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ABSTRACT

A financial accounting model that incorporates physical and institu-
tional uncertainties has been devilopod for geothermal projects, Among the
uncertainties it can handle are well depth, flow rate, fluid tesje,~ature, and
permit and construction times. The outputs of the model are musulative prob-
ability distributions of financial measures such as capital cost, levelized
cost, and prc©it. These outputs are well suited for vse in an investment
decision incorporating risk. The model has the powerful feature that condi-
tionai probability distribution can be used to account for correlations among
any of the input variables. The model has been applied to 31 geothermal reser-
voir at Heber, California, for a 45-MW binary electric plant. Under the
assumptions made, the reservoir appears to be economically viable.
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EXECUTIVE SUMMARY

Geothermal energy entails risks resulting from unknowns in r.uysical
factors such as required well depth, fluid temperature, and flow rates, and
from unknowrs in institutional factors such as length of permit procodures,
negotiations for price between the energy producer and the energy user, and
1iability for faulty performance. To the potential investor in a geothermal
development thes. risks create uncertainty about the economic viability of the
project. In this study we present a tool to quantify the risks of geothermal
development, the Geothermal Probabilistic Cost M-lel (GPCM), and use the model
to evaluate the economics of a geothermal reservoir at Heber, California.

The GPCM is a financial accounting model that incorporates physical and
institutional uncertainties. (See Section II.) The primary output of the
GPCM is the distribution of key financial parameters such as profit, capital
requirements, and cost, These distributions can be used to make a rational
investment decision incorporating the investor's attitude toward risk.

Two characteristics of the GP(M make it distinst from other probabi-
listic financial models. First, the GP(M does nnt merely solve for the mean
and variance of the distributions of financial variables; it solves for the
distributions th: :wlves, This is important because many decision makers care
about more cthan mu:iely tiy first two moments of a distribution. Second, the
GPCM ocan model cases where different uncertain events are not stochastically
independent; that is, the GPCM does allow the ocutcome of an uncertain eveat to
te influenced by the outcome of another uncertain event. Su h correlations
betweer. different events is often reality, but cannot be modeled in the
standurd Monte-Carlo-type simulation model.

A geothermal reservoir for a 45-MW binary-cycle electric plant at Hebder,
California was evaluated using the GPCM. (See Section 1.) The basic result
of the Heber Site Study is that under the assumptions and data used, the
reservoir is an economically viable project that would allow the reservoir
developer to recover all his costs and carn a rate of return suitabdble for
frojects of this nature. While the evaluation of the project is sensivive to
changes in input assumptions, the basic economic viability of the reservoir
did not change under a broad range of circumstances.

-1-



SECTION I

THE HEBER GEOTHERMAL RESERVOIR SITE STUDY

A. INTRODUCTION

The Geothermal Probabilistic Cost Model (GPCM) evaluated the economics
of a geothermal reservoir at Heber, California, to provide geothermal fluid for
a 45-pMW (net) binary-cycle slectric generating plant. If such a commercial-
size binary facility could be successfully built at Heber, {t would mean that
many medium temperature geothermal sites could produce ecoiomical electricity.
The proposed Heber (ieothermal Project consiet_. of the reservoir, binary-cycle
plant, and a demonstration period. The power plant and demonstration period
would be a demonstration project to prove the binary technology,' but the
reservoir would be developed as a for-profit commercial venture.Z2 One cor.-
clusion of this study is that the reservoir portion of the Heber Geothermal
Project seems to be economically viable, although the degree of profitability
is sensitive to certain key parameters.

The Heber site was chosen for study using the CPCM model for two
reasons: (1) the desire to study a binary site; and (2) extensive engineering
evaluation has been done for the Heber Gecthermal Project and much of the work
has been made public. Although the Jet Propulsion Labor..ory (JPL) contacted
the major participants in the Heber Project, this 5tudy is based primarily on
pub..icly available information.

This study models the reservoir at Heber, but not the power plant.
The difficulty with the power plant is that the relationship between costs
and changes in physical parameters is not thoroughly understocd. For the
reservoir, the relationship between physical parameters such as well depth,
flow rate, resource temperature, and cost is understood.3 With sufficient
additional engineering relationships, or by ignorirg physical uncertainties
and considering only time uncertainties, the power plant could be modeled by
the GPCM.

This study models a reservoir development at Heber with the same tech-
aical characteristics as the proposed reservoir development; however, the

The proposed participants in the funding of the generating plant are

the U.S. Department of Energy (DOE), San Diego Gas and Electric Co. (SDGAE),
Imperial Irrigation District, Southern California Edison Co., California
Department of Water Resources, Electric Power Research Institute, and
others. The plant would be operatad by SDG&E.

2The reservoir is a Joint venture of Chevron Resources Co., Union 0il Co.,
and New Albion Resources (a subsidiary of SDG&E). Chevron would develop and
manage the reservoir.

3See Discussion of OPT Functions in Section II of this report.
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sotual reservoir to be developed could have a slightly different development
path and poasibly different costs. The reasons for the difference are that
the initial oxploratory activities with the Heber Reservoir were in search of
oil, not gasthormal heat. Therefore, it seemed unwise to model this period
based on what hao occurred as the intent was not to find a geothermal reser-
voir. Thus, we have modeled the early develcpments on the Heber Reservoir
based on a reasonable pattern of development “>r a geothermal reservoir
beginning i»n 1980. Much of the pertinent data about the Heber Rcservoir,
particularly ccst data, is proprietary and is 1.~t available to JPL. To the
extent that our secondary source data differ from the true data. our predicted
results for the reservoir may differ from the actual results of the project.

B. DATA DESCRIPTION

The data description is divided into five parts: financial variables,
technical description, costs by stage of development, revenue, and probabi-
listic assumptions., Specific assumptions have been made and references are
given. Unless otherwise stated, all dollar amounts are in 1980 dollars.

The description of the Reference Scenario and other described inputs
form what is termed the Base Case Set of Assumptions. The Base Case Set of
Assumptions includes the Reference Scenario (which is supplied as input) and
all other scenarios that are created by the model from porturbations in the
Reference Scenario's stage times or physical parameter values.”’ Sensitivities
to specific parameters in the Base Case are made in a Later section.

1. Financial Variables

(1) Energy Price: 17.5 mills/kWh. This is the price received by the
reservoir for each kilowatt-hour of eclectricity produced gross.
The price used is the price which Cassel (Reference 1) claims is
the competitive price for Heber. Based on 9 years required to
develop the field before operation and the 10% escalation rate
assumed below, this would grow to 41.3 mills/kWh for the first
year of operation.

(2) Energy Price Escalation: 10%/yr. It is assumed that the energy
price will escalate along with fuel costs. Data Resources, Inc.
(DRI) (Reference 2) forecasts residual fuel wholesale price
escalation of 13.3% between 1980 and 1990 and 8.9% between 1990
and 2000, The 108 rate selacted is a compromise between these
figures,

U1f any of the financial parameters, cost accounts, or probabilistic assump-
tions are changed by the user, a new set of assumptions, different from the
Base Case Set, is created. Any such new case would again include a Reference
Scenario, and the model wculd generate other scenarios as perturbations of

this Reference Scenario. For a discussion of this aspect of the model, see
Section II-D.



(3) General Inflation: 9%/yr. All prices other than eleatricity
will be assumed .o grow at this rate. It {s based on the DRI
(heiorence 2) forecast of the wholesale price index growing at
10.1% from 1980 to 1990 and 6.7% from 1990 to 2000.

(4) Discount Rate: 15%/yr. The rate used is the required after-tax
rate of return on capital invested in projects of this risk class.
The figure was obtained from the Atlantic Richfield Co.

(5) Royalty Rate: 10% on Gross Revenue. A common rate used for
geothermal property.

(6) Federal Tax Rate: U6%. Standard corporate tax rate.

(7) State Tax Rate: 9%. Corporate tax for California.

(8) Local Tax Rate: 1%. Standard for California.

(9) 1Investment Tax Credit (ITC): 10%. Geothermal would receive an
additional credit of 15% for a total ITC of 25%. However, this
extra 15% is due to expire December 31, 1985, before the major
capital expenditures for this site study would occur (Reference 3).

(10) Depletion Allowance: 15%. Although the present rate is 21%, it
will decline to 15% by 1984, which is before schetuled operation of
the plant.

(11) Depreciation Method: Sum of years digits. This form of
accelerated depreciation is used.

2. Technical Descripuion

The pertineni technical details about the reservoir are in Tables 1-1,
1-2, and 1-3,
3. Cost Accounts by Stage of Development

The development of the geothermal reservoir is divided into four stages
of development: (1) resource proving, (2) permit process, (3) developing the
resource, and (U4) opsrating the reservoir.5 In this section we describe the
cost accounts in the :stages for the Heber site study, and list the actual

costs used in the Ref'erence Scenario.

a. Description of Costs in Stage I: Resource Proving.

(1) Rent. This is the payment to the owners of the land. This
payment is replaced by royalty payments when production

5This is more thoroughly discussed in Section II.
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Tahle 1-1, Production Wella®

Number

Dapth

Diamater

Flow per well

Total f'low to plant

Well lifeotime

Cont astlmntob

11 {n production, plua 2 apares for total of 13
6 at 1219.2 M (4000 rt)

6 at 180°8.8 M (6000 ft)

1 at 3048 M (10,000 ft)

4.5 am (9 %/8 in., at bottom)

Start 1380 GPM
Max {mum 1600 GPM
Start 31.26 M Kg/h at 1829C

(7.14 M 1b/h at 3600F)
End W, 06 M Kg/h at 170°C

(8.88 M 1b/h at 3389F)
15 yr

Dapth Cost Per Well 19808

1219.°2 M (4000 rt® 611,000
1828,8 M (6000 rt) 805,000
MO8 M (10,000 ft) 1,212,000

ANumber, depth, diameter, flows, and well lifetime are from San Diego
as & Eleciric (see Reference 6) and converaations with Chevron., Well cost
ontimates are from Livesay Consultants, modified by JPL,

bThis cost is an estimate for a trouble-free well, pumps not inoluded. To
this cosat must be added a "dry hole/drilling problem" expense.




Table 1-2. Injection Wells®

Number 6 in use, plus 1 spare for total of 7

Deptn 3 at 1219.2 M (4000 ft)
3 at 1828.8 M (K000 i)
1 at 3048 M (10,000 ft)

Diameter 27.3 oem (10 3/4 in. at bottom)

Well Lifetime 15 years

Cost Es!imateb Depth Cost Per Well 1980 $
1219.2 M 4000 ft) 693,000
1828.8 M 5000 ft) 897,000
jou8 M (10,000 rt) 1,317,000

ANumber, depth and dizmeter are from conversations with Chevron,
Well cost estimates are "rom Livemay Consultants, modified by JPL,.

bCost is an estimate foi' trouble-free well. To this cost must be
added a "dry hole/drilling problem" expense.

Table 1-3. Power Production and Consumption®

Function Start End

Gross Power Production (MW) 61.9 6l .1

Auxiliary Power Consumption (MW)

Plant 4.6 15.3

Chevron Production Well Pumps 2.3 3.8

Total Auxiliary Consumption 16.9 1.1
Net Power Production (MW) %5.0 us5.0
Capacity Factor 70% 70%

a2San Diego Gas & Electric (see Reference 6).
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sturt, in Stage IV.
Source: Estimate from SDG&E

(2) Exploration Permits. Cost of securing permits for surface
exploration and exploratory drilling.
Source: Estimate from SDG&E

(3) Exploration and Well Logging. Expenses of surface
exploration, drilling exploratory wells and well logging.
Source: Grieder (see Reference 5)

(4) G&A. General and administrative expenses, including project
management .

Source: Estiunate from SDG&E

(5) Contingency. Additional allowance of 10% of all the above
Stage I expensaes for contingency.

(6) Lease Acquisition Cost. Payment to land owners to obtain
lease.

Source: Estimate from SDG&E

(7) Surface Ococupancy. Purchase of 5 acres for surface
installation facilities such as pad for wells, pipes, roads,
ana required struct:es.

Source: Estimate from SDGXE

Deacription of Costs in Stage II: Permit Process

(1) Rent. See description in Stage I.

(2) G&A. See description in Stage I.

(3) Regional Environmental Assessment. Preparation of required
document on environmental assessment before obtaining permit
to develop the reservoir.

Source: Estimate from SDG&E

(4) Contingency. 10% of all the above.

Description of Costs in Stage III: Developing the Resource.

(1) Rent. See description in Stage I.

(2) Development Well Cost. This is the expense of drilling all
production and injection wells. This expense is divided into
in 75% intangible drilling costs and 25% capitalized expense.
Source: Livesay Consultants

(3) Dry Hole and Drilling Problem. The development well costs
are for trouble-free wells. To account for expected trouble



during drilling, 20% of the development well cost is added.
This expense is divided into 75% intangible drilling costs and
25% capitalized expense.

Source: Livesay Consultants

(4) Surface Installation. This is the expense of all facilities
other than the wells. It also includes down-hole pumps. This
expense is divided into 50% intangible drilling costs and 50%
capitalized expense.

Source: Holt/Procon (see Reference 7)

(5) G&A. As discussed in Stage I.

(6) Contingency. 10% of surface installation, leasing, and G&A.

d. Description of Costs in Stage IV: Operating the Reservoir.

(1) Redrilling of Wells. Depending on the lifetime assumption,
all wells will be redrilled. This expense will be madé in the
last year of the lifetime of the well. The expense will be
divided into 75% intangible drilling costs and 25% capitalized
expense.

(2) Dry Hole and Drilling Problem. Same as described in Stage IIT.

(3) Operation and Maintenance (0&M). This is the expense of G&A,
well maintenance, surface maintenance, down-hole surveys, and
miscellaneous supplies.

Source: Holt/Procon (see Reference 7)

(4) Electricity Expense for Pumping. This is the cost of
electricity to drive the down-hole pumps on the production
wells. The power required increases from an initial 2.3 MW
to an eventual 3.8 MW. We assume that power consumption
increases linearly. The price of the electricity is based
on the assumption that the reser.oir buys electricity from
the plant at cost, and U8% of the cost of electricity is
geothermal heat. Thus, the price paid for electricity is
(1/.48) x (heat mill rate/kwh).

Source: SDGAE (see Reference 6)

(5) Contingency. 10% of Q&M expense.
e. Costs u=cd in the Reference Scenario. The costs used in the

Reference Scenario for the Heber Site Study are in Tables 1-4, 1.5, 1-6 and
1=T7.

The set of distributions for the four uncertain variables generates
(3) x (2) x (1) x (3) x (3) = 54 scenarios.

These scenarics and their assiociated probabilities are shown in Tables 1-8 and
1-9.



Table 1-4. Cost Accounts: Stage I in 1980 Dollars (Thousands)

Stage I
Exploration G&A: Project Lease Acquisition  Surface Necupancy:
Rent $75/ Exploration and Well Management Cost: $325/acre € agres at
Interval acre/yr Permits Logging $100,000/yr Contingency per 1000 acres $12,000/7acre
1 68.75 0 240.0 91.67 79.0 325.90 60.0
2 68.75 25.0 240.0 91.67 43.0 0 0
3 68.75 0 800.0 91.67 96.0 0 0
y 68.75 0 800.0 91.67 96.0 1] 0
5 68.75 0 800.0 91.67 96.0 0 0
6 68.75 0 800.0 91.67 96.0 0 0
Accounting
Lifetime, yr 1 1 1 1 1 1 1
Cost
Escalation, 3 9 9 9 9 9 9 9
Table 1-5. Cost Accounts: Stage IT in 1980 Dollars (Thousands)
Stage II _
Regional
Environmental
Interval Lease G&A Assessments Contingency
1 75.0 100.0 200.0 38.0
Accounting
Lifetime, yr 1 1 1 1
Cost
Escalation, % 9 9 ) 9
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Table 1-6. Cost Accounts:

Stage III in 1980 Dollars (Thousands)

Stage IIT
Dry Hole
Dry Hole Development and Drilling Sur”ace
Development and Drilling IDC Portion Leasing- Well Cost Problems: Installation Cont tngency
Well Cost: 5% Problems: of Surface 475,000/ G&A Contingency 25% rapitalized 50% (108 of Surface
Interval of Total IDC IDC Portion 1Installation yr $100,000/yr 108 Capitalized Portion Capitalized Installation)
1 3948.75 789.5 1566.7 62.5 83.33 171.0 1316.25 263.2% 1566.7 157.0
2 3948.75 789.5 1566.7 62.5 83.33 171.0 1316.25 263.25 1566.7 157.0
3 3948.75 789.5 1566.7 62.5 83.33 171.0 1316.25 263.25 1566.7 157.0
Accounting
Lifetime, yr 1 1 1 1 1 1 10 10 10 10
Cost
Escalation, § 9 9 9 9 9 9 9 9 9 9
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Table 1-7. Cost Accounts: Stage IV in 19802 Dollars (Thousands)

_Stage IV
Dry Hole
Expense
Redrilling During Cperations Redr{litng Orv Hnle Expense
Program: Redrilling: and Electricity Prograa: During Redrilling
IDC Porti IDC, Portion Maintenance Contingency Expense Caoitalized Capitalized Po=tinn,
Intervsl 753 758 including G&A 108 of O&M Well Pumping Portion, 25% 25%
1 0 0 2093.0 209.0 51%.0 [+} o]
2 c 0 2093.0 209.0 526.0 ) o]
3 0 1] 2093.0 209.0 537.0 o} o]
L] 0 0 2093.0 209.0 549.0 8] o]
5 0 0 2093.0 209.0 560.0 o] ]
6 0 0 2093.0 209.0 572.0 0 o}
7 0 0 2093.0 209.0 584.0 4] bs]
8 0 0 2093.0 209.0 595.0 0 s}
9 0 0 2093.0 209.0 607.2 0 2
10 0 0 2093.0 209.0 618.0 0 2
11 0 0 2093.0 209.9 630.0 0 c
12 0 0 2093.0 209.0 6k1.0 0 3
13 0 [} 2093.0 209.0 653.0 4] o]
18 0 ¢} 2093.0 209.0 665.0 0 2
15 12850.0 2490.0 2093.0 209.0 676.0 4150.0 830.2
16 0 0 2093.0 209.0 688.0 0 o]
17 0 0 2093.0 209.0 699.0 0 9
18 0 0 2093.0 209.0 711.0 2 2
19 0 0 2093.0 209.0 722.% 3 ol
20 0 0 2093.0 209.0 734.0 0 ol
21 0 0 2093.0 209.0 785.0 0 2
22 0 o] 2093.0 209.0 757.0 o] b
23 0 0 2093.0 209.0 763.0 0 2
24 0 0 2093.0 209.0 780.0 0 2
25 0 0 2093.0 209.0 792.0 0 o]
26 0 0 2093.0 205.0 803.0 o] o]
27 0 0 2093.0 209.0 B15.0 0 2
28 0 0 2093.C 209.0 826.0 0 o1
29 0 0 2093.0 209.0 838.9 0 o]
30 0 0 2093.0 209.0 850.G o] 5
Accounting
Lifetime, yr 1 1 1 1 K M A
Cost

Escalation, % 9 9 9 9 1 3 2




Table 1-8. Density Functions of Uncertain Input Variables®

Variable Possible Values Associated Probability
Stage 1 3yr 0.2
5.5 yrd 0.6
8 yr 0.2
Stage 2 1 yrb 0.8
‘-5 yl‘ 0.2
Stage 3 2.5 yrb 1.0
Stage U 20 yr 0.2
30 yvb 0.7
35 yr 0.1
Well Flow Rate, GPM 035 0.2
1380b 0.6
1725 0.2

4Based on information provided by Chevron.

PThis value is used in the Reference Scenario.




Table 1-9.

Base Case Set Soenarios

SCENARIO Stage 1 Stage 2 Stage 3 Stage U Plow Rate
i 14000032 1 000000 24500000 20.000000 103%,00000)
¢ $.000009 1 .000000 2.500000 20.000000 1 380.000004)
3 3.000009 1000000 2.500000 20 .000000 172%.00000)
. 1000000 1000000 2500000 30.,000000 1035.000000
) 32000309 1.000000 24500000 30.000000 13#0.00000)
¢ 3.0%000) 1 «000000 2.500000 30.000000 1725.00000)
[ 3.00000) 1 .000000 2 .500000 3%.000000 10355.000000
® 3.000000 1.000000 24500000 3%.000000 1360.000009
v 3.00000) 1 .000000 2.500000 3%.000000 1725.000000

10 3.000000 1500000 2.%00000 20.000000 103%.000003
i 3.000000 1+500000 2.500000 20.002000 1380.000009
12 3.00000) 14500000 2.500000 20.000000 1725.000000
) 1,00000 1500000 2.500000 30000000 103%.000000
16 $.000000 1 4500000 2.500000 30.000000 1360.000000
15 3.,000000 1 500000 2 .500000 30.000000 1725.000000
16 $.000000 1500000 2.500000 35,000000 1035.000000
\7 3.000000 1.500000 ¢+500000 35.000000 1380.000000
s 3.000000 1500000 2.500000 35.000000 172%.000000
iy 54500000 1000000 2.500000 20.009000 1035.000000
20 5.500000 1.000000 2.500000 20.000000 1380.000000
ll 2.500009 1.000000 2.500000 20.000000 172%.000000
2 5.500000 1.000000 2.500000 30.000000 1035.000000
23 5.500000 1.000000 2 .500000 30.000000 1380.000500
26 %.500000 1.000000 2.%00000 30.000000 1725.000000
2% 5.50000) 1 ,000000 2.%03000 35.000000 103%.000000
20 2.%00000 1.000000 ¢ «500000 35.000000 1380.000000
F3 5.:500009 1.000000 2.500000 35,000000 1725.000000
28 $.500000 1590000 24500000 20.000000 1035.000000
29 5.500000 1.500000 2.500000 20.000000 1380.000000
W $.500000 14500009 2.500000 20.000000 1725.000000
3l 54500000 1 500000 2.500000 30.000000 1035.000000
32 5.50000.) 1.500000 2.500000 30.000000 1380.000000
23 5.50000) 1 .520000 2.500000 30.000000 172%.000000
34 ,50000.) 1.500000 2.500000 35.000000 1035.000000
35 5.50000) 1500000 2.500000 35.,000000 1360.000000
36 5.50000) 1.500000 2.500000 3%,000000 1725.000000
37 8.00000) 1.000000 2.900010 20.000000 1035.000000
38 6.000000 1 .000000 2.500000 20.000000 1380.000000
39 84000000 1 .000000 2.%01000 20.000000 1725.000000
«0 8.00000) 1.000000 2.500000 30.000000 1035.000000
ol 8.00000) 1.000000 2.500000 30.000000 1380.000000
Y] 8. 000000 1.000000 2.502000 30.002000 172%.000000
.3 8.00000) 1.000000 2.500000 3%.000000 103%.000000
' 8.,000000 1.000000 2.500000 35.000000 1380.000000
o #.00000) 1.000300 2500000 3%.000500 1725.000000
TS 5.000000 1 500000 2.502000 20.000000 1035.000009
o7 4.,000000 1.500000 2.500000 20.002000 1360.200000
o 8.000001) 1.500000 2,500000 20.000000 172%.000000
oy 8.,00000) 14500100 2.500000 30.00000 1035.090000
%0 8.00000) 150000 2500000 30, 009330 1360.00000)
51 8.00000) 1500900 2.500000 30.003000 172%.00000)
£ 44000009 1500100 2.50V000 3%,00000 1035.000000
53 80000V 14500000 24500000 35,000000 1380.009000
S ¢ +000000 1 4500000 ¢.900000 3%,000000 172%.000002

(Stages are in years, flow rate is GPM per production well)
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b, Revenue

Revenue to the reservoir will be bused on the gross outprc of the
generating plant during Stage IV. We assume that the effective opsrating
capacity of the plant will be 70%. Thus, for *he first year of operation the
plant will produce:

(0.70)(8760)(61.9 M) = 3.80 x 108 kwn

The revenue during the first year Wwill be this energy miu ltiplied by the
ensrgy price. The energy price will escalate as described in Subsection B,
paragraph 1. The energy output will grow linearly as the gross power output
expands to 64.1 MW at the end of 30 years.

Thire is no other source of revenue for the reservoir other than
the sale of heat for eleotricity production during Stage IV. We asjume a
2zero scrip value; this {s based on the assumption that the resale value of
the lan, and facilities at the end of Stage IV, would be offset by the
expense of restoring the land for the alternative uses in agriculture.

5. Probabilistic Assumptions

Uncertain variables are entered in the GPCM as probability distribu-
butions rather than point estimates. In the Heber site study there are four
uncertain variables: length of Stages I, II, and 1V, and well flow rate. The
density functions fcr the Base Case Set of Assumptions are shown in Table 1.8,
The Base Case Set scenarios and their assocjated probabilities are shown in
Tables 1-9 and 1-10.

The probability for an entire scenario is the product of the
probabilities of the outcomes for each of the uncertain events. For example,
using Table 1-10 the probability of Scenario 1t {s:

.0.2) x (0.8) x (1.0) x (0.2) x (0.2) = 0.0064.
(This is shown in Table 1-11,)

In the Base Case, uncertain events are not conditional upon the out-
comes of other uncertain events; however, the GPCM does have tha power to
have uncertain events conditional upon the outcome of other events. This
oapability is used in a sensitivity analysis in Subsection D-2.

C. RESULTS OF THE BASE CASE &7 OF ASSUMPTIONS

This section presents the results of operating the GPCM with the Base
Case Set inputs as described in Subsection B.

1. Profit in the . 3e Case Set

The present value of profit in the Base Case Set has an expected value
of $5.78 million; however, the Reference Scenario value is $7.64 million. It
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Table 1-10. Probabilitiea in Base Case Set Scenarios

SCENARIO Stage ) Stage 2 Stage 3 Stage U Flow Rate
) 042000040 V. 800000 1 ,000000 0.200000 0.,200009
2 0.200030 0,800300 1.000000 04200000 0.¢09000
3 0.200000 0,400000 1.000000 0.200000 0.20000)
“ 0,40000) 0,800000 1.000%00 04790000 0.20000)
] Je2000)) V.800000 1 « 00000 0.700000 0.600000
° 0e20000) 1), 890000 1 « 000000 0 700000 3.200000
! J.20000) 0,800000 1 + 00000 0.100000 0.20000)
8 0,200009 0.800000 1.000000 V.100000 0.603009
9 V,200090 0.,800000 1690000 0.100000 0.20000)

10 0,200000 0.200000 1.000000 0.200000 0.200000
9 0.200000 V.200000 1 «+ 300000 0.,200000 0.,600000
12 U+200000 V.,200000 1.000000 0.200000 3.200000
(¥ V,200000 0.200000 1 .000000 0.700000 0.200000
[ J.,200000 0.,290000 1.000000 0.700000 0.600000
(%] 0,200000 0.,200000 1.000000 0. 700000 0,200000
le 0,200009 0.200000 1.000000 0.100000 0.200000
\? 0400000 0,200000 1000000 0.100000 0,000000
s 0.200009 0.200000 1.000000 0.100000 0.200000
[} V. 600009 0.800000 1.000000 0.,200000 0.200000
20 0,000000 0.800000 1.000000 0.200000 0.,600000
a1 0.400000 0.8 0000 1.000000 0.200000 0.200000
2 0,600000 0.8000100 1.000000 0.700000 0.200000
a) 0.,600000 V.08000¢ 1.000000 0.700000 0.,600000
F L) 0,0600000 0.800000 1.000000 0.700000 0. 200000
2% V.,600000 0.800000 1.000000 0.100000 0.200000
40 0,600000 0.800000 1.000000 0.100000 0.600000
217 0.60000) 0.800000 1.,000000 0.100000 0200000
T 0.600000 V.200000 1.000000 0.200000 3.200000
avy 0.600000 0.,200000 1.000000 0,200000 0.600000
30 0,¢000000 0,200000 1.,000000 0.200000 0.200000
3 0.600000 0.,200000 1,000000 0.700000 0.,200000
i ¥4 0.,600000 0.200000 1 .000000 0.700000 0,600000
3 0,600000 0.200000 1 .000000 0,703000 0.200000
3¢ 0.600000 0.,200000 1.000000 0.1000%0 0.,200000
35 0.600000 0,200000 1+000000 0.100000 0,600000
i 1Y 0.600009 V.,200000 * 109000 0.100000 0.200000
3N 0.,200000 0.300600 1 .000000 0.200000 0.203000
30 0,200000 0.800000 1 « 000000 0.200000 0.,600000
39 0200000 0.800000 1.000000 0.200000 0,20000)
40 0.200000 0,800000 1.000000 0.700000 0.200009
4} J.200000 0.800000 1.000000 0. 100000 0.60000)
42 V.200000 0.,800300 1.000000 0.700000 0.,200000
(¥ 0.200000 0.806000 1.000000 0.100000 0.200000
(1Y C+200000 0.,600000 1.300000 0.100000 0.,60000)
[ 1) J.200000 0.,800300 1 .000000 0.100000 0. 200000
40 0,20000) 0.200000 1.000000 0.200000 0,200000
47 0.200000 0.,200000 1 000000 0.,200000 J+600000
48 0.200000 0.,200000 1.000000 0.200000 0.200000
ay v.200000 0.200000 1.000000 0. 700000 0.200000
%0 0.200000 0.200000 1.000000 0.700000 0.600000
51 0.200000 0.200000 1.000000 0.700000 0400009
9¢ J.20000) 0.209000 1.000000 0.100000 0.20000)
54 0.200000 J 200000 1000000 0.100000 0.600000
t 1) V.200000 0.200000 1.000000 J.100000 0,202000

S vt K B s
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Table ! 11  Profit for the Base Case Set of Assumptions (1980 $K)
SLHNARIU PRUMABILITY PRESENT VALUE PROFIY
40 0.001010 YodeliT.1l
n C.t10e%(0 196292 .93
/8 C.CCe9CV e 106637
19 J.0142¢0 8947%0,00
9 C.CClo%0 1418) 1y,0N
] JeC et 400 1425167,00
7 0.C06800) 2565966 .00
Y 0.Cls2ut 2664117.00
29 0.Cl44u0 3138082.00
S0 C.Co7000 34H4A2 44 .09
«8 0.LO1600 18615349,€0
s C.U0L 60 392610% .00
k X4 C.t CoonQ ©«022011.00
4 VA PP LT «03%80100,00
il N 0Ce3000) 429171562 .00
21 . 01€6H890 @151371%,00
30 0.CCoedN0 4906695 .00
22 0.€¢7200 43IN2187.0N0
21 0.C192€C0 503171917.00
82 C.CC08uU0 §27¢714.00
43 c.C02200 540¢812.00
14 0.0C50€0 914%637.00
4 0.022400 984¢937.00
12 €C.€01¢&70 602€992.00
3 C.00¢ 400 616821b.,09
50 t.Cl6300 €25¢953 .00
34 0.c04400 62€¢062.,00
25 0.CC906110 6620750.00
4] C.C6T72400 642¢132.00
16 C.cC6800 7366312.00
32 0.,0504C0 145856 ,00
14 C.CC22¢0 142362%5.01
53 0,€02400 1621246,00
23 0.201610 163¢976.00
£l €.20%670 1652664.00
“4 C.0€9610) 182£2685,00
62 C.02241C 718¢0769,00
14 C.CleBiO EN6E500,.C0
5 0. 067200 8574625.90
3% 0.0CT200 8578125.90
L c.CCCavo 90439712.00
33 0.010800 “05%¢4328,00
26 0.028800 “LUSRTS .00
24 C.CoT200 “21€26%.00
45 0,u03200 $276367.00
i 0,002000 1060731< .00
¢ C.002400 105623 74,09
15 ¢ .005600 19614371H,00
-] €. CC960 1061:5187.09
27 C.CC96CC 108420CN. Q0
6 0.022400 10845062 U0
e g.reennn 12314062.00
S N.f032¢0 12502125.00
EXHECIED PRESENT VALLT PROTIT s 77845, 000000 ODOLLARS
STANDAR? UEVIATION . 2%0210%,000000
MINIPUP PKESENT VALUE PRUFIY = 3¢3617.,187500
MAXIPLY PR SENT VALLE PROFDY s 12502125.000000
REFERLNCE PRESENT VALLF PhQF I . 76035672, 000000
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sust be remembered that the model uses a revenue-requiremsnts method of oompu-
tation (Reference 8). Therefore, profit is the residue from revenues sfter
substracting all ocosts including taxes and a 153 capital payment.

The profit for all scenarios is shown in Table 1-11. The cumulative
distridbution profit function is shown in Figure 1-1,

2. Cost in the Base Case Set

The costs of producing heat in the Base Case Set are shown on Table 1-12,
For each scenario thc cost shown is the cost in a real levelized stream degin-
ning in the first _year of the operation, Stage IV, and continuing to the end
of the oporatlon.6 The stream is real levelized and will rise with the rate
of energy inflation. Thus, for the Reference 5cenario, the cost is 30.97
mills/kWh beginning 9 years after the start of exploration in 1980. This cost
will be 40,67 mills/kWh, or 10% higher, the following ysar. In the ninth year
after exploration, the energy price will have risen from 17.5 mills/kWh to
41.26 mills/kWh. Comparing the first year real levelized cost, 36.97 mills/kWh,
to the first year price, 41,26 mills/kWh, we see there is . profit based on
levelized costa of 3.70 milla on each kWh sold. There will also be positive
profits in each of the remaining years of operation as dboth the price and the
real levelized cost stream rise at 10%,

Comparisons of cost between different soenarios with different times
before operation can be misleading. For example, the first year resl level-
ized cost for Scenario 10 is 33.35 mills/kWh. Because this cost is less than
the first year real levelized cost of the Reference Scenario, one is tempted
to conclude that Scenario 10 is more profitadble than the Reference Scenario.
However, the real levelized stream for Scenario 10 would start only 7 years
after exploration, rather than 9, and the energy price would be only 34.10
mills/kWh. The actual profit for Scenaric 10 is $1.41 million, which would
make it less profitadble than the Reference Soenario, even though its first
year levelized cost is lower.

When first year levelized costs are deflated to 1980 dollars, the cost
can be compared to the energy price of 17.5 mills/kWh to determine whether a
sosnario is profitable. However, comparing the LEC in 1980 dollars for
scenarios with different tim bdefore the start of operations ocan .:till be
misleading. For example, comparing the LEC in 1980 dollars for soenarios 26
and 51, it might be oconcluded that Soenario %1 is more profitable because it
has a lower ocost; however, Tadble 1-11 shows that Scenario 26 is more profit-
able. This is true because the profit in Soenario 51 must be discounted dback
more periods than Scenario 26 as it is 12 years before Stage IV in Soznario
51, and only 9 years in Scenario 26.

3. Base Case Set in 1990

While the project has been viewed from the rear 1980, it is al-> useful
to examine the project in terms of a different year to see the impw ¢t of

6Por a discussion of real levelised ocost see Reference 8.
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Table 1-12. Base Case Set Levelized Cost for FPirst Year of Operation

Years to Years to
Scenario Operation LEC2 LEC, 1980% Scenario Operation LEc? LEC, 1980%
1 6.5 31.80 17.12 28 9.5 g2.42 17.23

2 6.5 30.33 16.32 29 9.5 80.72 16.46
3 6.5 29.145 15.85 30 9.5 39.57 16.00
4 6.5 30.19 16.25 kR 9.5 40.38 16.33
5 6.5 28.95 15.58 32 9.5 38.77 15.68
6 5.5 28.20 15.18 33 9.5 37.80 15.29
7 6.5 29.72 16.00 34 9.5 39.7% 16.07
8 6.5 28.55 15.37 35 9.5 38.21 15.45
9 6.5 27.65 14.99 36 9.5 37.30 15.08
10 7 33.35 17.11 37 11.5 51.97 17.37
11 7 31.81 16.32 38 11.5 49.70 16.81
12 7 30.89 15.8%8 39 11.5 48,134 16.15
13 7 31.65 16.24 40 11.5 49.18 16.42
1% 7 30.35 15.58 31 11.5 47.23 15.73
15 7 29.58 15.18 42 11.5 46.08 15,89
16 7 31.16 15,99 43 11.5 48.33 16.15
17 7 29.94 15.36 44 11.5 46.52 15.55
18 7 29.20 14,98 45 11.5 45,44 15.18
19 9 40.63 17.23 46 12 54,43 17.38
20 9 38.81 16.46 47 12 52.17 16.62
21 9 37.71 15.99 48 12 50.75 16.17
22 9 38.50 16.33 49 12 51.55 16.43
23 9 36.96 15.67 50 12 49.56 15.7q
24 9 36.03 15.28 51 12 53B.36 i5.81
25 9 37.88 16.07 52 12 50.70 16.15
26 9 36.43 15.45 53 12 48.81 15.55
27 9 35.55 15.08 54 12 47.68 15.19

3LEC is real levelized energy cost starting the year cf
operation in Stage IV, expressed in =mills/«Wh.




inflation, Table 1-13 examines aeloocted {tema of thoe Referonce Somnartio for
the yoar 1990, which {2 the socond year of the operating scage, Stage 1V,
Table 1=l oxproasea the profita in teems of 1990 dollara.

b, SENSTTIVITY ANALYSIS OF THE BASE CASE SKET OF ASSUMPTIONS

Sonattivity anatyaia on the lase Cane Set was Jone for anergy, price,
discount rate, ocapacity faotor, tnveatment tax oredit, energy esoalation,
gonoral perice eacalation, woll 1{ife, and correlated uncertain eventa. Results
are ahown {n Table 1.1,

1. Senattivity to Enorgy Prioe

An would be expeoted, profit {(a very senattive to the price received for
the elootriofity produced. A Soh-milla/Z/kWh tnorease {n price translatea (nto a
$40 mitlion Inerease {n the proaont value of expected profita and a $l.0
million {norease ffor the Reference Sconario.

A vhange {n the eneprgy price alao affecta the caost of production. A
JohemtliaskWh fnoreane in the 1980 prive results in a 3.3-milla/kWh {inorease,
o L miliazkWh tn 1980 doitara, in Cleat year real levelired ooat for the
Roforonce Svonario.  Coata inorease with price bocause cost {nctudea royalty
and taxon; royalty paymenta {noreane with pricve, and taxea {norease with
profit whioh fnoreasen with prive.

A Senattivity to Diacount Rate

A inoreane {n the dinvcount rate will lowse profita and ratlae coata,
Whon vaal flown are evaluated uaing a JOf diacount {natsad of 158, as in the
Hane Cane Seot, proeaent value of expocted profiits deolines by $7.1 millton
dotlara, making {1t negative; and firat year real lovelised cost riasea by
il la‘kWh,.

The diacount rate uaoed in thia analyaia {2 the roquired after tax return
on capital.  Although JO% may soeom high, {t muat bo remembered that {t {s a
nominal rate of eroturn,  When adjusted forr 9% general (nflation, nominal
returna of 19 and 0% beocome H.9 and 10.1% real returna, reapectively. For a
project with the riaks of a geothermal resevvoir, these are not unreasonabdle.

i. Senaitivity to Capactity Faotor

A reduction in ocapacity factor from 70 to 658 will reduce the quantity
of output sold. It lowers both expeoted profits and Reference Soenario
profits by $..5 million, and inoreases Cirat yoar lavelized ocoat by V.2
milla/kWh.
4, Sensftivity to Inveatment Tax Credit

The investment tax oredit (ITC) was tnoreased from 10 to 25% and only

marginal ohanges were obaerved. Present valus profit rose about $1.2 millton
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Table 1-13. Reference Scenario {n 1990 Dollars

Energy Price 45,39 mills/kWh
Real Levelized Energy Cost 40.67 mills/kwWh

Annual Operating Expenses (1990$K)

0&M 4955
Eleotricity Expense for Pumping 1245
Contingency 495

Cost of Wella8 (1990%K)
1828.8 M (6000 ft) Production 1445

1828.8 M (6000 ft) Injection 1640

8No wells are drilled in 1990.

Table 1-14, Present Value of Profits in 1980 for the Base Caae Set
Expressed in 1990 Dollars (Millions)

Expeocted Profit 13.68
Standard Deviation 5.92
Minimum Profit .86
Maximum Profit 29.79
Reference Scenario 18,07
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Table i-15. Sensitivity Results to Base Case Set at Heher

1Z-1

Present Value Profit in 1980 Dollars (Millions) Reference Scenarin LEC2
Expected Standard Referer.ce
Value Deviation Minimum Maximum Scenario Kominal 1980¢
Base Case 5.78 2.50 G.36 12.58 7.64 36.97 15.68
Energy 15 1.34 2.16 - 2.9G 7.06 3.2 33.67 14,28
Price 20 10.16 2.84 3.59 18,11 12.25 40.24 17.67
(mills/#zWh) 30 27.30 4,75 1£.50 40.20 30.70 53.44 22.66
Discount 16% 3.48 2.02 - 0.34 3.26 5.06 27.05 16.05
Rate 20% - 1.30 1.03 ~ 3.4l 1.68 - 0.52 41.95 17.793
Capacity 65% 3.27 2.30 - 1.42 9.53 5.09 38.17 16.19
Factor 60% 0.91 2.12 - 3.25 6.48 2.54 39.58 16.78
Investment
Tax Credit 25% 7.06 2.43 1.53 13.78 8.82 36,31 15.40
Energy 11% 12.21 3.44 5.12 20.42 14.55 37.42 14.63
Escalation 9% 0.61 1.84 - 3.55 6.25 2.04 36.73 16.91
General 10% 2.26 2.25 - 2.86 8.36 4,02 39.00 16.54
Inflation 8% 8.77 2.68 3.3% 15.60 10.67 35.24 14,95
Well Life 10 5r 2.50 2.65 - 2.50 9.67 §4.62 38.67 16.40
30 yr 8.63 Z2.40 3.00 15.16 10.27 35.42 15.02

Correlated
Events 5.84 2.46 .36 12.58 7.64 36.97 15.68

8LEC is real leveiized energy cost starting the firat year of operation in Stage IV,
expressed in mills/kwWh.




for most scenarios. The change in ITC had the greatest impact on scenarios
with the greatest capital investment, namely, those with low flow rates and
high investment in wells.

The inorease in ITC would have had a greater effect if a lower
percentage of drilling and surface installation expenses had been ind'rect
drilling costs (IDC). In the Base Case, 75% of drilling and 50% of su.face
installation costs were IDC. With ITC at 25% rather than 10%, one might
consider capitalizing a greater proportion.

5 Sensitivity to Energy Esczlation Rates

Profit is very sensitive to the energy escalation rate, the rate
at which the price of the heat increases. A 1% {ncrease in the energy
escalation rate, from 10 to 11%, {ncreases expected profit by about $6.4
million. Bacause these projects are long, a total of 39 years for the
Reference Scenario, the addition of a 1% escalation increase is very
significant.

h. Sensitivity to General Inflation Rate

Profit was slightly less sensitive to changes in general inflation than
to changes in energy escalation. A 1% rate of increase in general inflation
from 9 to 10% reduced expected profits by about $3.5 million.

The high sensitivity of profits to energy inflation rate and the general
inflation rate indicates the use of caution when choosing their
values.

7. Sensitivity to Well Life

The Base Case Set assumed well life was 15 years. That meant the wells
would all be replaced once in a 30-year operating life. If well life were
only 10 years, wells would have to be replaced twice, and if well life were 30
years, no replacement would be required.

As the results show, profit i{s sensitive to well life. It is especially
sensitive for scenarios where there is a low flow rate and more wells are
needed.

8. Sensitivity to Correlated Events

In this study we exploit a property of the GPCM not used in the
Base Case Set: the ability to model the res2rvoir where the distribution
of an uncertain variable depends upon the vilue taken by another uncertain
varisble. We will assume that the distritution of the flow rate depends upon
the length of time required in exploration, Stage I. The distributior used is
defined in Table 1-16.
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Table 1-16. Flow Rate Correlated to Stage I2

Outcome of Stage I, yr Possible Value, GPM Associated Probauility

3 1035 0.1
1380 0.1
1725 0.8

5.5 1035 0.15
1380 0.35
1725 0.50

8.0 1035 0.2
1380 0.6
1725 0.2

AJPL Estimates

The cumulative distribution of prafit in this case is shown in

Figure 1-2. Comparison of Figures 1-1 and 1-2 shows that the distribution of
profit in the base case is probabilistically dominated by the distribution of
profit in the correlated event case.’ With no assumptions about the utility
function of an investor other than that more profit is preferred to less, we
can conclude that an investor would prefer to invest {n a geothermal project
with the characteristics of the correlated events case, rather than a project,
with the base case characteristics.

The correlated event: case cannot be handled by the standard
Monte-Carlo-type model, and the ability to handle such correlated input
data is a prominent feature of the GPCM.

TProbabilistic dominance is also known as stochastic dominance. For a
discussion of probabilistic dominance see Reference 9.
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SECTION II

THE GEOTHERMAL PROBABILISTIC COST MODEL

A. INTRODUCTION 10 THE MODEL AND THE REFERENCE SCENARIO

The development of a geothermal energy resource presents a potential
investor with a number of uncertainties, both in the geothermal resource and
in the development process itself. These elements of uncertainty can be
incorporated into cost estimates properly if probabilistic cost models are
used. This chapter provides the reader with a description of one such model
that has been developed at the Jet Propulsion Laboratory. The model calcu-
lates the probability distribution for the cost of a project, as well as for
other financial factors such as profit and required capital. It has long been
a tradition to provide a single point estimate for these factors, but it is
our conviction that at best such estimates are expected costs and more often
tend to be on the low side. Expected cost alone provides a limited amount of
information. Usually, the expected cost for a new technology is higher than
the current conventional energy cost. Thus, based on the criteria of expected
cost alone, such a new technology would not appear economicalv attractive.
However, the variance of the cost estimate may be large anough to indicate
that there may be a significant probability that the new technology {is
competitive. This is {llustrated in Figure 2-1.

P(COST)

PROBABILITY /
THAT NEW

TECHNOLOGY
IS COMPETITIVE

EXPECTED COST OF
NEW TECHNOLOGY

—
CURRENT COST OF NEW TECHNOLOGY
ENERGY
COSsT

Figure 2-1. Expected Cost of a New Technology



1. Reference Socenario

Many projects or processes can be considered as occurring in stages,
with the cost of the activities for the project being dependent upon the
duration of the stage in which they ocour. In projects of this type with long
time-horizons, it is often the case that the duration of at least some of the
stages (and hence the cost cf the activities in those stages) will be uncer-
tain. Thus, final cost and profit will be sensitive to the length ~f time
required to complete each of those stages. In addition to the stage dura-
tions, other variables that have an effect on cost, such as physical
parameters, may also be uncertain.

The model described in this report deals with these uncertainties by
oconsidering individually all permutations of times (for the stage durations)
and values (for the uncertain physical variables). From each such permutaticn
of times and values, a 'scenario' is constructed and then analyzed. It would
be quite costly to have an architectural/engineering firm actually calculate
the costs associated with all possible combinations of these variables (e.g.,
well flow rates, reservoir depth, fluld temperature, and permitting and con-
struction times) for a given site. To avoid the enormous information costs of
generating these cost accounts for each such combination, the model makes use
of a Reference Scenario. A Reference Scenario is defined as the most likely
developmental pattern. Cost-accounts are input into the program for only this
Reference Scenario. For all other scenarios, only their stage times, physical
parameter values, and the asrociated probabilities are input: their cost
accounts are derived within t.e program by modifying the appropriate Reference
Scenario cost accounts for any differences in the length of the stages or for
any differences in the values of the physical parameters. Thus, as described
in Section II-D, the Reference Scenario {s really a baseline case from which
all other scenarios are derived. As a result, the lengthy and ditrficult task
of providing detailed cost accounts for the site under study has to be
parformed only once (for the Reference Scenario).

The Reference Scenario also serves as a standard form for presenting
data for the model. It is important to note that the mathematical model
developed is flexible enough to handle as many stages and cost accounts as
the user desires. The Reference Scenario framework described in Subsection B
provides a suggested framework for aggregzating the accourts in the model and
for organizing the data collection.

The user of this model should realize that the amount of data required,
and therefore the computer cost, will vary with the number of stages identi-
fied, as can be seen from the sample decision tree in Figure 2-2. For example,
if thege were eight stages with two alternatives in each stage, there would be
256 (2Y) scenarios. If, additionally, there were two physzical variables
uéth two poaaible outcomes each, the total number of scenarios would be only
20 x 22 2 2'0, Therefore, the user should always try to delineate the
essential stages.

The next section descrives the Ref'erence Scenario framework for the
model. Subsection C provides the rationale for treating specific factors as
random variables. These are presented before the formal model (Subsection D)
to provide the reader with background information that should be useful for
understanding the model.
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B. PSFERENCE SCENARIO FOR A GEOTHERMAL RESERVOIR

As described in the preceding section, a probabilistic cost model
has been developed to analyze the development of a geoti.crmal resource.,
Although the model can be applied to the development of the reservoir for
the production of steam as well as to the construction of u power plant for
the generation of electricity, this section describes only the development
of the reservoir, The model examines the time-dependent activities, as
well as the time-independent activities, that must be completed before the
deve loper of the geothermal reservoir can provide steam to the owner of a
power plant on an ongoing basis. About 60% of the cost of electricity from
a geothermal facility is attributable to the production of steam (Figure 2-3).
About 10% is due to annual expenses related to the power ,lant, and the remain-
ing 30% is allocated to the initial powcr plant investment. The cost of
geothermal steam is about equally dependent on the cost of fiuld development
(45%) and the cost of operating the field (45%). The remainder of the cost is
due to field exploration.9

The Reference Scenario for the deve lopment of a genthermal reservoir
is structured around the essential processes or stages of development., Only
the stages that are important from the standpoint of cost or time will be
explicitly incorporated in the Reference Scenario. Minor stages have been
aggregated to form these genei*ic stages.

Each geothermal area has different geologic characteristics and
construction requirements and perhaps even different permitting procedures
depending on the state in which it is located and whether it is on private,
state, or federal property. Therefore, data collected from the experience at
one site might not be relevant to another. The application of the cost model
will require the definition of a Reference Scenario at each site. The
specific data (cost, time, conditional probabilities, and technology) is
site-dependent .

The deve loper is responsible for the exploration of the geothermal
resource and the definition of its capacity and characteristics. His
responsibilities als' include the subsequent drilling of the production
and reinjection wells, and the construction and operation of the trais-
mission system that brings the geothermal resource to the "front door" of
the utility's power plant. In essence, the developer's activities can be
viewed as occurring in four stages. The next four subgections will elabo-
rate on these stages.

8The model may be applied to any investment project with uncertainty, as long
as the user can provide all the required cost data and engineering
relationships.

9The percentages differ for individual sites. The objective here is to give
the reader a reference point for evaluating the importance of various cost
a. ounts.
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1. Stages of Geothermal Reservoir Development

a. Stage I: Proving the Resource. The objective of Stage I {s to
find a geologic anomaly that allows for the extraction of the Earth's {nternal
heat at a cost competitive with other slectrical generation technnlogies.
Establishing the temperature of the r:ssurce, as well as the existence of
water to transfer heat from the deep igneous heat source to a geothermal
reservoir shallow enough to be tapped by drill holes, is the goal for this
stage.

Stage I includes three major activities: (1) preliminary resource
fdentification and land leasing; (2) exploration well permitting; and
(3) exploratory drilling and complete well logging. Beginning now, the
parties involved in the geothermal davelopment (e.g., the field developer
and plant operator) will start to negotiate the contractual terms for sale
of the geothermal energy to the electric utility.

The criteria for success in this stage is the existence of the
oconfirmatory geologic data required to convince an electric utility company
that its investment at the field {s warranted. The last activity in the stage
is an agreement with the ut{lity to pursue the necessary permits for building
a power plant.

The amount of time necessary to complete the above activities is the
ma jor elemant of uncertainty in this stage, reflecting the geologioal
uncertainty about the quality and size of the reservoir based on preliminary
geologic data. For example, Reference 11 estimates that 128 areas must be
examined in order to get one successful site. This assumption {s not
appropriate to the Heber site because earlier exploration by oil and gas
companies had revealed the geothermal anamoly while looking for natural gas
reserves.

b. Stage I1(: Development Permits Application, Review, and Approval.
Having completed Stage I, the producer and the electric utility must now apply
for the necessary permits from the federal, state, and local authorities to
develop the resource and construct a power plant. No capital investment by
either the producer or the electric utility will take place prior to the
completion of approval on all necessary permits. Therefore, this stage must
event"ally include the antivities of both the utility and the developer.

C. Stage III: Reservoir Development. The developer and the electric
utility are now in a position to begin the actual development and ccnstruction
of their respactive facilities. By now, the characteristics of the resource
have been established,the developer has agreed with the utility on the price
and amount of heat to be sold, and all the necessary permits and authoriza-
tions have been received.

This stage for the developer includes the development and start-up
operation for all the production and reinjection wells, and the construction
and testing of the geothermal transmission system.



Stage III {s different from Stages I and II {n that engineering
and procurement uncertainties affect the actual time involved. Stage 1 {s
characterized by the geologic uncertainty, and Stage 11 {s determined by the
administrative procedures of several bureaucracies. The following section
looks at the cost accounts and their relationships to the tasks.

d. Stage IV: Operation of the Facility. Stage IV describes the costs
incurred by the developer over the economic 1ife of the power plant. These
includ¢ the general operation and maintenance of the existing equipment as
well as the development of new production wells to maintain the necessary
energy flow to the power plant. For example, if the {low rate from existing
wells decreases or the temperature of the resourca degrades, more wells will
be requirsd to make up the difference. Also, witn time, some wells might fail
and have to be abandoned necessitating new wells to be drilled nearby to take
advantage of the known resource. Although this degradation is not modeled
explicitly by this study, a redrilling program {s assumed to take place and
new wells are scheduled to keep the heat content constant for the life of the
geothernal field.

Success in this stage is defined as being able to continually operate
the reservoir at some stated capacity for the life of the power plant. The
treatment of various levels of non-success and its effect on cost has not yet
been completed.

C. SOURCES OF UNCERTAINTY IN THE DEVELOPMENT OF GEOTHERMAL RESOURCES

The uncertainty surrounding the successful development of a geothermal
can arise from a large number of sources. But, although many sources may
contribute to the uncertainty, only those that impact the ultimate cost to a
substantial degree need to be considered further. If changing the value of a
variable within a realistic range introduces significant changes in the costs
«f power, then that variable is considered to be important. 1In this section
the identification of important variables will be done in two steps.

The first step is to identify those variables whose per-unit variations
have the greatest impact on final cost. This is obtained by varying the value
of a given parameter, and dividing the resulting change in power cost by the
change in the parameter. The first step is exemplified by Table 2-1, which is
the result of a sensitivity analysis from Reference 12. This shows the change
in final cost due to a change in a given parameter. The first item has the
highest final cost change per unit parameter change (obtained by dividing the
reduction in power cost by the change in the parameter), with the following
items listed in descending order.

At this point, one problem with Table 2-1 should be mentioned. It
provides sc¢nsitivities at a given point (at the reference cost given in the
table). Li%e the concept of point elasticity, this sensitivity is dependent
on the point at which it is measured. It {s a variable, and thus linear
extrapolations may not be accurate.

The second step is the determinaticn of how much each parameter might
reasonably be expected to vary from an assumed mean value. Some variables can
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Table 2-1.

Results of Sensitivity Analysis for Reference Case

with Power Cost =

28.2 mills/kWh (from Reference

12)

Change in
Parameters, Reduction {n
Parameter Roference Value New Value ) Power Coat, %

Wellhead Temperature  2000C 24500 + 25 19
Cost of Capital (Reduced by half) - 50 N
Cost per Well $500,000 $300,000 - 40 20
Well Flow Rate 500,000 1b/h 750,000 1b/h - 50 17
Plant Capital $14.9 million $7.5 million - K0 1
Internal Power
Consumption 10,5 MWe .25 MWe - 50 "
Taxas (A1l tax rates reduced by 1/2) - 50 10
Cost of Transmission
and Di{sposal Systems (Reduced by half) - K0 )
Reinjection Costs Reinject.ion No Reinjection -100 16
Well Life 10 years 20 yeara +100 10
Excass Producing 20% of Projec- 5% of Production
Wells tion Wells Wells - 75 6
Cooling Tower Included Excluded -100 6
Operating Expenses (Reduced by half) - 50 3
Royalty Payments 10% 0 -100 5
Dry Wells 20% of Produc- 5% of Produc-

tion Wells tion Wells - 715 4y
Exploration Costs Included Excluded =100 4
Plant Life 30 years 40 years + 33 1
Transmission and
Disposal Systems
Maintenance Rate 0.05 0.025 - 50 |
Intangible Write-off Allowed Not Allowed -100 -10®
Plant Life 30 years 20 years + 33 -5t

8Indicates an increase in ocost of power.
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be oxpoctoed to have a value that falla within a narrow range, while others can
be expocted to fall somewhere within a wide range of values. Thua, the sacond
step {denti{fion those variables that oan be expected to have the largest fluc-
tuation (n their own values, while the firs. step {dentifien those variablen
whoae por unit changea caune the largeat variation {n coat. Accordingly,
thoae variablas whose per unit (nfluence on total cost s high and whioh oan
rfluctunte widely will be more important sourcea of uncertainty than thosoe
variables whose per unit influence on total voat {a l{Kewisne high, but whioch
are not oxpectod to fluctuate very much, and so on. For example, although the
cont of capital {s the accond moat senaitive variable, producing a 0,62%
roductfon {n powor coat forr every 1% change {n tie cont of capital, {t {a not
l{kely that the ocost of capital would vapry by more than 5% for - particular
company.  Thia numbor {s known as soon az a utility company {n «nown, and thus
the vcoat of capital would not. be considered an {mportant variable aa far aa
fts contribution to the uncertainty of the final coat of the rosourve {a
concarnad.

The 'irat five variables in Table -1 are:
(1) Wellhead temporature.

() Cost of capital.

(3) Coat porr woll,

(4)  Well flow rate,

(%) Plant captital vost.

The following subaectiona diacuas the uncertainty inherent t{n well-
head tomperature, the cost of wella, and well flow rates. The mathematiocal
model preaentad {n Subaection D shows how these variablea (wellhead tempera-
ture, ocoat per well, and woll flow rate) are tnoorporated {n the model. The
computer program can handle any number of cost and resource uncertaintioes,
but the uaor haa to apooify the ascating equationa for each uncertainty.

1. Wollhead Teuperature

Wollhead temperature, as acen by Table -1, heads the liat as the
variable to which power cost {s moat sensitive., Using Figure J-U, {t =
clear that, although a oharactariatic raeservoir tamperature oan be liated,
{ndividual well tomparatures oan vary significantly. Taking a 5000-ft well,
temperatures as shown in Figure 2= vary from 3009F to about 360°F, a >0%
variation. Because most wells reach 300°F somewhare near that depth, and
hold it over a wide range of deptha, 3609F would be conatdered the reacurce
tomparature.

e Coat per Well as a Function of Well Depth and Rook Type

In the literature, the quoted value for the cost per wall has ranged
from $300,000 to $2 milllon dollarsa. Most of this variation is due to well
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depth. Figure 2-5 shows an estimate as to well cost per meter, with a 90%

confidence interval. This estimate compares favorably with the medium hard
to hard rock curves in Figure 2-6 which shows that the hardness of rock is

an impcetent determinant of drilling costs and thus well cost. The actual

drilling costs used (n the Heber site-study have been discussed further in

Section I-B.

3. Well Flow Rates

Figuro 2-7 shows a 90% confidence interval for wellhead flow rate versus
well depth. Using a 1524-m (5000-ft) deep reservoir, flow rates are about
375 +125 Mib/h, a variation of about 33%. Table 2-1 indicates that this
variation would preoduce an 11% change in power costs. Figure 2-8 shows the
variability of well flow rate over time.

i, Other Sensitive Variables

Table 2-1 indicates that the cost of power is also sensitive to the cost
of capital and to plant capital requirements. Cost of capital is not treated
stochastically in the model for the reasons given previously.

As regards plant capital requirements, Table 2-2 shows a variety of "pre-
dictions" of geothermal capital costs. Variation is duve to different resource
temperatures, technologies used, cooling water availability and environmental
controls required. Thus, one m:st be careful as to which plants can be com-
pared. For the 200-p" steam rziants, the cost per kilowatt was found to vary
by 27% around the mean. Flash plant predictions for the same size plant
varied by 30% about their average, and binary plants varied by 21% about
their average. There were not enough small plants of the binary and flash
type to do this for any but the 200-mW plants. Based on these results, if a
25% variation in power plant capital costs is assumed, only a 7% change in
power cost 1s expected.

The other variables listed in Table 2-1 can be similarly evaluated.
Their effects on power cost can be calculated, with end result being the
demonstration of the importance of the three variables: (1) wel)head
temperature, (2) cost per well (well depth and rock type), and (3) well
flow rate, relative to the others.

The only variable whose effect on cost has not been examined in the
literature is the length of time required for the stages of development
discussed in Subsection B, Figure 2-9 shows the eff'ect of the time lag from
the signing of a contract between the producer and the electric utility to
the start of fluid sales on the expected present worth of the ventare. Data
from Pacific Gas and Electric Co. (PG&E) demonstrate the uncertainty about the
time elapsed during one stage. The last three units (13, 14, 15) at Geysers
were expected to take 28, 36, and 28 months, respectively, to acquire the
California Public Utilities Commission Certificate of Public Convenience and
Necessity. These predictiosns were made almost two years before the certificate
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Table 2-2.

Capital Costs (Field and Plant)(from Reference 17)

Field
Investment Generating
Costs Plant
Capacity, (19763), Investment, Total,
Source Typ»a MW $/kW $/kW $/kw
Greider Steanm 200 162/kwW 230 407
Greider Flash 200 172 429 617
Greider Binary 200 173 527 117
Barr Steam 200 140
Barr Flash 200 232
Barr Binary 200 3
Armstead Steam 200 103 173 277
Bloomster Flash 55 174 274 y7
Holt and Brugman Binary 50
at 2500F 560
at 5000F 297
Holtd Flash 50 200-300 450-550 650-850
Binary 50 200.300 450-550 650-850
Dan, Hersam Geysers
Kho and Krumland Unit 14 110 149
Krumland® Geysers
Unit 14 110 260
Goldsmith (Flash) 150.200 159.310
Geysers® Geysers
Historical 502 116 166
Cerro Prieto® (Flash) 75 314
Racine (Binary) 50 7008004
Hankin (Flash) 50 T42
Project
Independence (Brine) 200 560-860
(Geysers) 1000 364e

8 Holt supersedes Holt and Brugman.

® Krumland supersedes Dan, Hersam, Kho, and Krumland.

¢ From Greider.

d Racines costs projected for 1982,
¢ Project Independence projected costs for 1980.
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process. The actual realized times for urits 13, 1“1 and 15 certification
processes were 32, 33, and 26 months, reapectively.'

The time effect {s explicitly discussed and stressed in the previous
section. The computer model has the capability .o handle this important
factor, in addition to the resource uncertainties discussed above.

D. GEOTHERMAL PROBABILISTIC COST MODEL
1. Introduction to Probabilistic Modeling

Because the cost of developing a geothermal resource is intrinsically
uncertain, no venture analysis technique can evaluate the cost or profit of a
project with any degree of confidence without considering the uncertainties
present. Partial accommodation of these uncertainties can r juce results
which are misleading. Probabilistic cost modeling, howaver, does provide
the opportunity to properly incorporate these uncertainties into the final
results. This paper describes one such model that has been developed at the
Jet Propulsion Laboratory and discusses its application to a geothermal site
at Heber, California.

The concept underiying probabilistic modeling is that the values
for the model inputs are not known, but that their distributions can be
estimated. A decision tree showing each possible sequence of events and the
associated probabilities can then be constructed, and from this, project costs
and other financia) measures can be appropriately aggregated into probability
distributions. By generating entire distributions, this model enables the
inclusion of a decision-maker's risk preference into his investment decisions.
The shaded area in Figure 2-1 shovys that even though the expected cost of a
new technology may be higher than the current cost of conventional technol-
ogies, there might be a considerable probability that the new technology is
competitive with the existing technology. Likewise, there may be a significant
probability that the cost of the new technology will reach unacceptable levels.

The possibility for a decision maker to considei:' risk preference is
precluded when only point estimates are made. It might be argued that calcu-
lating a point estimate requires less information than constructing a complete
distribution. This is not true, however, because calculating the expected
value implicitly uses all the relevant information contained in a probability
distribution. This model uses that information explicitly and calculates
the probability distributions for cost, required capital, and profit. The
expected value and variance can be derived from these distributions, and risk
preference may then be introduced.

The most distinguishing feature of the Geothermal Probabilistic Cost
Model is that it allows the outcome of one variable to be dependent upon
the outcomes of tie other variables. Conditional probability distributions

llpata from attachment to letter from Richard H. Peterson, Vice-Chairman of
the Board, Pacific Gas and Electric Company to Mr. Leo T. McCarthy, Speaker
of the Assembly, California. The attachment is dated January 12, 1976.
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can thus be used. For examole, the probability distribution for the length
of a development stage may be dependent upon the lengths of the stages that
precede {t or upon the depths of the wells that have to be drilled, none of
which may be known at the beginning of the project. In this way, any
correlation--efther positive or negative--between charaocteristics ocan be
conaidered explicitly and a joint probability distribution that has all
existing dependency relationships factored into it can be constructed.

Therefore, this model can correctly aggregate the statistical
variances {n the stage time distributions. Unlike the expected value of
the sum of two random variables (which is the sum of their expected values),
the variance of the sum may be greater than, equal to, or less than the sum
of their variances. It depends on whether the two random variables are
positively, neutrally, or negatively correlated to one another.'? The
distributions in Figures 2-10a and 2-10b are of the same shape. The only
difference is their orientation. With the major axis tilted to the right
(indicating positive correlation), the distribution leads to a corresponding
distribution of total project cost with a widespread (large) variance (see
Figure 2-11a}. The opposite case i{s obtained for the distribution having its
major axis tilted to the left (indicating negative correlation). The corre-
sponding distribution is more concentrated around its mean (low variance; see
Figure 2-11b). The expected value approach can not capture all these results.

2 Formal Model

Four stages have been identified for ttre Reference Scenario of a
geothermal resource development. These stages are:

(1) Stage 1: Proving the resource.
(2) Stage 2: Development permits application, review, and approval.
(3) Stage 3: Reservoir development.

(4) Stage 4: Operation of the facility until the field is depleted of
an economically valuable geothermal resource.

These four stages have been used to model the Reference Scenario here.
Although any number of stages is possible, to maintain a manageable number of
stages and to prevent the number of alternative scenarios from being too
large, six stages should be set as the upper limit. To illustrate the
problem, let there be two alternatives in each stage. With 6 stages, there
are 64 scenarios. If the number of alternatives is three, there is a total of
729 scenarios! Thus, the users of this model are urged to economize on the
choice of stages and physical parameters under consideration while disaggre-
gating the problem to capture some major elements of uncertainty.

Variance (x) «+

12Let x and y be two random variables. Variance (x + y) =
= Variance (x) +

Variance (y) + 2 Covariance (x,y). Variance (x + y)
Variance (y) if and only if Covariance (x,y) = 0.
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a. The Methodology: An Overview. To incorporate the uncertainty
arising from stage length times and uncertain variables {nto the analysias of
project coat, the model considers individually in succession all different
possible permutations of values for those uncertain variables. From each such
permutation of values and times, a "scenario" {s constructed and then analyzed.

A scenario thus represents one possible path through a decision trea.
Specifically, a scenario is defined by four attributes:

(1) A set of durations specifying the length of each of the stages.

(2) A set of values for the uncertain physical parameters (e.g.,
wellhead temperaturs, flow rate).

(3) The probabilities that each stage and each physical parameter
takes the value specified for it in (1) and (2).

(4) The dollar value costs for all cost accounts in all stages.

To avoid the eénormous information costs of deriving the cost
accounts (4 above) for each possible scenario, the model uses a baseline
case, or Reference Scenario. The Refersnce Scenario is defined as the most
likely path through the decision tree. In the computer program, the cost
accounts are input to the program only for this Reference Scenario. (Thase
along with Reference stage times and Reference physical parameter values
completely specify the Reference Scenario-) For all other scenarios, only
their stage times, physical paramr.ter values, and associated probabilities are
input: their cost accounts are derived within the program by modifying the
Reference cost accounts for any differences in the length of each stage or for
any differences in the valuves of the physical parameters. Thus, as described
below, the Reference Scenario is really a baseline case from which all other
scenarios are derived. If this were not so, based on the previous descrip-
tion, the required amount of information would be enormous. Dollar costs for
every cost account for each scenario wculd be required. Because a Reference
Scenario is used, the lenzthy and difficult task of providing detailed cost
accounts for the site under study has to be performed only once (for the
Refaerence Scenario).

To illustrate this procedure, if in the Reference Scenario, Stage J is
assumed to take 10 years, then a Cost Account i {n Stage J {3 estimated based
upon the 10 year figure. If, however, Stage J is later assumed in another
scenario to last 20 years, then Cost Account i in Stage J for that scenario
would be doubled to reflect the now longer stage time. Additionally, {f a
particula~ cost account is affected by an uncertain physical variable, the
model would make an adjustment through the use of appropriately defined
scaling functions. These adjustments are done in subroutine GSCALE.

In a like manner, the cost-accounts for each of the other scenarios are
derived. Because the lengths of the stages are different from scenario to
scenario, the occurrence of the cost-acocount expenditures in each scenario
will be staggered. The model accounts for the staggered time frames by
appropriately accounting for time differences when the financial analysis is
performed. The financial subroutine in the model calculates levelized energy
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cost, life-cjcle cost, and profit for each scenario. With the probability of
occurrence for each scenario (and thus of their outputs) having been 1nput1
as part of the scenario description, a complete set of values and their prob-
abilities are obtained for levelized energy cost, life-cycle cost, and for
profit. From these, separate probability functions for both of the cost
categories and for profit can be constructed.

b. The Computer Program.

Stages. In the model the stages are designated by the variable JX,
with JX ranging in value from 1 to J. The operational stage, the last stage,
is the Jth stage.

Stage Duration. Corresponding to each stage JX there is a time
lapse for completing all activities in that stage. 1In order to reflect the
uncertainty for the completion time of any given stage, the stage time is
treated as a random variable and assumed to have a discrete set of outcomes.
In the Reference Scenario, the length of Stage JX is denoted by TPR(JX); in
any other scenario, the length of Stage JX is denoted by TP(JX,MM), where MM
is the number of that scenario. Likewise, the length of the final stage
(Stage J) in the Reference Scenario is TPR(J), and the length of Stage J
in any other scenario is TP(J,MM) where again M identifies that scenario.

Stage Intervals. Each stage is divided into intervals. The number
of intervals into which a specific Stage JX will be subdivided is denoted by
M(JX). The M(JX) remain fixed for all scenarios. All intervals in a given
stage are the same length, and thus are found by the quotient TP(JX,MM)/M(JX).
The M(JX) are judiciously chosen to correspond generally to the number of times
costs will recur within a stage. By dividing long stages into intervals, it is
possible to specify costs for periods on the order of one year which enables
the modeling of non-uniform cash flows throughout the stage.

Cost Accounts. There are two kinds of costs: time-dependent and
time-independent. Time-dependent costs, as their name implies, vary as the
length of a stage (and hence as the length of the stage's intervals) varies.
(Stage times vary from scenario to scenario; the number of the stages and the
number of intervals in each stage are specified at the outset and remain fixed
for all scenarios.) Time-independent costs are assumed to remain constant
regardless of the length of the interval in which they occur.

An example of a time-dependent cost could be the legal fees paid during
the permitting process. The longer the process, the longer legal services are
required, and the greater will be the cost. An example of a time-~independent
cost could be a bulldozer purchased for the development of the field. Once
purchased, the cost will not change if the development of the field takes an
additional length of time. (Although strictly speaking, operations and
maintenance costs might change.)

13Actua11y, only the conditional probabilities for each stage length time
and physical parameter values are input. Their product calculated in the
program, yields the probebtility of occurrence for each scenario and its
output.
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As mentioned before, detailed cost accounts are input for the Reference
Scenario only. For each time-dependent cost account, expenditures are input
for each interval of the specific stage in which that dependent cost account
occurs. This expenditure, or dependent cost for the Reference Scenario, is
denoted by CTR(JX,NX,MX,KDX). The index JX denotes the stage in which the
cost account occurs; NX signifies the uccounting lifetime of the expenditure-
MX denotes the inteival in which the cost occurs; and KDX designates which
c.st account is being described. Thus, CDR (2, 1, 4, 3) signifies the
time-dependent expenditure of the first accounting lifetime for the third
cost account in the fourth interval of Stage 2 of the Reference Scenario,

A typical cost account for a time-dependent activity is shown below.
It is the Exploration and Well Logging account for Stage 1 of the Reference
Scenario. Note that the expenditure rate is not necessarily uniform for the
duration of Stage 1. This is indicated by different dollar costs (in thou-
sands of 1980 dollars) for each of the six intervals into which Stage 1 is
divided.

240.0 240.0 800.0 800.0 800.00 800.0

The entire "matrix" of time-dependent cost accounts for Stage 1 would
appear then as follows:

68.75 68.75 68.75 68.75 68.75 68.75
0.0 25.0 0.0 0.0 0.0 0.0
240.0 240.0 800.0 800.0 800.0 800.0
91.67 91.67 91.67 91.67 91.67 01,67
79.0 43.0 96.0 96.0 96.0 96.0

An individual entry has the label CDR(JX,NX,MX,KDX) where JX,NX,MX and KDX are
defined as before. All custs given in this report and used by the model are
in 1980 dollars; if occurring any number of years after 1980, these costs

are escalated appropriately by the model to account for inflation and real
increases in price at rates specified by the user.

Subroutine GSCALE. The aforementioned ad justments to the Reference
Scenario Costs Accounts are performed for each scenario in the GSCALE subrou-
tine. Time-dependent costs are assumed to be proportional to the length of
Reference Scenario stages. Thus, if another scenario has a stage length (and
hence stage interval length) twice that of the Reference Scenario, all of its
time~dependent cost accounts would be twice that of the Reference Scenario.
This effect is captured by the TP(JX,MM)/TPR(JX) term in ADMOD.

The cost accounts are also escalated in GSCALE. The cost accounts are
multiplied by their cost escalation Zactors, AD(JX,NX,KDX), raised to the
e xponent. PWR, where PWR is the numb: » of years up until the cost actually
occurs. PWR is composed of two paris: PSUM(JX,MM), the number of years up to
the JX stage; and MX ® (TP(JX,MM)/RNJX), the number of years into the stage
that the cost occurs.
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Once the cost accounts have been adjusted for time differences, GSCALE
then calls subroutines that make adjustments for differences in the levels of
physical variables. These si*' ‘outines are OPT 1 through OPT .. These arc
user specified and their forms are dependent on the specific site.

OPT Function Subroutines. The "OPTn" function subroutines are
called by the FCTMOD subroutine in GSCALE to modify the coust accounts for any
differences between the Reference Scenario levels for the physical parameters
and the levels of those parameters in the scenario being examined. The three
physical parameters considered in this study are wellhead fluid temperature,
flow rate, and well liepth. The OPT functions are physical relationships that
must be supplied by the user for the project being studied. The following O¥F7T
functions are used for the Heber Reservoir.

QPT 1: Effect of Temperature. The references equation for OPT1 is

51.107 Z exp [3.8884 x 10~ 2] ,
T f + 273-15
v - - '.’.
m, Tgf To (‘I'o + 273.15) 1n Tf—:-iigjﬂg‘

from Reference 5. When the equation is used to evaluate the effect of
resource temperature on well cost, the well depth, Z, and flow rate, ﬁw, are

held constant to cefine the temperature ratio only. The cost relationship
then becomes

o ($/kn) =

- « Temperature equation (scenaric)
Cost (scenario) = Cost (reference) Temperature oquation (reference)

Jr
OPT1 = RVAL * {P2-CON(1) - (CON(1)+273.) *[ALOG (P2+273.)/
(CON(1)+273.)]} 7 P1-C7 (1) - (CON(1)+273.) *
ALOG [(P1+4273.)/(CON(1)+273.)]}
where
OPT1 = adjusted cost returned to FCTMOD
RVAL = cost account data input to OPT!
p2 = reference fluid temperature (Tgf), °C
p1 = scenario fluid temperature, °C
CON(1) = ambient temperatur., TO input for each site, °C

Note that the constant 3.888i x 10-Y% 13 used when Z is
input in meters. If well depth is in feet, the constant
must be adjusted

OPT 2: Effect of Flow Rate. The same equaiion from Reference 5 can be
used to define a flow rate relationship with
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T T T T TR

Costwel

1 (scenario) = Cost
we

o Flow rate equation (scenario)

1 (reference)

1 Flow rate equation (reference)

If the well depth, Z, and temperature Tgr, are held constant, this
relationship gives

where

OPT2

1

p2

P1

RVAL =

0PT _3:

1/m_ scenario
OPT2 = RVAL ¢

P2
" s e
1/ri1w reference RVAL P

adjusted cost returned to FCTMOD
reference flow rate
scenario flow rate

cost account data input to OPT2

Effect of Well Depth. Again, in the same reference equation,

temperature and {low rate can be held constant to look at the effect of well
depth on well cost. This gives:

Qw ($/xW)(scenario) = e, ($/kW)(reference) ®

or
OPT3 =
where
OPT3
RVAL
P2
P1

CON(6)

With these equations, we can incorporate any uncertainty in the resource

=4
Zsexp 3.8884 x 10 ZSJ

-4
Znexp 3.8884 -, 10 ZR]

RVAL ® (P1/P2) * EXP[(CON(6) * (P1-P2)))

= adjusﬁed cost returned to FCTMOD

= cost account data input to OPTY

reference well depth

scenario well depth

constant 3.8884 x 10-4 from Reference 5

Note that the constant 3.8884 x 10-4 {s used when
Z is input in meters. If well depth is in feet, the
constant must be adjusted.

chiaracteristics into the derivation of the probability density function for
resource development costs.
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Subroutine RCOST. After the modifications by GSCALE to each
scenario, RCOST discounts all cost accounts in all the stages to present
dollars as of the beginning of Stage 1. This is performed one stage at a
time. For each stage in succession the entries for each cost account (i.e.,
the coats in all the time intervals) are discounted to the beginning of that
stage and summed together. This yields a single figure for all the costs in
that stage. This number (CDT in the program) is expressed in dollars as of
the beginning of that stage; it i{s then discounted back to the beginning of
Stage 1 and summed into the variable CD. Referring to Figure 2-12, the costs
in a given interval are added together into variable CDTT, and then discounted
to the beginning of the stage as CDTT®*d*% [MX ® TPR(JX)/MLIM). This is
summed into variable CDT. CDT is then discounted to the beginning of the
project by CDT®*D*®PSUMR(JX), where PSUMR(JX) is the number of years prior to
the beginning of Stage Ji in the scenario being considered. This is done for
all stages, JX = 1 to J.

The present value cost figures thus obtained are then operated upon in
RCOST to find levelized cost and life cycle cost for the scenario under
consideration. Because cost accounts with different accounting lifetimes
are treated differently for tax purposes, the cost accounts of differinrg
accounting lifetimes must be segregated by accounting type. This is
accomplished by the first Do Loop in RCOST. It first performs the above
discounting for accounts with a l-year life; then does so for the second
accounting type; then for the third, and so on. Thus, costs will be indexed
by accounting type, NX, e.g., CAPR(NX), CR(NX).

RCOST also computes "upfront capital cost"™ or the costs of the stages
prior to the final or operating stage. To do this the cost of the upfront
stages must initially be kept separate from the cost of the final stage.
This separation is achieved by the second Do Loop which considers all stages
except the last. After that Loop, the cost accounts for the final stage are
discounted. CAPR{NX) designates the upfront capital costs for accounting
type NX, and CR(NX) the total project capital costs for that accounting type.
Thus, the total p."oject cost of the second accounting type, CR{2), consists
of the upfront capital costs of the second accounting type, CAPR(2), plus
the discounted time-dependent and time-independent cost accounts of the
second accounting type for the final stage, Stage J.

After the present value cgst is obtained for each accounting type with a
lifetime longer than one year,1 the effects of taxes, depreciation, and
investment tax credits are accounted for through the use of the fixed charge
rate (FCR). Because the FCR is a function of the accounting lifetime, it can
now be seen why, up to this point, the costs have been segregated by account-
ing lifetime. Multiplying CR(NX) by the FCR yields the constant annual amount
that exactly pays back this capital investment with interest over the lifetime
of the project, after taxes (which have been adjusted for the effect of depre-
ciation and any investment :ax credit) have been paid. Dividing this constant

T4costs with a lifetime of one year are expensed; no taxes are paid on the
income required to cover them, and no depreciation or tax credits are
applied.
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annual payment by the capital recovery factor (CRF) gives thes present value
sun of those payments. The present value sums for each accounting type can
tnen be added together. In the program, this aggregate sum is denoted by
CDUM, an in‘ermediate "dummy" variable for cost.

Thus far, this sum does not ju~iude the effects of depletion allowance
and royalties. To account for these, the final sum, CDUM, obtained above is
multiplied by

LI
1-t+at-ROY+tROY'

where RCY is the royalty rate, t the tax rate, and a the depletion allowance
rate. The quotient is simply the ratio:

1 -t _ _PV [all costs depletion allowance and royalties
1-t+at-ROY+L70Y - PV [all costs without depletion allowance and royaltieﬁ
When multiplied by the aiunt necessary to cover all costs without a depletion
allowance and royalty paymente, which is what {s thus far obtained above, the
amount necessary to cover all costs with depletion allowance and royalty
payments is obtained. If the depletion allowiunce is calculated on gross

revenues net of rents and royalties, the life cycle cost of the project can
be expressed as

LCC

[:-:1 . CDUM]+[E§'6AL . (RENROYE'.

where

El = 1 -t
® Tteat-ROY+tROY

and RENROY is the sum of rents and royalties. This is for the regulated

case. (Note that in order for the program t¢ handle them correctly, rents and
leases for each stage, except the last, must be inputted into the program as
the first time-dependent cost account for those stages.)

Profit, in the non-regulated case, is obtained by Revenue minus L!fe
Cycle Cost. As the effects of taxes, depletion allowance, and royaltie: have
been factored in on only the cost side, and not the revenue side, the di!fer-
ence REV - LCC must be multiplied by (1-teat-ROY+tROY) to appropriately reduce
the revenue retained by the firm as profit to reflect the cffects of depletion
and royalty payments. This leads to an expression for LCC as

([m * couM] + [%A-C " ar::unov]) EScAL + [(1-Escav) REV],

where ESCAL is (1-t+at-ROY+tROY).

To find Levelized Energy Cost, calculating the Life Cycle Cost alone is
not sufficient. The economically recoverable part of the resource and the
life of the resource must be known to determine the energy cost. Over time,
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the temperature of the resource and possibly the flow rate from the wells will
degrade. While this degradation i{s not modeled explicitly by this study, a
redrilling program is assumed to take place and new wells are scheduled to
keep the heat content, E, from the wells constant for the life of the geo-
thermal field. The costs of this program are included in the cos! accounts
for Stage IV and are reflected in the final cost figures.

With a given ¥, we can calculate the generalized energy co:st as

_ 1000 - ccL

CEL = ~% B

This follows directly from Equation D-12, in Reference 8, when both numerator
and denominator are multiplied by annual energy output. (The constant 1000 {s
a conversion factor to yield $/kWh frorn mills/kWh.)

Generalired energy cost is defined as that price per unit of energy
which, if held constant in real terms throughout the project life would
provide the requii‘ed revenue to finance the life cycle cost of the project,
assuming chat all cash flow interim requirements or excesses are borrowed or
invested at the utility's internal rate of return. Levelized erergy cost is
defined as that price per unit of energy which, if held constant in nominal
terms throughout the project life would provide the required revenue to
f'inance the life cycle cost of the project, assuming that all cash flow
interim requirements or excesses are borrowed or invested at the utility's
internal rate of return. We caution that the concept of levelized energy
cost as an energy cost index is defective. It can be used to rank order
different energy projects only if they have the same project life. iearly,
the optimal project life design should depend on the physical characteristics
and economic trade-offs thereof, and should not be arbitrarily standardized.
If projects have different lifetimes, choices based on levelized energy costs
may bias towards short life projects, even though they have the same f1{xed
costs and proportionate variable costs. Generalized energy cost will not
have this problem. Thus, we suggest using the latter as an output from the
computse model. In the computer program, a generalized energy cost is used.
Uniform energy cost is a special case of the latter with nominal energy cost
escalation factor being one.

Probabilistic Analysis. The probability associated with the
energy cost for a scenario is simply the product of the conditional prob-
abilities specified for stage times and physical variables in that scenario.
These are input as P(JX,I). If the stage times and/or the physical variables
are assumed to be independent, then the probability of a specific value
occurring for a variable remains the same regardless of what the preceding
variables might turn out to be. If any of the variables are correlated, tha
inputted probabilities would have to reflect this correlation.

As discussed in the introduction to the formal model, it is likely
that the number of scenarios for a specific project under evaluation may be
very large. In that event, the costs of calculating all these scenario costs
zay be pronibitively large. Fortunately, we have & well-known statistical
theory, the Kolmogorov-Smirnov Theorem, which shows that we can randomly select
150 scenarios as a sample to approximate the required probability distribution.
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The likelihood of selecting a scenario should be weighted by its probability,
and the approximate distribution will be good within 90% confidence. (However,
we caution the user- of this model that even though the computational cost {s
cut to a minimum, the data collection costs may still be prohibitive.) The
Kilmogorov-Smirnov Theorem is: Let F(x) be the underlying continuous cost
distribution, and X1, +«.., X, be a sample from F(x). Define Fp(x) as

the proportion of observed values in the sample shich are less than or equal

to X. Let

sup
Dy * moeyew | Fp(X) = F(O)|

The Kilmogorov-Smirnov Theorem states that

2
1im t \. = f-1 -2t
naw T (Dn < n1/2)‘ 1-2 E (-1) e

' 1z 1

Let H(t) be the value on the right hand side of the equation. A table of
H(t) is given in Table 2-3. As an example, consider 90% confidence, i.e.,
(H(t) = 0.90. The corresponding t is 1.22. Suppose we want D, - 0.1. The
required sample size, n, will then be calculated as:
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Table 2-3. Probability Limit for the Kolmogorov-Smirnov Theorem

t H(t) t H(t)
0.30 0.0000 1.20 0.8878
0.35 0.0003 1.25 9.9121
0.40 0.0028 1.30 0.9319
0.u5 0.0126 1.35 0.9478
0.50 0.0361 ', 40 0.9603
0.55 0.0772 1.U45 0.9702
0.60 0.1357 1,50 0.9778
0.65 0.2080 1.60 0.9880
0.70 0.2888 1.70 0.9938
0.75 0.3728 1.80 0.9969
0.80 0,4559 1.90 0.9985
0.85 0.5347 2.00 0.9993
0.90 0.6073 2.10 0.9997
0.95 0.6725 2.20 0.9999
1.00 0.7300 2.30 0.9999
1.05 0.7798 2.40 1.0000
1.10 0.8228 2,50 1.0000
1.15 0.8580
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