1978 §)
2449 2219.6 867.8
3376 o 3030.6 - 18.97
3966 | 4097.5 . 24.97

namely, the additional drilling of (F-1)50/sin 6 meters, where® is the angle from
the vertical used in this directional drilling.: Because the specification of ©
has not been fully established, an angle 6 of 90° was used in this report. This
characterizes a horizontal step of length (F-1)50 meters out of the vertical
section of the borehole and probably over-estimates the linear drilling distance
required to establish the reservoir using a gradually curving wellbore. Costs
incurred for each subsurface system with F fractures are then given by

sin 6 s$in

& = $174.65 exp {6.00039‘ [D,+ Pl 50]} [D + 45 go] (2-3)

Total dri}ling,cosfs_CDL%or the initial establishment of the N HDR subsurface

systems is thus

LN N o oooae (g 4 BOF = 50 -
= — $174.65 exp|0.00039 (D + XL=2)f} (2-4)
my o sin © : ,

sin 8

2-11




The third component, redrilling costs, is really little more than an extension of
CD above. As depicted in Figure 2-2A, we allow here for the possibility of
redrilling to establish new HDR reservoirs. The process involves reentering the
original boreholes and directional drilling to new areas of the rock some
distance from the original holes. After this process, the F fractures are
reestablished at rock temperatures equal to initial rock temperatures plus the
increase in temperatures associated with the greater depth.

Costs of redrilling include rig mobilization costs (Cpy) and drilling costs

that are determined by calculating the increase in drilling costs associated with
drilling 150 meters beyond the original drilling depths, plus the cost of re-
establishing F fractures. Thus, if CD is the cost of drilling to an original
depth of D meters, redrilling costs would be

Cop = (N $174.65 [D + 150 + S0(F-1 ] exp { 0.00039 [D + 150
sin 8 .

50(F-1) ey
¥ +Coy - Cp - (2-5)

sin 6

The final component of drilling costs is a onetime charge incurred with original
drilling, which is the cost of constructing the fluid gathering system for the N
subsurface systems. The costs of pipe and equipment for the fluid gathering sys-
tem is taken to be proportional to the Tinear footage required to make pipe
connections among corners of an array of equilateral triangles as shown in

Figure 2-3. Pipe costs are estimated at $4.92/inch diameter/foot of length in
1978 dollars. A 12-inch pipe diameter is assumed for all pipes. This implies
that fluid from outlying wells is piped directly to the plant's central gathering
system. For the six wells in the inner hexagon in Figure 2-3, pipe length is 600
feet. For the 18 wells in the outer hexagon, pipe length is assumed to be 1200
feet. For wells lying beyond the outer hexagon, pipe lengths of 1800 feet are

assumed. Thus, denoting piping costs as cpipe’

c

($70,848)N, N<6 o
($70,848) (N - 6), 6 <N<18 (2-6)
($70,848) (3N - 24), 18 < N < 36

pipe




WELL A
~

Figure 2-3. Schematic of the triangular
grid system for well siting.

In summary, total drilling costs for the initial establishment of the HDR reser-
voirs is given by

DCy = Cpm + Cp * Cpipe - (2-7)




Section 3
- METHODOLOGY

The purpose of this section is to describe the general methodology used in this
report to analyze HDR-produced electr1c1ty. To this end, we present the ration-
ale for using an opt1m1zatlon framework and discuss a nunber of economic concepts
as employed in this study. The optimization model is ‘described, and ranges for
the parametric»vaiues used for analyses are presented and discussed. The use of
the model to generate busbar costs is described and followed by a summary of re-
servoir and economic parameters. The section is concluded with a discussion of
the plan for analyses, and major caveats as they app]y to the methodological
approach used.

METHODOLOGICAL ISSUES

Justification for an 0pt1m12at1on Approach

There are a number of approaches commonly used in assess1ng the feas1b111ty of
power-generating systems, one of which is the Revenue Requ1rement approach.
Revenue requirements are "the amounts that must be covered to compensate the uti-
Tity for all expenditures made as a result of implementing an investment deci-
sion." As such, revenueyreqdirements include "fixed costs, such as return on
investment,”depreciation and taxes, that result from having made an investment;
and operating costs, such as fuel costs and 0&M costs, that result from the use
of an 1nvestment. Such costs may then be expressed as a "leve11zed" annual
payment ‘and th1s 1eve11zed annua] payment, divided, by annua] power output, may
be 1nterpretedras>a busbar cost (30).

It would be desirable to use this well-established method if a]l else was equal.
However, the problem, as one m19ht ant1c1pate, is that all else is:-not equal.

The most basic requ1rement for _using the Revenue Requ1rements approach for evalu- .

ating an HDR fac1]1ty is that a]l costs can be estimated in advance. A moment's
'reflect1on concernlng plant-reserv01r 1nterdependenc1es and trade-offs discussed
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in Section 2 is sufficient to suggest that such costs cannot be defined in ad-

vance for the HDR system. A given set of parameters, particularly the plant's

optimal design temperature Ty, and therefore minimum plant costs, is determined
conjunctively with optimal reservoir design and management strategies.

To illustrate the inability to specify system costs for an HDR facility before-
hand, consider the economic trade-offs that must be incorporated into the deter-
mination of an optimally designed and managed HDR system. This determination
must precede estimates for system costs. An appreciation for these trade-offs
will be particularly useéful in understanding the methodology used in this study
as it contrasts with other approaches for evaluating electricity-generating
facilities.
First consider the problem of selecting an optimal design temperature Tge As
noted above, as Ty increases the following obtain:

e Costs in $/installed capacity for the generating plant

decline (see Eq. 3-8). :

o The required number of HDR reservoirs (pairs of wells)
decline by the resulting lower design-flow rate Md'
Thus, total well costs decline (see Eq. 2-4, where
ON/3Ty4 < 0).

e Drilling costs per pair of wells increase. Higher values
of T, imply higher required reservoir temperatures
(for any given level of plant efficiency), and higher
reservoir temperatures are obtained only by deeper
drilling.

Thus, as Ty increases, lower costs for the generating plant and total well
costs (by reductions in the number of reservoirs) are traded off against higher
drilling costs per well. An optimal value for Tq 1s then one which in some
sense balances these two opposing effects associated with changes in Ty. Note,
then, that an optimal plant design is inextricably related to an optimal reser-
voir design. Furthermore, the decline in the required number of reservoirs,
which attends increases in Ty, may also imply lower fluid gathering-pipe costs
(see Eq. 2-6).

Second, given a design temperature Ty and the resu]tiﬁg design well-flow rate
My, the choice of well-flow rates g (for each reservoir) also involves a
trade-off. As My falls below the design rate mq in any period t:

o The value of power output falls in the period t as a result
of decreased plant efficiency.
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e Temperature drawdown in the reservoir is diminished,
which implies greater thermal efficiency and perm1ts higher
levels of power output in all later periods.

In any period t, then, an optimal Tevel of the well-flow rate ﬁt is one wherein
the loss in power output (as a result of an incremental variation in mt) is

just balanced with the present value of increased power output in future periods
that results from reduced temperature drawdown.

Third, as is obvious from Eq. 2-2 and 2-3, drilling costs for each pair of wells
increase exponentially with drilling depths. Given a design temperature Tg> @
multidimensional trade-off is ‘involved in choosing initial drilling depths, as
well as for the intertemporal staging of redrilling activities. In terms of the
choice of initial drilling depths: ‘

e Higher drilling depths imply greater plant efficiency and
greater values for periodic power output. -

e Higher drilling depths, beyond that required to provide
reservoir temperatures that equal T4, delay the need for
redrilling for any given pattern of temperature drawdowns.

e Higher drilling depths imply h1gher (exponent1a]1y increasing)
drilling costs.

In terms of the periodic question as to whether or not redrilling should occur:-

o Redrilling results in the reestablishment of initial reservoir
temperatures, in which case current and future efficiencies and

therefore power output are increased.

¢ Redrilling requires h1gher costs per meter drilled plus rig mobil-
~ization costs. oo

An optimal. drilling Strategy;,bne.whjch is dinextricably tied»td‘an optimal plant
design, balances the temperature-related benefits with the associated .cost.

From these discussions it is obvious that the determination of minimum costs for
an HDR;facility,rwfthin_therconteXt of an optimally designed and managed system,

*

Future redr1]11ng requires the fixed rig mobilization costs. Thus, it may be
opt1ma1 to incur the higher marginal drilling costs initially, which does not
increase revenues, but does provide excess ‘temperatures to postpone ‘the rig

mobilization costs for redrilling.
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is not a trivial effort. Such costs must be determined within a framework that
deals with all the trade-offs described above. -

This discussion was not meant to preclude the use of the Revenue Requirements
method, especially given a proven HDR technology and considerable experience with
such systems. = For example, through experience with these systems, it may even-
tually be known that, for areas with a particular temperature gradient, .certain
values for T,, drilling depths, and well-flow rates; will be most economic .and

a particular pattern of temperature drawdown will occur and will require a
specific manner of redrilling. Under such circumstances, costs may be estimated
in advance, and the Revenue Requirements approach may be used to estimate
levelized busbar costs. The need for mofe'compIex analytical methods to evaluate
HDR facilities is then simply a reflection of the pre1iminaiy stage of -
deve]oﬁment for this potential energy resource.

In summary then, fhe objective of this study is to evaluate HDR-produced
electricity with the wide range of management issues and physical/economic
trade-offs outlined above, examined as to their impacts on firmm profits and
revenues. For this purpose a profit maximization framework is used. An
alternative would be a cost minimization approach. However, optimal management
is also a function of revenues (prices) as discussed above.

Taxes and Discounting

For any process that involves a flow of revenues, or costs,vor both over time,
these flows must be adjusted to add revenues and éosts, that is, revenues and
costs are measured in terms of their value at a specific time. Let t;, t,,

and t* denote, respectively, the time at which initial costs for exploration,
development activities, etc. begin; the first year of operation of the HDR plant;
and the end of the planning horizon. If the base or accounting year is tl’ all
values for periods ty <t S.t* must be discounted. If the base year is t,,
‘values incurred during periods t; < t < t, are compounded whereas values

incurred during periods té <t( t*, are discounted. If t* is the base

year, all values incurred during periods t Lt« t* are compounded to period

't*.

In this work, t, is used as the accounting base period. Thus, all exploration-
development costs, as well as plant construction costs, are compounded to year
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ty. The. interest, included in such costs and resulting from compounding,
corresponds to theé well-known "interest during construction" (IDC) cost
component. All costs incurred and revenues received after year one (tz) are .
discounted to year t,. Thus, postoperational values are expressed in terms of
their present value, and year‘t2 becomes t = 1 for accounting purposes.

In this work we assume that all.preoperational costs are met from the sale of
bonds that must earn .i% per year.v'The staging of preoperational costs is given
in Table 3-1, Denoting_col, Co2se++Cog as preoperational. costs

incurred in years 1, 2,...9, these costs plus accumulated compound interest,
denoted Cé and evaluated at the first year of operation, are given by

9 B
Cé =:£ Cét (1+ 1)9'“ oL S (3-1)

m=1

Table 3-1
* PREOPERATIONAL COSTS

Estimated Exploration, Leasing, and Development Costs
For a Hot Dry Rock Power Plant

Years to Start

of Production ‘> ' ' Type of Act1v1ty Cost ($1978)
9 Power Plant Site Purchase 125,000
9 Leased Well Site (Per Pair
of Wells) 4 293
8 ' Geophysical Surveys for S1te_v e ,
- Reconnaissance ‘ © 131,000
7 ‘ Geophysical Surveys for Site '
: Selection 131,000
7 : " Shallow Exp]oratory Drx]llng“ e R
. .. .. .. (5holes) , . 262,000
6 ST s Deep-EValuation“DfiTling o R
(1-3 holes) , 2,360,000




Suppose, for this case, that C; is not paid to bondholders until the end of the
planning horizon t*, Cé plus accumulated compound interest at the end of
t* is given by ’

S yt* -
Co = Cqo (1 + D)V, (3-2)

where i is the rate of interest. Interest paid on bonds is tax deductible, how-
ever. Assuming an average income tax rate of 51%, the value of preoperational
costs plus accumulated interest at the end of year t*, net of the tax deduc-
tion, would be

* . .
Co = Co (L+ D) = [Cg (1 + ) - L1 051 . (3-3)

In evaluating Eq. 3-3 at the beginning of the planning horizon t = 1, it is
assumed that these costs, which are primarily associated with the generating
plant, are discounted at the rate i. Using i as the discount rate, the present
value of Eq. 3-3 at t = 1 is given by

Co=Cy{1-05001-(1+ i)t} | (3-4)

A1l drilling and fluid-gathering costs are assumed to be financed from stocks,
which would undoubtedly require a different and higher rate of return. Denote
this rate of return by R% and let the "appropriate" discount rate be r.

Denote periodic revenues, net of 0&M costs and revenue taxes as Ry, and denote
periodic drilling costs as DC,. The value over t* years at t* of Rt

minus DCy is given by

*

i [Ry (1+ ?)t*'t - oc, (1 + r)t*'t] : (3-5)
1

The rate of return paid on DCi-type debts must be from profits and is thus
subject to state and federal income taxes. An average income tax rate of 51% is
used here. DCi-type debt, adjusted for income taxes, is then given by

t* . t* .
z oc, (1+ r)t -t z [Dct (1+r)t-t. nct] (0.51) . (3-6)
t=1 t=1 ‘
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() The present value of revenues minus the present value of DCi-type costs, in-
cluding income taxes, is denoted Gy« (0,0) and is given by the following
(assuming r = ?).' Lo

t* o *
G,«(0,0) =Z€ Ry (1+r)7 -[»ﬁ; bc, (1+r)7t (1.51) -
t=1 t=1

DC, (1+r)"* (0.51) ] . (3-7)

This admittedly cumbersome method of discounting is necessitated by the diffi-
culties associated with accounting for income taxes, and it would be desirable to
compute income taxes on,ankannual or periodic basis. We have no mechanism for
assuring that revenues will be available for payment of taxes in any specific
period, given the structure of,the dynamic programming algorithm. Thus, taxes
are paid at the end of the.planning .horizon in this modeT, and the effect of
periodic payment of taxes is preserved inasmuch as accumulated compound interest
on tax liabijlities is included as a cost.

The choice of interest on bonds i, interest on stocks r, and the discount rate ?,
is a matter of judgement. Nominal debt and equity rates of return will reflect,
among other things, risk and inflation, Since all values used in this study are
in constant 1978 dollars, debt and equity rates used here must be "real"--infla-
tion-free--rates of return. Based on rates currently paid by utility companies,
real debt and equity rates of 3% and 6%, respectively, might be appropriate, all
else equal. The use of these rates, however, would 1mp1y that HDR facilities
would involve the same degree ‘of risk and uncerta1nty as existing electric gen-
erating facilities. Should HDR evolve into an "off—the—she]f“ technology, there
would be not real basis for ‘arguing that HDR would involve more or less risk than
one faces in current commercial technologies. At this stage of technology devel-
opment, however, a conservatlve approach to this. 1ssue would requ1re that we
o assume a hlgh degree of risk and uncertalnty for HDR systems. Thus, in the ref-
erence case developed be]ow, real’ debt and equxty rates of i = 9% and r = 12% are
used. These hlgh adm1tted1y arb1trary, real rates are used 1n the reference
case purposely to 1mpose risk premiums on the HDR fac111t1es because of an
assumed risk and uncertainty assoc1ated unth ear]y commerc1al1zat1ons of the
technology. 0f course, lower and h1gher combinations of i and r are used in
parametrio aha]ysis.' In general preoperat1ona1 costs {Eq. -4) are discounted
\EJ at the rate i and DCt-type costs are discounted at the rate r, that is, two
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different real discount rates are used. Thus, the generating plant and the
power-producing activities are treated as separate entities for the purpose of
accounting, reflecting to some extent, the differences in risk between the two
operations. For all other purposes, however, the two operations are viewed as a
single _management entity.

Time Horizons

The planning horizon of t* years, relates directly to the assumed useful life-
time of the HDR system. Useful lifetime of the HDR reservoir is mainly deter-
mined by reservoir temperatures (see Section 2), however, new reservoirs may be
established at any point by redrilling. Other system properties that also affect
the useful lifetime of the power plant include the level of maintenance expendi- -
tures and the quality of the geothermal fluids as it relates to the scaling and
fouling of plant equipment (pipes, heat exchangers, condensers, etc.). Although
results from limited experiments at LASL suggest that water quality may not be a
substantial problem in HDR systems, particularly relative to these problems
experienced with some liduid-dominated systems, system lifetime for HDR systems
is currently an open question.

For the reference case a 30-year life is used, but parametric analyses are con-
ducted using time horizons of 20, 40, and 50 years. The intent is to simply pre-
sent results that would obtain for a system with a 20, 30, 40, or 50 year life-
time.

Surface Plant Costs

The cost of the generating plant Cp was estimated using
Cp = Q [$976,910 - 2,146 (Ty)1 (3-8)

where 100°C < T4 < 300°C, and 50 MW(e) < Q < 100 MW(e). This equation for sur-
face plant construction costs was adapted from results presented by Milora and
Tester (26). These costs are estimated to be a_decreasing linear function of de-
sigﬁ temperature between 100 and 300°C and directly propdrtiona]vto capacity
above 50 MW(e). Milora and Tester's original estimation equation was then scaled
up by 10% to allow for inflation to 1978 prices. o

Although the derivation of Eq. 3-8 is nbt presented here, several 3mportant fea-
tures should be noted. First, to calculate an estimate of the fixed capita]




investment, a factored estimate was used for direct and indirect cost factors
combined with the total purchased cost of major equipment associated with power
conversion. For the binary fluid cycle, this equipment included a primary heat
exchanger, desuperheater/condenser, wet or dry cooling towers, turbine, genera-
tor, and feed pump. The direct cost factor covers the costs of plant piping,
buildings and structures, instrumentation, and equipment installation. The in-
direct factor covers engineering fees, contipgency, escalation during construc-
tion, and envirommental impact;' The application of these cost factors resulted
in an installed, surface plant cost of 2.8 times the purchased cost of the major
equipment. Plant capacities in the 50 to 100 MW(e) range were used. Heat ex-
change equipment costs were estimated using empirical correlations, which gave
component costs per unit surface area as a function of construction material and
shell- and tube-side pressures. Turbine and pump costs were also generated empi-
rically, based on such things as number of stages, exhaust-end pitch diameter,
casing pressure, bladetip speed, and construction materials.

The cost equation for the plant was obtained by averaging a number of binary
fluid cycle case studies, with geothermal: fluid source temperatures varying from
100 to 300°C. For each fiuid=alnumber of heat rejection temperatures (27, 37,
and 49°C) and designs were also pursued. \Optimal operating conditions minimized
the surface plant costs. Parameters that were varied included primary heat ex-
changer and condenser approach temperatures and cycle operating pressure from
subcritical to supercritical operation. '

Equation 3-8 was constructed as a guide -to show the effects of temperature on
surface plant costs. In general, it'should be used cautiously, keeping in mind
that surface plant costs can easily vary by +30% using any number of design
possibilities. Once a specific'site has been selected, more specific plant
designs can be considered.

The power plant costs were then distributed over an estimated five-year construc-
tion period: 10% cash outlay in the first year, 17% in the second year,

and 24.33% in the third, fourth, and fifth years of construction. In keeping
with the feasibility criterion, these staggered construction costs were all com-
pounded by the appropriate real discount rate (9% in the reference case) to the
beginning of plant operations. '




Other Prices and Costs

In addition to the method used for estimating costs for drilling activities
described in Section 2 and exploration/development costs given in Table 3-1,
other cost-related itemé used in this work are as follows.

e Revenue Tax: 2.5% of gross revenue.

e 08&M Costs: 1.3 mills/kwh.,

e Property Taxes: paid annually on 1/3 of undepreciated value
of C.. A straight-line depreciation schedule is used, and
a taX rate of 0.026421 is assumed. .

o Working Capital: 10% of Cp is maintained.

THE OPTIMIZATION MODEL

The optimization model used for this study employs a dynamic programming algo-
rithm. The model, as implemented, is structured so as to minimize its computa-
tional requirements. The state variables of the model are the reservoir tempera-
~ ture (T¢, in °C) at the beginning of stage (time period) t and the established
drilling depths (D¢, in meters) at the beginning of stage t. Choice or deci-
sion variables are well-flow rates (my, in kg/s) for the HDR reservoirs and the
depth of drilling or redrilling (dy, in meters) during stage t. Terms used in
sumarizing the model are defined in Appendix C.

The model is formulated as follows.
Maximize

G¢ (T, D) = [(REV - 08M) - DC, (TAX,)

+ (1 + 1)1 Gray (Tea1s Des)d- Co (3-9)
subject to
Tgep = T¢ - erf(mg,S) , ifdg =0 (3-10A)
= [15°C + (Dg + dt - R) VT] erf (hg,S) » ifdg>0 (3-108)
Dt+1 = Dt . dy . T : : o (3-11)

The operation of this model can be described as follows. Gi(T¢, Di) is a
measure of the present net value of profits from the sale of electricity for an
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N-stage planning horizon; t = 1, N; given that the system begins stage t with
reservoir temperatures T and established drilling depths D¢. This measure

has four principle components, three of which are described in considerably more
detail below, and preoperational costs C, which were described above (see Eq.

3-4 and Table 3-1). The first component ‘is revenues (net of gross revenue taxes)
from the sale of electricity during stage t (REVt) less 0&M costs. The second
component is the drilling Cdst, incurred'during.stage t (DC¢) adjusted for in-
come taxes (TAXt). The remaining component is the maximum present value of
profits from the next stage of operation (t + 1) when reservoir temperatures and
established drilling depths have values Tiy; and D¢41; respectively.

The values for Ti4; and Di4] depend, of course, on decisions made during stage t.
By Eq. 3-10A, if there-is no drilling of redrilling during stage t, temperature
drawdown in the HDR reservoir occurs, and the percentage decline in temperature
is derived by the error:function erf(mt,s)--higher well-flow rates ﬁt during

t increase the rate of”temperature drawdown'-for a given reservoir size (S). By
Eq. 3-10B, if drilling or redrilling takes place during t, initial reservoir tem-
peratures are enhanced and are at values slightly higher than initial reservoir
temperatures (see Section 2). The Eq. 3-1 simply adjusts established drilling
depths at ‘the end of stage t or the beginning of stage t + 1 to reflect drilling
during stage t. o

By finding the maximum of Gj(Ty, D), where T; = 15°C (the reservoirs have not been
established) and D; = 0 (no drilling has occurred), we can establish both the
maximum value of system profits net of taxes over the lifetime of the system and
the time path of drilling and flow rates that achieve this maximum value. Thus,
the system is evaluated at its economic.optimum, given the system parameters
(including initial conditions) andﬂperformance-characterization.

Attention is now turned to a detailed description of the methods used in calcu-
lating the components of Eqs. 3-9 through 3-11. ' :

CaTcu]ation of Gross Period Revenues

" The calculatidn of periodic revenues involves the SOlution of

CREV = p(1 - E)f (Tg.Ta) ~Q-8760 CF-Zy mg/mg . (3-12)
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In Eq. 3-12, p is the selling price/kWh of electricity at the busbar, and E is
the gross revenue tax rate. The remaining six terms determine power output in
kWh during stage t. Q is the installed capacity in M(e); 8760 is the number of-
hours in a year; and CF is the capacity factor, the average output of the plant
as a proportion of rated capacity given anticipated downtime for repair and main-
tenance (varied in this work between 70-85%). The ratio m¢/mq is the ratio -

of the well-flow rate (detemmined endogenously) to the design well-flow rate.
This ratio is restricted to be no less than 80% of the design-flow rate; thus,
the value of power output declines linearly with reductions in ﬁt'below the
design rate ﬁd. Zy equals unity unless drilling or redri]]ing‘takeS'place

If drilling takes place in period t, we essentially assume that the plant is
closed (100-Z)% of the period, and the value of power output during period t is
accordingly Z% of design output. The value for Z used in this work is 96.7%..

Finally, the function f(Tf,-Td),is used to reduce the efficiency of the power

plant in periods wherein reservoir temperatures are less than the design tempera-
ture of the plant (Tq). The variable W= (Tq - T¢)/Tq is the ratio of the’
difference between T4 and average fluid temperatures (T£) and Td' The relationship is
used here to determine periodic output as a function of installed capacity, as is
given in Figure 3-1. A discrete approximation of this relationship is-used in

the model as given by the following.

0.075 < W < 0.125, = 0.75 - 3(W - 0.075);
0.125 < W < 0.250, = 0.6 - 2(W - 0.125);
10.250 < W< 0.4, = 0.35 - 1.33(W - 0.25);

0.4 < W< 0.6, = 0.15 - 0.75(W - 0.4); and -
0.6 <MW, =0.

Thus, as T} declines below T4, power output declines at a rapid rate. If
Ty is less than 40% of Tq, power output is zero.

Other Components of the Model

Other components of the system of Eqs. 3-9 through 3-11 are the following.
Values for design flow rates, as a function of Ty, applicable for a binary

fluid Rankine cycle are based on the relation given in Figure 3-2. The equation
given in Figure 3-2 is the result of a regression of flow rates on Tq using
points along the curve given in Figure 3-2.




C
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The structure used for'calcu1ating drilling costs was described in Section 2 and
the same holds for the temms that adjust costs for income taxes (see Egs. 3-3 and
3-6). Values used for the geothermal temperature gradient T.are 30, 40, 50, and
60°C/km,

The final component of intereﬁt‘here is in the error function erf(ﬁt,s) used in
the transition Egs. 3-10a_and 3-10b to ;a]cu]éte temperature drawdown in the HDR
reservoirs. The error function is taken from the estimates of temperature draw-
down for an ideal fracture with uniform flow by McFarland and Murphy.(31) The
deve]opment of this re]atiohship:between me and‘drawdowns; for a given reservoir
size (see Section 2) is complex, and to preserve the continuity of the arguments
developed here, the exposition of the error function is given in Appendix A. 1In
addition, the nature of temperature drawdowns that result from the use of the
error function are developed in Appendix B for various reservoir sizes with a
160°C resource and a constant flow rate of 75 kg/s.

10 I T T T
08 £(T) = POWER(T)/POWER(];) ~
. '|:1 z100° C i
o6l T,=27°C (HEAT
» REJECTION)
f(m r .
04| -
02 -
o 1 L I N 1
0 02 04 06 08 10

(T1,-TVT,

~ Figure 3-1. Power decline as a function
of the fractional fluid temperature drop
from the design temperature Td.
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USE OF THE MODEL TO GENERATE BUSBAR COSTS

As described above, the solution of the dynamic programming model yields a value,
denoted G1(0,0), vhich is the maximum present value of system profits at the
initial period where Ty = 15°C and Dy = 0. G;(0,0) measures profits after

all costs including interest changes, taxes, and payments to bond and stockhold-

ers have been accounted for. As such, G(0,0) measures excess profits, those
that exist after normal profits have been achieved.

The calculation of G;(0,0) requires the use of a price/kih (denoted p). In
this work p is chosen arbitrarily and then varied until the solution 61(0;0) =0

=]
T

USED IN MODEL”

GEOTHERMAL FLOW RATE {kq/sec per MW(e))
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s - A R-II5
i Thrureme = 85% (DRY) e R-TIT(NH,)]
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Figure 3-2. Binary fluid Rankine-cycles
optimum thermodynamics conditions. Design-
flow rate requirements M, per MW(e) as a
function of fluid tempergture for different
working fluids. Model calculation correla-

ted as

M(T,) = 8.369 x 10° - 1.631 x 101 T,
+1.224 x 107°% Tg - 4.115 x 1073 Tg
+5.179 x 107/ Tﬁ .

Ty = ¢ M(Td) = kg/s per MW(e).
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is obtained. The price p* that results in this condition may then be viewed as
the minimum selling price of electricity at the busbar that Just covers all
required costs. As such, this derived p* provides the measure described as the
Tevelized busbar cost or, more simply, the busbar cost.

RESERVOIR-ECONOMIC PARAMETERS: A SUMMARY

Now that the reader has been exposed to numerous parameter and functional rela-
tions, a summary of the characterization of the HDR electric generating process
will provide an overview of the study. This summary is given in Table 3-2.

PLAN FOR ANALYSES AND MAJOR CAVEATS'RELEVANT FOR THE ANALYSES

As stressed throughout the .preceding sections, the purpose of this work is to
analyze an electricity-producing system whose structure, in terms of engineering
and economic parameters and'characteristics, is in all cases'speculative. There-
fore, we can analyze, or assess only a hypothesized structure for this system and
calculate the busbar price assoeiated with the hypothesized structure. Such an
analytical approach is commonly described as parametric analyses.

A study of sensitivity based on parametric analyses, requires a point of depar-
ture, that is, a reference case. For this purpose a set of parametric values
that appear to be reasonable according to available information are chosen and
used to calculate the referenpe'case conditions, or simply the reference case.
Parametric values and assumptions for the reference case are given in Table 3-3.

The analyses continue from the reference case with examination of the ramifica-
tions of parameter changes on values for p* (the levelized busbar cost), as

well as on opt1ma1 dr1111ng and other management strategies. Parameters and
relations that will (and w111 not) be ana1yzed parametrically in this work are
descr1bed 1n Table~ 3 4, Thus the rema1n1ng sections of this report focus on

: analyses concern1ng the HDR system under the reference case assumptions (Section
4) and ‘with the parametr1c changes described in Table 3-4 (Sections 5-7).

Before beginn1ng these analyses, however, it is 1mportant that the resu]ts d1s-
cussed in the upcun1ng sections be v1ewed within an appropriate perspect1ve. The
optimization model prov1des optimal values for endogenous]y determined variables
for a world that is precisely-described by the model's structure. But this model
is not intended to perfectly or completely describe the socio-institutional,
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Table 3-2

SUMMARY OF RESERVOIR AND ECONOMIC PARAMETERS

Reservoir Parameters

Geothermal Temperature Gradient (vT):

Capacity Factor (CF):
System Life:
Fluid Cycle:

Well-Flow Rates:
Design-Flow Rate:

Design Temperature:
Installed Capacity:

Reservoir Size:

Shutdown Time for Redrilling

Temperature Drawdown:

Plant Efficiency

Economic Parameters

Taxes:

Real Rates of Return:

Exploration, Development, and
Plant Costs:

0&M Costs:

Drilling Costs:

Investment Tax Credits, Depletion-

type allowances:

Functional Relations

. Varied between 20-60°C/km.

70-85%. ,
20-50 years;
Binary fluid Rankine cycle.

Varied between 80-100% of
design-flow rate.

Determined by design temperature
as given in Figure 3-2.

150-235°C.
10-50 MW(e).
Individual fractures have radii of
300 meters. Number of fractures
varies between 3 and 12.

Two months.

Determined by the error function
detailed in Appendix A.

Varies proportionally with the
ratio of well-flow rate to
design-flow rate, and with
geothermal fluid temperatures
(see Figure 3-1).

Functional Relations

51% income tax; 2.5% revenue tax;

using straight-1ine depreciation;
2.6421% property taxes are charged
on one-third of the undepreciated
value of plant costs.

On debt, i = 3, 6, 9-12%

On equity, r = 6, 9, 12, 15, 18,
and 21%.

See Table 3-1 and Eq. 3-8.

1.3 mills/kWhrand varied.
See Eqss 2-2 through 2-7.

None.




Table 3-3
PARAMETER VALUES AND ASSUMPTIONS FOR THE REFERENCE CASE

Reference Case Conditions

Real Rate of Return on Equity = 12.0%

Real Rate of Interest on Debt = 9,0%

Number of Fractures = 6

Fracture Radius =300 m

Geothermal Gradient = 40°C/km

Plant Design Temperature = 160°C

Maximum Well-Flow Rate per Pair of Wells = 75 kg/s

Capacity Factor o = 0.8

System Life | = 30 years

Plant Capacity - B = 50 Mi(e)

Operation and Maintenance (1978 §) = 1.3 mills/kWh

Contingency k , = 13% ‘ ,

Working Capital S - = 10% of surfa¢e>p1ant
. . : , : cost

Number of Decision Periods = 6

Taxes -_ = 51% of taxable

A : : . income

political, economic, or engineering env1rounent in which an HDR system .might one
day operate.‘ The mode] (11ke all other models) abstracts from many character-
istics of the real world but hopefully includes those that are of primary impor-
tance for the 1ntended _purposes of the work.

Assumpt1ons used in thls model wh1ch were related to rea] lnterest rates, taxes,
drilling and 0&M costs, power product1on, ‘etc., have been discussed in detail.
However, there are a few subtle problems of a conceptual and/or computational
~nature that should be pointed out. These prob]ems are as follows.

~ For computat1ona1 and expos1t1ona1 51mpl1city, we a]low the required number of

" HDR reserv01rs N to be a real number, Thus, a particular set of results m1ght be
based on the use of 2.3 or 4.7 reservoirs (pa1rs of- wells) but only integer . A
values of 2, 3, 4, or 5 reservoirs could actua]ly be dr111ed To avoid this, N
must be a who]e‘number. Therefore if 4.5 <NLS5. 499 set N = 5; or if 5.5 <N <
6.499, set N = 6, etc. A problem with this method is that a system requiring 4.5




Table 3-4
PLANNED PARAMETRIC ANALYSES

Parameter Ranges of Values to be Considered
P Varied so as to make G;(0,0) = O.
3, 6, 9, 10, 11, and 12%.

i

r - 6, 9, 12, 15, 18, and 21%.
DCt - -60 to +160% of Eq. 2-2.
Time Horizon - 20, 30, 40, and 50 years.
Tq - Varied.
Q - 10 - 50 Mi(e).
F - 3 - 10 fractures.
vT - 20, 30, 40, 50, and 60°C/km
0&M o 1.3 - 8 mills/kwh.
Capacity Factor 0.70 - 0.85.

Values/Relations Not Changed Under Current Plans

Plant/Setup Costs
Tax Rates: Rev. Tax

Inc. Tax
f(T¢)

Mg
Ly
Use of Binary Fluid Rankine-Cycle Power Conversion System.

2.5% of gross revenues.
0.51% of payments to stockholders.

reservoirs would cost the same as one requiring 5.4 reservoirs. Of course, in

the actual situation minor adjustments in plant capacity and/or T4 and/or hd

would be made so as to make 4 or 5 reservoirs {in this example) a rational

choice. Including these adjustments in the computation would create complexities
that cannot be handled at this stage of our work, and therefore we will use frac-
tions of reservoirs. In doing so, we may necessarily be over- or under-estimating
well costs.

As explained above, variables in this model (ht, Tt, dt, and D¢, see Table 3-3)
are given discrete values; further, discrete time periods of five years are used.
Although we have tried to minimize problems associated with the use of discrete
values for variables by setting up a relatively fine grid (100-m drilling
increments or 2.5°C temperature increments), the deviations from the true optimum
may be significant if the errors compound themselves. The choice of a five-year
decision period was made to minimize the computation time required by the code.
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Significant reduction of the decision period would require not only more itera-
tions within the code but also a much more elaborate characterization of the rate
of the reservoir temperature decline and another state variable in the model.

The time frame for these analyses should be reemphasized. As the model is struc-
tured, costs and revenues are evaluated once--at the first year of operation.
Thus, payments are not required in any single peribd, and the cash flow problem
is ignored. For a feasible system, the present value of revenues over a

t*-year period must only be sufficient to cover the present value of all costs
incurred over the t*-year period (plus 9 years before operation during which
exploration-development, land acquisition, and plant construction costs are
incurred.
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Section 4
ANALYSIS OF THE REFERENCE CASE .

This section of the report is devoted to an'analysis of the reference case de-
scribed in the preceding section. The choice of reference case conditions is not
. meant to imply that these conditions are regarded by the authors as either the
best charaterization or the most 1ikely outcome for HDR;produced electricity.
They were selected simply to initiate parametric analyses.

OPTIMAL MANAGEMENT CHARACTERIZATIONS

In searching for a levelized busbar cost for the reference ca§é; thé'éelling
price of electricity is varied until the price pf_is_found\such that the pre-
sent value of revenues just equals the present value of all costs. The results
of this iteration are given in Figure 4-1. The price at which these conditions
obtain is 43.2 mils/KwWh, which is the ]eve]ized busbar cost for the reference
case.

The present value of surface plant equipment costs for the reference case at the
- start of production is $43.2 mi]lidn.lvbthék\suffgce costs, including site devel-
‘opment and exploration (including exploratory drilling), property taxes, and
working capital charges, are $12.2 million, where present values are measured at
the start of produéﬁidh.' These items are -presented..in greater detail in

Table 4-1. Together they yield an aggregate value, calied total surface costs,
of $55.4 million. o -

Table 4-2 gives the present values of periodic-drilling costs.. The total of
these costs is $56.6 million. Given the treatment.of debt and equity capital
described in Section 3, this results in a debt/equity ratio for the reference
case of 0.98. This figure differs slightly fram usual debt/equity ratios in that
it is derived from the preSent value of a time path of equity expenditures. It -
is presented here as an indication that the model solution does not reflect a
heavily Teveragedvihvésfment. From Tables 4-1 and 4-2, the sum of surface costs
and drilling costs for the reference case is $55.4 million plus $56.6 million, or
$112 million.
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Figure 4-1.

The present value of net bene-

fits for various electricity selling prices
in the reference case. .

Table 4-1

PRESENT VALUE OF THE COMPONENTS OF
SURFACE CAPITAL COSTS: REFERENCE CASE

Plant Construction Costs
Land Acquisition Costs
Purchasing
Leasing
Siting (Geophysical Costs)
Exploratory Wells
Shallow
Deep

Property Tax Over Plant Lifetime .

Working Capital
“TOTAL SURFACE COSTS

4-2

Million Dollars

43.2

0.3
0.1
0.6

0.6
4.7
1.6
4.3
‘55.4"




Table 4-2
THE TIME PATH OF DRILLING COSTS IN THE REFERENCE CASE

Time Period Value Present Value at Start of

Time of Drilling Costs Production for Drilling Costs
Period ($ million, 1978) ($ million, 1978)
1 44.9 44.9
2 9.5 5.4
3 10.0 3.2
4 10.6 1.9
5 11.1 ' 1.2
6 0.0 0.0
TOTAL  56.6

The time path of production and revenues, on the other hand, is given in Table
4-3. As this table shows, productibn and revenues vary over time as a result of
changing operatIng cond1t1ons.' During the first deciSion period of the reference
case salution, the average annua] product1on rate is ﬂa329 million kWh, or about
88% of the max imum poss1b1e product1on rate’ after correct1ng for the capacity
factor. ‘The difference between this average annual product1on rate ‘and the maxi-
mum rate reflects the dec11ne in reservoir temperatures below plant design tem-
perature over the course of the first decision period and the downtime associated
with drilling activity. '

The drilling strategy called for by the solution to the model begins with the
initial drilling of approximately eleven'pairs of wells (11.188 pairs of wells;
see related discussion in Section 3) to a vertical depth of 4000 m. For each
pair of wells, a system of six vertical fractures with radii of 300 m are created
so as to 1ntersect a lateral extension of the two wells (see F1gure 2-2C).  This
initial dr1111ng act1v1ty is estimated to cost $44.9 million: $43.6 m1111on for
drilling services and equipment, $0.203 million for rig mob1]1zatjon -and $1.1
million. for a pipefsyétem to gather and redistribute the geothermal fluid.

The solution calls for periodic redrilling of ‘all well-pairs in the system during
each of the four subsequent decision periods. Each redrilling increaseé the ver-
tieal‘depth of the wells by 100 m and,ragaih, includes lateral drilling associ-
ated'with the creation of a fracture system. The costs associated with these re-
dri]ling'activiiies'were presented in Table 4-2 and are considerably less than




$27.4 million. The other item, despite its incorporation into the cost side of
the analysis, is a credit associated with the tax deductions afforded by interest
payments on the debt portion of the investment. The approach was also described
in Section 3. In the reference case, the present discounted value of this credit
is $26.1 million. The present value of the net tax obligation is then $27.4 mil-
Tion less $26.1 million, or $1.3 million.

The present value of revenues, net of 0&M charges and revenue taxes, ($113.3 mil-
1ion) less the sum of surface and drilling costs ($112 million), and adjusted for
the net tax bill of $1.3 million, is zero, which is the condition requisite for
p* as a levelized busbar cost. Finally, the optimal solution for reference '
case assumptions involves well-flow rates (my) that are always at the design

rate of 75 kg/s.

In summary, over the course of each of the five-year decision periods in the
reference case, the temperature of the reservoir drops significantly. It is then
reestablished at progressively higher levels as redri]]ing and refracturing

occur at the beginning of periods 2-5 (see Figure 4-2). As noted above, redril-
ling does not occur at the beginning of the sixth period (twenty-sixth year), and
reservoir temperature drops dramatically below the design temperature by the
thirtieth year.

ANALYSIS OF TRADE-OFFS IN THE REFERENCE CASE SOLUTION

The optimal management strategy for the reference case described above is based
upon various trade-offs between costs and revenues. One potential trade-off con-
cerns the choice of well-flow rates my, which are at their maximum value of 75
kg/s. The rationale for this strategy is taken from the data given in Figure
4-3. As ht moves from the imposed Tower bound of 60 kg/s towards the upper

bound of 75 kg/s, the value of power output continually increases. Under these
conditions, this value is maximized at 75 kg/s. As detailed in Section 2, higher
values forlhtincrease flow efficiencies (and therefore the value of power outpdt)
as indiated by the ratio my/my. Higher values for my, however, reduce

thermal efficiencies by increasing the rate at which reservoir temperatures
decline. Thus, flow efficiencies dominate the related thermal inefficiencies
attending higher well-flow rates, and the optimal value of ht is the maximum
value.
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peratures for the optimal management of benefits with variation in the design
the reference case. well-flow rate.

A particularly interesting trade-off in the reference case solution is that asso-
ciated with drilling costs. In the first decision period, the model trades off
the costs associated with deeper drilling against the increased revenues that
might be achieved from higher reservoir temperatures at the greater depths. To
appreciate the quantitative nature of this trade-off, consider Table 4-4, vhich
shows the total and marginal drilling costs as they vary with drilling depth. As
expected, the exponential costs of drilling yield increased marginal drilling
costs. This marginal relationship is plotted in Figure 4-4. -
Table 4-5 presents first period revenues, which would be generated by differing
initial drilling depths, and the marginal revenues per meter drilled. Seen from
these data, the marginal revenues rise rapidly over drilling increments from 3000 '
to 4000 m. Beyond 4000 m, however, marginal revenues decline because fluids from
reservoirs below 4000 m in depth will be above the surface plant design tempera-
ture. This relationship is also plotted in Figure 4-4.

The optimal managementrstrategy is one vwhich maximizes net benefits. This occurs
when marginal costs are equated with marginal revenues. As demonstrated in
Figuré'4-4,‘margina1 revenues equal marginal costs associated with initial dril-
ling activities at a dépth of about 4000«m,‘which is-in-fact the first period .
drilling depth for the reference case solution. Again, the model yields results
that are consistent with the dictums of net-benefit maximization. Of course, a




different set of engineering and economic conditions might yield an optimal solu-
tion with a different initial drilling depth, and these issues are treated in
later parametric analyses.

A similar analysis can be performed for the drilling decision during the last
period., The decision would be whether or not to redrill another 100 m vertically.
and 250 m horizontally to establish a new reservoir with higher temperatures.
This would allow the HDR system to operate at its maximum capacity and would in-
crease the revenues in the period by $9.5 million, from $45.7 million to $55.2
million. Redrilling costs, however, would be $11.7 million. Marginal costs
($11.7 million) would exceed marginal benefits ($9.5 million), and a decision to
redrill would yield a net loss.
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Q , Table 4-4 h
j DRILLING COSTS FOR VARIOUS DRILLING DEPTHS
| IN THE FIRST DECISION PERIOD OF THE REFERENCE CASE

Drilling
Depth Total Well Costs Marginal Well Costs
(m) {($ Million) ($ Thousand)
3000 23.8
16.7
3200 27.1
18.6
3400 30.9
20.8
3600 35.0
. - 23.2
3800 39.7
25.8
4000 44.8
29.4
4200 50.7
32.0
4400 57.1
35.6
4600 . 64.2
39.5
4800 : 72.1
43.8
5000 80.9
Table 4-5
REVENUES FOR VARIOUS DRILLING DEPTHS IN THE

FIRST DECISION PERIOD OF THE REFERENCE CASE

Drilling : :
, Depth Present Value of Revenues Marginal Revenues
| m ($ Million) ($ Thousand)
5 3000 , 18.3
| : , : 23.9
| 3200 -23.1
g ' : 26.4
| = ~ 3400 ' - 28.4
: : , 27.8
3600 33.9
3800 _ - 41.4
45.9
4000 ' 50.6
: 23.5
4200 ’ 55.3
' 0
4400 v 55.3
4600 553
0
4800 55.3
&/ 0
5000 55.3
4-7




R ~ Section 5
ANALYSIS OF THE OPTIMAL PLANT DESIGN.  TEMPERATURE

This section examines the effects/of variations in plant design temperature on
the estimated levelized busbar cost for HDR-produced electricity. As suggested
in Section 4, the reference case conditions will be the point of departure for
many of these analyses. Recall that discussions in Sections 2 and 3 noted that -
the choice‘of a Tq is a management decision involving economic trade-offs.
Consequently, this section will examine the issue of an optimal Ty under a var-
jety of circumstances, including the effect of different geothermal gradients on
optimal design temperatures.

OPTIMAL‘PLANT,DESIGN TEMPERATURE FOR THE REFERENCE CASE

The optimal design temperature (Td) for the surface plant of an HDR system is
of great interest to those who are involved in the evaluation and development of
the HDR geothermal. concept. As Section 3 suégests, higher surface plant design
temperatures have three distinct impacts on project costs and revenues.. First,
higher plant design temperatures would require deeper wells to obtain geothermal
fluids with initial temperatures equal to the design temperature. This would in-
crease the cost of drilling and redrilling each reservoir system. Second, higher
plant design temperatures would reduce the number of reservoir systems and piping
costs needed to allow the surface power plant to attain a given output capacity.
This is the'cése because the higher design temperature allows the plant to dérive
more energy pér Unit‘of_fluid, and this, in turn, reduces the total flow require-
ments of the HDR system. Finally, the cost of the surface plant declines as its
design temperature increases. The question then is at what design temperature
- will the cost increase associated with increased depths just balance the cost re-
" duction associated with fewer reservoir systems and Tower surface plant costs?
The analysis is conducted by means of a parametric variation in the design tem-
perature of the reference case. T4 varies from 140 to 180°C in 5°C increments.
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A1l other model inputs were held at reference case values, and p = 45 mills/kWh.
For each value of Ty, the present value of revenues net of all costs [referred
to as the present value of net benefits (PVNB)] is calculated, and these values
for each T4 are given in Figure 5-1. Recall that the model solves for the op-
timal management strategy given the value of the input variables. Thus, these
results are the present values of net benefits of an optimally managed system
given the specified plant design temperature. They suggest that, for reference
case assumptions, the optimal plant design temperature is in the neighborhood of
157°C.

The data plotted along the curve in Figure 5-1 are based on identical management
requirements for flow rates. In all cases a flow rate management obtains that
requires the maximum flow of 75 kg/s through the reservoir system throughout the
lifetime of the facility. ‘

The solutions differed considerably, however, in the drilling strategies that
were pursued: initial depths and redrilling choices under optimal management var-
ied substantially with the different plant design temperatures. These variations
are depicted graphically in Figure 5-2. As expected, initial drilling depths in-
crease as the design temperature increases from 140 to 155°C. Over this range
for T4, redrilling occurs at the beginning of the second, third, and fifth
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decision periods. At a design témperature of 160°C, however, an alternative
drilling strategy becomes optimal. The initial drilling depth is the same as for
a design temperature of 155°C (4000.m), and additional redrilling at the begin-
ning of the fourth period is undertaken. This redrilling pattern continues,
along with increasing initial drilling depths for design temperatures of 165 and
175°C. .

At design temperatures of 170 and 180°C, the redrilling strategy that avoids re-
drilling in the fourth period is optimal. This solution pattern suggests that
there is a slight trade-off between deeper initial drilling depth and redrilling
in the fourth period of operation and also that relatively small changes in plant
design temperature can change the optimal solution from one redrilling pattern to
the other.

Figures 5-3 and 5-4 characterize the way in which costs associated with higher
plant design temperatures combine to yield an optimal design temperature. These
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o ' optimal plant design temperature in
the reference case.

5-3




figures are based upon a partial analysis in that not all parts of the system were
allowed to respond to the changes in the design temperatures that are postulated.
Even this partial analysis, however, serves to provide some measure of the rela-
tive magnitudes and patterns of changes in costs that result fram changes in de-
sign temperatures.

Figure 5-3 shows increasing marginal drilling costs resulting from the increased
depths of initial drilling that attend higher design temperatures. This marginal
cost function was derived by calculating first-period drilling costs as plant de-
sign temperature (Tq) varied, and while the number of pairs of wells held at in
the reference case level. This function, denoted Marginal Drilling Costs I,
shows increasing marginal costs with increasing Ty. These costs do not include
cost impacts associated with redrilling in future periods. Such a calculation
would most Tikely shift the curve upward somewhat.

The second marginal drilling cost function, Marginal Drilling Costs II, describes
the change in drilling costs associated with the impact of design temperature on
the flow rate. In other words, drilling depth is held constant while the margin-
al cost associated with reduced numbers of well systems and .piping requirements
is calculated. This function shows decreasing marginal costs with increases in
Td- As in Marginal Drilling Costs I, other system variables such as flow rates
and redrilling strategies are held fixed. Finally, Marginal Plant Costs are held
constant at -$145,000/m because total plant costs decline at a constant rate as
T4 increases.

By combining Marginal Plant Costs and Marginal Drilling Costs II, a function re-
lating decreases in costs associated with increasing Tq is obtained. By over-
lying this function on the Marginal Drilling Costs I, which includes the increase
in costs as Ty rises, an intersection results where marginal cost increases

with T4, and equal marginal cost declines with Tq for the system as a whole.
These relations are given in Figure 5-4, with the optimal Tq indicated to be
a157°C. '

This result, of course, is based upon reference case conditions and the assump-
tions of cost and performance that have been incorporated into the model. Given
these aésumptions, hbwever, the result enhances the attractiveness of the HDR
concept because it suggests that for a system designed around an optimal Td>»

the required drilling will be to temperatures and depths obtainable with current

-




drilling technology and within the experience of many drilling engineers.
Higher optimal design temperatures, perhaps in the neighborhood of 250°C, would
increase the difficulties and costs of drilling and/or redrilling.

OPTIMAL PLANT DESIGN TEMPERATURES FOR DIFFERENT GRADIENTS

The optimal Ty described above is appropriate,fbr reference case conditions. A
particularly critical parameter inc1uded'in these conditions is the geothennal
temperature gradient VT, which is 40°C/km in the reference case. Table 5-1 shows
optimal plant design temperatures Tﬁ for alternative values of the geothermal
gradient. A reductlon inVT from 40 to 30°C/km results in an 12°C decrease in
T§- An increase in VT from 40 to 50°C/ km results in a 10°C increase in 3.

Thus, VT has a 519n1f1cant 1nf1uence on Tg-

The management strategies called for under the optimal values for Ty given in
Table 5-1 are also'consiStent with what one might eXpect. Figure 5-5 shows that,
although initial drilling depths are decreasing with increases in the geothermal
gradients, the redrilling strafegy parallels that for the optimal T4 in the
reference case (VT = 40°C/km, Tq = 157°C). Also well-flow rates for the reser-
voir systems are maintained at the maximum level of 75 kg/s. The one exception
is the case where VT = 60°C/km. Here initial drilling depth increases relative
to VT = 50°C/km, reflecting the rather 1arge increase in the optimal design tem-
perature that occurs with VT = 60°C/km.

Finally, it is interesting to observe the impacts on Td'of changes in the size
of the HDR reservoir, which is measured by the number of fractures in each

- Table 5-1

OPTIMAL DESIGN TEMPERATURES ASSOCIATED
WITH ALTERNATIVE VALUES FOR VT

VT _(°C/km) Tq (°C)
30 - B T 145.0
a0 © 157.0
50 .. 167.5

60 - 235.0
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reservoir's multiple-fracture system where each fracture has an assumed radius of
300 m. Somewhat surprisingly, Tj does not vary with reservoir size, at least
not in the range considered here. As shown in Figure 5-6, however, drilling

strategies do change with changes in reservoir size.

Larger reservoirs imply

lTower rates of temperature drawdown, which reduces initial drilling depth and the

need for redrilling.

Thus, the design and management of the reservoir system is

impacted by reservoir size, but the design of the surface plant is seemingly
unaffected. Other considerations, certainly VT, dominate the determination of

T4

In summary, an optimal Ty was shown to be well below 200°C for gradiént areas

as high as 50°C/km.

Tq rises above 200°C for vT = 60°C/km, however.

Changes

in Tq were shown to substantially affect initial drilling and redrilling strat-
egies, whereas well-flow rates remained unchanged with Tq. Changes in ,
reservoir size in the range considered here did not effect the optimal design

temperature of the surface plant.

55m—_——'l_i—J "¥T= 30°C/km
. 5000 =
E
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Figure 5-5. Time path of drilling and

redrilling activity for varying geo-
thermal gradients with optimal plant
design temperatures used.
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Section 6

ANALYSIS OF RESOURCE, RESERVOIR, AND
 PLANT ENGINEERING PARAMETERS

This section is devoted to the examination of some of the important noneconomic
parameters of the model. First, the effects of variations in the geothermal gra-
dient and the capacity factor on the percentage change in the levelized busbar
price are examined. Next,the percentage'changes in p* are related to changes

in the number of fractures; that is, reservoir system performance is considered.
Then the structure of optimal Ssystem management characteristics is examined when
higher and lower design well-flow rates are introduced into the model. The final
discussion is of the results for a simultaneous variation in reservoir size {(num-
ber offractures) and the design well-flow rates. :

VARIATION IN THE GEOTHERMAL GRADIENT

As demonstrated in the preceding section, the geothermal temperature gradient is
an important parameter for determining the potentia] magnitude of economically
recoverable HDR resources in the U.S. There is, at least conceptua]]y, some min-
imum temperature gradient below which HDRﬁproduced electricity may be prohibit-
ively expensive. The object of this section is not to determine this minimum
gradient but simply to demonstrate the relationship between changes in the
levelized busbar cost of FDR- produced e]ectr1c1ty and changes in the geothermal
gradient relative to reference case assumptions (VT = 40°C/km) Referring to
Table 6-1, a reduction inV T from 40 to 30°C/km results in a 76.4% increase .in
p*. Increases inVT to 50 and 60°C/km lowers p* by 27.2% and 39. 8% respect-
ively.

The reservoir system's well-flow rate remains at 75 kg/s for all values of VT
considered here. However, there were some notable differences in drilling strat-
egies as VT changes.  These are shown ‘in Figure 6-1. Of course, the pr1nc1p1e
reason that higher~gradients result in lower p is because less drilling depth
is required to attain a given reseryoir temperature. Initial drilling dépths for
the HDR system with gradients of 60, 50, 40, and 30°C/km are 2870, 3360, 4000,
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Table 6-1

PERCENTAGE CHANGES IN p* ASSOCIATED WITH
ALTERNATIVE VALUES FOR VT

% Change in p* From

VT _(°C/km) p* = 43.2 mills/kWh
, 30 76.4
40 . 0.0
50 _ -27.2
60 -39.8

and 5200 m, respectively. The systems with the higher gradients optimize by
drilling more deeply initially, thereby avoiding redrilling at the beginning of
the third and the fifth decision period (Figure 6-1). The system with the
30°C/km gradient is redrilled in all but the next to the last period; and the
40°C/km gradient system of the reference case is redrilled in all but the last
period.

Different drilling strategies aside, there is another reason why p* declines

with larger gradients. As described in Sections 3 and 4, the financial léverage
incorporated into the model. varies directly with the ratio of surface costs to
drilling costs. In the case of a 60°C/km gradient, the ratio of $55.4 million
(the present value of surface costé) to $26.8 million (the present value of dril-
1ing costs) yields the approximate debt/equity ratio of 2.07. An increase in the
gradient from 40 to 60°C/km thus approximately doubles the debt/equity ratio. As
gradients rise, the debt/equity ratio rises, and larger proportions of less ex-
pensive (after-tax) financing is used for the HDR enterprise.

VARIATIONS iN CAPACITY FACTOR

Values for p* are determined for reductions of the capacity factor from the
reference case value of 85%. As the capacity factor is reduced to 80, 75, and
70%, p* rises by 6.0, 12.9, and 20.7%, respectively. In assessing the impacts
of capacity factor reductions on p*, we did not account for likely decreases in
temperature drawdown that should accompany lower capacity factors. Thus, the
va]ueé for p* given in Table 6-2 most likely overestimate increases in p*

that would be associated with lower capacity factors.
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VARYING RESERVOIR SYSTEM PERFORMANCE

In the model described'in’Section'3, reservoir system performance is determined
by the ratio of the flow rate'(mt)'to the effective heat transfer surface area
(s2 = ?RZ). This ratio fixes the rate of temperature drawdown to a particu-
lar curve as demonstrated in Figure 6-2, By varying the number of fractures in
a reservoir, we can vary the effective radius of the system and thereby vary
reservoir performance.

Table 6-3 gives percentage changes in p* as the number of fractures is varied
from that of the reference case (6 fractures). These data demonstrate the ef-
fect that reservoir performance (or reservoir size) may have on the levelized
busbar price. A decrease from 6 to 3 fractures increases p* by 27.3%. Con-
versely, as reservoir size increases, p* declines reflecting the decreasing
rate of temperature drawdown that attends larger reservoirs.

Data in Figures 6-3 and 6-4 show the changes in time paths for operating well-
flow rates and for drilling and redrilling as the number of fractures changes.
These data show the’ f1rst set of results for optimal dr1111ng strategies, which
are accanpan1ed by variations in well-flow rates. With three fractures, much
deeper wells are drilled than are drilled initially in the reference case (4500
rather than 4000 m. Despite the,deeper wells, the well-flow rates in the first
three decision periods are reduced to 63.8 kg/s (85% of the design well-flow
rate) to minimize temperature drawdown (Figure 6-4). Redrilling occurs in every
decision period (Figure 6-3), and at the beginning of the third decision period,
the well<flow rate is increased to 75 kg/s. In other words, redrilling has
reached a depth sufficient to allow maximum well-flow rates without driving
reservoir temperatures much below pTant‘design temperature by the end of the
decision period ' As -the: number of fractures per reservoir system 1ncreases
optimal reservoir management is varied to take advantage of the 1mproved reser-
voir pefrformance. In general, initial drilling depth declines, mt increases,
and redrilling occurs less often.

When the number of fractures in a reservoir reacﬁes ten, however, an interesting
change in pattern occurs. With this relatively large reservoir size, a well-flow
rate of 75 kg/s is used during the first five years of operation and 63.8 kg/s is
used for years 6 to 25. Because, the lower flow rate is used over the inter-
mediate 20 years (Figure 6-4), the necessity for redrilling is avoided (Figure
6-3). In the final period (years 25-30, Figure 6-4), there is no incentive to
keep temperatures higher beyond 30 years, and the well-flow rate is set at the
design rate of 75 kg/s.
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Table 6-2

PERCENTAGE CHANGES IN p* AS THE
CAPACITY FACTOR VARIES FROM 85%

% Change in % Change in p*
Capacity Factor Capacity Factor from 43.2 mills/kWh
85% (Reference 0 0
case value)
80 -5.9 6.0
75 -11.8 12.9
70 -17.6 20.7
T T T T T T 1.0 UL I L L AL
s #w/R® 20.5x10 kg/mCs |
5500 VT =30 °C/km —
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Figure 6-1. Optimal drilling strategies
for variation of the geothermal gradient
in the reference case.




Table 6-3

PERCENTAGE CHANGE FROM p* = 43.2 mills/kih
WITH ALTERNATIVE NUMBERS OF FRACTURES

Number of % Change in
Fractures ~p ¥
3 27.2
4 9.0
5 5.5
6 0
7 -1.7
8 "405
5000, T T T T y 100 T T T T T T
F=3 i
I :
cea oo Fe3 |
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Figure 6-4. Optimal periodic well-flow
rates with variations in the number of
fractures for the reference case.
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VARYING THE RESERVOIR SYSTEM FLOW RATE

Now we consider the impacts from varying the flow rate while reservoir size
remains fixed. Percentage changes in p* that are associated with varying the
maximum flow rate between 50 and 125 kg/s are shown in Table 6-4. At ﬁu = 50
kg/s, p* increases by 17.3%. With well-flow rates of 100 and 125 kg/s, p* falls
by 7.9% and 14.7%, respectively.

Figure 6-5 gives the drilling strategies associated with the various selected
values of ﬁd. For each m4, the optional solution requires that the well-flow
rate(ﬁt) be set at the maximum, design rate ﬁu. One might have expected the
selection of an my below my so as to reduce temperature drawdown and allow
shallower initial drilling depths, and lower drilling costs. However, the in-
crease in the design well-flow rate implies a reduction in the number of pairs of
wells required by the surface plant. The costs associated with additional dril-
ling depths needed to keep fluid temperatures in the neighborhood of Ty with

the higher ht seem to be offset by the cost savings from requiring fewer pairs

of wells.

SIMULTANEOUS VARIATION IN ﬁd AND RESERVOIR PERFORMANCE

Thus far, our analyses of well-flow rates and reservoir sizes as they affect-tem-
perature drawdown have been only partial because we varied them individually.

Now we will consider combinations of both of these parameters to determine the
temperature drawdowns that differ from the reference case values.

Data in Table 6-5 present the relationship between percentage changes in p*
(relative to p* = 43.2 mills) and alternative fracture-design flow rate combin-
ations. As expected, for a given value of ﬁd, a larger number of fractures re-
duces p*, primarily because of reductions in temperature drawdown. For a given
number of fractures, higher maximum well-flow rates reduce p* in the range con-
sidered here, primarily because of associated savings in well costs from fewer
required pairs of wells,

In Section 2 we stated that temperature drawdown could be critical in terms of
any potential commercial feasibility for HDR-produced electricity, and now we
have quantified this from the data and discussions of this section. That is, .
for large HDR reservoirs (surface'areas approximated by our 8-fracture case, see
Table 6-5) the relevant p* will vary from -12.3% to +10.8% from the reference
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case busbar cost of 43.2 mills/kkh depending on the design well-flow rate. For
the five fracture case, the pekcentage change in p* varies from -2.3 to +23.7%
over the same range of design well-flow rates. As the extreme, the combinations
of design well-flow rates and reservoir performance can result in a difference
of over 15 mills/kWh in the levelized busbar cost of HDR-produced electricity.

Table 6-4

PERCENTAGE CHANGES IN p* WITH ALTERNATIVE‘
DESIGN WELL-FLOW RATES

Design Well-Flow Rate % Change in p* From
(md in kg/s) 43.2 mills/kWh
50 17.3%
75 0
100 -7.9
125 -14,7
Table 6-5

PERCENTAGE CHANGE IN p* FROM 43.2 mills/kWh FOR ALTERNATIVE
COMBINATIONS OF my AND NUMBER OF FRACTURES

Design Well-Flow Number of Fractures

Rate (mgq in ka/s) _5 6 7 8
50 : 23.7 17.3 16.3 10.8
75 ‘ 5.5 0.0 -1.7 4.5
100 -2.3 -7.9 -10.2 -12.3

l'ql(kq/s) .l 125 |

DRILLING DEPTH (m)

[+ » S 0. 15 20 25 30
TIME (yeprs)

Figure 6-5. Optimal drilling strategies

for variations in the design well-flow rate

in the reference case.
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- Section 7
. ANALYSIS OF ECONOMIC PARAMTERS

In this section we examine the effects of variations ‘in the major economic para-
meters of the model. First we present results related to changes in drilling
costs and then those related to increased 0&M costs and reductions in surface
plant capacity. Finally, we consider the impacts of varying real rates of return
and of varying the planning horizon (system lifetime).

VARIATIONS IN DRILLING COSTS

A11 drilling costs are subject to considerable hncertainty'because of the unusual
rock formations that may characterize the more attractive HDR sites. This uncer-
tainty is clearly important because of the large proportion of costs associated
with drilling. To analyze the impacts of these varying drilling costs on level-
ized busbar costs p*, we use a percentage change in the reference case drilling
costs. For example, the cost of drilling a pair of wells to a depth of three
kilometers 1n the reference case is $2.22 million. Our analyses'then focus on
the optimal structure for an HDR facility when drilling costs for a depth of ’
three kilometers is $1. 332 million (60% of reference case costs), $3.552 million
(160% of reference case costs),'etc. Percentage changes invp* that result from -
various drilling costs are'given in Table 7-1. Variations‘of +20% from the
reference case dr1111ng costs change p* by m14% and var1at1ons in these costs -
of +40% resu]t in changes 1n p of'VZS%. ‘

, M1lora and Tester s dr1111ng cost equat1on used in the reference case (__) was
,dertved by an upward adJustment of the relat1onsh1p between dr1111ng costs and

the dr1111ng depths for the oil and gas 1ndustry. The adJustment was an in-
crease in the 1ntercept of an exponent1a1 cost funct1on in the cost-depth p]ane
and was 200-300%. Many experts are opt1m1st1c about the prospects of ach1ev1ng
drilling costs for HDR reservoirs far below these est1mates as more exper1ence is

'galned and new mater1a]s ‘and techniques are deve]oped However, others "argue-
~that costs may be higher, and until more experience is acquired, there is no way ~

of conclusively resolving the issue of differing estimates of “true" drilling

~ costs. Therefore, variations in drilling costs, within the range of -60 to +160%




Table 7-1

PERCENTAGE CHANGE IN p* ASSOCIATED WITH
ALTERNATIVE DRILLING COSTS

Drilling Costs as a% - % Change in p* From
of Reference Case : 43.2 mills/kWh

60 -28.0

80 . -14.1

100 (Reference Case) 0.0

120 13.9

140 27.9

160 . 41.7

of reference case costs may well be within the realm of possibility, and all else
equal, the estimated busbar cost for HDR-produced electricity is quite sensitive
to variations of drilling costs in this range.

The drilling strategies used with alternative dfi]]ing costs are shown in Figure
7-1. With a 40% decline in drilling costs, an optimal drilling strategy would
involve deeper initial dri]]ing (relative to the reference case) and redrilling
in all but the last period. With a 40% increase in drilling costs, optimal man-
agement requires drilling to an initial depth of 4000 m (as in the reference
case) and redrilling in only the second, third, and fifth decision periods. (In
the reference case, redriliing takes place in periods 2 through 5.)

An interesting result associated with increases in drilling costs is that the
flow rate choSenvfor the system in each decision period is the maximum 75 kg/s.

A 40% increase in drilling costs does not result in a reduction in well-flow
rates. The cost savings associated with postponing (now more expensive) redril-
1ing do not appear to compensate for the loss in revenues associated with Tower
well-flow rates, even under these greatly increased drilling costs. As suggested
in Section 6, however, a different result might obtain under assumptions of high-
er design well-flow rates and fewer frdctures.

THE EFFECT OF VARIATIONS IN PLANT CAPACITY AND 0&M COSTS ON p*

In the reference case, a 50-MW(e) capacity was specified for the HDR plant. Here
we wish to examine the impact of changes in installed capacity on optimal manage-
ment strategies while all other parameters are maintained at reference case
levels.
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Figure 7-1. Optimal drilling strategies
for variation in the drilling cost
algorithm in the reference case.

In what follows, analyses are limited to decreases below 50 MW(e). Higher in-
stalled capacities are not considered because our plant.cost data are character-
ized by constant returns to scale in the range of 50 to 100 MW(e). On the other
hand, decreases in capacity below 50 MW(e) involve less than proportional de-
clines in plant c@sts."Ihe algorithm used to compute costs (in 1978 $) for the
electric generating plant for capacity < 50 MW(e) is as follows. (Also see
Section 3). '

0.3
Plant costs = [$976,910 - $2146 (T4)] 1000 - Q(5Q—°> . (7-1).

where Q < 50 MW(e) . : : ,
Referr1ng to Table 7-2, a dec11ne in. Q from 50 to 40 30 20 and 10 MW(e) re-
sults in an 1ncnease;;n)p. of1_5, 3.6, 6.9 and 13. 6%, respective]y Of perhaps .

. more relevance here, .the absolute change in p* is just less than 6 mills as the
scale declines from 50 to 10 Mi(e); that is, p* rises from 43.2 to 49.1.mills/
kwh; Managemént strategieé associated with plant'cdpacities below 50 MW(e) do -
not dlffer substant1ally fran those for the reference case solution.. . In all
cases, 1n1t1a] dr1111ng is to. a depth of 4000 m, and well- flow rates are main-
tained at the max1mum rate of 75 kg/s. :The onlyvdeparturekfrpm the reference
case redr1111ng;strategy occurs with the smallest 1nstq]1edvcapacity of 10 (Mde).
In this case, redrilling occurs in the sixth rather than the fifth decision period.




Table 7-2

PERCENTAGE CHANGES IN p* ASSOCIATED
WITH VARIATIONS IN PLANT CAPACITY

" Plant Capacity % Change in
[MK(e)] p* from 43.2 mills/kWh
10 13.6
20 6.9
30 3.6
40 1.5
50 (Reference Case) 0

As expected, changes in 0&M charges result in identical changes in p*; that is,
every mill added to 0&M costs results in a one mill increase in the levelized
busbar costs. Operation-design strategies are unaffected by changes in 0&M
costs.

VARIATIONS IN REAL RATES OF RETURN

Now we consider separately two sets of parameters that are closely related:

real rates of return (used in discounting) and planning horizons. In the refer-
ence case, we use a 30-year planning horizon, debt financing at i = 9% for all
nondrilling capital costs, and equity financing at r = 12% for all dri]ling- re-
lated costs. Maintaining a 30-year planning horizon, as well as other reference
case assumptions, we can consider the impacts of varying r and i, or for conven-
ience r/i combinations.

Table 7-3 presents the percentage changes in levelized busbar costs p*, rela-
tive to the reference case costs p* = 43.2 mills/kWh, that are associated with
alternative r/i combinations of r and i. Of the many combinations of r and i
which might be considered, the set of combinations given in Table 7-3 is arbi-
trarily chosen and intended to simply provide the reader with a feel for the sen-
sitivity of busbar costs to a range of values for r and i. As discussed

above, changes in r/i combinations in the ranges used here should be viewed as
ref]ecting‘chahges in conditions related to risk and uncertainty relative to the
HDR enterprise.  As’ demonstrated in Table 7-3, busbar costs are quite sensitive
to changes in r/i combinations. At r = 6%, i = 3%, the busbar costs is 35% Tower
than the reference case. Relative to the referehce'case, as r/i rises to
21%/12%, p* increases by almost 67%.
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Table 7-3

PERCENTAGE CHANGE IN p* WITH
ALTERNATIVE VALUES FOR r AND i

value for r/i % Change in p* From
(%/%) 43.2 mills/kWh)
6/3 ' S -35.0
9/6 ' -18.5
12/9 (Reference Case) 0
15710 o 21.0°
18/11 ~ 43,1

21/12 66.6

of particu]ar interest is the impact of higher r/i combinations on the HDR facil-
ity's optimal drilling strategy. In F1gure 7-2 opt1ma1 dr1111ng depths over time
for the r/i combinations greater than reference case values are compared with
those for the reference case. Given the higher relative value of current (period
1) production associated with higher real discount rates, initial drilling is
deeper than that for the reference case for all higher r/i combinations. With
initial drilling'to 4100 m (compared to 4000 m for the reference case), tempera-
ture related efficiencies for the power plant are 100% during period 1 compared
to 97.5% in the reference case. The greater relative value of production in

4600, > T T T T T T
REAL EQUITY RATE {%)/ REAL DEBT RATE (%)
" LT e
4500 r=—— </ |
2 : 15710
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12/9
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Figureb7—2. 0pt1ma1 dr1111ng strateg1es

‘for variations in the real discount rates

in the reference case.
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early decision periods is also indicated by the redrilling that occurs in period
4 for 18%/11% but not for 15%/10%. Redrilling occurs in periods 2 through 5 for
21%/12%, but in only three of these periods for lower r/i combinations. In all
cases, the well-flow rate is maintained at the maximum 75 kg/s. In terms of
combinations of r/i lower than reference case values, the drilling strategy and
flow-rate policy for r/i = 6%/3% are identical to the reference case. For r/i =
9%/6%, however, initial drilling is to 4100 meters with redrilling in periods 2
and 3 only; the well flow-rate is 75 kg/s in all periods except period 3 wherein
the rate is 63.8 kg/s. This discontinuity in management strategies reflects, in
the main, changes in relevant plant and drilling costs as reflected by debt and
equity rates. Thus, as one might expect, real discount rates at combinations
higher and lTower than those in the reference case are shown to have substantial
potential effects on levelized busbar costs as well as on management strategies.
The nature of risk and‘uncértainty associated with HDR-produéed eTectricity,
relative to future competitive'sources of eleétricity, may then be a critical
determinant of potential economic feasibility of HDR téchno]cgy.

CHANGING THE PRODUCTION LIFETIME OF THE FACILITY

In the‘peference case and all other runs of the model, a planning lifetime for
the HDR surface plant and well system was assumed to be 30 years. This lifetime
was hged because ekperience and current practice suggest that 30 years may be
reasonable for the useful economic lifetime of steam-electric facilities. Be-
cause HDR power systems differ from conventional systems in several important
respects, the economic lifetime, and consequently the appropriate planning hori-
zon, might also be different in practice. Planning horizons of 20, 40, and 50
years are considered to determine the effects of such differences on optimal man-
agement strategies and p*.

The various planning horizons affect the relative levelized busbar costs as given
in Table 7-4. These data suggest that, given the impact of discounting on future
revenues and costs, the extended planning horizons have relatively little effect
on p*. Even reducing the planning horizon by a third, from 30 to 20 years, .

has a much less than proportional impact on p*; a 33% reduction in planning
lifetime increases p* by only 6%.

76




Table 7-4

THE EFFECT OF PLANNING HORIZON
VARIATIONS ON p*

Planned Horizon % Change in p* From
(years) 43.2 mills/kWh)
20 ‘ 6
30 (Reference Case) 0
40 -2.1
50 -2.8

The effect of planning horizon variations on optimal management strategies for
drilling is presented in Figure 7-3. These relationships do not reflect any
notable departure from the reference case strategy for drilling, except that
redrilling occurs at the beginning of the last period in each case. The
well-flow rates used by the systems under varying planning horizons were also the
same as for the reference case: 75 kg/s over all the decision periods.
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Figure 7-3. Dri]]ingystrategies for
different facility lifetimes.
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Section 8
" SUMMARY AND CONCLUSIONS

Given the large number of reservoir and'economic'parameters that have been sub-
jected to sens1t1v1ty analyses in the preceding sections, we should now reconsi-
der these earlier, necessarily fragmented results and relate them to the major
objectives of this study. We consider the 1mp11cat1ons of this work and

the appropriateness of our analytical model for assessing the process of HDR-
produced electricity. We attempt to identify the physical and economic
parameters,?whieh sensitiytty analyses suggest'are important, to help direct the

future research, as well as the conditions for HDR-produced electricity to be

commercially feasible. We also comment on the interdisciplinary-related
benefits that have resulted from this work.

METHOD FOR EVALUATING THE USE OF HDR TECHNOLOGY FOR ELECTRICITY PRODUCTION

We reasoned in Section 3 that as we are unable to determine beforehand the opti-
mal design and management of an HDR system, more conventional methods for esti-
mating levelized busbar costs for electric generat1ng systems are not app11cab1e.
These methods requ1re prlor spec1f1cat1on of the timing and magn1tude of costs
and output for the system under scrutiny. For a technology such as HDR, there

is no operating experience to suggest what,thevuptima] timing and magnitudes
might be. Moreover, HDR offers especially rich opportunities fpr management
discretion. 7 - -

In HDR systems, per1od1c costs and power output are endogenously determ1ned by
dr1l]1ng, redr11]1ng, and we]l flow rate strategies. For examp]e power output.
is determined by reservo1r temperatures 1n each per1od and these temperatures
will, in turn be determlned by system. management. By assert1ng a part1cu1ar HDR
des1gn and management strategy to make a commercial assessment w1thout thorough
examination of the economic trade—offs 1ntroduces systematic b1ases in evaluat1ng

‘this new technology. Thus we have pursued a methodo1ogy that 1ncorporates these

trade-offs 1nto the analyses.




An optimization model based on this methodology allows us to estimate the level-
ized busbar cost within the context of optimal management. The significance of
this approach for HDR is suggested by the following alternative management frame-
work. The power plant will always be operated at its practical optimum, (at
plant design temperature) and no redrilling of the reservoir system is consider-
ed. Under such conditions, the HDR wells would be drilled just deep enough, giv-
en heat transfer surface area, to insure that fluid temperature does not fall be-
low plant design temperature over the lifetime of the system. Such management of
an HDR syétem Would,resu]t in a levelized busbar price of about 64.0 mills/kWh,
which is 21 mills/kih highér than p* in the reference case. Optimum management
does indeed make a difference.

Although this comparison may be contrived, the alternative management apbroach
suggested above ensures maximum thermal efficiency, maintains constant output
over the lifetime of the facility, and limits the operators' involvement with the
drilling industry} These considerations do have substantial appeal and indicate
that the example should not be dismissed out-of-hand as "unrealistic."” Further-
more, the asserted strategy is identical to the optimum management strategy if
the HDR reservoir does not experience temperature decline over the plant Tife-
time.

Throughout this report, we have emphasized the importance of management strate-
gies in affecting minimum costs. We have shown the drilling strategies, espe-
cially initial drilling depth, are very important to HDR economics. A1sb,‘the
"levelized busbar cost of HDR electric systems are quite sensitive to changes in a
wide range of parameters, including geothermal temperature gradients (Table 6-1),
reservoir size (Table 6-3), well-flow rates (Table 6-4), plant capacity (Table
7-2), and real rates of return (Table 7-3).

Our arguments are intended to present the rationale for the need to use optfmiza-
tion techniques in evaluating HDR-produced electricity, particularly at this
early technological stage. We do not argue that this dynamic programming
algorithm is the only, or necessarily the best, optimization technique. Despite
two years of almost continual effort to refine the model, a number of problems
remain, such as the size of discrete intervals used for several functional rela-
tionships and the size of the model per se. If, in future efforts, a quasi-
concave representation of the (Td"Ti)/Td relationship to power output

(Figure 3-1) can be justified, greater efficiency could be obtained with the use
of linear programming-types of optimization models.
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SUMMARY OF SENSITIVITY ANALYSES

A 'summary of results from sensitivity analyses is given in Tables 8-1 and 8-2.
Referring to Table 8-1, levelized busbar costs for the HDR facility are relative-
ly insensitive to variations in installed capacity and system lifetime in the
ranges considered_here. ‘Qhahﬁgs in busbar costs are roughly proportioned to
changes in capacity'factors és'expecteds |

Busbar costs are shown to be particu1ar1y sensitive to variations in geothermal
temperature gradients, dril]ing costs, and real rates of return. As we move to
Tower gradients, from 40 to 30°C/km, dramatic increases in p* result, and a 25%
reduction in the gradient gives rise to a 76.4% increase in the levelized busbar
costs. Higher gradients result in levelized busbar costs that decline at a de-
creasing rate. -Therefore, operating in high gradient areas, at least in early
stages of commercial applications, is important. '

Given the uncertainty surrounding drilling costs, the sensitivity of levelized
busbar costs to changes in drilling costs necessitates immediate research to re-
fine such costs if future assessment studies are to be upgraded. LASL has con-
tracted for such a study of HDR drilling costs, and the results should be avail-
able by mid-1979. o '

Lower r/i combinations result in substantial declines in busbar costs and high
combinations, relative to the reference case, imply large increases in p*. In
the extreme, the range of r/i combinations employed here embrace a difference of
almost 44 mills in the levelized busbar cost.

For reservoir performance, the sensitivity of p*'to a]térnative'considerations
of design well-flow rate and number of fractures is demonstrated in Table 8-2.

" These data prove the dependence of HDR system feasibility on reservoir design.
Limited reservoir size (3-4 fractures) and small flow rates (50-75 kg/s) result
in substantially higher levelized busbar costs. "We attribute this to a combina-
tion of effects related to rapid temperature drawdown and the large number of
well-pairs required by the plant. Over a limited range, larger flow rates, A
resulting in fewer required well-pairs, reduce levelized busbar costs for these
"small" reservoirs. If only two fractures are used in this model, with My =
125 kg/s, temperature drawdown,in the first five years of operation is 80% of
initial temperature, and the system is not profitable under any set of reasonable
conditions. Larger reservoir size, in conjunction with highef well-flow rates
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Table 8-1
SUMMARY OF SENSITIVITY ANALYSES

% Change in
Estimated Levelized
Parameter Busbar Cost 43.2 mills/kWh)

Geothermal Temperature Gradient (°C/km):

30 76.4.
402 0.0
50 -27.2
60 -39.8

Installed Capacity [MW(e)]:

System Lifetime (yr):

20 6.0
302 0.0
40 -2.1
50 -2.8
Capacity Factor (%):
85a 0.0
80 6.0
75 12.9
70 20.7
Drilling Costs (% of Reference Case):
60 -28.0
80 -14.1
1004 0.0
120 13.9
140 27.9
! 160 41.7
Real Equity Rate/Real Debt Rate (%/%):
' 6/3 -35.0
! 9/6 -18.5
. 12/94 . 0.0
15/10 21.0
18/11. 43.1
21/12 66.6

a Reference Case




" Table 8-2
SENSITIVITY ANALYSES FOR RESERVOIR PERFORMANCE
(% Change in p* From 43.2 mills/kWh)

Number of Design Well-Flow Rate (kg/s)

Fractures 50 75 100 125 150 175
3 35.8 = 27.2 19.0 7.4 10.5 10.9

4 - 24.3 9.0 2.1  -4.5 -3.2  -12.1

5 23.7 5.5 -2.3 =57  -12.9 -13.1

6 17.3 0.0 -7.9 -14.7  -13.1  -20.5

7 16.3  -1.7 ~ -10.2 -18.3 -21.0  -18.1
-8 " 10.8 -4.5 -12.3  -18.2  -21.9  -26.3
9 12.3 -5.4 -14,9 -18.2 -21.8  -24.0

10 ©14.9 -8.4 ~-13.5 -19.4 -21.6 -26.6

(relative to reference case conditions), results in substantially reduced level-
jzed busbar costs (30-35 mills/kWh). This suggests that a proven multiple--
fracture concept involving 8 to 12 or more 300-m-radius fractures or an equiv-
alent surface area system would result in a significant increase in the prospects
for commercially feasible electricity production.from HDR resources.

POTENTIAL FOR COMMERCIAL FEASIBILITY

In concluding the analytical portion of this study, it is interesting to specu-
late as to the structure of an HDR system if it is to produce electricity at a
competitive price. An immediate problem is that of positing what a "competitive"
price might be ‘in various gradient regions of the U.S. at some future date when
HDR -produced electricity'ﬁnuldibe established (gg:§§).r,A]thdugh'numerOUS'proba
lems underlie comparisons .of estimated busbar coSts from differing sources (gg),
for our limited specuiative purposes, we arbitrarily: posit a future competitive
busbar cost of 30 mills/kWh. - This cost'is an ‘estimated average of 1985 costs for
nuclear—coa] mixes from a Federa] Energy Adm1n1strat10n report (37) o

Us1ng 30 m1l]s/kWh (in 1978 $)-as a reference for a compet1t1ve future busbar :
cost, we now inquire as to the ‘range of ' parameter values for the HDR system that»
would result in a value for p* that is no greater than 30 mills/kWh. Given the
partial nature of our sensitivity analyses, only- one parameter‘is varied while
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all others are held at reference case values. Thus, p*_g 30 mills/kWh might
obtain with many different combinations of these parameter values. In any case,

p*_g 30 mills/kWh obtains in the following cases:

- o geothermal temperature gradients at 50°C/km and higher;

e a reduction in drilling costs of 30-40% of those used
in the reference case;

o .a larger number of fractures (8 to 10) combined with
higher well-flow rates (150-175 kg/s); and

e real debt and equity rates on the order of 3% and 6%
respectively. :

As noted above, any of these four conditions would result in p* of 30 mills/

kWh with all other parameters at reference case values. Numerous combinations of
these other parameters, such as longer planning horizons, higher capacity factors,
and greater installed capacity, might yield the same results.

A set of minimum conditions for a commercially competitive HDR facility, assum-
ing a proven technology, would include: T > 50°C/km, 30-40% lower drilling
costs, larger reservoirs in combination with larger weli-flow rates, or

lower debt and .equity rates. Alternatively, if the relevant competitive

price is greater than 30 mills/kWh, the minimum conditions for commercial
feasibility cited above become less stringent.

INTERDISCIPLINARY RESEARCH

In concluding this report it seems most appropriate to comment on one aspect of
our efforts that cannot be included with the numerical results. This aspect con-
cerns the close working relationships and intellectual interchange that have
evolved over the last two years between LASL and UNM economists and reservoir and
chemical engineers and geoscientists at LASL.

Interdisciplinary research is often an overworked term, and in many cases may in-
volve little more than two or more disciplinary groups that work separately on
the same problem. This was certainly not the case here. Throughout the seeming-
1y endless process of model formulation and refinement, as well as analyses of
results, the project's economists and engineers have worked together (sometimes
heatedly) in evaluating strengths and weaknesses of alternative choices for para-
meter values, functional representations for reservoir and/or economic processes,
etc. There is little in either the model or reéulting analyses that has not been
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the subject of joint, intensive scrutiny and discussion by economists and engi-

neers.

The merits of this process must be judged in terms of the quality of the analyti-
cal process developed. It has been refreshing, however, to observe the evolution
of the interchange between members of these professional groups: economists with
growing interest about perceived trade-offs in design temperatures and concepts
related to such things. as thermal-stress cracking; and engineers expressing con-
cern for potential gains from short-run deviations from design parameters.

It is somewhat unusual for economists to be so involved in assessment studies for
activities at such an early stage of technoldgica] development. We hope that

the results of this work demonstrate the value of such early involvement, parti-
cularly as they relate to the directions for future R&D efforts that are most
critical to the potential economic feasibility of HDR-produced electricity.
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Appendix A
DESCRIPTION'OF'ASSUMED‘RESERVOIR PERFORMANCE

The changes that may occur in the'reservoir fluid temperature, as well as the
rate of power production over the 20-50 year lifetime of an HDR power plant, can
be crucial in developing an optimal strategy for reservo1r management . The most
desirable approach is*to ma1nta1n a constant output temperature while maximizing '
the mass flow rate of fluid through the reservo1r. ThIS will not be poss1b1e
because any finite-sized systen will have a finite rate of drawdown. The energy
drawdown ‘rate for an’HDR reservo1r ‘with low format1on permeab1l1ty will depend
on (_ 31, 38): ' '

e accessible’ fracture surface area A

o mass flow rate, m; ’

o distribution of fluid across the fractured surface and

. therma] propert1es of the rock (dens1ty, heat capac1ty,
conductivity). ;

A simplified approach to estimating reservoir performance would assume that a
certain fraction n of the recoverable power, corresponding to a uniform' flow
across the face of a single ideal plane fracture, could be extracted. By solving
the transient problem of one=dimensional heat ‘conduction fram the rock into the
fracture face, the recoverable power P(t), in J/s for uniform f1ow, can be
expressed as (_, 31 39) Cler

) erf I lpC)Y‘ 1TR2 ‘ (A-1)

PE)=nhC(T-T

min Vi me |
Ny
where N
A = 7R2 = area of one face of the fracture, m2,
Cy = heat capacity of water = 4200 J/kg K,
Cp = heat capacity of granite = 1000 J/kg K,




m = water flow rate through the fracture, kg/s,

R = single fracture radius, m,

t = time, s,

T; = mean initial rock temperature, °C,
Tmin = fluid reinjection temperature, °C,

thermal conductivity of granite, 3.0 W/m K, and
rock density, 2500 kg/m3 .

o >
5 3
wow

McFarland and Murphy (31) compare P(t) fo estimated values that account for non-
uniform flow across the accessible fracture area. Fluid buoyancy_and,éonvection
effects within the ideal fracture, as well as transient conduction of heat
‘through the surrounding rock, are treated in a numerical solution of the four
coupled, two—diménsiona], nonjinear partial differential equations describing
continuity, fluid momentum, and rock and fluid energy balances. Depending on the
location and separation of fluid injection and recovery points within the frac-
ture and the internal fracture permeability (gap width versus radius, see Figures
A-1 and A-2), the recoverable fraction of power n may vary from 0.4 to 0.9 de-
pending on the degree of'bUOyant circulation through the fracture. .A computer-
simulated flow contour presented in Figure A-3 compares flow in a'relatively high
impedance fracture with buoyancy effects active.

Equation A-1 shows that P(t) depends directly on the error function of
K(R2/m fT). for constant rock and fluid properties where Km =/et/c2)r .
Consequently, reasonably accurate predictions of reservoir lifetime can be made
for specified ideal fracture sizes and flow rates. Figure A-4 presents para-
metric results for the power ratio P(t)/P,(t = o) versus time t using different
values of m/R2 to generate a family of curves for a granitic single-fracture
reservoir,
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Figure A-3. Flow contours simulated by the McFarland-Murphy model (31) of heat
transfer in an idealized plane circular crack of 500-m radius and elliptical
cross section. Streamlines shown contain ~10% of the total 144 kg/s flow. An
initial mean rock temperature of 250°C was used with a gradient of 50°C/km.

(a) With buoyancy affects suppressed. (b) With buoyancy affects active.

A-4

>




10 T T T g
: th/RE 20.5x16*kg/m?s
[oF -} o -~
-4
- Ixt0
? 06 —
z
(-8 o
~ .
=
< 04 _
2x10
0.2— —
10x107*
ottt | S BT R R |
[+ 10 20 40

t (YEARS)

Figure A-4. Parametric power drawdown
curves for a single fracture of radius
with no thermal-stress cracking.

R

A-5




1
|
|
i
!
|
|
i
i

Appendix B
METHODOLOGY FOR CALCULATING TEMPERATURE DRAWDOWN

Reservoir engineers at LASL have estimated the rate of periodic temperature draw-
down in the reservoir as (1- erft) vhere the re1at1onsh1p in erf is a funct1on
of the periodic choice of well=flow rate mt and the established reservoir
effective radius S. The effective radius depends upon the number of fractures F
created in the reservoir and the radius R of each fratture,rassuming that all
fractures are identical (6, 24, 39). Because total surface area over all frac-
tures is - F1rR2 the effect1ve radius may be est1mated by

= rfF A | (8-1)
In this analysis, we assumed that the horizontal spacing between adjacent frac-

tures is sufficient to avoid thermal 1nterference over the useful lifetime of
that portion of the reservoir (6, 39)

The temperature of the geothermél fluid entering the plant at the end of period t
(that is, the beginning of period t + 1) is approximated as follows.

Ty = Te erf (Mg,S) 5 0 <Cerf <l . (B-2)

The erf ca]cu]atfon an error function, specifies the percentage of temperature
remaining in a system of s1ze S after a per1od of use, where "use" is reflected
by the rate at which water is flowed through’ the fractures, cool1ng the rock's
surface area. The value that enters into the error function is g1ven below as
derived- from Eq. (A-1) us1ng the physical propertles of granite: and water.

, . 2. EEEN N "’ ’ o
orf (_§__ . 29_45_) , o (B-3)
My Jr . -

vhere Tt is the time in seconds that has elapsed since drilling last occurred.

When Eq. B-3;mu]tip11es initial temperature, it effectively lowers reserVoir
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temperature over time until redrilling occurs. If redrilling takes place in
period t, all-temperature losses are reinstated, so the value given by erf at the
start of period t is 1.

The value of erf after each period of reservoir use clearly depends upon the re-
servoir size relative to the well-flow rate S2/m;. As size of the reservoir

is increased (either by creation of more cracks, cracks with larger radii, or
both) relative to flow, the value of erf increases, or the rate of tempefature
drawdown decfeases, so higher temperatures in the reservoir obtain. Likewise, if
the well-flow rate is decreased relative to reservoir surface area, erf yields a
larger value (Table B-1). Notice that various combinations of well-flow rates
and surface areas (as specified by fracture radius and the number of fractures
per resgrvoir) will result in the same erf value. Flowing water through the sys-
tem at a rate of 100 kg/s, where the system is comprised of four fractures each
with a radius of 500 m, will result in the same rate of temperature drawdown as
when the flow rate is 75 kg/s and the reservoir has one crack with an 866-m
radius (in either case, S2/my = 10,000).

Table B-1

EXAMPLES OF TEMPERATURE DRAWDOWN FOR
160°C RESOURCE (m = 75 kg/s)

Effective Radius Area of One Side of Temperature Draw-
of Fracture (S)a the Fracture down °C After
(m) 1000 (m2) 5 years 10 years
100 31.4 144 152
200 125.6 114 152
300 282.6 116 128.7
400 502.4 91.2 110
500 785.0 68 91.9
600 1130.4 48 74.9
700 1538.6 22.4 45.8
800 2009.6 8 26.2
900 2543.4 1.6  14.3
1000 . 3140 0 4

acalculated as Ry/F; R = 300 m and F is the number of fractures.
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APPENDIX C ,
DEFINITION OF TERMS

installed capac1ty of the electr1c power plant in megawatts

[MW(e)].

design temperature of ‘the power plant (°C).

optimal plant design temperature giVen other parameters including p.
reservoir temperature‘at the beginning ofiperiod t (°C).

average fluid temperature in stage t.

% of reservoir temperature differing from Tq, (Tq-T¢)/T4.
recoverable power.

factor to adjust perlod1c power output as a percent of installed
capacity when reservoir temperature deviates fram design
temperature.

fraction of recoverable power.

design-flow rate of the power plant in k11ograms/second/megawatt
(kg/s/MW) . :

well-flow rate through a pa1r of wells dur1ng stage t
in (kg/s).

design well-flow rate through a pair of wells
in (kg/s). ,

number of well pairs requ1red to operate the power plant.
number of fracturesin each reservo1r._
radius of each fracture in meters (m).

‘ va— effective rad1us of the reservoir (meters), expression for

reservoir size, because total surface of the reservo1r is Fm R2,

area of reservoir, 1rFR2 (m2)

error funct1on (see Append1ces A and B)

geothermal temperature gradient (°C/km).

depth of the reservoir at the beginning of period t (meters)
depth of redrilling during period t (meters).

the number of periods in the t1me horizon used for evaluating
the HDR faC'l]'lty, t = 1 2,;00, Y N

capacity factor for the electric power plant.

factor to adjust power output to account for downtime whenever
drilling or redrilling takes place.
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busbar price of e]éctricity (dollars/kilowatt-hour or mills/kkh).
levelized busbar cost. ,

gross revenues from the sale of electricity in period t
(dollars/period).

revenue tax rate.
revenues from the sale of electricity, net of 0&M costs and

"revenue taxes.

factor which adjusts periodic drilling costs to account for
income taxes paid on returns to stock.

present value of revenues at busbar price b.
operation and maintenance charges (dollars/kilowatt-hours).

cost for drilling one pair of wells (one HDR reservoir) to
initial depth D. p

cost of drilling N pairs of wells (N reservoirs) to an
initial depth D. - ’

redrilling costs.

rig mobilization costs.

piping costs.

total periodic drilling costs.

"interest during construction" cost component.
cost of the generating plant.

preoperational (startup) costs: net of income taxes;
including plant construction costs, exploration and siting
activities, leasing and purchasing of land, and property taxes.

present value of all costs.

realinterest rate on bonds used to finance preoperational
costs.

real rate of return on stocks used to finance drilling and
post-startup costs.

real discount rate; the opportunity costs of money to the
firm, '

present value of net benefits.

maximized value of revenues minus present value of DCi-type
costs including income taxes in period t for initial values of the
state variables.
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